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Introduction

Electrochemical systems are used in many industrial applications [START_REF] Seh | Combining theory and experiment in electrocatalysis: Insights into materials design[END_REF][START_REF] Larcher | Towards greener and more sustainable batteries for electrical energy storage[END_REF][START_REF] Kumar | 0D to 3D carbon-based networks combined with pseudocapacitive electrode material for high energy density supercapacitor: A review[END_REF][START_REF] Santhosh | Role of nanomaterials in water treatment applications: A review[END_REF] and microbial electrochemical technologies constitute an emerging field with multiple promising applications for power generation, resource recovery, chemicals production and sensing [START_REF] Li | Anaerobic microbiologically influenced corrosion mechanisms interpreted using bioenergetics and bioelectrochemistry: A review[END_REF][START_REF] Al-Mamun | A review of microbial desalination cell technology: Configurations, optimization and applications[END_REF][START_REF] Dessi | Microbial electrosynthesis: Towards sustainable biorefineries for production of green chemicals from CO2 emissions[END_REF][START_REF] Wang | A comprehensive review of microbial electrochemical systems as a platform technology[END_REF][START_REF] Santoro | Microbial fuel cells: From fundamentals to applications. A review[END_REF][START_REF] Logan | Conversion of Wastes into Bioelectricity and Chemicals by Using Microbial Electrochemical Technologies[END_REF][START_REF] Dau | The Mechanism of Water Oxidation: From Electrolysis via Homogeneous to Biological Catalysis[END_REF][START_REF] Modin | Three promising applications of microbial electrochemistry for the water sector[END_REF]. In such bioelectrochemical systems, multi-species biofilms play the role of the catalyst since they are able to exchange electrons with electrodes on which they develop [START_REF] Zhao | Microbial extracellular electron transfer and strategies for engineering electroactive microorganisms[END_REF][START_REF] Kumar | Exoelectrogens: Recent advances in molecular drivers involved in extracellular electron transfer and strategies used to improve it for microbial fuel cell applications[END_REF]. The influence of electrolytes, electrode materials [START_REF] Guo | Materials and Their Surface Modification for Use as Anode in Microbial Bioelectrochemical Systems[END_REF] or electrochemical parameters (applied current density and voltage or potential [START_REF] Molderez | A chip-based 128channel potentiostat for high-throughput studies of bioelectrochemical systems: Optimal electrode potentials for anodic biofilms[END_REF]) on the reaction associated with different physical parameters such as temperature, conductivity, pH or hydrodynamics are often studied to optimize those technologies [START_REF] Rousseau | Microbial electrolysis cell (MEC): Strengths, weaknesses and research needs from electrochemical engineering standpoint[END_REF][START_REF] Lusk | The effect of pH and buffer concentration on anode biofilms of Thermincola ferriacetica[END_REF].

However, the impact of fluid dynamics on electroactive biofilms was poorly investigated despite its major influence on their growth [START_REF] Moss | Studying the Impact of Wall Shear Stress on the Development and Performance of Electrochemically Active Biofilms[END_REF][START_REF] Islam | Biofilm re-vitalization using hydrodynamic shear stress for stable power generation in microbial fuel cell[END_REF][START_REF] Jones | Continuous shear stress alters metabolism, mass-transport, and growth in electroactive biofilms independent of surface substrate transport[END_REF] and current density generation [START_REF] Amirdehi | Hydrodynamic interventions and measurement protocols to quantify and mitigate power overshoot in microbial fuel cells using microfluidics[END_REF][START_REF] Krieg | Mass transport limitations in microbial fuel cells: Impact of flow configurations[END_REF].

The experimental requirements to adequately study the influence of hydrodynamics on biofilm growth and long-term maturation are indeed numerous: (i) the electrodes size needs to be sufficient in order to allow recovery of biofilm samples in sufficient quantity for complete microbial characterization, (ii) the set-up should allow the continuous feeding and a homogeneous repartition of substrate all along the surface of the electrodes, (iii) multiple electrodes exposed to the same controlled hydrodynamics conditions need to be present to allow a sufficient level of replication of the measurements, which is mandatory considering the intrinsic experimental variability of biological systems under complex and variable media conditions during long term experiments. Some experimental systems have actually been designed to study the impact of hydrodynamics on biofilms in continuous flow such as flow cells [START_REF] Amirdehi | Hydrodynamic interventions and measurement protocols to quantify and mitigate power overshoot in microbial fuel cells using microfluidics[END_REF][START_REF] Krieg | Mass transport limitations in microbial fuel cells: Impact of flow configurations[END_REF][START_REF] Noël | The Fundamentals Behind the Use of Flow Reactors in Electrochemistry[END_REF][START_REF] Adesokan | Experimentation and numerical modeling of cyclic voltammetry for electrochemical microsized sensors under the influence of electrolyte flow[END_REF]. They were used to study precise hydrodynamics in microfluidic channels where the shear stress is induced by the flow rate [START_REF] Ren | Improved current and power density with a micro-scale microbial fuel cell due to a small characteristic length[END_REF].

