Emmanuel Mousset 
email: emmanuel.mousset@univ-lorraine.fr
  
Clément Trellu 
  
Hugo Olvera-Vargas 
  
Yoan Pechaud 
  
Florence Fourcade 
  
Mehmet A Oturan 
  
Electrochemical technologies coupled with biological treatments

Keywords: Anodic oxidation, Bioreactor, Biorecalcitrant, Electro-Fenton, Hydroxyl radicals, Wastewater treatment

When possible, the bioprocesses should be implemented to treat wastewater for their costeffectiveness. However, many effluents are composed of biorecalcitrant organic pollutants, especially in industrial wastewaters. Advanced physico-chemical treatments are therefore needed to deal with these pollutions. Electrochemical processes could be cost-effective solutions. However, the energy required to reach complete mineralization is often high. One promising combination would be to combine electrochemical processes that can remove xenobiotic compounds from effluent with biotechnologies that are able to mineralize the biodegradable fraction. Therefore, this review presents the most recent articles dealing with this combination, by mainly focusing on electrochemical advanced oxidation processes that demonstrated to have high removal efficiency for organic biorecalcitrant compounds.

Additional and imperative information about the treatment strategy and the engineering aspects for the upscaling approach are also given.

Introduction

Electrochemical processes are gaining interest in wastewater treatment area, due to their ability to degrade and mineralize biorecalcitrant organic pollutants using electron as clean reagent [START_REF] Martínez-Huitle | Single and coupled electrochemical processes and reactors for the abatement of organic water pollutants[END_REF][2][3][4]. In the meanwhile, they can remove the biorecalcitrant part of effluent which makes interesting their coupling with biological technologies [5]. This synergy would also reduce the high energy consumption required in an electrochemical process for complete mineralization.

This review intends to relate the most recent works on this combination in a context of wastewater treatment. The feasibility of combination, needed to address a treatment strategy, is firstly discussed. Then the main electrochemical processes such as electrochemical advanced oxidation processes (EAOPs) (i.e. anodic oxidation (AO), electro-Fenton (EF)) and electrocoagulation (EC) are presented successively. The coupling efficiency with biological technologies (e.g. aerobic, anaerobic, membrane bioreactors, microbial fuel cell) is examined in the meantime. The engineering approach and scale-up studies are finally showcased and the future challenges for industrial applications are highlighted.

Combination feasibility and treatment strategy

Standardized tests [6,7] can be implemented on the effluent to be treated and on the electrolyzed solutions to estimate the combination feasibility. In these assays, the estimation is based on the dissolved organic carbon (DOC) evolution [6] or the production of carbon dioxide [7] during 28 days of biological culture. Oxygen uptake rate can be also monitored [START_REF] Spérandio | Estimation of wastewater biodegradable COD fractions by combining respirometric experiments in various So/Xo ratios[END_REF].

Biodegradability is often estimated by the biochemical oxygen demand (BOD) after 5 days / chemical oxygen demand (COD) ratio [START_REF] Monteil | A review on efficiency and cost effectiveness of electro-and bio-electro-Fenton processes: Application to the treatment of pharmaceutical pollutants in water[END_REF][START_REF] Scott | Integration of chemical and biological oxidation processes for water treatment: Review and recommendations[END_REF]. Although this estimation is quicker, it has to be interpreted with some cautions. The ratio value may increase due to some biodegradable compounds in the solution but if the major part of the organic content is still recalcitrant, a significant mineralization cannot be reached [START_REF] Lou | Alachlor dechlorination prior to an electro-Fenton process: Influence on the biodegradability of the treated solution[END_REF]. Similarly, a low value does not necessarily mean an absence of biodegradability since an acclimation period can be needed for microorganisms to metabolize the organic content, particularly in the case of industrial effluents with very specific characteristics [START_REF] Sanchis | Degradation of chlorophenoxy herbicides by coupled Fenton and biological oxidation[END_REF][START_REF] Znad | A net draft tube slurry airlift bioreactor for 2,4-D (2,4dichlorophenoxyacetic acid) pesticide biodegradation[END_REF]. Ultimate BOD obtained after 21 days of incubation can help with the decision about the biodegradability.
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Due to the high response time with microorganisms -at least 5 days -physico-chemical tools were considered as the combination between total organic carbon (TOC) and COD. The average oxidation state (AOS) or COD/TOC ratio can give information on effluent oxidation and then its possible biodegradation [START_REF] Ferrag-Siagh | Electro-Fenton pretreatment for the improvement of tylosin biodegradability[END_REF].

