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Introduction

Electrochemical advanced oxidation processes (EAOPs) such as anodic oxidation (AO) and electro-Fenton (EF) are promising technologies to eliminate persistent and harmful organic pollutants from the aquatic environment [START_REF] Iniesta | Electrochemical oxidation of phenol at boron-doped diamond electrode[END_REF][START_REF] Hupert | Conductive diamond thin-films in electrochemistry[END_REF][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] Martínez-Huitle | Electrochemical oxidation of organic pollutants for wastewater treatment[END_REF]. EAOPs produce strong oxidants, such as hydroxyl radicals ( • OH) (E 0 ( • OH/H 2 O) = 2.8 V vs SHE in acidic medium), which are able to degrade in a non-specific way nearly any type of pollutants achieving both degradation and mineralization of a large range of organic pollutants and effluents such as landfill leachate [START_REF] Zhou | Electrochemical oxidation of biological pretreated and membrane separated landfill leachate concentrates on boron doped diamond anode[END_REF][START_REF] Oturan | Occurrence and of removal organic micropollutants in landfill leachates treated by electrochemical advanced oxidation processes[END_REF], pesticides [START_REF] Dominguez | Removal of lindane wastes by advanced electrochemical oxidation[END_REF][START_REF] Rodrigo | Electrochemically assisted remediation of pesticides in soils and water: a review[END_REF], dyes [START_REF] Alcocer | Comparative study for degradation of industrial dyes by electrochemical advanced oxidation processes with BDD anode in a laboratory stirred tank reactor[END_REF][START_REF] Nidheesh | An overview on the removal of synthetic dyes from water by electrochemical advanced oxidation processes[END_REF], perhalogenated organics [START_REF] Mousset | An unprecedented route of •OH radical reactivity: ipso-substitution with perhologenocarbon compounds[END_REF] or pharmaceuticals [START_REF] García-Montoya | Application of electrochemical/BDD process for the treatment wastewater effluents containing pharmaceutical compounds[END_REF][START_REF] Brillas | Decontamination of wastewater containing synthetic organic dyes by electrochemical methods. An updated review[END_REF].

The efficiency of these processes mainly depends on electrode materials, configuration of the electrochemical reactor and operating conditions [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]. Boron-doped diamond (BDD) is a particularly interesting anode material owing to its long lifetime and high overvoltage for oxygen evolution reaction allowing the generation of a large amount of weakly adsorbed BDD( • OH) at the anode surface [START_REF] Brillas | Electro-fenton process and related electrochemical technologies based on Fenton's reaction chemistry[END_REF][START_REF] Actis | Influence of the surface termination on the electrochemical properties of boron-doped diamond ( BDD ) interfaces[END_REF][START_REF] Wei | Electrochemical oxidation of phenol at boron-doped diamond electrode in pulse current mode[END_REF][START_REF] Panizza | Anodic oxidation of 2naphthol at boron-doped diamond electrodes[END_REF][START_REF] Martínez-Huitle | Electrochemical oxidation of organic pollutants for the wastewater treatment: direct and indirect processes[END_REF].

The influence of main operating parameters for batch reactors (current density, iron concentration, electrolyte concentration and nature) on the efficiency of EAOPs is now wellknown and understood. Besides, reaction mechanisms have been also carefully investigated through the identification of degradation pathways of various model compounds [START_REF] Dominguez | Removal of lindane wastes by advanced electrochemical oxidation[END_REF][START_REF] Sirés | Electrochemical degradation of beta-blockers. Studies on single and multicomponent synthetic aqueous solutions[END_REF][START_REF] Dirany | Electrochemical treatment of the antibiotic sulfachloropyridazine: kinetics, reaction pathways, and toxicity evolution[END_REF][START_REF] Bocos | Elimination of radiocontrast agent diatrizoic acid from water by electrochemical advanced oxidation : Kinetics study, mechanism and mineralization pathway[END_REF][START_REF] Loaiza-Ambuludi | Electro-Fenton degradation of anti-inflammatory drug ibuprofen in hydroorganic medium[END_REF][START_REF] Ganiyu | Electrochemical mineralization of sulfamethoxazole over wide pH range using FeII FeIII LDH modified carbon felt cathode: degradation pathway, toxicity and reusability of the modified cathode[END_REF]. In the last years, several reactor designs have been proposed in the literature presenting all some advantages and drawbacks (Table SM-1) [START_REF] Bebelis | Highlights during the development of electrochemical engineering[END_REF][START_REF] Walsh | Progress in electrochemical flow reactors for laboratory and pilot scale processing[END_REF]. One of the challenges is now related to the scale up of these processes in order to move towards industrialization for removal of recalcitrant organic pollutants from water [START_REF] Radjenovic | Challenges and opportunities for electrochemical processes as next-generation technologies for the treatment of contaminated water[END_REF][START_REF] Chaplin | The prospect of electrochemical technologies advancing worldwide water treatment[END_REF][START_REF] Liang | Electrochemical degradation of cyanobacterial toxin microcystin-LR using Ti/RuO 2 electrodes in a continuous tubular reactor[END_REF]. Several approaches based on flow cells have been proposed in literature in order to facilitate the scale-up and to deal with industrial operation modes [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] Ling | Continuous multi-cell electrochemical reactor for pollutant oxidation[END_REF][START_REF] Borzyszkowska | Electrochemical degradation of 5-FU using a flow reactor with BDD electrode : comparison of two electrochemical systems[END_REF][START_REF] Basha | Electrochemical degradation of textile dyeing industry ef fl uent in batch and flow reactor systems[END_REF]. Particularly, the development of continuous flow reactors is required in order to overcome the limitations of conventional batch reactors for the treatment of large flow/volumes of effluents [START_REF] Liang | Electrochemical degradation of cyanobacterial toxin microcystin-LR using Ti/RuO 2 electrodes in a continuous tubular reactor[END_REF][31][START_REF] Ling | Continuous multi-cell electrochemical reactor for pollutant oxidation[END_REF][START_REF] Borzyszkowska | Electrochemical degradation of 5-FU using a flow reactor with BDD electrode : comparison of two electrochemical systems[END_REF][START_REF] Basha | Electrochemical degradation of textile dyeing industry ef fl uent in batch and flow reactor systems[END_REF][START_REF] Pillai | Performance analysis of a continuous serpentine flow reactor for electrochemical oxidation of synthetic and real textile wastewater : energy consumption , mass transfer coef fi cient and economic analysis[END_REF].

