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To address the increasing global water demand in parallel to water scarcity, especially exacerbated by the climate change, the "Water Reuse" option is more and more considered. It consists of the reuse of water for different sectors with different water quality requirement such as industry, agriculture and even for human consumption. The biotechnologies currently penetration depth when the light is applied through the reactor. These insights give some keys for future development of photo-electrochemical technologies.

implemented are usually cheaper but are not sufficient to completely remove biorecalcitrant pollution. Advanced oxidation technologies for wastewater treatment have gained significant interests the last few years as an answer to this issue by producing very strong oxidizing agent such as hydroxyl radical (  OH) in mild conditions. Electrochemical advanced oxidation processes have attracted particular attention for water treatment through the continuous and in situ electro-catalytic generation of strong oxidizing species under mild conditions with the possibility to avoid the external addition of chemicals. The synergy between photochemical systems and electrolysis has more recently seen increasing interest considering benefits from using solar light as a free energy source. However, there is a lack of literature review on the reactions and engineering aspects of the photo-electrochemical reactors that play a paramount role on the overall process efficiency.

In this context, we reviewed the trends of photo-electrochemical reactors through two major points. Firstly, the reactions involved were presented along with the possible synergetic mechanisms. Under maximal conditions, eight  OH production sites could be identified when implementing photoelectro-Fenton combined with photoanodic oxidation and photocatalysis or photoelectrocatalysis. Several factors affect the occurrence of these reactions such as the solution pH, the applied wavelength, and the competition between reactions requiring the same reagent. Secondly, the different reactor design developed in response to the catalytic phenomena are discussed. Different configurations have been considered: sequential or hybrid reactors, divided or undivided cells, flow-cell or stirred tank reactor and light source positioning, i.e. external or immersed, vertical or horizontal, on the top or bottom or on the side of reactor. To obtain maximal synergy and maximum quantum yields, the distance between the light source and the electrode needs to be minimized. Hybrid reactors in undivided flow-cells are practically preferred for the lower footprint area, the possibility to regenerate iron catalysts and the enhancement of mass transfer compared with stirred tank reactor. Moreover, the interelectrode gap can be easily controlled in flow-cell, which permits optimisation of the

Introduction

The release of hazardous micropollutants such as pesticides, pharmaceuticals and personal care products at the outlet of wastewater treatment plants into the water bodies is a problem of major concern (UNESCO 2017). These contaminants can be potentially toxic for the environment and human health even at very low concentrations (pg/L to µg/L) [START_REF] Luo | A review on the occurrence of micropollutants in the aquatic environment and their fate and removal during wastewater treatment[END_REF][START_REF] Cizmas | Pharmaceuticals and personal care products in waters: occurrence, toxicity, and risk[END_REF].

The biological processes involved in conventional treatment plants are not suitable enough to remove completely these biorecalcitrant compounds [START_REF] Besnault | Etat de l'art sur les procédés avancés intensifs pour la réduction de micropolluants dans les eaux usées traitées[END_REF]. Therefore, advanced physical-chemical technologies have been proposed to answer this issue and among them advanced oxidation processes have gained interest [START_REF] Shi | Remediation of wastewater contaminated by antibiotics. A review[END_REF]. They all rely on the generation of very strong oxidizing agents such as hydroxyl radicals (  OH) having a high standard potential (E°(  OH/H2O)) that is equal to 2.80 V versus the standard hydrogen electrode, noted in V for the sake of simplicity in all the chapter (Glaze et al. 1987;Oturan and Aaron 2014; Stefan 2017).  OH radical is a reactive oxygen species that has a very short lifetime in the range of nanoseconds, which avoids its persistence into the environment [START_REF] Gligorovski | Environmental implications of hydroxyl radicals (•OH)[END_REF].  OH radical is also known for its almost non-selectivity due to its four reaction modes, i.e. hydrogen atom abstraction, electrophilic addition to unsaturated bonds, electron transfer and the ipso-substitution with perhalogenocarbon compounds, which permit the oxidation of a broad spectrum of compounds [START_REF] Dorfman | Reactivity of the hydroxyl radical in aqueous solutions[END_REF][START_REF] Sonntag | Advanced oxidation processes: Mechanistic aspects[END_REF]Mousset et al. 2018a).  OH reaction is particularly fast with C=C double bonds that are present in molecular structure of many organic micropollutants, with oxidation rate constants ranging from 10 8 to 10 10 L mol -1 s -1 (Mousset et al., 2016a). Among advanced oxidation processes there are the traditional chemical ones that involve either (i) an oxidant such as hydrogen peroxide (H2O2) and a catalyst such as ferrous ion (Fe 2+ ), known as Fenton or Fenton-like processes, or (ii) photons produced by light irradiation photolysing an oxidant like H2O2 [START_REF] Oturan | Advanced oxidation processes in water/wastewater treatment: Principles and applications. A Review[END_REF]. These processes present some drawbacks such as the need to continuously add reagents such as H2O2 [START_REF] Oturan | Advanced oxidation processes in water/wastewater treatment: Principles and applications. A Review[END_REF] or have applicability at a limited pH range. At the end of the nineties, the electrochemical-based advanced oxidation processes have been proposed as an alternative for producing in situ and continuously the oxidant species during the electrolysis, the electron being the main reagent involved [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF][START_REF] Panizza | Direct and mediated anodic oxidation of organic pollutants[END_REF][START_REF] Vasudevan | Electrochemistry: As cause and cure in water pollution-an overview[END_REF][START_REF] Sirés | Electrochemical advanced oxidation processes: Today and tomorrow. A review[END_REF][START_REF] Martínez-Huitle | Single and coupled electrochemical processes and reactors for the abatement of organic water pollutants: A critical review[END_REF][START_REF] Moreira | Electrochemical advanced oxidation processes: A review on their application to synthetic and real wastewaters[END_REF]. These characteristics make electrochemical advanced oxidation processes gaining great interest in the scientific community since degradation and mineralisation yields can reached higher than 99% for a wide range of organic pollutant and organic load represented by a chemical oxygen demand below 100 g-O2 L -1 [START_REF] Lahkimi | Removal of textile dyes from water by the electro-Fenton process[END_REF][START_REF] Alcántara | PAHs soil decontamination in two steps: desorption and electrochemical treatment[END_REF]Mousset et al. 2013Mousset et al. , 2014a, b;, b;[START_REF] Sirés | Electrochemical advanced oxidation processes: Today and tomorrow. A review[END_REF][START_REF] Dos Santos | Combined soil washing and CDEO for the removal of atrazine from soils[END_REF][START_REF] Dos Santos | Treatment of ex-situ soil-washing fluids polluted with petroleum by anodic oxidation , photolysis , sonolysis and combined approaches[END_REF][START_REF] Shukla | Dye removal using electrochemistry and semiconductor oxide nanotubes[END_REF][START_REF] Ganzenko | Fast and complete removal of the 5-fluorouracil drug from water by electro-Fenton oxidation[END_REF].