In the specific case of electroactive biofilms, they could be developed on small electrodes implemented in the cell (generally up to 1 cm²) allowing having the same applied shear stress on the whole surface. Experiments were run at daily or weekly scale [START_REF] Bazant | Diffuse-charge dynamics in electrochemical systems[END_REF]. They were often couple with non-invasive imaging technologies such as microscopy to analyze biofilm structural parameters overtime (thickness, density, porosity, etc. [START_REF] Picioreanu | Three-dimensional modeling of biofouling and fluid dynamics in feed spacer channels of membrane devices[END_REF][START_REF] Böl | 3D finite element model of biofilm detachment using real biofilm structures from CLSM data[END_REF]). Thus they allow a great characterization of the biofilm but some limitation appeared considering their small size, which does not allow biofilm sampling overtime or having replicates under the identical operating conditions.

Other systems were employed for the study of fluid dynamics impact on electrochemical technologies [START_REF] Perry | Review-The Design, Performance and Continuing Development of Electrochemical Reactors for Clean Electrosynthesis[END_REF][START_REF] Colli | Time-dependent mass-transfer behaviour under laminar and turbulent flow conditions in rotating electrodes: A CFD study with analytical and experimental validation[END_REF]. The most well-known systems are the rotating disk electrodes described by Levich [START_REF] Levich | Physicochemical hydrodynamics[END_REF]. Electrochemical reactions take place on the surface of a small rotating electrode (lower than 1 cm²) and the current is expressed as a function of the rotation speed. Nonetheless, only a few studies have shown biofilm development on rotating disk electrodes [START_REF] Herbert-Guillou | Influence of the hydrodynamics on the biofilm formation by mass transport analysis[END_REF]. Some variants such as the rotating cylinder electrodes (RCE) implement a cylinder-electrode immerged in the electrolyte as described by Eisenberg et al. [START_REF] Eisenberg | Ionic Mass Transfer and Concentration Polarization at Rotating Electrodes[END_REF]. They were adapted to larger surfaces of electrodes (> 10 cm²) [START_REF] Walsh | The rotating cylinder electrode for studies of corrosion engineering and protection of metals-An illustrated review[END_REF][START_REF] Gabe | The rotating cylinder electrode: its continued development and application[END_REF][START_REF] Silverman | The Rotating Cylinder Electrode for Examining Velocity-Sensitive Corrosion-A Review[END_REF] but RCE have mainly been described considering abiotic mass transfer and not for the study of electroactive biofilms [START_REF] Eisenberg | Ionic Mass Transfer and Concentration Polarization at Rotating Electrodes[END_REF].