In this area, only few studies have analyzed the influence of operating parameters on the performance of such reactors [START_REF] El-Ghenymy | Mineralization of sulfanilamide by electro-Fenton and solar photoelectro-Fenton in a pre-pilot plant with a Pt/air-diffusion cell[END_REF][START_REF] Ren | A novel vertical-flow electro-Fenton reactor for organic wastewater treatment[END_REF]. Hydrodynamic conditions become also a key parameter for this kind of application. For instance, in the literature, the link between hydrodynamic conditions and the degradation of phenol was examined [START_REF] Ling | Continuous multi-cell electrochemical reactor for pollutant oxidation[END_REF][START_REF] Polcaro | Characterization of a stirred tank electrochemical cell for water disinfection processes[END_REF][START_REF] Saravanathamizhan | Residence time distribution in continuous stirred tank electrochemical reactor[END_REF]. The reactor was represented by (i) a continuous-stirred tank reactor (CSTR) [START_REF] Polcaro | Characterization of a stirred tank electrochemical cell for water disinfection processes[END_REF], (ii) a CSTR with a bypass, active and dead zones with exchange flow between the active and the dead zone [START_REF] Saravanathamizhan | Residence time distribution in continuous stirred tank electrochemical reactor[END_REF] or (iii) a plug flow reactor for description of a multi-cell reactor [START_REF] Ling | Continuous multi-cell electrochemical reactor for pollutant oxidation[END_REF]. However, there is a real need to go further in the analysis of the link between hydrodynamics and the efficiency of the continuous reactors since hydrodynamics governs the characteristic times of mixing and the retention time of pollutants in the reactor. The hydrodynamic behavior of pilot scale continuous reactors is in general more complex than in lab scale reactors that follow CSTR behavior. Some behavioral deviations from ideal reactors may appear such as the presence of dead and recirculation zones or short circuit that affects the global efficiency of the process. Therefore, it is necessary to further investigate the influence of operational parameters such as liquid flow rate, reactor configuration or aeration on the hydrodynamic behavior of the reactor in order to optimize its efficiency.

In this context, the present work focuses on a new pilot-scale reactor using BDD anodes and carbon felt cathodes operating in continuous mode without recirculation (single pass treatment). Hydrochlorothiazide (HCT), a diuretic, was chosen as a model pollutant as (i) it has been detected in hospital effluents [START_REF] Mendoza | Pharmaceuticals and iodinated contrast media in a hospital wastewater: a case study to analyse their presence and characterise their environmental risk and hazard[END_REF], (ii) it is hardly removed by wastewater treatment plants [START_REF] Margot | A review of the fate of micropollutants in wastewater treatment plants[END_REF], (iii) its occurrence in surface water has been evidenced [START_REF] Bouissou-Schurtz | Ecological risk assessment of the presence of pharmaceutical residues in a French national water survey[END_REF] and (iv) adverse effects on the environment have been emphasized [START_REF] Fernández | Occurrence of pharmaceutically active compounds in surface waters of the henares-jarama-tajo river system (madrid, spain) and a potential risk characterization[END_REF]. First, an empirical design of experiments (DOE) approach was used to identify the most critical operating parameters for the percentage of mineralization of the process. From this DOE, liquid flow rate appeared as the main parameter influencing the reactor efficiency. As this parameter strongly affects the flow patterns in the reactor a deeper hydrodynamic study was then performed to understand how this parameter influences the RTD (residence time distribution) in the reactor. The RTD curves were modelled using the dispersed plug flow reactor model (DPF) and the continuously stirred tank reactors in series with dead zones (CSTR-DZ) model. Finally, the hydrodynamic model selected was combined, for the first time, with a kinetic model in order to describe the mineralization of pollutants by EAOPs in such new pilot scale continuous reactor.

Materials and methods

Chemicals

The pharmaceutical HCT (C 7 H 8 ClN 3 O 4 S 2 , purity >99%) and sodium sulfate (Na 2 SO 4 ), used as supporting electrolyte, were purchased from Sigma Aldrich. HCT solutions were prepared with ultrapure water obtained from a Millipore Milli-Q Simplicity 185 system with resistivity >18 MΩ cm at 25 °C. The pH of the solutions was adjusted using analytical grade sulfuric acid or sodium hydroxide (from Acros). Organic solvents and other chemicals used were HPLC or analytic grade from Sigma-Aldrich, Fluka and Merck.

Electrochemical reactor

The electrochemical reactor (schematically described in Fig. 1), made of plexiglass, had the following dimensions: length: 63 cm; width: 6 cm; height: 5 cm. Two different configurations were implemented and compared: (i) the 14 electrodes configuration in which the reactor contained 7 anodes and 7 cathodes separated by 4 cm each other; (ii) the 28 electrodes configuration containing 14 anodes and 14 cathodes separated by 2 cm each other. The respective working volumes were 1.69 L and 1.64 L. Anodes were made of BDD film on niobium support (supplied by CONDIAS GmbH) and cathodes are made of 3D carbon felt (from Mersen, France). Both anodes and cathodes had a geometric surface of 30 cm 2 . Two peristatic pumps were used to control the liquid flow rate (𝑄𝑄 𝐿𝐿 ). Air supply was provided by a fine bubble diffuser from the bottom of the reactor and the air flow rate (𝑄𝑄 𝑔𝑔 ) was controlled by an air flowmeter. From the air flow rate the gas superficial velocity was calculated as the gas liquid flow rate per unit of reactor cross section. The reactor was operated without recirculation (single pass treatment). For all the degradation and mineralization experiments, the initial and influent concentrations contained 0.1 mM of HCT, 50 mM of Na 2 SO 4 and were adjusted at pH 3 with 1 M of sulfuric acid. During the degradation and mineralization studies, a constant current was delivered by a Microlab power supply to the electrodes mounted in parallel. 

HCT degradation and mineralization

The HCT concentrations were measured by an HPLC analyzer (Merck Lachrom Liquid chromatography) equipped with a L-2310 pump and a reverse phase (Pursopher RP-18), 5 μm, 25 cm × 4.6 mm (i.d.) column and coupled with a L-7455 photo-diode array detector.

The eluent conditions were: 95/5 water/methanol at a liquid flow rate of 0.25 mL min -1 and the UV detector was set at 270 nm. Samples of 20 μL were injected in the column at 40°C. The mineralization of HCT solutions was determined by the measure of the total organic carbon (TOC) using a Shimadzu VCSH TOC analyzer according to the catalytic combustion A B method at 680 °C. Reproducible TOC values with ± 2% accuracy were found using the nonpurgeable organic carbon method. The percentage of mineralization (%) was calculated as follows:

% 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = [𝑇𝑇𝑇𝑇𝑇𝑇 0 ] -[𝑇𝑇𝑇𝑇𝑇𝑇 𝑓𝑓 ] [𝑇𝑇𝑇𝑇𝑇𝑇 0 ] (1)
where [𝑇𝑇𝑇𝑇𝐶𝐶 0 ] is the initial TOC of the solution under examination and �𝑇𝑇𝑇𝑇𝐶𝐶 𝑓𝑓 � is the TOC at steady state. For both mineralization and degradation, the quasi steady state was reached after 3 mean hydraulic residence times (Fig. SM-1).