More recently, photo-assisted electrochemical processes have been proposed in order to make use of renewable energy in response to the sustainable development objectives [START_REF] Garcia-Segura | Solar photoelectrocatalytic degradation of Acid Orange 7 azo dye using a highly stable TiO2 photoanode synthesized by atmospheric plasma spray[END_REF]Garza-Campos et al. 2014;[START_REF] Ramirez | H2O2-assisted TiO2 generation during the photoelectrocatalytic process to decompose the acid green textile dye by Fenton reaction[END_REF]Mousset et al. 2017a). Photoelectrochemical processes have been applied for the treatment of biorefractory pollutants as reviewed recently (dos Santos and Scialdone 2018). Dyes are presents in textile effluents and they could be treated for discoloration and mineralisation [START_REF] Martínez-Huitle | Decontamination of wastewaters containing synthetic organic dyes by electrochemical methods: A general review[END_REF][START_REF] Zhao | Photoelectrocatalytic degradation of organic contaminant at hybrid BDD-ZnWO4 electrode[END_REF][START_REF] Zhou | Visible-light sensitive cobalt-doped BiVO4 (Co-BiVO4) photocatalytic composites for the degradation of methylene blue dye in dilute aqueous solutions[END_REF][START_REF] Xu | Effect of CoOOH loading on the photoelectrocatalytic performance of WO3 nanorod array film[END_REF][START_REF] Brillas | Decontamination of wastewaters containing synthetic organic dyes by electrochemical methods. An updated review[END_REF]. Pesticides released in wastewater [START_REF] Fang | Photoelectrocatalytic degradation of high COD dipterex pesticide by using TiO2/Ni photo electrode[END_REF][START_REF] Almazán-Sánchez | Removal of pendimethalin from soil washing effluents using electrolytic and electro-irradiated technologies based on diamond anodes[END_REF]) have also been removed by photo-electrochemical processes. Pharmaceuticals detected as micropollutants in municipal wastewater treatment plants outflow or in hospital wastewaters could be degraded and mineralized [START_REF] Zhao | Photoelectrochemical degradation of anti-inflammatory pharmaceuticals at Bi2MoO6-boron-doped diamond hybrid electrode under visible light irradiation[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]. Water disinfection is another promising application of such processes by inactivating pathogenic microorganisms such as bacteria like Candida parapsilosis and Escherichia coli [START_REF] Liu | UV and visible light photoelectrocatalytic bactericidal performance of 100% {1 1 1} faceted rutile TiO2 photoanode[END_REF][START_REF] Dos Santos | Photo-electrochemical technologies for removing organic compounds in wastewater[END_REF].

Interestingly, synergy in reactions can be obtained in photo-electrochemical combinations, especially in hybrid reactors. In fact, the reactor design represents an essential engineering aspects in photoprocesses efficiency. This is the reason why it is proposed to discuss those facets in the following sections.

Influence of catalytic oxidation

Selection of electrode materials for electrocatalytic oxidation

In electrochemical processes, electrode materials play a major role in the removal efficiency (Mousset et al., 2016c(Mousset et al., , 2016d;;Mousset et al., 2017b;[START_REF] Oturan | Unprecedented total mineralization of atrazine and cyanuric acid by anodic oxidation and electro-Fenton with a boron-doped diamond anode[END_REF][START_REF] Panizza | Role of electrode materials for the anodic oxidation of a real landfill leachate--comparison between Ti-Ru-Sn ternary oxide, PbO2 and borondoped diamond anode[END_REF][START_REF] Yu | Cost-effective electro-Fenton using modified graphite felt that dramatically enhanced on H2O2 electro-generation without external aeration[END_REF][START_REF] Zhou | Chemically modified graphite felt as an efficient cathode in electro-Fenton for p-nitrophenol degradation[END_REF]. According to their properties they will act as catalyst to promote or not the oxidation of organic and inorganic compounds. There are two ways of oxidation, either by direct electron exchange through redox reactions with electroactive species, i.e. the so-called direct oxidation, or the indirect oxidation by electrogenerating oxidizing species at the electrode materials surface [START_REF] Sirés | Electrochemical advanced oxidation processes: Today and tomorrow. A review[END_REF]. The first mode occurs less frequently due to its more specific oxidation behavior, since many organic pollutants are not electroactive. The indirect oxidation mode is generally considered as the main degradation and mineralisation mechanisms for electrochemical treatment of wastewater. Both anode and cathode can play a role in this oxidation process, according to their overvoltage values -also known as overpotential values -for oxygen evolution and hydrogen evolution, respectively (Figure 1) [START_REF] Panizza | Direct and mediated anodic oxidation of organic pollutants[END_REF]Comninellis and Chen 2010;[START_REF] Mousset | Graphene-based nanostructured materials for advanced electrochemical water/wastewater treatment[END_REF].

The anode materials can be divided into two categories: (i) the active anodes that have a low overvoltage for O2 evolution usually considered below 1.9 V; this is the case of dimensionally stable anode (DSA ® ) like RuO2-IrO2 with 1.4-1.7 V and platinum (Pt) in the range of 1.6-1.9

V, (ii) the non-active anodes that have a high O2 evolution overvoltage usually considered higher than 1.9 V; this is the case of lead dioxide (PbO2) with 1.8-2.0 V, tin oxide (SnO2) with 2.0-2.2 V, sub-stoichiometric titanium oxide (TixO2x-1 (4 ≤ x ≤ 9)) referred as TiOx (x < 2) in this chapter (2.4-2.8 V), and boron-doped diamond with 2.2-2.8 V [START_REF] Panizza | Direct and mediated anodic oxidation of organic pollutants[END_REF]Comninellis and Chen 2010). The oxidation involving at active anode materials is referred to electro-oxidation in this book chapter. In contrast to the active anodes, high O2 overvoltage materials favor the generation of physisorbed  OH radicals at their surface by water (H2O) oxidation [START_REF] Panizza | Direct and mediated anodic oxidation of organic pollutants[END_REF]. This weak sorption makes  OH radical available for matrix oxidation through the following reactions (Eqs. 1a-1b) at the anode (M) surface material [START_REF] Panizza | Direct and mediated anodic oxidation of organic pollutants[END_REF]:

M + H2O  M( • OH) + H + + e - (1a) 
M( • OH) + compounds  M + oxidation products (1b)

Figure 1. Overvoltage for hydrogen evolution at cathode (dashed line) and oxygen evolution at anode (full line) materials. OER occurs at the highest potentials using boron-doped diamond and TiOx anodes, which makes them having a high oxidation power. HER occurs at low potential with carbonbased cathodes, which permit the electro-generation of H2O2 at their surface. Abbreviations: HER: hydrogen evolution reaction, OER: oxygen evolution reaction.

The non-active anodes are preferentially employed due to their benefit that can be obtained from the  OH production and the subsequent high organic pollutant removal efficiency in an advanced electro-oxidation technology, that will be referred as anodic oxidation in this chapter.

PbO2 is a cheap material but has been put aside to avoid the possible release of toxic Pb 2+ ions, though more recent studies highlight the development of more stable PbO2-based anode [START_REF] Panizza | Direct and mediated anodic oxidation of organic pollutants[END_REF][START_REF] Aquino | Electrochemical degradation of a real textile wastewater using β-PbO2 and DSA ® anodes[END_REF]. Boron-doped diamond is the most widely used anode material in advanced electro-oxidation treatment for its high efficiency and good stability and resistance (Comninellis and Chen 2010; Brillas and Martinez-Huitle 2011). However, its relatively high cost makes its application limited to quite small treatment plants. TiOx (x < 2) is gaining interest for its lower cost and its flexibility [START_REF] Ganiyu | Sub-stoichiometric titanium oxide (Ti4O7) as a suitable ceramic anode for electrooxidation of organic pollutants: A case study of kinetics, mineralization and toxicity assessment of amoxicillin[END_REF][START_REF] Ganiyu | Use of sub-stoichiometric titanium oxide as a ceramic electrode in anodic oxidation and electro-Fenton degradation of the beta-blocker propranolol: Degradation kinetics and mineralization pathway[END_REF]. Though SnO2 materials have currently a low stability for wastewater treatment application [START_REF] Panizza | Direct and mediated anodic oxidation of organic pollutants[END_REF], its transparency makes it very interesting for hybrid photoelectrochemical processes (Mousset et al. 2017a) as discussed in sub-section 3.4.