Moreover, toxicity assays can be performed in addition to biodegradability estimation.

Microtox is the most widely adopted and concerns acute toxicity [START_REF] Monteil | A review on efficiency and cost effectiveness of electro-and bio-electro-Fenton processes: Application to the treatment of pharmaceutical pollutants in water[END_REF]. Phytotoxic tests based on germination index can also be considered [START_REF] Aboudalle | Metronidazole removal by means of a combined system coupling an electro-Fenton process and a conventional biological treatment: By-products monitoring and performance enhancement[END_REF].

Pollutant concentration or molecular structure can influence the biodegradability. For instance, no inhibition of sodium benzoate biodegradation occurred with the addition of tetracycline concentration less than 5 mgL -1 [7]. Biorecalcitrance of alachlor is due to the chlorine atom and to the amide group in its structure [START_REF] Lou | Alachlor dechlorination prior to an electro-Fenton process: Influence on the biodegradability of the treated solution[END_REF]. Furthermore, the formation of biodegradable intermediates depends on the operational conditions of the electrolysis [START_REF] Lou | Alachlor dechlorination prior to an electro-Fenton process: Influence on the biodegradability of the treated solution[END_REF][START_REF] Ferrag-Siagh | Electro-Fenton pretreatment for the improvement of tylosin biodegradability[END_REF].

The combination strategy depends on the nature of the effluent and on the estimation of its biodegradability. An electrochemical pre-treatment should be prioritized in the presence of toxic and/or biorecalcitrant and/or inhibitory compounds for microbial activity. A biological pre-treatment can be considered when the biorecalcitrant part of the effluent does not hinder the microbial growth [START_REF] Monteil | A review on efficiency and cost effectiveness of electro-and bio-electro-Fenton processes: Application to the treatment of pharmaceutical pollutants in water[END_REF][START_REF] Scott | Integration of chemical and biological oxidation processes for water treatment: Review and recommendations[END_REF] (Figure 1).

Anodic oxidation coupled with biological treatments

AO process is an EAOP based on the generation of strong oxidants like hydroxyl radical ( • OH) from oxidation of water in the region of water discharge [2,[START_REF] Panizza | Direct and mediated anodic oxidation of organic pollutants[END_REF]. This radical is chemisorbed in the case of active anodes like carbon, Pt or dimensionally stable anode (DSA) (with low oxygen evolution overpotential) whereas it is slightly adsorbed (physisorption) and therefore more available for oxidation of organics in the case of non-active anodes having high oxygen evolution overpotential like boron-doped diamond anode (BDD), PbO 2 , Ti 4 O 7 [START_REF] Klidi | Electrochemical oxidation of crystal violet using a BDD anode with a solid polymer electrolyte[END_REF][START_REF] Le | Energy-Efficient Electrochemical Oxidation of Perfluoroalkyl Substances Using a Ti 4 O 7 Reactive Electrochemical Membrane Anode[END_REF][START_REF] Zhou | Electrochemical degradation of sunscreen agent benzophenone-3 and its metabolite by Ti/SnO 2 -Sb/Ce-PbO 2 anode: Kinetics, mechanism, toxicity and energy consumption[END_REF]. However, the efficiency of this process depends strongly on the concentration of organic compounds in the solution and mass transport conditions from the solution to the anode surface [START_REF] Kapałka | The importance of electrode material in environmental electrochemistry Formation and reactivity of free hydroxyl radicals on boron-doped diamond electrodes[END_REF][START_REF] Trellu | Electro-oxidation of organic pollutants by reactive electrochemical membranes[END_REF]. Other oxidant species can be also generated (persulfate, sulfate radicals, active chlorine, ozone) depending on ions present in the solution and operating conditions [2,[START_REF] Isidro | Electro-disinfection with BDD-electrodes featuring PEM technology[END_REF][START_REF] Lara-Ramos | Electro-ozonizers: A new approach for an old problem[END_REF].