Design of experiments (DOE)

To obtain an empirical overview of the influence of selected operating parameters on the degradation and mineralization during the EF and the AO treatments, the Doehlert experimental design was applied. This method requires the selection of input parameters of interest. The current density (U 1 ), the liquid flow rate (U 2 ) and the catalyst (Fe 2+ ) concentration (U 3 ) were selected as they are key operating parameters (the latter parameter being specific only to EF) in EAOPs. The Doehlert matrix for three parameters consists of 15 experiments with three center points. For each parameter (U i ), different values were tested according to the Doehlert matrix (Table SM-1) between a maximum and a minimum level chosen according to lab scale studies. Table SM-2 gives the minimum and maximum level for each parameter and its coded value (X i ) according to the following equation:

𝑋𝑋𝑀𝑀 = � 𝑈𝑈 𝑖𝑖 -𝑈𝑈 𝑖𝑖0 𝛥𝛥𝑈𝑈 𝑖𝑖 � 𝛼𝛼 𝑖𝑖 (2) 
with U i0 , the central value for U i , ΔU i , the gap between the highest and the lowest value for U i and α i , equal to 1, for α 1 , α 2 and α 3 , respectively.

The response function (Y) is a second order polynomial function expressed by Equation 3:

𝑌𝑌 = b 0 + b 1 X 1 + b 2 X 2 + b 3 X 3 + b 11 X 11 2 + b 22 X 22 2 + b 33 X 33 2 + b 12 X 1 X 2 + b 13 X 1 X 3 + b 23 X 2 X 3 (3)
where 𝑏𝑏 𝑖𝑖 and 𝑏𝑏 𝑖𝑖𝑖𝑖 are the coefficients of the model. The software Design Expert® was used to estimate the different coefficients. Analysis of variance (ANOVA) was used to obtain the interaction between the independent variables and the responses. The quality of the fit polynomial model was evaluated by R 2 and its statistical significance was checked by the Fisher F test. Model terms were utilized by the p-value with 95% confidence level.

Retention time distribution (RTD)

RTD experiments

RTD experiments were performed by the tracer method. When the reactor was entirely filled and the flow stable, a salt tracer (6 mL of a solution of KCl at a 233 g L -1 concentration) was injected at the entrance of the reactor using a syringe. The conductivity of the liquid with tracer leaving the reactor was measured over time using a conductimeter (sensor TetraCon ® 925 from WTW mounted on the Multimeter 9310 IDS® from WTW). After each acquisition the reactor was emptied and ultrapure water was used to clean it.

For a given reactor volume 𝑉𝑉 and a given liquid flow rate 𝑄𝑄 𝐿𝐿 , the theoretical residence time (τ) is defined as:

𝜏𝜏 = 𝑉𝑉 𝑄𝑄 𝐿𝐿 (4) 
To model the RTD functions a dimensionless time is convenient and is defined by the time divided by the theoretical retention time (Eq. 5).

𝜃𝜃 = 𝑀𝑀/𝜏𝜏 ( 5 
)
where t is the time (min) and τ is the theoretical liquid residence time (min).

The residence time distribution function (E) gives the age distribution frequency of fluid elements leaving the reactor:

𝐸𝐸(𝜃𝜃) = 𝐶𝐶(𝜃𝜃)/𝐶𝐶 0 (6) 
with 𝜃𝜃, the dimensionless time; 𝐶𝐶(𝜃𝜃), the tracer concentration at the exit of the reactor at time 𝜃𝜃 and 𝐶𝐶 0 , the tracer concentration obtained if all the injected mass was diluted into the volume of the reactor (1.1 10 -2 mol.L -1 ).

The mean residence time 𝜇𝜇 derives from the previous equations:

𝜇𝜇 = ∫ 𝜃𝜃 𝐸𝐸(𝜃𝜃)𝑑𝑑𝜃𝜃 1 0 ∫ 𝐸𝐸(𝜃𝜃)𝑑𝑑𝜃𝜃 1 0 (7)

Modelling RTD results

The RTD experimental data were modelled using: (i) the dispersed plug flow (DPF) reactor model; (ii) the model of continuously stirred tank reactors in series with dead zones (CSTR-DZ model).

The DPF model after a pulse injection is described by Eq. 8.

𝐸𝐸(𝜃𝜃) = 1 2𝜇𝜇 . � 𝑃𝑃𝑃𝑃 𝜋𝜋 . 𝑀𝑀 - 𝑃𝑃𝑃𝑃�1- 𝜃𝜃 𝜇𝜇 � 2 4 ( 8 
)
where 𝑃𝑃𝑀𝑀 is the Peclet number representing the proportion of convective flow compared to dispersive flow: 𝑃𝑃𝑀𝑀 = 𝑢𝑢.𝐿𝐿 𝐷𝐷 where 𝐷𝐷 is the dispersion coefficient (m 2 s -1 ) and 𝑢𝑢 is the average velocity of the liquid phase (m s -1 ).

The use of this model allowed to calculate the Pe number and thus to assess if the behavior was close to an ideal plug flow reactor (𝑃𝑃𝑀𝑀 > 100), close to a CSTR (𝑃𝑃𝑀𝑀 < 1) or far from the two ideal behaviors.

The CSTR-DZ model contained 2 adjustable parameters, the number of continuously stirred tanks (N) and the fraction of active volume (m). The RTD function (𝐸𝐸(𝜃𝜃)) for the CSTR-DZ model after a pulse injection is given by the Eq. 9.

𝐸𝐸(𝜃𝜃) = 1 𝑚𝑚𝑚𝑚 . 𝑚𝑚 2 (𝑚𝑚-1)! . 𝜃𝜃 𝑚𝑚-1 . exp �- 𝑚𝑚𝜃𝜃 𝑚𝑚 � (9) 
When N approaches to 1, the reactor is similar to a CSTR and when N approaches to infinity, the model is approaching a plug flow. The parameter m represents the fraction of active volume. When m is close to 1 than the active reactor volume is close to the real volume of the reactor. However when there is internal circulation or a high resistance to flow, the molecules could spend a long time in the reactor leading to a reduction of the effective reactive volume fraction.
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To compare the experimental data with those of the model, the correlation coefficient was calculated by Eq. 10.