The cathode materials can also participate in the oxidation mechanism according to their hydrogen (H2) evolution overvoltage properties (Figure 1). A high H2 overvoltage can promote the electrogeneration of hydrogen peroxide (H2O2) through the two-electron O2 reduction reaction [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF]):

O2 + 2H + + 2e -  H2O2 (2) 
Platinum (Pt) is chemically inert in the electrochemical advanced oxidation processes' operating conditions and is useful for mechanism understanding studies. Though it has been widely employed at laboratory scale, Pt material is not only expensive but also not efficient to produce H2O2 [START_REF] Sopaj | Study of the influence of electrode material in the application of electrochemical advanced oxidation processes to removal of pharmaceutical pollutants from water[END_REF]. Stainless steel is comparatively a cheap metal material, but the amount of electrogenerated H2O2 is still very low [START_REF] Sopaj | Study of the influence of electrode material in the application of electrochemical advanced oxidation processes to removal of pharmaceutical pollutants from water[END_REF]Mousset et al. 2018a).

Carbon materials have been preferentially studied in the electrochemical advanced oxidation processes area for their high H2 overvoltage as well as high stability, high flexibility and low cost [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF][START_REF] Chaplin | Critical review of electrochemical advanced oxidation processes for water treatment applications[END_REF]. Graphite represents an abundant natural form of carbon and is therefore a cheap carbon material. However, its low specific surface area does not permit significant level of H2O2 concentration (Mousset et al. 2016d). The three-dimensional structure of felt form of carbon-based cathode has been widely investigated for its high specific surface area that allows the fast reduction of Fe 3+ into Fe 2+ (Eq. 3) [START_REF] Sirés | Catalytic behavior of the Fe 3+ /Fe 2+ system in the electro-Fenton degradation of the antimicrobial chlorophene[END_REF].

Fe 3+ + e - → Fe 2+

(3)

This regeneration reaction permits the continuous production of  OH radicals through Fenton reaction (Eq. 4) implemented in the so-called homogeneous electro-Fenton process when Fe 2+

is dissolved or present initially in solution [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF]Mousset et al. 2016b):

H2O2 + Fe 2+ → Fe 3+ + • OH + HO - (4) 
Heterogeneous electro-Fenton processes that involve a source of iron, e.g. FeS2 and Fe3O4, coated on the cathode material are emerging [START_REF] Ganiyu | Heterogeneous electro-Fenton and photoelectro-Fenton processes : A critical review of fundamental principles and application for water/wastewater treatment[END_REF]. It avoids the pH adjustment to 3 unlike in homogeneous Fenton-based technology in which the dissolved Fe 3+ would precipitate in Fe(OH)3 otherwise. Sacrificial iron or steel anode materials have been widely

employed as an alternative source of Fe 2+ in peroxi-coagulation process [START_REF] Brillas | Peroxi-coagulation of aniline in acidic medium using an oxygen diffusion cathode[END_REF][START_REF] Brillas | Peroxi-coagulation and photoperoxi-coagulation treatments of the herbicide 4-chlorophenoxyacetic acid in aqueous medium using an oxygen-diffusion cathode[END_REF][START_REF] Ren | Highly energy-efficient removal of acrylonitrile by peroxicoagulation with modified graphite felt cathode: influence factors, possible mechanism[END_REF][START_REF] Nidheesh | Removal of organic pollutants by peroxicoagulation[END_REF]. Peroxi-coagulation consists of the combination of electro-Fenton that electro-generate H2O2 at cathode and electro-coagulation to produce Fe 2+ by anodic dissolution.

Gas diffusion electrodes using carbon-polytetrafluoroethylene have been also suggested as carbon-based cathode material [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF]). The O2 flows through the thin and the porous carbon material, which enhances the O2 transfer towards the cathode and therefore the yield of H2O2 electrogeneration [START_REF] Sirés | Catalytic behavior of the Fe 3+ /Fe 2+ system in the electro-Fenton degradation of the antimicrobial chlorophene[END_REF][START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF][START_REF] Martínez-Huitle | Single and coupled electrochemical processes and reactors for the abatement of organic water pollutants: A critical review[END_REF]. One drawback of gas diffusion electrodes cathodes is their low specific surface area that limits the rate of Fe 2+ regeneration as compared to three dimensional carbon-based materials [START_REF] Sirés | Catalytic behavior of the Fe 3+ /Fe 2+ system in the electro-Fenton degradation of the antimicrobial chlorophene[END_REF]). Some efforts have been made to enhance the specific surface area of carbon materials, including thermal treatment [START_REF] Le | Facile preparation of porous carbon cathode to eliminate paracetamol in aqueous medium using electro-Fenton system[END_REF], chemical treatment [START_REF] Zhou | Chemically modified graphite felt as an efficient cathode in electro-Fenton for p-nitrophenol degradation[END_REF] and graphene-doped modifications [START_REF] Garcia-Rodriguez | Mineralization of electronic wastewater by electro-Fenton with an enhanced graphene-based gas diffusion cathode[END_REF]Le et al., 2015aLe et al., , 2015b;;Mousset et al., 2017bMousset et al., , 2016c)), with encouraging results for both H2O2 electrogeneration and Fe 2+ regeneration.

Selection of photocatalyst for photocatalytic oxidation

Photocatalysis has been widely developed the last few decades as an alternative to traditional chemical advanced oxidation processes, by benefitting from the light to produce strong oxidizing agents like  OH radicals using a catalyst [START_REF] Fujishima | Titanium dioxide photocatalysis[END_REF][START_REF] Malato | Decontamination and disinfection of water by solar photocatalysis: Recent overview and trends[END_REF][START_REF] Lazar | Photocatalytic water treatment by titanium dioxide: Recent updates[END_REF][START_REF] Pelaez | A review on the visible light active titanium dioxide photocatalysts for environmental applications[END_REF][START_REF] Schneider | Understanding TiO2 photocatalysis: Mechanisms and materials[END_REF]). This photocatalyst is a semiconductor that possess an energy gap region known as bandgap. Photocatalyst excitation with energy higher (i.e., light irradiation at a specific wavelength) than the bandgap promotes an excited electron into the conduction band (ecb -) leaving behind a positive vacancy namely as a hole (hvb + ) (Eq. 5) that can then oxidize water (H2O) (Eq. 6) or hydroxide ion (OH -) (Eq. 7) to produce • OH radicals.

Photocatalyst + h → ecb -+ hvb + (5)

hvb + + H2O → • OH + H + (6) hvb + + OH - → • OH + H + (7)
Among the numerous photocatalysts that have been tested in literature, titanium dioxide (TiO2)

is the most common material employed. The band gap for its anatase crystal phase is 3.2 eV, meaning that ultraviolet -noted UV in this chapter -radiation bellow 387 nm is required to initiate photocatalysis process. These UV-based photocatalysis are energy-consuming processes. Thus, numerous efforts have been devoted to benefit from the use of free solar light that is composed of 40% of visible light, in wavelength ranging from 400 nm to 800 nm. In this context, several visible light active photocatalysts have been proposed in literature with reduced band gap, including modified TiO2 [START_REF] Pelaez | A review on the visible light active titanium dioxide photocatalysts for environmental applications[END_REF][START_REF] Ding | Design of a visible light driven photo-electrochemical/electro-Fenton coupling oxidation system for wastewater treatment[END_REF][START_REF] Ding | A dual-cell wastewater treatment system with combining anodic visible light driven photoelectro-catalytic oxidation and cathodic electro-Fenton oxidation[END_REF][START_REF] Andersen | Revealing the degradation intermediates and pathways of visible light-induced NF-TiO2 photocatalysis of microcystin-LR[END_REF][START_REF] Barndõk | Degradation of 1,4-dioxane from industrial wastewater by solar photocatalysis using immobilized NF-TiO2 composite with monodisperse TiO2 nanoparticles[END_REF][START_REF] Fagan | A review of solar and visible light active TiO2 photocatalysis for treating bacteria, cyanotoxins and contaminants of emerging concern[END_REF].