Several studies have been performed on the combination of AO with a biological treatment in order to improve the cost-effectiveness of the process (Table 1) [6, [START_REF] Trellu | Combination of anodic oxidation and biological treatment for the removal of phenanthrene and Tween 80 from soil washing solution[END_REF][START_REF] Carboneras | Improving biodegradability of soil washing effluents using anodic oxidation[END_REF][START_REF] Fernandes | Effect of electrochemical treatments on the biodegradability of sanitary landfill leachates[END_REF][START_REF] Fontmorin | Electrochemical oxidation of 2,4-Dichlorophenoxyacetic acid: Analysis of by-products and improvement of the biodegradability[END_REF][START_REF] Feng | Electrochemical advanced oxidation for treating ultrafiltration effluent of a landfill leachate system: Impacts of organics and inorganics and economic evaluation[END_REF][START_REF] Coster | Influence of electrochemical advanced oxidation on the long-term operation of an Upflow Anaerobic Sludge Blanket (UASB) reactor treating 4-chlorophenol containing wastewater[END_REF][START_REF] Carboneras | Selection of anodic material for the combined electrochemical-biological treatment of lindane J o u r n a l P r e -p r o o f polluted soil washing effluents[END_REF]. There are three J o u r n a l P r e -p r o o f main advantages from the use of AO as a pre-treatment: (i) AO is well known for its nonselectivity towards organic compounds and can be applied to a large range of effluents (Table 1), (ii) AO is able to avoid the accumulation of toxic organic by-products because of the fast transformation of organics into harmless by-products or even mineral compounds, (iii) higher current efficiency is usually reported for the treatment of concentrated effluents (such as industrial effluents with low biodegradability: landfill leachates, textile industry effluents, etc) with low biodegradability and COD concentration higher than 100 mg-O 2 L -1 .

However, AO presents also some drawbacks for a combination with a biological process. Fast mineralization kinetics but slower degradation kinetics are usually reported compared to other EAOPs such as EF [START_REF] Cai | Degradation of 2,4-dichlorophenoxyacetic acid by anodic oxidation and electro-Fenton using BDD anode: Influencing factors and mechanism[END_REF]. This phenomenon might affect the combination with a postbiological treatment since initial compounds are more slowly degraded and a large amount of biodegradable compounds is mineralized instead of being accumulated for subsequent costeffective removal by a biological treatment. The use of active anode would avoid the fast mineralization and therefore may increase the amount of biodegradable intermediates, as recently assessed [START_REF] Carboneras | Improving biodegradability of soil washing effluents using anodic oxidation[END_REF]. It is also important to consider possible formation of toxic by-products that might affect the biomass of the biological treatment, particularly inorganic species such as chlorate, perchlorate or ammonia [START_REF] Bergmann | The occurrence of perchlorate during drinking water electrolysis using BDD anodes[END_REF][START_REF] Azizi | Mechanism of perchlorate formation on boron-doped diamond film anodes[END_REF][START_REF] Kateb | Electrochemical advanced oxidation processes using novel electrode materials for mineralization and biodegradability enhancement of nanofiltration concentrate of landfill leachates[END_REF]. Finally, it might be not suitable to use AO as a post-treatment following a biological treatment because of strong mass transport limitation and low faradaic efficiency due to the low concentration of organics. However, the use of flow-through electrodes in which the effluent flow through porous conductive materials might be able to address this issue because of the convection-enhanced mass transport of organic compounds [START_REF] Trellu | Electro-oxidation of organic pollutants by reactive electrochemical membranes[END_REF][START_REF] Guo | Development and Characterization of Ultrafiltration TiO 2 Magnéli Phase Reactive Electrochemical Membranes[END_REF][START_REF] Mousset | Unprecedented reactive electro-mixing reactor: Towards synergy between micro-and macro-reactors?[END_REF][START_REF] Mousset | Photoelectrochemical reactors for treatment of water and wastewater: a review[END_REF][START_REF] Pérez | A microfluidic flow-through electrochemical reactor for wastewater treatment: A proof-of-concept[END_REF].