𝑅𝑅 2 = ∑ �(𝑦𝑦 𝑖𝑖 -𝑦𝑦 𝑀𝑀 ).(𝑧𝑧 𝑖𝑖 -𝑧𝑧 𝑚𝑚 )� 𝑘𝑘 𝑖𝑖=1 �∑ (𝑦𝑦 𝑖𝑖 -𝑦𝑦 𝑀𝑀 ) 2 𝑘𝑘 𝑖𝑖=1 .∑ (𝑧𝑧 𝑖𝑖 -𝑧𝑧 𝑚𝑚 ) 2 𝑝𝑝 𝑖𝑖=1 (10) 
where 𝑅𝑅 2 is the correlation coefficient, 𝑀𝑀 𝑖𝑖 is the experimental value, 𝑀𝑀 𝑚𝑚 is the mean of the experimental values, 𝑦𝑦 𝑖𝑖 is theoretical point, 𝑦𝑦 𝑀𝑀 is the average of the theoretical values and 𝑘𝑘 is the number of observed values.

Combined hydrodynamic and kinetic model

The following assumptions were made for the development of the kinetic model for the sake of simplicity: i) the pollutant was degraded at the surface of the BDD anode by AO, ii) mediated oxidation was not taken into account to simplify the model, (iii) the adsorption of pollutant on the electrodes was considered as negligible (confirmed experimentally) and iv) the temperature and the volume of the reactor were considered constant, as observed experimentally [START_REF] Panizza | Anodic oxidation of 2naphthol at boron-doped diamond electrodes[END_REF][START_REF] Mousset | Charge transfer/mass transport competition in advanced hybrid electrocatalytic wastewater treatment: development of a new current efficiency relation[END_REF].

The combination of the hydrodynamic CSTR-DZ model with the kinetic model leads to the following mass balance in each 𝑀𝑀 reactor:

𝑑𝑑[𝑇𝑇𝑇𝑇𝐷𝐷 𝑖𝑖 ] 𝑑𝑑𝑑𝑑 = 𝑄𝑄 𝐿𝐿 ��𝑇𝑇𝑇𝑇𝐷𝐷 𝑃𝑃,𝑖𝑖 �-[𝑇𝑇𝑇𝑇𝐷𝐷 𝑖𝑖 ]� 𝑉𝑉 𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑃𝑃,𝑖𝑖 + 𝑀𝑀 𝑎𝑎𝑎𝑎 (11) 
where 𝑄𝑄 𝐿𝐿 is the liquid flow rate (m 3 s -1 ), �𝐶𝐶𝑇𝑇𝐷𝐷 𝑃𝑃,𝑖𝑖 � is the COD concentration entering the 𝑀𝑀 reactor (mmol m -3 ), [𝐶𝐶𝑇𝑇𝐷𝐷 𝑖𝑖 ] is the COD concentration in the 𝑀𝑀 reactor (mmol m -3 ), 𝑉𝑉 𝑎𝑎𝑎𝑎𝑑𝑑𝑖𝑖𝑎𝑎𝑃𝑃,𝑖𝑖 is the active volume of the 𝑀𝑀 reactor (m 3 ), 𝑀𝑀 𝑎𝑎𝑎𝑎 is the anodic oxidation rate (mmol m -3 s -1 ) defined in Eqs. 14 and 15. The total number of reactors considered corresponds to the number N estimated in the section 3.2. In the same way, 𝑉𝑉 𝑎𝑎𝑎𝑎𝑑𝑑𝑖𝑖𝑎𝑎𝑃𝑃,𝑖𝑖 takes into account the parameters N and m estimated in section 3.2.

For the anodic oxidation rate, two behaviors can be observed depending on whether the reaction is limited by the mass transport rate towards the anode or charge transfer rate at the anode [START_REF] Panizza | Anodic oxidation of 2naphthol at boron-doped diamond electrodes[END_REF]. The limiting current density (𝐽𝐽 𝑙𝑙𝑖𝑖𝑚𝑚 ) is calculated according to Eq. 12 and 13 is compared to the applied current density (𝐽𝐽 𝑎𝑎𝑎𝑎𝑎𝑎 ) in order to know in which regime the 𝑀𝑀 reactor is operating (Eq. [START_REF] García-Montoya | Application of electrochemical/BDD process for the treatment wastewater effluents containing pharmaceutical compounds[END_REF].

𝐽𝐽 𝑙𝑙𝑖𝑖𝑚𝑚 = 4𝐹𝐹𝐹𝐹[𝐶𝐶𝑇𝑇𝐷𝐷] 𝑖𝑖 ( 12 
)
𝐽𝐽 𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐼𝐼 / 𝐴𝐴 ( 13 
)
where F is the Faraday constant considered as equal to 96500 C mol -1 , K is an overall mass transport coefficient of organic compounds from the bulk to the electrode surface (m s -1 ),

[𝐶𝐶𝑇𝑇𝐷𝐷] 𝑖𝑖 is the COD concentration in the 𝑀𝑀 reactor (mol m -3 ), I is the current (A), A is the anode surface (m 2 ) and, J is the current density in A m -2 .

When J app < J lim , the system is under current control, when J app > J lim then the system is operated under mass transfer control. The expression of the anodic oxidation rate r ao in each 𝑀𝑀 reactor is then given by the Eqs. 14 and 15 [START_REF] Panizza | Anodic oxidation of 2naphthol at boron-doped diamond electrodes[END_REF][START_REF] Mousset | Charge transfer/mass transport competition in advanced hybrid electrocatalytic wastewater treatment: development of a new current efficiency relation[END_REF][START_REF] Lan | An experimental and modelling study of the electrochemical oxidation of pharmaceuticals using a borondoped diamond anode[END_REF].

If 𝐽𝐽 𝑎𝑎𝑎𝑎𝑎𝑎 < 𝐽𝐽 𝑙𝑙𝑖𝑖𝑚𝑚 then, 𝑀𝑀 𝑎𝑎𝑎𝑎 = 𝐼𝐼 4𝐹𝐹𝑉𝑉 𝑖𝑖 (14) 
If 𝐽𝐽 𝑎𝑎𝑎𝑎𝑎𝑎 > 𝐽𝐽 𝑙𝑙𝑖𝑖𝑚𝑚 , then

𝑀𝑀 𝑎𝑎𝑎𝑎 = 𝐾𝐾𝐴𝐴 𝑖𝑖 [𝑇𝑇𝑇𝑇𝐷𝐷] 𝑖𝑖 𝑉𝑉 𝑖𝑖 (15) 
where [𝐶𝐶𝑇𝑇𝐷𝐷] 0 is the initial concentration of COD in the 𝑀𝑀 reactor (mmol m -3 ), [𝐶𝐶𝑇𝑇𝐷𝐷] 𝑖𝑖 is the concentration in the 𝑀𝑀 reactor (mmol m -3 ), 𝐴𝐴 𝑖𝑖 is the anode surface in each reactor (m 2 ); 𝑉𝑉 𝑖𝑖 is the volume of each reactor (m 3 ) and r ao is the anodic oxidation rate (mmol m -3 s -1 ). All these equations were solved numerically using the software Aquasim ® .