Couette-Taylor reactors (CTR) have a perfectly described hydrodynamic profile and have been often used for the study of biofilm development for scale-up purposes [START_REF] Paul | Effect of shear stress and growth conditions on detachment and physical properties of biofilms[END_REF][START_REF] Rochex | Role of shear stress on composition, diversity and dynamics of biofilm bacterial communities[END_REF][START_REF] Schrimpf | Taylor-Couette reactor: Principles, design, and applications[END_REF]. They are composed of two concentric cylinders, with a rotating inner cylinder and a fixed outer cylinder (respectively characterized by the radii and ). The main differences of CTR in comparison to RCE are the various hydrodynamic conditions from well-known Couette flow to 3D typical vortices flows or turbulent flows induced by the specific influence of the stationary outer wall [START_REF] Schrimpf | Taylor-Couette reactor: Principles, design, and applications[END_REF]. CTR may apply a higher range in terms of shear stress induced on the surface of the inner cylinder classically from 0.1 to 10 Pa in aqueous media [START_REF] Paul | Effect of shear stress and growth conditions on detachment and physical properties of biofilms[END_REF][START_REF] Simões | Biofilm formation under high shear stress increases resilience to chemical and mechanical challenges[END_REF], compared to rotating electrodes under high shear stress and turbulent flows [START_REF] Ige | Assessing the influence of shear stress and particle impingement on inhibitor efficiency through the application of in-situ electrochemistry in a CO2-saturated environment[END_REF][START_REF] Labraga | Wall shear stress from a rotating cylinder in cross flow using the electrochemical technique[END_REF]. In previous studies, CTR were used to study hydrodynamics influence on physical biofilm properties and allowed characterization and sampling of biofilm along time (density, thickness, porosity, etc.) [START_REF] Hou | Variations in the microbial community of biofilms under different near-wall hydraulic shear stresses in agricultural irrigation systems[END_REF][START_REF] Derlon | Stratification in the cohesion of biofilms grown under various environmental conditions[END_REF][START_REF] Rizk | Treated wastewater reuse in micro-irrigation: effect of shear stress on biofilm development kinetics and chemical precipitation[END_REF][START_REF] Paule | A photosynthetic rotating annular bioreactor (Taylor-Couette type flow) for phototrophic biofilm cultures[END_REF]. However, no adaptation to such reactor was made for the integration of electrodes in the set-up in order to study electroactive biofilms.

In fact, some work has been done to couple electrochemistry analysis with CTR hydrodynamics.

Sobolík et al. [START_REF] Sobolík | Study of Taylor-Couette flow using a three-segment electrodiffusion probe[END_REF] Their reactor integrated a 3 segments inner cylinder (composed of the cathode framed in the anode). Nevertheless, those methodologies were developed to study hydrodynamics and mass transfer in CTR and were not dealing with electrodes allowing biofilm development: (i) microelectrodes for Sobolik et al. [START_REF] Sobolík | Study of Taylor-Couette flow using a three-segment electrodiffusion probe[END_REF] and Berrich et al. [START_REF] Berrich | Experimental Investigations of Couette-Taylor-Poiseuille Flows Using the Electro-Diffusional Technique[END_REF] and (ii) nickel-cathode covered by platinum and gold for Legrand et al. [START_REF] Legrand | Overall mass transfer to the rotating inner electrode of a concentric cylindrical reactor with axial flow[END_REF] which are not the preferred materials for biofilm growth [START_REF] Song | Effects of Material Properties on Bacterial Adhesion and Biofilm Formation[END_REF].

In this study, the first electrochemical CTR is presented. The main specificities of this reactor are (i) 20 graphite electrodes included in the inner rotating cylinder allowing to have replicates in exactly the same hydrodynamic conditions, with a (ii) large surface (20 cm²) under uniform wellknown hydrodynamics, allowing (iii) spontaneous biofilm development in real conditions including complex effluents but with (iv) independent electrical connections for each electrode.

The reactor is characterized experimentally for various operating conditions under wavy and turbulent vortex flows without biofilm development considering (i) electrochemical parameters, (ii) small ascendant flow rate, (iii) concentration of the electroactive species and (iv) effect of the rotation speed of the inner cylinder. Then, the results are interpreted in light of previous theoretical analysis of Gabe & Robinson [52,[START_REF] Gabe | Mass-Transfer in a Rotating Cylinder Cell .2. Turbulent-Flow[END_REF], which describes the relation between current intensity and the flow velocity in laminar [START_REF] Gabe | Mass-Transfer in a Rotating Cylinder Cell .1. Laminar-Flow[END_REF] and turbulent flow regimes [START_REF] Gabe | Mass-Transfer in a Rotating Cylinder Cell .2. Turbulent-Flow[END_REF]. Finally the results are compared to previous studies on different hydrodynamic regimes (Eisenberg et al.

[34] and Legrand et al. [START_REF] Legrand | Overall mass transfer to the rotating inner electrode of a concentric cylindrical reactor with axial flow[END_REF]) and the potential application of the electrochemical CTR for future studies is discussed.

Materials and Methods

2.1.Electrochemical Couette-Taylor Reactor (eCTR)

The Couette-Taylor reactor was composed of two coaxial cylinders of 25 cm height (Figure 1A).