Another approach recently reported in the literature is the possibility to combine AO with a biological treatment in a hybrid reactor instead of the implementation of a sequential combined process. Particularly, the integration into a membrane bioreactor has been studied in order to address fouling issues and to improve the removal of recalcitrant micropollutants [START_REF] Giwa | Membrane bioreactors and electrochemical processes for treatment of wastewaters containing heavy metal ions, organics, micropollutants and dyes: Recent developments[END_REF][START_REF] Ensano | Control of emerging contaminants by the combination of electrochemical processes and membrane bioreactors[END_REF][START_REF] Ensano | Combination of electrochemical processes with membrane bioreactors for wastewater treatment and fouling control: A review[END_REF][START_REF] Li | An electrochemical membrane biofilm reactor for removing sulfonamides from wastewater and suppressing antibiotic resistance development: Performance and mechanisms[END_REF]. However, further development of such reactor configuration is required for (i) improving electrode activity for removal of organic micropollutants, (ii) reducing mass transport limitations, (iii) studying the influence of the electrical field on bacterial diversity and activity, and (iv) assessing the influence of the large concentration of organic matter in the mixed liquor on the efficiency of AO.

Fenton-based electrochemical treatments coupled with biological processes
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The EF processs is based on the cathodic production of H 2 O 2 at a suitable electrode material (generally carbon-based) through the 2-e -reduction of O 2 . H 2 O 2 entails the generation of • OH via the Fenton's reaction in the presence of Fe 2+ ions, which are externally added at a catalytic amount and electrochemically regenerated also at the cathode surface [2]. EF has been applied with success to treat several types of wastewaters contaminated with a variety of pollutants, becoming one of the most widely studied EAOPs [START_REF] Zhou | Electro-fenton process : new trends and scale-up[END_REF]. Following the combination trends of AOPs with biological processes, EF has been an excellent option to handle recalcitrant pollutants resisting biological degradation such as most of pesticides, synthetic dyes, industrial chemicals, pharmaceuticals, etc. Therefore, different coupled strategies (either sequenced or integrated processes) have been proposed (Table 2) [START_REF] Aboudalle | Metronidazole removal by means of a combined system coupling an electro-Fenton process and a conventional biological treatment: By-products monitoring and performance enhancement[END_REF][START_REF] Arellano | Coupling electro-Fenton process to a biological treatment, a new methodology for the removal of ionic liquids?[END_REF][START_REF] Birjandi | Enhanced medicinal herbs wastewater treatment in continuous flow bio-electro-Fenton operations along with J o u r n a l P r e -p r o o f power generation[END_REF][START_REF] Nadais | Bioelectro-Fenton process for the degradation of Non-Steroidal Anti-Inflammatory Drugs in wastewater[END_REF][START_REF] Vidal | Effective removal of the antibiotic Nafcillin from water by combining the photoelectro-Fenton process and anaerobic biological digestion[END_REF][START_REF] Dehboudeh | Experimental investigation of petrochemical industrial wastewater treatment by a combination of integrated fixedfilm activated sludge (IFAS) and electro-Fenton methods[END_REF][START_REF] Liu | :NaPSS modified cathode as heterogeneous electro-Fenton pretreatment and subsequently aerobic granular sludge biological degradation for dye wastewater treatment[END_REF][START_REF] Huo | Anaerobic