For the pilot and the conditions tested in section 3.3 J app was equal to 16.6 mA.cm -2 for each CSTR.

Mathematical tools

The modelling of the combined hydrodynamic-kinetic model was performed with the software Aquasim® [START_REF] Mousset | Charge transfer/mass transport competition in advanced hybrid electrocatalytic wastewater treatment: development of a new current efficiency relation[END_REF]. To compare the modelling results with experimental measurements the modelling efficiency (ME) and the index of agreement (IoA) were used [START_REF] Mousset | Charge transfer/mass transport competition in advanced hybrid electrocatalytic wastewater treatment: development of a new current efficiency relation[END_REF][START_REF] Reichert | AQUASIM 2.0 -Tutorial. Computer program for the identification and simulation of aquatic system[END_REF].

𝑀𝑀𝐸𝐸 = 1 - ∑ (𝑦𝑦 𝑖𝑖 -𝑧𝑧 𝑖𝑖 ) 2 𝑘𝑘 i=1 ∑ (𝑦𝑦 𝑖𝑖 -𝑦𝑦 𝑀𝑀 ) 2 𝑘𝑘 i=1 (16 
)

IoA = 1 - ∑ (𝑦𝑦 𝑖𝑖 -𝑧𝑧 𝑖𝑖 ) 2 𝑘𝑘 i=1 ∑ (|𝑧𝑧 𝑖𝑖 -𝑦𝑦 𝑀𝑀 |+|𝑦𝑦 𝑖𝑖 -𝑦𝑦 𝑀𝑀 |) 2 𝑘𝑘 i=1 ( 17 
)
where k is the number of observed values, 𝑦𝑦 𝑖𝑖 is a numerically simulated value, 𝑀𝑀 𝑖𝑖 is the corresponding experimentally observed value, 𝑦𝑦 𝑀𝑀 is the average of the numerical values.

Results and discussion

Influence of operating parameters and configuration on the reactor efficiency

The experiments being performed in sulfate medium, persulfate ions can be electrogenerated on BDD anode [START_REF] Escalona-Durán | The synergic persulfate-sodium dodecyl sulfate effect during the electro-oxidation of caffeine using active and non-active anodes[END_REF][START_REF] Ganiyu | Nature, M echanisms and Reactivity of Electrogenerated Reactive Species at Thin-Film Boron-Doped Diamond (BDD) Electrodes During Electrochemical Wastewater Treatment[END_REF] leading then to the formation of sulfate radicals. However, under the conditions of low sulfate concentration in the medium and the efficient mass transfer distribution in the reactor minimize the contribution of the mediated oxidation. Therefore, the effect of mediated oxidation was not considered in this study.

The relative influence of current density, liquid flow rate and catalyst (Fe 2+ ) concentration on mineralization of HCT was investigated by using a DOE method. Results presented in this section have been obtained with the 14-electrodes configuration. Raw data obtained for the thirteen different experiments are detailed in Based on an analysis of the coefficients values of the model and on the ANOVA analysis, in the range of operating parameters selected, the most influencing parameter was the flow rate followed by the current. As expected, the percentage of mineralization was increased by increasing the current density which promotes generation of a larger amount of oxidants species. Moreover the percentage of mineralization was decreased by increasing the liquid flow rate because the contact time of organic compounds with hydroxyl radicals generated in the reactor was reduced. As described in detail in the next sections, experiments were performed under mass transport limitation instead of current limitation. It means that mineralization was mainly limited by mass transport of organic compounds from the solution to the anode surface.

Therefore, it is consistent to observe that the main operating parameter affecting mass transport and flow patterns conditions (i.e., the flow rate) has the greatest influence on process effectiveness.

A large range of mineralization can be achieved depending on operational parameters highlighting the high versatility of the designed reactor (Fig.

SM-2B and Table SM-3).

Particularly, one of the great advantages of this electrochemical reactor is related to the nonselectivity of hydroxyl radicals, which allows for achieving almost complete mineralization of organic compounds, if required. For example, 97% of the initial TOC value could be removed in the reactor under the following conditions: current density: 47.6 mA cm -2 , solution flow rate: 20.4 mL min -1 and air flow rate: 0.2 L min -1 .

Additional experiments have been performed in order to compare two reactor configurations, i.e., the first one with 14 electrodes and a gap of 4 cm between electrodes and the second one with 28 electrodes and a gap of 2 cm between electrodes. Mineralization of the solution was monitored for both configurations with either same current density or same total applied current. In both cases, higher mineralization was achieved for the 28-electrodes configuration (Table SM-4). Changes in both hydrodynamics and electrochemical reaction have to be considered for the explanation of these results. As regards to electrochemical reactions, using lower current density but a similar total current (Run 2) favors the decrease of side reaction such as O 2 evolution reaction at the anode and H 2 evolution reaction at the cathode thus improving the percentage of mineralization. In addition the two times lower volume to electrode surface area ratio for the 28 electrodes configuration leads to an increase of the reactional area available by volume unit for the mineralization. Moreover the lower interelectrode distance for the 28 electrodes configuration decreases the ohmic drop and thus the cell potential and the total energy consumption. At the same current density, the total applied current was doubled (Run 3), thus electrochemical production of oxidant species was also enhanced. As regards to the influence of the configuration on the hydrodynamics in the reactor, a deeper study need to be performed.

From this experimental and DOE analyses, flow rate and reactor configuration (14 or 28 electrodes) appeared as two very important parameters influencing the mineralization rates in the continuous reactor. As both parameters influence the hydrodynamics in the reactor, a more detailed analysis was carried out and is reported in the next section.

Influence of flow rates and configuration on flow patterns in the reactor

RTD curves

Figure 3 shows the RTD curves obtained for the 28-electrodes configuration at different liquid flow rates (𝑄𝑄 𝐿𝐿 ). The parabolic shape of the curves means that there is no by-pass or short-circuit in the reactor. For the 14-electrodes configuration, similar trends were obtained (Fig. SM-3). The higher 𝑄𝑄 𝐿𝐿 , the thinner the peak and the smaller the area under the curve.