The rotating inner cylinder, of 7 cm radius, includes 20 graphite-plate (Sigraform HLM, Graphitech) working electrodes inlaid in the PVC cylindrical core. Each working electrode had a surface of 20×1 cm² and was immersed by 18 cm. The active projected area of each working electrode was thus 18 cm 2 . Each electrode was individually connected to the external electrical circuit thanks to a rotating collector (SVTS C 03-S-A-00/18). The central axis of the inner cylinder was mechanically connected to a motor (APM-SA01) by means of a speed reducer (PLGE12/1 i=9) and could thus be rotated at speeds from 1 to 200 RPM. The non-mobile outer cylinder, made of stainless steel (316L) of 10 cm radius, was used as the auxiliary electrode. A calomel reference electrode (SCE, BioLogic, +0.244 V/SHE) was positioned between the two cylinders about 1.5 cm from the outer cylinder. The lid and the base of the reactor as made from PVC. The reactor was set in a solution circulation loop equipped with a peristaltic pump (Gilson), which provided a flow rate of 700 mL.h -1 (axial solution velocity in the reactor of 4.38 cm/h). The flow inlet was at the reactor bottom and the outlet ensured a water level of 20 cm, i.e. Up to 16 working electrodes could be individually addressed with a multi-channel potentiostat (VMP-3, Biologic). Two Nstat boxes (Biologic) were used to integrate each working electrode in a 3-electrode set-up with the single SCE as the reference electrode and the fixed outer cylinder as the auxiliary electrode. Each working electrode was identified by a letter from a to t (Figure 1B).

Electrodes b to j, excluding electrode f, were connected via an Nstat to the tracks 1 to 8 of the potentiostat. The other group, from l to t, excluding electrode p, were connected to the tracks 9 to 16 via the other Nstat. Four electrodes (a, f, k, and p) were not electrochemically connected.

They will serve as controls in future experiments that will be devoted to the study of microbial electroactive biofilms.

Cyclic Voltammetries (CV) were performed with scan rates from 1 to 100 mV.s -1 in the range of -0.35 to +0.65 V/SCE. Three successive cycles were systematically performed. The first cycle was sometimes slightly different from the second and third cycles, which were always identical.

All the data reported in the present study were extracted from the second CV cycles.

2.2.Solutions

Solutions and Na 2 HPO 4 ) 100 mM. The potassium, sodium and phosphate ions provided thus the main part of ion migration in solution and the migration contribution can be neglected in the mass transport of hexacyanoferrate.

The diffusive coefficient of hexacyanoferrate (II) is given by the relation of Stokes-Einstein at 25°C and is equal to 5.09×10 -10 m².s -1 .

Theoretical description

3.1.Hydrodynamic modelling

The flow regimes in CTR are described according to the dimensionless Taylor number (Ta) [START_REF] Racina | Specific power input and local micromixing times in turbulent Taylor-Couette flow[END_REF] which characterizes the centrifugal force applied to the liquid in relation to the viscous force the liquid opposes to the motion:

(

where is the angular velocity (rad.s -1 ), R i and R o the radii of the inner and the outer cylinder (m) and the cinematic viscosity (m 2 .s -1 ). The Ta number can be considered as a form of the Reynolds number Re adapted to the specific geometry of the CTR:

(

where

The Ta number allows describing the different flow regimes according to the value it takes regarding a critical value Ta c [START_REF] Mehel | Bubble effect on the structures of weakly turbulent Couette Taylor Flow[END_REF][START_REF] Esser | Analytic expression for Taylor-Couette stability boundary[END_REF] :

(3)

For the eCTR designed in this study, , (corresponding to a radius ratio of 0.7) and give Ta c = 53.0 [-], which corresponds to the critical velocity value of 0.039 rad.s -1 (0.37 RPM). The correspondences between Ta values, the flow regimes and values are given in table 1. The reactor was operated with different values of from 1 to 200 RPM (respectively 1, 3, 5, 6.5, 8, 10, 15, 25, 50, 100, 150 and 200). This choice was made considering the capacity of the motor to ensure stable rotating velocity values and in order to cover the largest velocities ranges and associated flow regimes (from vortex to turbulent vortex regimes, according to Table 1).

The Sherwood number (Sh) characterizes the ratio of the convective and diffusive mass transport

[57]: (4) 
where is the convective mass transfer coefficient (m.s -1 ), the characteristic length in Couette-Taylor reactors, which is the gap between the inner and the outer cylinder (m) and D i is the effective diffusive coefficient (m 2 .s -1 ).