digestion wastewater decolorization by H 2 O 2 -enhanced electro-Fenton coagulation following nutrients recovery via acid tolerant and proteinrich Chlorella production[END_REF][START_REF] Gholizadeh | Removal of Phenazopyridine from wastewater by merging biological and electrochemical methods via Azolla filiculoides and electro-Fenton process[END_REF][START_REF] Baiju | Combined heterogeneous Electro-Fenton and biological process for the treatment of stabilized landfill leachate[END_REF][START_REF] Martínez-Pachón | r e -p r o o f treatment to improve the biodegradability of real wastewater from the electronics industry -A detailed investigation study[END_REF][54][55][56][57][58]]. In the case of sequenced processes (pioneered by the groups of Oturan [59] and Fourcade [START_REF] Aboudalle | Metronidazole removal by means of a combined system coupling an electro-Fenton process and a conventional biological treatment: By-products monitoring and performance enhancement[END_REF]), the most common approach has been the use of EF as pre-treatment step to increase the biodegradability of refractory effluents during a short treatment time (to save electrical energy for cost effectiveness) [59,60], whereas the remaining biodegradable organics are treated by conventional biological means. As a less popular option, EF has also been used as posttreatment following biological degradation to deplete the remaining bio-recalcitrant compounds. In such sequenced methods, conventional EF (catalyzed either by Fe 2+ in solution (homogenous EF) or solid Fe catalysts (heterogeneous EF)) has been generally performed in undivided electrolytic cells with optimization of the main operating parameters affecting the efficiency (current density, electrode materials, catalyst concentration, etc.), while aerobic treatment with different microbial sources has been the preferred option. It is important to note that pH adjustment is generally required after/prior to EF, which is typically conducted at pH 3 in the case of homogeneous EF [2].

Another kind of Bio-EF system, known as microbial-electro-Fenton (MEF), involves the incorporation of an EF half-cell in a microbial fuel cell (MFC) [START_REF] Hassan | Microbial electro-Fenton: An emerging and energy-efficient platform for environmental remediation[END_REF][START_REF] Ganiyu | The use of renewable energies driving electrochemical technologies for environmental applications[END_REF][START_REF] Ganiyu | Renewable energies driven electrochemical wastewater/soil decontamination technologies: A critical review of fundamental concepts and applications[END_REF]. During MEF, the EF degradation of pollutants takes place in the cathode chamber equipped with a carbonaceous cathode capable of producing H 2 O 2 and containing a catalyst source (Fe 2+ in the solution or Fe particles impregnated on the cathode). The anodic compartment contains anaerobic electrogenic communities adhered to the anode surface that are able to produce electricity through the oxidation of an organic substrate (i.e. acetate or wastewater). Wastewater treatment can occur at both the biological and the EF chambers, generally with electricity output, though low potentials have also been applied to enhance the performance. The main advantage of MEF is the sustainable generation of electricity by the microorganisms.
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However, long stabilization and treatment times (several weeks) are required unlike sequenced systems, with short EF treatment times (few hours), but prolonged biological incubations. Despite the great potential of bio-EF systems, further research is needed mainly in the treatment of real wastewaters and the development of larger-scale (bio)electrochemical reactors.