This observation suggests that the hydraulic behavior in the reactor is closer to a plug flow for high 𝑄𝑄 𝐿𝐿 and closer to a CSTR behavior for low 𝑄𝑄 𝐿𝐿 . Besides, the curves have long tails highlighting the presence of stagnant zones in the reactor [START_REF] Haoran | The influence of porous structure and biofilm on the hydrodynamics of two types of trickle filters[END_REF]. Table 2 compares the theoretical retention time (τ) with mean residence time (𝜇𝜇) for the two configurations at different flow rates. Whatever the configuration and the 𝑄𝑄 𝐿𝐿 applied, the parameter τ is higher than the parameter 𝜇𝜇 even if for high 𝑄𝑄 𝐿𝐿 τ approaches 𝜇𝜇. This confirms that dead volumes representing stagnant zones are present in the reactor. Furthermore, 𝝁𝝁 𝟐𝟐𝟐𝟐 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 is longer than 𝝁𝝁 𝟏𝟏𝟏𝟏 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 which suggests lower dead volumes with the 28-electrodes configuration. Using the DPF model, the parameters 𝜇𝜇 and 𝑃𝑃𝑀𝑀 were estimated for the 28-electrodes configuration. The estimated Pe number, representing the proportion of convective flow compared to dispersive flow, increases with the liquid flow rate applied (Figure 4 A). This means that the higher 𝑄𝑄 𝐿𝐿 the closer to the plug flow model the hydrodynamic behavior. To understand the influence of 𝑄𝑄 𝐿𝐿 on the dispersion coefficient, Pe number can be expressed as follows:

𝑃𝑃𝑀𝑀 = 𝑢𝑢.𝐿𝐿 𝐷𝐷 ∝ 𝑎𝑎 𝐷𝐷 . 𝑄𝑄 𝐿𝐿 ( 18 
)
The slope of the Pe vs 𝑄𝑄 𝐿𝐿 curve is thus equal to 𝑎𝑎 𝐷𝐷 where 𝑀𝑀 is a geometrical parameter which remains constant for a given configuration (Figure 4A). Accordingly, the axial dispersion coefficient (D) can thus be considered inversely proportional to the slope. For the two configurations, the slope is higher for the low 𝑄𝑄 𝐿𝐿 meaning that the dispersion coefficient is higher for the low 𝑄𝑄 𝐿𝐿 than for the higher ones. 

B A

electrode configuration (square). : N for the 14-electrodes configuration; : N for the 28electrodes configuration; : m for the 14-electrodes configuration; : m for the 28-electrodes configuration.

Using the CSTR-DZ model, the parameters N and 𝑚𝑚 were estimated. Better correlation coefficients were obtained with this model (over 0.993), confirming the better suitability of this model compared to the DPF model (Table SM-7 and Table SM-8). The number of CSTR in series increases with 𝑄𝑄 𝐿𝐿 for both configurations (Figure 4B). This is consistent with the observations obtained with the DPF model since the parameter N is correlated with the Pe number. At low 𝑄𝑄 𝐿𝐿 (low Pe), the reactor approaches a few continuously stirred tank reactors behavior and by increasing 𝑄𝑄 𝐿𝐿 it tends more to a plug flow reactor as already observed by several authors [START_REF] Saravanathamizhan | Residence time distribution in continuous stirred tank electrochemical reactor[END_REF][START_REF] Djoudi | Flow modeling in electrochemical tubular reactor containing volumetric electrode : application to copper cementation[END_REF][START_REF] Xiao-Chang | Computational simulation of fluid dynamics in a tubular stirred reactor[END_REF][START_REF] Yuan | Liquid phase residence time distribution for a twophase countercurrent flow in a packed column with a novel internal[END_REF][START_REF] Furman | Tracer investigation of a packed column under variable flow[END_REF]. Besides, the number of CSTR in series is higher for the 28electrodes configuration than for the 14-electrodes configuration, whatever the 𝑄𝑄 𝐿𝐿 value. This trend is associated to the difference on the geometrical parameters of the reactors. In fact by increasing the number of electrodes, the average velocity 𝑢𝑢 is increased since the distance between electrodes is reduced leading to higher Pe numbers. This phenomenon, combined to the more complex water flow (provided by the series of baffles (electrodes) in between which the wastewater is forced to flow) leads to an increase of the parameter N. However, at high flow rate, the parameter N tends to the geometrical cell numbers for the 14 electrodes configurations while it remains below 28 for the 28 electrode configurations. This observation is in accordance with several studies on channel reactors highlighting that by decreasing the width of the channels, the axial dispersion coefficient is increased [START_REF] Potier | Influence of geometrical and operational parameters on the axial dispersion in an aerated channel reactor[END_REF]. Thus, it might be expected that it is necessary to apply a flow rate higher than 170 ml.min -1 in order to tend to a plug flow reactor for the configuration with 28 electrodes.

As regards to the fraction of active volume m (Figure 4B), it is higher whatever the 𝑄𝑄 𝐿𝐿 value for the 28-electrodes configuration. This result could partly explain the better percentage of mineralization observed for this configuration as depicted in the sub-section 3.1 for a similar total current applied. However, the influence of 𝑄𝑄 𝐿𝐿 on the parameter m differed for the two configurations. For the 14-electrodes configuration, it increased with 𝑄𝑄 𝐿𝐿 , from 80% at 20.4 mL min -1 to 92% at 128 mL min -1 . For the 28-electrodes configuration, m was slightly decreasing with 𝑄𝑄 𝐿𝐿 . These results might be ascribed to the influence of the configurations on the main locations of the stagnant zones in the reactor. The dead zones are mainly associated to: (i) the presence of recirculation zones close to the wall and in the corners; (ii) the presence of obstacles represented by the electrodes leading to large vortices corresponding to recirculation zones mostly on the back of these obstacles (Figure 5). In the case of 14electrodes configuration, the stagnant zones close to the wall and in the corners are dominating since the distance between two electrodes is large (same order of magnitude than the width of the reactor). By increasing 𝑄𝑄 𝐿𝐿 , the macro-mixing between active and dead zones is favored resulting in the activation of a portion of the volume of the stagnant zone [START_REF] Saravanathamizhan | Residence time distribution in continuous stirred tank electrochemical reactor[END_REF][START_REF] Djoudi | Flow modeling in electrochemical tubular reactor containing volumetric electrode : application to copper cementation[END_REF].