The photocatalysis can be implemented through two ways, either the photocatalyst is in suspension in the effluent to be treated or it is immobilized on a substrate. The first version allows for a higher surface of contact between the catalyst and the photons per unit volume, which can increase the quantum yield (Stefan 2017). However, a further separation stage is required in the treatment since the catalyst has to be recovered before the release of treated wastewater. Therefore, a preliminary catalyst immobilisation step is alternatively considered (Stefan 2017). The catalyst support is then another parameter to take into account for a good coating stability. A further advantage is that conductive substrate could bring synergy when combining electrochemical treatment with heterogeneous photocatalysis as discussed in section 2.3.

Selection of the catalyst support for electrocatalytic and photocatalytic oxidation combination

According to the following criteria, different processes can be implemented or not, i.e. electrochemical treatments or not, and/or photochemical processes or not, and/or photoelectrochemical combinations (Table 1):

(1) presence or not of electrode, involvement or not of high overvoltage electrode

(2) presence of light or not, presence of photocatalyst or not, presence of photocatalyst on electrode or not Table 1. Implementation of electrolysis, photochemical processes and possible combinations between electrolysis and photochemistry, depending on criteria involved. According to the kind of combination, the processes implemented can vary from a simple photolysis or electro-oxidation to a more complex system combining electrochemical advanced oxidation processes with photoelectrocatalysis.

Absence of light

Light without catalyst

Light The possible combinations highlight a possible increase of electrocatalytic activity accompanying by a possible increase of photocatalytic activity according to the criteria involved. The increase of catalytic activity leads to higher number of  OH production sites as it has been previously proposed in literature [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF][START_REF] Goldstein | Photolysis of aqueous H2O2: Quantum yield and applications for polychromatic UV actinometry in photoreactors[END_REF][START_REF] Luo | Electrochemical degradation of phenol by in situ electrogenerated and electro-activated hydrogen peroxide using an improved gas diffusion cathode[END_REF]Mousset et al., 2017a;[START_REF] Sun | Photochemical reactions involved in the total mineralization of 2,4-D by iron(3+)/hydrogen peroxide/UV[END_REF], which is summarized in Table 2 and displayed in Figure 2.

As represented in Table 2 and Figure 2, the electro-oxidation process does not bring any source of  OH production, since only direct oxidation occurs. When electro-oxidation is combined to photolysis (electro-oxidation/photolysis), there is no  OH production as well, since only photosensitive pollutants are degraded by photolysis. In electro-oxidation/photocatalysis the  OH production site is coming from the photocatalysis itself as explained in sub-section 2.2.

Similarly, photoelectrocatalysis lead to the generation of one  OH site. Still, a difference of oxidation efficiency can be observed between photocatalysis and photoelectrocatalysis

processes. An important waste reaction occurs during the photocatalysis mechanism, which consists on the electron/hole pair recombination (Eq. 8) [START_REF] Schneider | Understanding TiO2 photocatalysis: Mechanisms and materials[END_REF]:

ecb -+ hvb + → Photocatalyst + heat (8)
Table 2. Number of  OH production sites according to the kind of combination between electrolysis and photochemical processes. There is no  OH production in electro-oxidation system combined with photolysis. Implementing photocatalysis or photoelectrocatalysis results in increasing the number of  OH production site by one. The number of  OH production site drastically increases when electrochemical advanced oxidation processes such as anodic oxidation and/or electro-Fenton are involved. Their combination with photolysis or photocatalysis/photoelectrocatalysis increases even higher the number of  OH production site due to synergy. Abbreviations: AO: anodic oxidation, EA-H2O2: H2O2 electro-activation, EO: electro-oxidation, H2O2-O2 - : H2O2 reaction with O2 - , PL:

photolysis, PC: photocatalysis, PEC: photoelectrocatalysis.

Electrochemical process

Photochemical process Photolysis (0 ×  OH) In photoelectrocatalysis, the photocatalyst is coated on a conductive material that can be used as an electrode in the electrolysis process [START_REF] Catanho | Photoelectrochemical treatment of the dye reactive red 198 using DSA ® electrodes[END_REF][START_REF] Esquivel | Development of a TiO2 modified optical fiber electrode and its incorporation into a photoelectrochemical reactor for wastewater treatment[END_REF][START_REF] Liu | Comparison of photoelectrochemical properties of TiO2nanotube-array photoanode prepared by anodization in different electrolyte[END_REF][START_REF] Ding | Design of a visible light driven photo-electrochemical/electro-Fenton coupling oxidation system for wastewater treatment[END_REF][START_REF] Daskalaki | Solar light-induced photoelectrocatalytic degradation of bisphenol-A on TiO2/ITO film anode and BDD cathode[END_REF][START_REF] Garcia-Segura | Solar photoelectrocatalytic degradation of Acid Orange 7 azo dye using a highly stable TiO2 photoanode synthesized by atmospheric plasma spray[END_REF][START_REF] Zhai | Enhanced photoelectrocatalytic performance of titanium dioxide/carbon cloth based photoelectrodes by graphene modification under visible-light irradiation[END_REF][START_REF] Ramirez | H2O2-assisted TiO2 generation during the photoelectrocatalytic process to decompose the acid green textile dye by Fenton reaction[END_REF][START_REF] Bessegato | Enhanced photoelectrocatalytic degradation of an acid dye with boron-doped TiO2 nanotube anodes[END_REF]. This configuration has the advantage to reduce the charge recombination [START_REF] Zhai | Enhanced photoelectrocatalytic performance of titanium dioxide/carbon cloth based photoelectrodes by graphene modification under visible-light irradiation[END_REF][START_REF] Bessegato | Enhanced photoelectrocatalytic degradation of an acid dye with boron-doped TiO2 nanotube anodes[END_REF], as depicted in Figure 3. This enhances the degradation and mineralisation efficiency as demonstrated previously by [START_REF] Ding | Design of a visible light driven photo-electrochemical/electro-Fenton coupling oxidation system for wastewater treatment[END_REF] who noticed a 2.5 times increase of degradation rate with photoelectrocatalysis-based process as compared to photocatalysis technology. This synergistic effect can be ascribed to the transfer of photo-electrons to the cathode that enhance the electro-generation of H2O2 for electro-Fenton process while limiting the charge recombination in photocatalysis mechanism [START_REF] Ding | Design of a visible light driven photo-electrochemical/electro-Fenton coupling oxidation system for wastewater treatment[END_REF]. In the presence of the cathodic generation of H2O2, it has recently been demonstrated that  OH radicals could be formed through electro-activation of H2O2 with one electron (Eq. 9) [START_REF] Luo | Electrochemical degradation of phenol by in situ electrogenerated and electro-activated hydrogen peroxide using an improved gas diffusion cathode[END_REF]:

Photocatalysis (1 ×  OH) Photoelectrocatalysis (1 ×  OH) Electro- oxidation (0 ×  OH) (0 ×  OH)PL + (0 ×  OH)EO = 0 ×  OH (1 ×  OH)PC + (0 ×  OH)EO = 1 ×  OH (1 ×  OH)PC + (0 ×  OH)EO = 1 ×  OH H2O2 electro- activation (1 ×  OH) (0 ×  OH)PL + (1 ×  OH)EA-H2O2 + (1 ×  OH)synergyPL/EA- H2O2 = 2 ×  OH (1 ×  OH)PC + (1 ×  OH)EA-H2O2 + (1 ×  OH)synergyPL/EA- H2O2 + (1 ×  OH)H2O2-O2- = 4 ×  OH (1 ×  OH)PC + (1 ×  OH)EA-H2O2 + (1 ×  OH)synergyPL/EA-H2O2 + (1 ×  OH)H2O2-O2- = 4 ×  OH Anodic oxidation (1 ×  OH) (0 ×  OH)PL + (1 ×  OH)AO = 1 ×  OH (1 ×  OH)PC + (1 ×  OH)AO = 2 ×  OH (1 ×  OH)PC + (1 ×  OH)AO = 2 ×  OH Electro-Fenton (2 ×  OH) (0 ×  OH)PL + (1 ×  OH)EF + (1 ×  OH)EA-H2O2 + (1 ×  OH)synergyPL/EA- H2O2 + (1 ×  OH)synergyPL/EF = 4 ×  OH (1 ×  OH)PC + (1 ×  OH)EF + (1 ×  OH)EA-H2O2 + (1 ×  OH)synergyPL/EA- H2O2 + (1 ×  OH)synergyPL/EF + (1 ×  OH)H2O2-O2- = 6 ×  OH (1 ×  OH)PC + (1 ×  OH)EF + (1 ×  OH)EA-H2O2 + (1 ×  OH)synergyPL/EA-H2O2 + (1 ×  OH)synergyPL/EF + (1 ×  OH)H2O2-O2- = 6 ×  OH Electro- Fenton/anodic oxidation (4 ×  OH) (0 ×  OH)PL + (1 ×  OH)EF + (1 ×  OH)AO + (1 ×  OH)EA-H2O2 + (1 ×  OH)synergyEF/AO- peroxone + (1 ×  OH)synergyPL/EA- H2O2 + (1 ×  OH)synergyPL/EF = 6 ×  OH (1 ×  OH)PC + (1 ×  OH)EF + (1 ×  OH)AO + (1 ×  OH)EA-H2O2 + (1 ×  OH)synergyEF/AO- peroxone + (1 ×  OH)synergyPL/EA- H2O2 + (1 ×  OH)synergyPL/EF + (1 ×  OH)H2O2-O2- = 8 ×  OH (1 ×  OH)PC + (1 ×  OH)EF + (1 ×  OH)AO + (1 ×  OH)EA-H2O2 + (1 ×  OH)synergyPL/EA-H2O2 + (1 ×  OH)synergyPL/EF + (1 ×  OH)synergyEF/AO- peroxone + (1 ×  OH)H2O2-O2- = 8 ×  OH
H2O2 + e - → • OH + HO - (9) 
When H2O2 electro-activation is combined with photocatalysis or photoelectrocatalysis, a synergy could be observed with the H2O2 photolysis under UVC irradiation ( < 280 nm) by homolytic cleavage giving another source of • OH (Eq. 10) [START_REF] Goldstein | Photolysis of aqueous H2O2: Quantum yield and applications for polychromatic UV actinometry in photoreactors[END_REF]):

H2O2 + h → 2 • OH ( 10 
)
Anodic oxidation process combined with photolysis  referred as photoanodic oxidation in this chapter  cannot bring another production site of • OH (Table 2). Interestingly, electro-Fenton can bring synergy in electro-Fenton/photolysis combination, namely photoelectro-Fenton process, through the UV irradiation of Fe(III)-monohydroxy complex (Fe(OH) 2+ ) that represents an additional • OH production source (Eqs. 11a-11b) [START_REF] Sun | Photochemical reactions involved in the total mineralization of 2,4-D by iron(3+)/hydrogen peroxide/UV[END_REF][START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF]):

H2O + Fe 3+  Fe(OH) 2+ + H + (11a) Fe(OH) 2+ + hν → Fe 2+ + • OH (11b)
Fe(OH) 2+ is the predominant Fe(III) species at pH around 3 [START_REF] Faust | Photolysis of Fe (III)-hydroxy complexes as sources of OH radicals in clouds, fog and rain[END_REF], which corresponds to the optimal pH for electro-Fenton process [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF]Mousset et al. 2016e). Therefore, the production rate of Fe(OH) 2+ is not negligible and indirectly the • OH production as well. In addition, the UV light allow the regeneration of Fe 2+ in the meanwhile from Eq. 11b.

It is critical to underline that • OH is not the sole oxidant that can participate in the organic removal efficiency. Mediated oxidation can also occur during the photoelectrochemical processes, by the production of weaker oxidants such as some reactive oxygen species like superoxide anion (O2 - ) (Eq. 12) in photocatalysis and photoelectrocatalysis processes and ozone (O3) (Eq. 13) with non-active anodes in anodic oxidation technology [START_REF] Bergmann | The occurrence of perchlorate during drinking water electrolysis using BDD anodes[END_REF]; dos Santos and Scialdone 2018):

ecb -+ O2 → O2 - (12) 3H2O → O3 + 6H + + 6e - (13) 
Furthermore, depending on the characteristic of the effluent to treat and/or on the supporting electrolyte that is potentially added, the presence of chloride ion (Cl -), sulfate ion (SO4 2-), phosphate ion (PO4 3-), and carbonate ion (CO3 2-) can lead to the formation of radical species such as Cl • (Eq. 14), SO4 -• (Eq. 15), PO4 2-• (Eq. 16), CO3 -• (Eq. 17), respectively (Sirés et al.

2014):

Cl

- → Cl • + e - ( 14 
) SO4 2- → SO4 -• + e - ( 15 
) PO4 3- → PO4 2-• + e - ( 16 
) CO3 2- → CO3 -• + e - (17) 
More stable oxidants can be generated from these radical species (Cl2 (Eq. 18), S2O8 2-(Eq. 19), P2O8 4-(Eq. 20), C2O6 2-(Eq. 21)) [START_REF] Moreira | Electrochemical advanced oxidation processes: A review on their application to synthetic and real wastewaters[END_REF]:

2 Cl • → Cl2 (18) 2 SO4 -• → S2O8 2- (19) 2 PO4 2-• → P2O8 4- (20) 2 CO3 -• → C2O6 2- (21)
Under light irradiation, Cl2 and S2O8 2-can generate Cl • (Eqs. 22a-22b) and SO4 -• (Eq. 23), respectively (dos Santos and Scialdone 2018):

Cl2 + H2O → HClO + Cl -+ H + (22a) HClO + hʋ → Cl • + • OH (22b) S2O8 2-+ hʋ → 2SO4 • (23)
This mediated oxidation can also lead to additional production source of  OH through peroxone equation (Eq. 24) and H2O2 reaction with O2 - (Eq. 25) [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF][START_REF] Merényi | Reaction of ozone with hydrogen peroxide (peroxone process): A revision of current mechanistic concepts based on thermokinetic and quantum-chemical considerations[END_REF]):

H2O2 + 2O3 → 2  OH + 3O2 (24) H2O2 + O2 - →  OH + OH -+ O2 (25) 
However, mediated oxidants such as chlorinated ones can lead to toxic inorganic, e.g. chlorate (ClO3 -) and perchlorate (ClO4 -), and organic intermediates such as trihalomethanes (THMs) and chloroform that accumulate in solution [START_REF] Araújo Dm De | Influence of mediated processes on the removal of Rhodamine with conductive-diamond electrochemical oxidation[END_REF][START_REF] Brito | Understanding active chlorine species production using boron doped diamond films with lower and higher sp 3 /sp 2 ratio[END_REF]Mousset et al. 2018bMousset et al. , 2020)). It is therefore important to control their concentration and to adapt the operating conditions in order to limit their formation.