Electrocoagulation combined with biological treatments

The EC process consists on the use of iron or aluminum based-sacrificial anode material that will generate the coagulants responsible for the coagulation of colloidal matter [START_REF] Al-Qodah | On the performance of electrocoagulationassisted biological treatment processes: a review on the state of the art[END_REF][START_REF] Al-Qodah | Combined biological wastewater treatment with electrocoagulation as a post-polishing process: A review[END_REF][START_REF] Hakizimana | Electrocoagulation process in water treatment: A review of electrocoagulation modeling approaches[END_REF][START_REF] Garcia-Segura | Electrocoagulation and advanced electrocoagulation processes: A general review about the fundamentals, emerging applications and its association with other technologies[END_REF]. It can remove the color, suspended solids and partial COD from wastewater [START_REF] Al-Qodah | On the performance of electrocoagulationassisted biological treatment processes: a review on the state of the art[END_REF][START_REF] Al-Qodah | Combined biological wastewater treatment with electrocoagulation as a post-polishing process: A review[END_REF]. EC processes have been proposed as pre-treatment [START_REF] Al-Qodah | On the performance of electrocoagulationassisted biological treatment processes: a review on the state of the art[END_REF] or polishing treatment [START_REF] Al-Qodah | Combined biological wastewater treatment with electrocoagulation as a post-polishing process: A review[END_REF] when combined with biological processes. The main most recent studies on this coupling have been described in Table 3. This combination has been implemented to treat industrial wastewaters such as landfill leachate [START_REF] Le | Performance of coupling electrocoagulation and biofiltration processes for the treatment of leachate from the largest landfill in Hanoi, Vietnam: Impact of operating conditions[END_REF], oil shale wastewater [START_REF] Li | Research on the enhancement of biological nitrogen removal at low temperatures from ammonium-rich wastewater by the bio-electrocoagulation technology in lab-scale systems, pilot-scale systems and a full-scale industrial wastewater treatment plant[END_REF], dairy wastewater [START_REF] Akansha | Treatment of dairy industry wastewater by combined aerated electrocoagulation and phytoremediation process[END_REF] and tannery wastewater [START_REF] Deveci | Enhancing treatability of tannery wastewater by integrated process of electrocoagulation and fungal via using RSM in an economic perspective[END_REF]. EC was mainly responsible in COD removal in the combined process, which allowed reaching the COD guidelines for effluent discharge [START_REF] Al-Qodah | On the performance of electrocoagulationassisted biological treatment processes: a review on the state of the art[END_REF][START_REF] Al-Qodah | Combined biological wastewater treatment with electrocoagulation as a post-polishing process: A review[END_REF]. However, the management of hydroxides' precipitates produced during EC need to be considered in the reactor design since the potentially toxic sludge can limit the efficiency of the bioprocess in an hybrid combination [START_REF] Al-Qodah | On the performance of electrocoagulationassisted biological treatment processes: a review on the state of the art[END_REF][START_REF] Al-Qodah | Combined biological wastewater treatment with electrocoagulation as a post-polishing process: A review[END_REF]. Moreover, most of the studies have been performed at lab-scale, which is not sufficient to assess the efficiency of combination. Still, one recent study presents a systematic comparison at lab-scale, pilot-scale and full-scale [START_REF] Li | Research on the enhancement of biological nitrogen removal at low temperatures from ammonium-rich wastewater by the bio-electrocoagulation technology in lab-scale systems, pilot-scale systems and a full-scale industrial wastewater treatment plant[END_REF], demonstrating the ability to apply this combination at industrial scale. Further studies are required to optimize the scale up.