Besides, the higher m values for the 28-electrodes configuration can be explained by the two times smaller distance between electrodes for this configuration which lead to higher velocities for a similar 𝑄𝑄 𝐿𝐿 decreasing thus the dead volume close to the wall and in the corners [START_REF] Durst | Investigations of laminar flow in a pipe with sudden contraction of cross sectional area[END_REF]. Moreover, the slight decrease of m with 𝑄𝑄 𝐿𝐿 can be explained by the increase in the size of vortices on the back of the electrodes. In fact it has been shown that the dimensions of the recirculation flow region immediately downstream of a contraction section increases with higher liquid flow rate [START_REF] Durst | Investigations of laminar flow in a pipe with sudden contraction of cross sectional area[END_REF]. 

Influence of gas flow rates

The influence of several air flow rates (Q g ) on the Pe number was estimated using the DPF model is shown in Figure 6A. Pe number decreases with Q g in a power law trend. These observations mean that the dispersion coefficient D increases with Q g and that the increase of D is significant for a Q g increase in the low range of this parameter and less for the high range tested. In the same way, the influence of two Q g on the parameter N was assessed for different 𝑄𝑄 𝐿𝐿 values (Figure 6B). Whatever the 𝑄𝑄 𝐿𝐿 value, an increase of Q g resulted in a significant decrease of N which is consistent with the observations made on the Pe number. These trends are consistent with the literature [START_REF] Potier | Influence of geometrical and operational parameters on the axial dispersion in an aerated channel reactor[END_REF][START_REF] Murphy | Longitudinal mixing in spiral flow aeration tanks[END_REF][START_REF] Rubio | Mixing in bubble columns: a new approach for characterizing dispersion coefficients[END_REF]. An increase of Q g resulted in a significant decrease of both Pe and N parameters. In fact, by increasing Q g , the dissipated pneumatic energy is also increased resulting in a higher macroscopic mixing. This phenomenon in turn leads to an increase of the axial dispersion in the reactor and thus to a decrease of both N and Pe values. 

Hydrodynamics and electrolysis modeling

The model developed in this section combined for the first time a RTD model and an electrochemical mineralization model for an electrochemical reactor operated in a continuous mode. From the results obtained in the previous sections, the configuration with 28 electrodes was selected and the CSTR-DZ model was chosen to model the hydrodynamic behavior.

For all the flow rates and in all the 𝑀𝑀 reactors, J app > J lim , the pilot was thus operated under mass transport control. Therefore, under these conditions, side reactions like O 2 evolution could take place and decrease the current efficiency of the system. 4). The combined model is thus able to capture the mineralization at different locations in the reactor at steady state. However the model still need to be improved by considering mediated electrochemical oxidation and by improving the description of mass transfer phenomena.

The mass transfer coefficient 𝐹𝐹 was the only one calibrated parameter for capturing the experimental COD profiles at steady state for each 𝑄𝑄 𝐿𝐿 applied (Table 4). The values obtained are in the same order of magnitude (10 -5 m s -1 ) than those found for batch applications [START_REF] Panizza | Anodic oxidation of 2naphthol at boron-doped diamond electrodes[END_REF][START_REF] Mousset | Charge transfer/mass transport competition in advanced hybrid electrocatalytic wastewater treatment: development of a new current efficiency relation[END_REF]. One can observe that K values are slightly decreasing when increasing the liquid flow rate 𝑄𝑄 𝐿𝐿 (Table 4). This result could be partly explained by the increase of the volume of the stagnant zone close to the electrodes surface when increasing 𝑄𝑄 𝐿𝐿 , as described in detail in the previous section. In these stagnant zones, a slower replacement of the liquid bulk in the vicinity of the diffusion layer might reduce the area of electrodes effectively available for the transfer of pollutants. This in turn could lead to a lower contact between pollutants and • OH produced at the anode surface, thus reducing the global mass transfer coefficient 𝐹𝐹. This decrease of 𝐹𝐹 with 𝑄𝑄 𝐿𝐿 is also associated with the very low 𝑄𝑄 𝑔𝑔 applied in this section that do not favor a good macro-mixing and could induce low shear stresses at the anode surfaces resulting in large diffusion layer thicknesses at the anode surface. As mentioned in the previous section, air flow rate need to be optimized in order to improve mass transfer in such a reactor. Mass transfer coefficients obtained with the reactor designed in this study were in the same order of magnitude than flow-by cell configuration but lower than flow-through cell configuration and micro-cells reactor [START_REF] Panizza | Direct And Mediated Anodic Oxidation of Organic Pollutants[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] Walsh | Progress in electrochemical flow reactors for laboratory and pilot scale processing[END_REF][START_REF] Mousset | Advanced Electro-Oxidation with Boron-Doped Diamond for Acetaminophen Removal from Real Wastewater in a Microfluidic Reactor: Kinetics and Mass-Transfer Studies[END_REF][START_REF] Trellu | Electro-oxidation of organic pollutants by reactive electrochemical membranes[END_REF]. The reactor configuration proposed in the present paper is thus not recommended to treat low concentrated effluents. However flowthrough cell and micro-cells reactor are rather designed for the treatment of diluted effluent and might be strongly affected by fouling problems when treating real concentrated effluents containing particulate compounds. In the future, the reactor proposed should be tested for the treatment of concentrated effluents in order to perform the process under current control instead of mass transport control. It will highlight advantages and drawbacks of this reactor and allow a comparison of this reactor with others previously reported in the literature. In the future, the development of this kind of combined hydrodynamic-kinetic model is really important in order to optimize the design and operation of electrochemical reactors and to successfully scale-up this kind of reactors. For example, the use of such models will help to design a reactor and to find the optimal operating conditions to achieve a given mineralization objective (reactor length, recirculation rate if needed, current density, etc.). 

Conclusion

In this study, an electrochemical reactor has been designed and evaluated on a synthetic effluent in continuous conditions. A DOE was first carried out in order to identify the most critical parameters on the mineralization of HCT aqueous solution. The flow rate was the most critical one: the lower the flow rate, the higher the percentage of mineralization.

Moreover the influence of the configuration was also significant; significantly higher percentage of mineralization were obtained with the 28-electrodes configuration compared to the 14-electrodes configuration for the same total current. However for both configurations, COD/COD 0 N very high percentages of mineralization (>90%) could be achieved at specific operational conditions.

To better understand the important role of the flow rate and configuration, a hydrodynamic study was performed. RTD curves were obtained and fitted well with the CSTRs in series with dead zones model (CSTR-DZ model). The 28-electrodes configuration had a lower dead volume fraction whatever the liquid flow rate applied. This observation can at least partly explain the higher percentage of mineralization obtained with this configuration. By increasing the liquid flow rate the hydrodynamic behavior tends more to a plug flow reactor.

An increase of air flow rate influences significantly the hydraulic behavior in the reactor and resulted for example in a decrease of the number of CSTR reactors in series.