The Sherwood number is generally expressed as a function of the Reynolds number (Re) and the Schmidt (Sc) number defined by , according to experimental correlations. 1), the velocity of a Couette-Taylor flow U (m.s -1 ) only depends on the distance from inner cylinder r and is given by [START_REF] Labraga | Wall shear stress from a rotating cylinder in cross flow using the electrochemical technique[END_REF]:

(

The fluid shear stress is a function of the fluid velocity and the dynamic viscosity according to: [START_REF] Al-Mamun | A review of microbial desalination cell technology: Configurations, optimization and applications[END_REF] where is the shear stress applied on the cylinder wall (Pa), is the dynamic viscosity (Pa.s) and U the fluid velocity (m.s -1 ).

Under laminar flow conditions, the velocity profile (equation 5) used in equation 6 gives the shear stress on the surface of the inner cylinder ( ):

Former work in the literature [START_REF] Racina | Specific power input and local micromixing times in turbulent Taylor-Couette flow[END_REF] describes the expression of the shear forces applied to the rotating inner wall as function of the Reynolds number under Couette-Taylor flows:

For Re > 800 ( > 3.65 RPM)

For Re > 10 4 ( > 47 RPM)

where is the fluid density (kg.m -3 ).

3.2.Relation between fluid velocity and current

The molar flux density of a solute i is the sum of 3 components due to diffusion, migration and convection [START_REF] Bird | Transport Phenomena[END_REF]. Generally, solutions used in electroanalytical studies contain a supporting salt and/or a charged buffer compound at high concentration, as it was the case here (NaH 2 PO 4 and Na 2 HPO 4 ), so that the migration flux can be neglected for solutes. Furthermore, for low concentration of solutes, the diffusion flux can be expressed according to the Fick's law. So the molar flux density ( , mol.s -1 .m -2 ) of a solute i at low concentration can be written as: [START_REF] Logan | Conversion of Wastes into Bioelectricity and Chemicals by Using Microbial Electrochemical Technologies[END_REF] where D i is the effective diffusive coefficient (m 2 .s -1 ), C i is the concentration (mol.m -3 ) and is the fluid velocity (m.s -1 ).

At steady state and in the absence of reaction in solution, the differential mass balance equation for the species i is: [START_REF] Dau | The Mechanism of Water Oxidation: From Electrolysis via Homogeneous to Biological Catalysis[END_REF] and leads to:

At steady state, the current (A) is proportional to the molar flux of the electroactive species at the electrode surface. When only one electroactive species i is oxidized at the electrode surface, as it was the case here, the current is expressed as: [START_REF] Zhao | Microbial extracellular electron transfer and strategies for engineering electroactive microorganisms[END_REF] where is the number of electrons produced per molecule of electroactive species, F is the Faraday constant (96 485 C.mol -1 ) and S is the surface area of the electrode (m 2 ).

Nernst model

The Nernst model divides the solution space into two zones: a stagnant boundary layer against the electrode surface and a perfectly stirred bulk beyond the stagnant layer (Figure 2A). The concentration is uniformly equal to in the bulk. Equation 12can thus be solved very simply in the stagnant layer, in which U = 0, and, combined with equation 13, gives:

where and are the concentrations of the electroactive species in the bulk and at the electrode surface, respectively (mol.m -3 ) and is the thickness of the Nernst layer (m). The limiting current is defined as the maximal value of the current that can be reached when only the diffusion transport is rate-limiting, i.e. when the electrochemical reaction is so fast in relation to mass transport that the electroactive species reacts at the electrode surface as soon as it reaches it, resulting in . According to equation 14, in the framework of the Nernst's model, the limiting current is:

(15)
Nernst model allows expressing the convective mass transfer coefficient as a function of according to:

In a CTR, the Nernst layer thickness depends on the rotation speed. More sophisticated models are needed to obtain a theoretical relationship between the layer thickness and the rotation speed.