Interestingly, the combination that could give theoretically the highest number of • OH production sites, i.e. 8 production sites, is photoelectro-Fenton with photoanodic oxidation and photocatalysis or photoelectrocatalysis, i.e. photoelectro-Fenton/photoanodic oxidation/photocatalysis or photoelectro-Fenton/photoanodic oxidation/photoelectrocatalysis respectively (Mousset et al. 2017a), as schematically presented in Figure 4. It is important to emphasize the fact that a higher number of  OH production sites does not systematically mean that the oxidation efficiency will be better. There can be kinetic competitions with reactions requiring the same reagents to produce  OH radicals. For instance, H2O2 is involved in Fenton reaction (Eq. 4) but also in H2O2 electro-activation (Eq. 9), in H2O2 photolysis (Eq. 10), in peroxone equation (Eq. 24) and in reaction with O2 - (Eq. 25), meaning that the  OH production yield will not be automatically increased through five production sites instead of one at constant electrogeneration of H2O2, the rate of H2O2 production being the limiting step (Mousset et al. 2017a).

Moreover, some side reactions that consume  OH can limit its action (dos Santos and Scialdone 2018):

SO4 -• + • OH → HSO4 -+ ½O2 (26) • OH + H2O2 → H2O + HO2 • (27) Fe 2+ + • OH → Fe 3+ + OH - (28) 
The reaction between Fe 2+ and • OH (Eq. 28) is particularly an important parasitic reactions in Fenton-based processes [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF]Mousset et al. 2016a). In addition, the solution pH can interfere in the number of  OH production sites since the Fenton reaction is optimal at pH 3 in homogeneous systems [START_REF] Brillas | Electro-Fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF]. In contrast, O2 - species is predominant at pH higher than 6.8, considering a pKa (HO2 • /O2 - ) equal to 4.8, and therefore the generation of  OH through Eq. 25 is optimal at circumneutral pH (Mousset et al. 2018a). Implementing heterogeneous electro-Fenton process in combination to photoelectrocatalysis could solve this issue. The wavelength range of light irradiation also plays a role in the number of  OH production sites. Thus, H2O2 photolysis mainly occurs under UVC irradiation ( < 280 nm), while photocatalysis and photoelectrocatalysis are often performed using UVA (315 nm <  < 400 nm) and even visible light irradiation (400 nm <  < 800 nm). It should be emphasized that the synergy of combinations between H2O2 photolysis and photocatalysis or photoelectrocatalysis, i.e. in H2O2 electro-activation/photocatalysis, H2O2 electroactivation/photoelectrocatalysis, photoelectro-Fenton/photocatalysis, photoelectro-Fenton/photoelectrocatalysis, photoelectro-Fenton/photoanodic oxidation/photocatalysis, photoelectro-Fenton/photoanodic oxidation/photoelectrocatalysis, cannot occur if the photocatalyst does not absorb light under UVC irradiation and/or for economic reason if the system is operated under solar light. The organic load has an impact on the kinetics of degradation rates but should not hamper the number of  OH production sites (Garcia-Segura et al. 2014). This is the case only if the turbidity is not impacted by the increase of organic load, otherwise the yields of UV-based reactions will be altered.

The combination of processes along with possible synergy can be optimized via reactor design that need to be adapted according to the reactions involved as discussed in section 3.

Reactor design

The reactor design is an important parameter to take into account in order to optimize the photoelectrochemical technologies. The existing combinations between electrolysis and photocatalysis or photoelectrocatalysis technologies proposed in literature for wastewater treatment application are presented in Table 3. The influence of criteria studied in literature about the photo-electrochemical reactor design is presented in the following sub-sections 3.2, 3.3 and 3.4. 

Sequential versus hybrid reactors

There are two possibilities to consider the combination between photochemical and electrochemical processes combination. The first one is a configuration as sequential reactors with a possibility of recirculation of the effluent (Figure 5a). The photochemical process can be either positioned as primary treatment followed by the electrochemical process or in the reverse order. If a continuous system is considered without recirculation, the electrochemical technology has advantages to be placed first because the stable oxidizing species such as H2O2 combination. In a continuous system an electrochemical process followed by a photochemical technology has the advantage to produce  OH from the photolysis of some species such as H2O2 and ferro-hydroxy complex produced by electrolysis. A hybrid photo-electrochemical process leads to less footprint area and higher possibility of synergy between photochemical and electrochemical reactions.

In contrast, the hybrid photo-electrochemical process (Figure 5b) offers many other advantages such as the low footprint area, the possibility of synergy between photochemical and electrochemical reactions according to the catalyst support as discussed in section 2.3 and to the hybrid reactor configuration as shown in the following sub-sections 3.2, 3.3 and 3.4. These benefits gained from the hybrid process explain the higher number of studies selecting this configuration (Table 3).

Reactor configuration: divided versus undivided cells

In electrolysis, there are two possibilities of operation, either in divided cell (Figure 6a) or in undivided cell (Figure 6b). Considering the photo-electrochemical process implementation, the main influence of efficiency comes from the electrochemical reactions. In divided cell, the advantage is that there is the possibility to avoid decomposition of oxidants at anode or cathode which increases the faradic yield [START_REF] Esquivel | Development of a TiO2 modified optical fiber electrode and its incorporation into a photoelectrochemical reactor for wastewater treatment[END_REF][START_REF] Ramirez | H2O2-assisted TiO2 generation during the photoelectrocatalytic process to decompose the acid green textile dye by Fenton reaction[END_REF]. However, some redox reactions cannot be involved in the cell such as ferrous/ferric cycle that is useful for the Fe 2+ regeneration (Eq. 3) in an electro-Fenton process for example. In contrast, this catalytic behaviour of iron species can be obtained in an undivided cell [START_REF] Sirés | Catalytic behavior of the Fe 3+ /Fe 2+ system in the electro-Fenton degradation of the antimicrobial chlorophene[END_REF]). This latter configuration has been the most studied in photo-electrochemical reactors (Table 3), especially for its easier implementation at industrial scale if a stirred tank reactor is foreseen. 

Operation mode: flow-cell versus stirred tank reactor

There are two main operation modes of photo-electrochemical reactors developed in literature (Figure 7). In the flow cell (Figure 7a), the flux is forced to go between parallel electrodes and the mode can be assimilated to a plug-flow reactor when flushed continuously. Most of the time it is operated in recirculated batch in lab scale studies. In a stirred tank reactor (Figure 7b), the electrodes are placed in parallel in a tank that is mechanically stirred [START_REF] Ding | Design of a visible light driven photo-electrochemical/electro-Fenton coupling oxidation system for wastewater treatment[END_REF][START_REF] Zhai | Enhanced photoelectrocatalytic performance of titanium dioxide/carbon cloth based photoelectrodes by graphene modification under visible-light irradiation[END_REF]Garcia-Segura et al. 2014;[START_REF] Bessegato | Enhanced photoelectrocatalytic degradation of an acid dye with boron-doped TiO2 nanotube anodes[END_REF]Mousset et al. 2017a). The effluent can be flushed continuously and can be ascribed to a continuous stirred tank reactor mode when the solution is assumed as perfectly mixed, i.e. the homogeneous concentration in the reactor equal the output stream.

A hydrodynamic characterisation has shown that parallel electrodes system in a stirred tank reactor could be modelled as an ideal single continuous stirred tank reactor at high rotational speed of the impeller with impeller Reynolds number higher than 10 4 (Polcaro et al., 2007).