Finally, a new mathematical model for the mineralization of HCT solution was proposed, combining the mineralization kinetic with the hydrodynamic of CSTR-DZ model, without considering mediated electrochemical oxidation due to the experimental conditions and for sake of simplicity. Nevertheless, this model was compared to experimental data and it was shown that it was able to capture experimental trends. This combined approach is really needed for the future in order to successfully scale-up this kind of electrochemical reactor.

Figure 1 :

 1 Figure 1: Representation of the lab scale pilot in the configuration with 14 electrodes done with the software Solidworks: 1: inlet, 2: outlet, 3: BDD anode, 4: carbon felt cathode and, 5 air inlets (A). Schematic representation of the top view of the pilot in the configuration with 28 electrodes (B).

Figure 3 :

 3 Figure 3: RTD functions plotted as a function of time for different liquid flow rates for the

Figure 4 :

 4 Figure 4: A. Relationship between Pe number and Q L for the 28-electrodes configuration ( ) and for the 14-electrodes configuration ( ). Experimental conditions: 𝑄𝑄 𝑔𝑔 = 0.2 L min -1 . B.

Figure 5 :

 5 Figure 5: Schematic representation of the stagnant zones in the reactor.

Figure 6 :

 6 Figure 6: A. Influence of the gas flow rate (𝑄𝑄 𝑔𝑔 ) on the Pe number for the 28-electrodes configuration. Experimental conditions: 𝑄𝑄 𝐿𝐿 =85 mL min -1 . B. Influence of the liquid flow rate (𝑄𝑄 𝐿𝐿 ) on the number of continuously stirred reactors in series (N) for two air flow rates (𝑄𝑄 𝑔𝑔 ):0.2 L min -1 ( ) and 1 l.min -1 ( ) for the 14-electrodes configuration.

  Experiments were carried out to measure COD concentration at steady state at three different locations in the pilot with 28-electrodes configuration (Fig. SM-8). A comparison between the modelled values and the experimental ones is shown in Figure 8. The experimental values and the model follow the same trend, as confirmed by the high IoA and ME values (Table

Figure 8 :

 8 Figure 8: Comparison of experimental dimensionless COD and the simulated COD as a function of the number of the CSTR (N) for different liquid flow rates. Experimental values: 20.4 mL min -1 ; 42.5 mL min -1 ; 85 mL min -1 ; 127.5 mL min -1 . The full symbols with lines represent the modeled results: 20.4 mL min -1 ; 42.5 mL min -1 ; 85 mL min -1 ; 127.5 mL min -1 . Experimental conditions: 𝑄𝑄 𝑔𝑔 =0.2 l.min -1 , Current density applied= 16.6 mA cm -2 .

  

  Table SM-4 and a more detailed presentation and discussion of the results is given in SM section. The experimental results analyzed by ANOVA are summarized in Table SM-5. R 2 values were

over 96% indicating high coefficient of determination for actual and predicted values. The ANOVA table obtained from the response surface quadratic model is shown in Table SM-6.

Table 2 :

 2 Theoretical liquid residence time (τ) and mean residence time (𝜇𝜇) for different 𝑄𝑄 𝐿𝐿 with the 14 and 28-electrodes configurations. Experimental conditions: 𝑄𝑄 𝑔𝑔 = 0.2 L min -1 .

	𝑸𝑸 𝑳𝑳 (mL min -1 )	20.4	42.5	85.0	127.5	170.0
	τ 14 electrodes (min)	83	40	20	13	10
	𝝁𝝁 𝟏𝟏𝟏𝟏 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 (min)	66	34	18	11	-
	τ 28 electrodes (min)	81	39	19.5	13	10
	𝝁𝝁 𝟐𝟐𝟐𝟐 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 (min)	78	38	19	12	9
	3.2.2. Influence of liquid flow rates				

Table 4 :

 4 Mass transfer coefficient, ME and IoA values obtained for the different liquid flow rates.

	𝑄𝑄 𝐿𝐿 (ml.min -1 ) 20.4	42.5	85.0	127.5
	K (m s -1 )	2.0.10 -5	1.8.10 -5	1.6.10 -5	1.6.10 -5
	ME	0.9857	0.9845	0.9909	0.9982
	IoA	0.9984	0.9987	0.9991	0.9998
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However, the ratio of N values (𝑁𝑁 1 /𝑁𝑁 0.2 ) for the two 𝑄𝑄 𝑔𝑔 tested slightly decreased from 1.5 for the lower 𝑄𝑄 𝐿𝐿 value to 1.27 for the higher 𝑄𝑄 𝐿𝐿 value. This means that the higher the 𝑄𝑄 𝐿𝐿 applied, the lower the influence of Q g . It is also important to note that the exponent value (0.62) on the power function relying Q g and Pe is slightly higher than the one observed in the literature (from 0.3 to 0.5) [START_REF] Potier | Influence of geometrical and operational parameters on the axial dispersion in an aerated channel reactor[END_REF]. These results can be explained by the gas superficial velocity range that is really different from the ones studied in most of studies. In fact, in other aerated plug flow reactors such as biological plug flow reactor, the momentum induced by the gas is significantly higher than the one induced by the liquid flow. Thus the mixing is mainly due to the air injection. In the present reactor, due to the low superficial gas velocities, the Reynolds numbers associated to liquid flow and gas injection are in the same order of magnitude except for the highest 𝑄𝑄 𝑔𝑔 value (Table 3). Therefore, the macro-mixing is associated to both transverse contributions in this reactor.

Conversely in the Q g range tested, the fraction of active volume does not seem to be significantly affected by Q g (Fig. SM-5). It is important to highlight that the Q g range tested in the present study was very limited. Overall, this Q g parameter still need to be optimized since it could significantly influence the process and more specifically (i) macroscopic mixing, (ii) transport phenomena close to the electrodes, (iii) oxygen transfer in the solution and as a result the production rate of H 2 O 2 and (iv) gas hold-up in the reactor. A compromise should be found. For example a too low air flow rate will lead to a low efficiency of the production rate of H 2 O 2 whereas a too high flow rate could lead to high gas hold-up which could likely increase the electrical resistance of the solution.

Table 3: Reynolds numbers estimated. 𝑈𝑈 𝑔𝑔 is the superficial velocity of gas, 𝐷𝐷 𝑔𝑔𝑎𝑎𝑔𝑔 is the equivalent diameter of the aeration surface, 𝜌𝜌 𝐿𝐿 is the volumetric mass of the liquid, 𝜇𝜇 𝐿𝐿 is the dynamic viscosity of the liquid, 𝑢𝑢 is the average velocity between two electrodes and 𝑑𝑑 is the distance between electrodes.