Gabe and Robinson model for laminar flow

Under laminar flow conditions, Gabe & Robinson [START_REF] Gabe | Mass-Transfer in a Rotating Cylinder Cell .1. Laminar-Flow[END_REF] considered that the annulus geometry of a CTR can be approached as a straight channel for a small length M ( ) parallel to the flow. They defined the x-and y-axes as parallel and perpendicular to the channel length, respectively. They assumed that mass transport was ensured only by the fluid flow along the xaxis and only by diffusion along the y-axis, so that equation 12 becomes: [START_REF] Rousseau | Microbial electrolysis cell (MEC): Strengths, weaknesses and research needs from electrochemical engineering standpoint[END_REF] in which the fluid velocity U is given by equation 5. They used a change of variable to transform the equation in one dimension. Then, they obtained an expression for the current: [START_REF] Lusk | The effect of pH and buffer concentration on anode biofilms of Thermincola ferriacetica[END_REF] where is the Gamma function and M the width of the electrode (m). Under laminar flow conditions, the limiting current according to the Gabe & Robinson [START_REF] Gabe | Mass-Transfer in a Rotating Cylinder Cell .1. Laminar-Flow[END_REF] approach is consequently:

Comparing with the Nernst expression (equation 15) allows extracting an expression of an equivalent Nernst layer in laminar condition ( ): [START_REF] Islam | Biofilm re-vitalization using hydrodynamic shear stress for stable power generation in microbial fuel cell[END_REF] Sherwood number could then be expressed according to equation 16 and 20 as: (from [START_REF] Gabe | Mass-Transfer in a Rotating Cylinder Cell .2. Turbulent-Flow[END_REF]).

In the intermediary viscous layer (zone II), Gabe & Robinson [START_REF] Gabe | Mass-Transfer in a Rotating Cylinder Cell .2. Turbulent-Flow[END_REF] assumed that mass transport is achieved by convection and eddy diffusion, so that equation 10 is transformed to: div ( ) = 0 [START_REF] Noël | The Fundamentals Behind the Use of Flow Reactors in Electrochemistry[END_REF] where (m 2 .s -1 ) is the apparent eddy viscosity and varies with the flow velocity. Assuming that U is constant in zone II and equal to , could be expressed as: [START_REF] Adesokan | Experimentation and numerical modeling of cyclic voltammetry for electrochemical microsized sensors under the influence of electrolyte flow[END_REF] where r is distance from the electrode surface (m), ν the cinematic viscosity (m 2 .s -1 ) and b a constant. Solving equations 23 gives the concentration profile in zone II: [START_REF] Ren | Improved current and power density with a micro-scale microbial fuel cell due to a small characteristic length[END_REF] where is the thickness of the zone II. At the interface between the zones I and II, i.e. at , the equations 23 and 26 must give the same concentration value. Writing this gives a relationship between and and considering that leads to the expression of the current as:

where . The limiting current is consequently:

(28)
Comparing with the Nernst expression (equation 15) allows extracting an equivalent Nernst layer in turbulent condition ( ) as: [START_REF] Böl | 3D finite element model of biofilm detachment using real biofilm structures from CLSM data[END_REF] which gives the Sherwood number according to equation 16 and 29:

(30)

Results

Preliminary characterization of the reactor

Influence of the inlet flow without rotation

The eCTR was equipped with electrodes of large surface areas, which covered the entire inner (working electrode) and outer (auxiliary electrode) cylinders. The electrochemical reactions can consequently drastically affect the concentration of the reactive species, so that the stationary state may not be reached in batch conditions. It was therefore necessary to feed the reactor continuously with solution in order to keep the concentration of the reactive species constant and allow the establishment of steady state. The first objective of the eCTR characterization was to verify that the continuous axial flow induced by the recirculation did not significantly disturb the hydrodynamics. This check was carried out without rotation of the internal cylinder in order to be in the most sensitive conditions possible.

Cyclic voltammetries (CV) were performed at 5 mV.s -1 in phosphate solution that contained hexacyanoferrate (III) and hexacyanoferrate (II) each at 1 mM. The CV records (current intensity as a function of potential) were compared using the oxidative part ( ) because the reductive part may be biased by the reduction of oxygen, which occurs in a similar potential range as the reduction of hexacyanoferrate (III). The CV records were compared with two characteristic values: the current at the peak ( ) and the limiting current ( ) measured at upper limit of the potential scan from 0.55 to 0.6 V/SCE (see Figure 4). Eight electrodes were individually addressed in this experiment (electrodes c-e-h-j-m-o-r-t, see Materials and Methods section). The 8 electrodes gave highly reproducible CV records (Figure S1 in Supplementary data) with standard deviation lower than 4% and 5% for the and values, respectively.