Engineering approach and scale up

If scale-up of conventional biological processes (activated sludge, biofilm reactors) is relatively mature, scale-up of electrochemical reactors is still under development in this area [START_REF] Lacasa | Environmental applications of electrochemical technology. What is needed to enable full-scale applications?[END_REF]. In the aim at optimizing the efficiency of the combined process, several engineering aspects need to be considered. An important factor concerns the design and sizing of the electrochemical and biological reactors. The choice of the electrochemical reactor configuration must depend on the effluent characteristics [START_REF] Garcia-Segura | Disparities between experimental and environmental conditions: Research steps toward making electrochemical water treatment a reality[END_REF][START_REF] Mousset | A review of electrochemical reduction processes to treat J o u r n a l P r e -p r o o f oxidized contaminants in water[END_REF]. For low to moderate concentrated effluents with a low amount of particles, the mass transfer should be intensified by implementing flow-through mode with porous electrode materials and/or thin-film reactors J o u r n a l P r e -p r o o f (e.g. micro-reactor [START_REF] Pérez | Development of an innovative approach for low-impact wastewater treatment: A microfluidic flowthrough electrochemical reactor[END_REF][START_REF] Ma | Electrochemical treatment of real wastewater. Part 1: Effluents with low conductivity[END_REF][START_REF] Scialdone | Anodic abatement of organic pollutants in water in micro reactors[END_REF][START_REF] Pérez | Towards the scale up of a pressurized-jet microfluidic flow-through reactor for cost-effective electrogeneration of H 2 O 2[END_REF], reactive electrochemical membrane (REM) [START_REF] Trellu | Electro-oxidation of organic pollutants by reactive electrochemical membranes[END_REF], reactive electromixing reactor [START_REF] Mousset | Unprecedented reactive electro-mixing reactor: Towards synergy between micro-and macro-reactors?[END_REF]). For concentrated effluents, other configurations can be proposed such as flow-by cells, reactive electro-mixing reactors [START_REF] Mousset | Unprecedented reactive electro-mixing reactor: Towards synergy between micro-and macro-reactors?[END_REF] and flow electrochemical reactors [START_REF] Monteil | Pilot scale continuous reactor for water treatment by electrochemical advanced oxidation processes: Development of a new hydrodynamic / reactive combined model[END_REF].

For the pre or post biological treatment, most of the works have been focused on biodegradability test and/or on batch activated sludge treatments [START_REF] Aboudalle | Metronidazole removal by means of a combined system coupling an electro-Fenton process and a conventional biological treatment: By-products monitoring and performance enhancement[END_REF]. Therefore, there is a real need to better characterize and control the biological processes involved (transformation, inhibition, etc.) in order to optimize the synergism between the two processes, especially by defining the optimal operating conditions with real matrices. Only few studies are available regarding the combined electrochemical/biological treatment at pilot-scale [57,80] and full scale [START_REF] Li | Research on the enhancement of biological nitrogen removal at low temperatures from ammonium-rich wastewater by the bio-electrocoagulation technology in lab-scale systems, pilot-scale systems and a full-scale industrial wastewater treatment plant[END_REF]. However, these studies lack of dimensional analysis and scale-up approach for a better optimization of the design and sizing. Moreover, further experiments need to be performed under controlled operating conditions combined to kinetic models, residence time distribution approach and computational fluid dynamics simulations. The use of statistical analysis is lacking and need to be also done in order to address the reproducibility of the results to ensure their robustness, especially when they are used for technico-economic study and sizing estimation.

Conclusions and future perspectives

The efficiency of combination between electrochemical processes and biological treatment has been demonstrated in literature, especially recently. The optimal electrochemical conditions such as current density, electrode materials and retention time have been widely investigated. This is important to note that the optimal conditions required in electrochemical process alone are not typically the same than when the combination with a biological process is considered. The biodegradability and therefore the kind of generated by-products need to be also taken into account. There is a compromise to find between the high degradation and mineralization yield to reach and the high biodegradability of effluent required for the combination. Preliminary full-scale applications show promising opportunities of the coupling, but chemical and electrochemical engineering approaches are the next crucial steps for its viable application. 

J o u r n a l P r e -p r o o f

J o u r n a l P r e -p r o o f

Table 1. Summary of recent reports on the coupling between AO and a biological post-treatment. 
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Does not apply for MEF systems.

2 Power generation only in the case of MEF. CEM, cation exchange membrane; CNT, carbon nanotubes; FeMoP, iron molybdenum phosphate; PTFE, polytetrafluoroethylene; PEF, photoelectro-Fenton; SPEF, solar photoelectro-Fenton; SS, stainless steel; TN, total nitrogen; TSS, total suspended solids.
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