The geometry proposed in literature is either parallelepipedal [START_REF] Khataee | Combined heterogeneous and homogeneous photodegradation of a dye using immobilized TiO2 nanophotocatalyst and modified graphite electrode with carbon nanotubes[END_REF] or cylindrical [START_REF] Ding | Design of a visible light driven photo-electrochemical/electro-Fenton coupling oxidation system for wastewater treatment[END_REF][START_REF] Zhai | Enhanced photoelectrocatalytic performance of titanium dioxide/carbon cloth based photoelectrodes by graphene modification under visible-light irradiation[END_REF]Garcia-Segura et al. 2014;[START_REF] Bessegato | Enhanced photoelectrocatalytic degradation of an acid dye with boron-doped TiO2 nanotube anodes[END_REF]Mousset et al. 2017a). The latter is the most frequent shape since it limits the stagnant zone in which no mixing occurs. The drawbacks of continuous stirred tank reactor is that the mass transfer rate is lower than in flow cell [START_REF] Anglada | Laboratory and pilot plant scale study on the electrochemical oxidation of landfill leachate[END_REF]. This is confirmed by the comparison between a cylindrical stirred tank reactor of 0.1 L and a flow-by cell with a reservoir tank of 10 L that was performed by Garcia-Segura et al. (2014). Considering the difference of electrochemical reactor volume in each kind of reactor, the time to reach 50% of chloramphenicol degradation was 26-fold higher in stirred tank reactor than in solar filter-press reactor (Garcia-Segura et al. 2014).

Moreover, the electrode distance can be better controlled and easily optimized in flow cells by varying it from a few tens of microns until several centimetres [START_REF] Scialdone | Anodic abatement of organic pollutants in water in micro reactors[END_REF]. It leads to better mass transport of targeted compounds towards the electrodes, with mass transport coefficient improved by two to more than ten times [START_REF] Anglada | Laboratory and pilot plant scale study on the electrochemical oxidation of landfill leachate[END_REF]Mousset et al. 2019b).

A high mass transport is essential to favour heterogeneous catalysis (Mousset et al. 2019a) that is involved at electrode surface in photo-electrochemical processes. Minimized electrode distances also permit the reduction of cell potential and therefore the energy requirement is reduced. The flow cell has also advantage for process scale-up since it can be arranged in series and parallel to increase the removal efficiency and the treatment capacity respectively, while 

Light source positioning

The light positioning is an important parameter in photochemical processes since the energy delivered by light irradiation decrease with the distance between the light source and the targeted compound in solution. The influence of light irradiation source placed in stirred tank reactor or in flow-cell configurations considering hybrid photo-electrochemical processes is displayed in Figure 8.

The light source can be placed externally of the reactor (Figures 8a-8g) and especially at the top of a stirred tank reactor with parallel electrode configuration (Garza-Campos et al. 2014) (Figure 8a) or with one vertical electrode and one horizontal electrode that contain the photocatalyst [START_REF] Daskalaki | Solar light-induced photoelectrocatalytic degradation of bisphenol-A on TiO2/ITO film anode and BDD cathode[END_REF]) (Figure 8b) in order to improve the contact between the light and photocatalyst. In this latter case, the light can also be shined at the bottom of the stirred tank reactor [START_REF] Xie | Interactive oxidation of photoelectrocatalysis and electro-Fenton for azo dye degradation using TiO2-Ti mesh and reticulated vitreous carbon electrodes[END_REF]) (Figure 8b) through the reactor in order to minimize the distance between the light and the horizontal photo-electrode. It is important to highlight that quartz reactors are preferred instead of glass reactors, since the transmittance of quartz material is very high for a wide range of wavelength, even in UV region (Mousset et al. 2017a).

Another possibility is to let shine the light across the side of the stirred tank reactor (Figure 8c)

and either enhance the H2O2 photolysis by being close to the carbon cathode (Mousset et al. 2017a) or improve the photoelectrocatalysis performance using a transparent photo-anode (Mousset et al. 2017a). This latter option has been proposed to be implemented in a semicylindrical reactor in which the transparent photo-anode is placed against the flat side (Ding et al. 2012) (Figure 8d) in order to optimize the distance between the light and the photo-anode.

This distance is even better optimized in flow-cell systems in which interelectrode distance can be easily reduced as discussed in section 3.3. In this configuration, the light is usually shined through a mesh electrode [START_REF] Catanho | Photoelectrochemical treatment of the dye reactive red 198 using DSA ® electrodes[END_REF]) (Figure 8e) or a transparent electrode (Figure 8f) using an external transparent wall.

More recently, it has been proposed to make full use of light energy by letting shine the light directly across a transparent anode material (Mousset et al. 2017a) (Figure 8g), named fluorinedoped tin oxide. This customized configuration could be obtained by additive manufacturing, avoiding the use of quartz material that is expensive and fragile. The proposed three dimensional-printed reactor design allowed for 1.87 times increase of efficiency of photo-based processes involved in the reactor as compared to a continuous stirred tank reactor system.

Moreover, the use of fluorine-doped tin oxide offers the advantage of being a high O2 overvoltage anode reaching a potential of 2.1 V (Mousset et al. 2017a), which constitutes another source of  OH production for electrochemical advanced oxidation processes combination with photocatalysis or photoelectrocatalysis.

Immersed light positioning systems have also been considered [START_REF] Bessegato | Enhanced photoelectrocatalytic degradation of an acid dye with boron-doped TiO2 nanotube anodes[END_REF][START_REF] Esquivel | Development of a TiO2 modified optical fiber electrode and its incorporation into a photoelectrochemical reactor for wastewater treatment[END_REF]Khataee et al., 2012) (Figures 8h, 8i). The source can be placed close to the cathode and the anode in order to favour the photocatalysis mechanism combined with electrolysis [START_REF] Khataee | Combined heterogeneous and homogeneous photodegradation of a dye using immobilized TiO2 nanophotocatalyst and modified graphite electrode with carbon nanotubes[END_REF][START_REF] Bessegato | Enhanced photoelectrocatalytic degradation of an acid dye with boron-doped TiO2 nanotube anodes[END_REF]) (Figure 8h). A second option is to use a source such as optical fibre that is coated with a photocatalyst and employed as a photo-anode connected to a cathode [START_REF] Esquivel | Development of a TiO2 modified optical fiber electrode and its incorporation into a photoelectrochemical reactor for wastewater treatment[END_REF]) (Figure 8i). In this latter case, the photoelectrocatalysis is implemented and can be combined to electrochemical advanced oxidation processes technologies for a better pollutant removal efficiency than electrochemical advanced oxidation/photocatalysis processes combination, as discussed in section 2.3.

It is necessary to note that when a transparent material is used to involve photocatalysis or photoelectrocatalysis in a light-through electrolytic system, there is an optimal photocatalyst loading. It depends on several factors such as optical properties of the catalyst, e.g. optical thickness and transmittance, and of the transparent substrate material as well as photocatalyst particle size (Hurtado et al., 2015;Motegh et al., 2012;Murakami et al., 2012). For instance, it has been shown that a transmittance of 20%, corresponding to a dose of 0.31 mg cm -2 of TiO2 (P-25) coated on a glass/fluorine-doped tin oxide transparent material, was found optimal for a maximum pollutant removal efficiency in a hybrid photo-electrochemical reactor (Mousset et al. 2017a).

Another important point is that the use of solar light as irradiation source is decisive in the position of electrodes in the reactor and in the reactor design as well. Since the solar light is or at the bottom of the reactor, the reactor material needs to be suitable for allowing UV radiation to pass through. Such material is quartz that is very fragile and expensive. When the light is implemented in a stirred tank reactor, the distance between the light source and the electrode needs to be minimized for better synergy and maximum quantum yields. Flow-cell allows varying the interelectrode gap from micro-distance (50-500 µm) to macro-distance (1-5 cm), which can easily permit optimisation of the penetration depth when light is applied through the cell.