CV were recorded in batch condition (no solution flow) and in continuous flow of 700 mL.h -1

(corresponding to a superficial velocity of 4.4 cm.h -1 ). No significant difference was observed on the general shape of the CV recorded with or without continuous flow. In batch condition, and were and mA, respectively; while, in continuous mode they were and mA, respectively. The small difference between the batch and the continuous mode on the and values can be neglected according to the overlap of the standard deviations. It can be concluded that the small axial velocity of 4.4 cm.h -1 due to the solution flow had no significant effect on the current produced by the electrodes.

Consequently, all the experiments were conducted with a continuous solution flow of 700 mL.h - 1 , assuming that the convective part of the mass transport was fully controlled by the rotation of the inner cylinder and neglecting the influence of the small axial flow.

Nernst layer thickness without rotation

CV were performed at 1 mV.s -1 in phosphate solution that contained hexacyanoferrate (III) and hexacyanoferrate (II) at equal concentrations ranging from 0 to 20 mM. The Figure 3 In fact, from a fully rigorous theoretical standpoint, the Nernst hypothesis should not be used in the absence of stirring, as it was the case here, but the equation of semi-infinite linear diffusion should be applied. Nevertheless, the estimation of a Nernst layer thickness is a relevant criterion for evaluating possible hydrodynamic disturbance at the electrode surface. In quiescent solution, parasite stirring may occur due to natural convection or parasitic motion, vibrations transmitted to the reactor for example. In quiescent condition, the thickness of the Nernst layer is typically in the range of a few hundreds of µm; values ranging from 100 to 500 µm have been reported in the literature [START_REF] Kiĭ | Fund men l f elec r chemi ry[END_REF][START_REF] Zelinsky | Effective thickness of the diffusion layer during hydrogen ion reduction in aqueous hydrochloric acid solutions[END_REF][START_REF] Dexter | Calculation of Seawater pH at Polarized Metal Surfaces in the Presence of Surface Films[END_REF]. The high value of 423 µm obtained here confirmed that the continuous solution flow did not induce parasitic motion of the solution near the electrode surface.

Impact of hydrodynamics on the current produced by hexacyanoferrate (II) oxidation

Correction of the effect electrode rotation on the current measured

With the rotation of the inner cylinder, the CV records were of extremely poor quality because of large discrepancy in the values of the current measured. By increasing the measurement frequency in order to monitor the rapid current variations, it was observed that the current was disturbed in a regular periodic way, with a period corresponding to the time for a complete rotation of the cylinder. The reference electrode was located at a fixed point in the crown between the inner and outer cylinders (Figure 1). Each working electrode, 1 cm wide, represented a small section of the inner cylinder. As the cylinder rotated, the distance of each working electrode from the reference varied from about 2 cm, when facing the reference, to half a circumference (around 24 cm) when facing the opposite direction. The periodic variation of the distance of the working electrode from the reference induced the periodic variation of the potential of the working electrode, which was responsible for the periodic variation of the current measured. This periodic perturbation of the current was corrected by numerically processing the raw data.

On Figure 4, an example of raw data is given (black points) and the same curve is represented after applying a moving average correction (red curve). The moving average correction was performed on the Volt interval , which corresponded to the potential range that was scanned during one rotation of the inner cylinder. expressed in V.rot -1 corresponded to the ratio of the scan rate (V.s -1 ) to the rotation speed of the inner cylinder (RPM): [START_REF] Colli | Time-dependent mass-transfer behaviour under laminar and turbulent flow conditions in rotating electrodes: A CFD study with analytical and experimental validation[END_REF] This correction was systematically used to interpret the CV records and extract the characteristic values and .

Determination of the limiting currents as a function of rotation speed

CV were recorded at 1 mV.s -1 in phosphate solutions that contained equal concentrations of hexacyanoferrate(II) and hexacyanoferrate(III) ranging from 0 to 20 mM. The eCTR was continuously fed with the solution at 700 mL.h -1 . The inner cylinder rotated at different speeds from 1 to 200 RPM, which gave complete picture of the wavy vortex and turbulent vortex flow regimes (Table 1). The limiting current was measured as the mean value of the oxidative plateau of the CV records observed at the upper values of the potential. was represented as a function of the concentration of hexacyanoferrate(II) in the bulk for different rotation speeds (Figure 5A). The average values and standard deviations were calculated from the measurements obtained from the 15 individually addressed electrodes, which were implemented for each experimental condition.