Conclusion

Studies on photo-electrochemical reactors applied for advanced oxidation treatment of wastewater are still at early stages though increasing attention is being devoted to this technology. This chapter presented an overview of the possible synergetic combinations between advanced electrochemical treatments and photochemical processes. The effect of reactor design, i.e. sequential versus hybrid photo-reactors, divided versus undivided cells, operation mode, i.e. flow cell versus stirred tank reactors, and light source positioning, on the photo-reactors efficiency has been addressed. The synergy between photoelectrocatalysis and electrochemical advanced oxidation processes seems promising in terms of removal efficiency of organic pollutants.

Upon these preliminary results, there is a need to manufacture multifunctional electrode materials possessing optimum properties and configuration for the design/development of heterogeneous photocatalytic reactors with enhanced performance. In parallel, the photocatalysts have to be developed so they can possess long-term activity and improved coating stability, particularly when subjected to electric field.

Furthermore, most studies from literature are performed at laboratory scale while most of the effluents tested are synthetic solutions. There is a need to upscale those processes by testing real water matrix solutions. The pH, the temperature, the turbidity, the presence of organic matter as well as the inorganic salts could interfere with the combined process efficiency 

Figure 2 .

 2 Figure 2. Number of  OH active sites according to the single and combined processes implemented. The combination giving the maximum number of  OH production site, i.e. eight production sites, is photoelectro-Fenton with photoanodic oxidation and photocatalysis or photoelectrocatalysis. Abbreviations: AO: anodic oxidation, EA-H2O2: H2O2 electro-activation, EO: electro-oxidation, PAO: photoanodic oxidation, PC: photocatalysis, PEC: photoelectrocatalysis, PEF: photoelectro-Fenton, PL: photolysis.
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 3 Figure 3. Photoelectrocatalysis process combining the electrolysis with a photo-anode. The advantage of this system compared to photocatalysis is that it limits the charge recombination, i.e. ecb -and hvb + , since the electron (ecb -) is driven to the cathode. Abbreviations: CB: conductive band, ecb -: electron in the conduction band, hvb + : positive vacancy (hole) in the valence band, VB: valence band.

Figure 4 .

 4 Figure 4. Different • OH production sites in the photoelectro-Fenton/photoanodic oxidation/photoelectrocatalysis process combining electrochemical advanced oxidation processes with photoelectrocatalysis. There is a maximum of eight • OH production sites from eight different reactions involved at the photo-anode, at the cathode and in the bulk solution. It is important to highlight that the occurrence of these reactions is depending on the solution pH, the applied wavelength, and the production rate of reagent such as H2O2 involved in parallel reactions.

  photo-reactor(Garcia-Segura and Brillas 2014;[START_REF] Garza-Campos | Salicylic acid degradation by advanced oxidation processes. Coupling of solar photoelectro-Fenton and solar heterogeneous photocatalysis[END_REF]).
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 5 Figure 5. Sequential (a) versus hybrid (b) reactors for photochemical and electrochemical processes
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 6 Figure 6. Divided cell (a) versus undivided cell (b) configurations for hybrid photo-electrochemical processes. Divided cell configuration avoids the decomposition of oxidants on the anode or cathode surfaces depending on the species. Practically, undivided cell is more developed and the redox cycle of iron can occur in this condition to implement Fenton reaction.

  keeping a low footprint compared to continuous stirred tank reactor (Martínez-Huitle et al. 2015).
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 7 Figure 7. Flow-by cell (a) and stirred tank reactor (b) configurations for hybrid photo-electrochemical processes. The flow-by cell is assimilated to a plug-flow reactor while the stirred tank reactor is associated with the continuous stirred tank reactor model. The flow-by cell increases the mass transfers towards the electrodes compared to the stirred tank reactor, which is an advantage to implement heterogeneous catalysis and photochemical reactions.

  coming from the top, compound parabolic concentrators oriented towards the sun have been developed to maximize the quantum yield and have been combined with electrolysis cells(Garcia-Segura et al. 2014). Solar light was used as free energy source in photoelectrochemical systems and could successfully reduce the operating costs while keeping very high removal yield as compared to artificial light[START_REF] El-Ghenymy | Optimization of the electro-Fenton and solar photoelectro-Fenton treatments of sulfanilic acid solutions using a prepilot flow plant by response surface methodology[END_REF][START_REF] Sopaj | Study of the influence of electrode material in the application of electrochemical advanced oxidation processes to removal of pharmaceutical pollutants from water[END_REF] Garcia-Segura and Brillas 2014).
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 8 Figure 8. Influence of light irradiation source placed externally of the reactor ((a)-(g)) or immersed ((h), (i)), in stirred tank reactor ((a)-(d), (h), (i)) and in flow-cell ((e), (f), (g)) configurations considering hybrid photo-electrochemical processes. If an external source is implemented on the side

  

Table 3 .

 3 Processes combination between electrolysis and photocatalysis or photoelectrocatalysis processes proposed in literature for wastewater treatment application. Different reactor designs have been proposed: sequential or hybrid reactors, divided or undivided cells, flow-cell or stirred tank reactor, external or immersed light source, light source positioned on the top or bottom or on the side of reactor, light source placed vertically or horizontally.

	Processes implemented Reactor configuration	Cathode	Anode	Electrode	Photocatalyst	Kind of	Light	Reference
					positioning		light	source	
								positioning	
	Photoelectro-	Undivided cell	Boron-doped	Boron-doped	Both parallel	TiO2	Solar light	Externally,	(Garza-
	Fenton/photocatalysis	Cylindrical stirred tank photo-	diamond	diamond	and vertical	immobilized on		on the top of	Campos et
		reactor				glass spheres		the reactor	al. 2014)
						and horizontal			
						nylon mesh			
	Photoelectro-	Undivided cell	Carbon-	Pt	Both parallel	TiO2	Solar light	Externally,	(Garza-
	Fenton/photocatalysis	Electrochemical flow-cell	polytetrafluoro-		and vertical	immobilized on		on the top of	Campos et
		Sequential reactors	ethylene air			glass spheres		the reactor	al. 2016)
		(electrolyserphotoreactors)	diffusion cathode						
		in recirculation							
	Photoelectro-	Undivided cell	Graphite/Carbon	Pt	Both parallel	TiO2	UV light	Immersed	(Khataee
	Fenton/photocatalysis	Parallelepiped stirred tank	nanotubes		and vertical	immobilized on		vertically in	et al.
		photo-reactor				glass plates on		the reactor	2012)
						vertical sides of			
						the reactor			
	Photoelectro-	Undivided cell	Carbon felt	Glass/fluorine-	Both parallel	TiO2	UV light	Externally,	(Mousset
	Fenton/photoanodic	Cylindrical glass stirred tank		doped tin	and vertical	immobilized on		on the side	et al.
	oxidation/photocatalysis	photo-reactor		oxide		cylindrical glass		of the	2017a)
				(transparent)		reactor		reactor,	
								close to the	
								cathode	
	Photoelectrocatalysis	Undivided cell	Ti/Ru	Boron-doped	Both parallel	TiO2	UV/Visible	Immersed	(Bessegat
		Cylindrical stirred tank photo-		TiO2	and vertical		light	vertically in	o et al.
		reactor		nanotubes				the reactor	2015)
	Photoelectrocatalysis	Undivided cell	Pt	Carbon	Both parallel	TiO2	Visible light Not	(Zhai et
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