In most cases, the CV records presented the well-known current peaks (in both oxidation and reduction parts of the CV), which showed the transient rate-limiting effect of mass transfer during the potential scan (Figure 5B). Considering the oxidation part (I > 0 A), during the scan in the positive direction, when the potential applied to the working electrode became higher than the equilibrium potential, oxidation at the electrode surface consumed the electroactive species, leading to the formation of the diffusive layer. When the applied potential increased quickly, high transient currents were produced, but mass transfer was not able to provide a sufficiently high flow of electroactive species to balance the electrochemical consumption, and consequently the current decreased. This is the reason of the current peak observed at low hexacyanoferrate (II) concentrations and low rotating speeds. In contrast, at high hexacyanoferrate (II) concentrations and high rotating speeds, mass transport was more efficient and able to compensate the consumption of the electroactive species, so that a stationary state was reached in a large range of the potential scan. The transient peak vanished as the concentration and the rotating speed increased (Figure 5C). In any cases, when the potential is high enough, only mass transfer was rate-limiting and the value of the current did no longer depend on the value of the potential; the current displayed a horizontal plateau on the CV records. Obtaining the value was not obvious for the highest concentration (20 mM) and at high rotating speed (

) because, in these conditions, mass transport tended to be less rate-limiting. The potential of the upper limit of the CV scan was not high enough to rigorously reach the horizontal plateau that characterizes the limiting current (Figure 5C). Nevertheless, it was not possible to use higher values of potential without reaching the water oxidation range. In this case, was assessed as the value of the current at the highest potential value. tended thus to be slightly underestimated for the highest concentration value at the highest rotating speeds. Nevertheless, it can be observed in Figure 5A that the deviation from the linear regression was very limited. These values were consequently kept for further analysis but some precautions were taken when using these data.

Evolution of the diffusive layer thickness with hydrodynamics: evidencing the impact of wavy (WVF) and turbulent vortex flow (TVF)

The eCTR was operated in the rotation speed range from 1 to 200 RPM, corresponding to Taylor numbers from 144 to 28,793 (i.e.

) allowing to cover different hydrodynamic regimes from the wavy vortex to turbulent vortex flows (see Table 1). To analyze the impact of the hydrodynamic regime on the electrochemical reactions, the limiting current was represented as a function of using a log scale for the different selected concentrations of hexacyanoferrate (II) (Figure 6A).

Without any electroactive species, the velocity had no significant effect on the limiting current ( for each ), showing that the residual currents were likely due to adsorbed species rather than soluble species contained in solution. For each concentration from 1 to 20 mM, a log-linear increase of the limiting current with the rotation speed was observed, highlighting the decrease in the limitation due to mass transfer. To illustrate the influence of hydrodynamics independently of the concentration of the reactive species, the Nernst-diffusive layer thickness ( ) is calculated using equation 15 (Figure 6B) and by considering for the calculation. Figure 6B presents the diffusion layer thickness calculated from the experimental data as a function of the rotation speed using a log scale. A significant difference is observed between the curve for a concentration of hexacyanoferrate (II) of 2 mM and the other concentrations. This difference could be linked to an experimental bias for intermediate rotation speed from 5 to 50 RPM. Consequently, this concentration is no longer considered for further data exploitation. The increase in the rotation speed of the inner cylinder induced a velocity profile gradient along the gap between the two cylinders with a maximum velocity near the inner cylinder where the anodic reaction was located. As expected, decreased with higher rotation speed.

Moreover, by considering the experimental points for all concentrations, two distinct linear evolutions are observed, with a modification of the slope for a rotation speed in the range from 10 to 15 RPM. This slope break showed the transition between the wavy vortex and the turbulent vortex flows, and confirms the boundary of 40 (corresponding to 14.8 RPM).

For each identified flow regimes (WVF and TVF for and respectively), the Nernst-diffusive layer thickness (and the associated limited current ) varied with the rotation speed according to a power law, as expected from the theory for laminar and turbulent flows in equations 19 and 28:

Values of K and α resulting from numerical fitting of the experimental data are provided in Table 2. For 10 and 20 mM, K and α values may be underestimated considering the approximation in the calculation of the value shown in 3.2.2. for high concentration and high velocities.

Nonetheless, they followed the same tendency as for the other concentrations. The value of α coefficient (0.44 and 0.66 for WVF and TVF respectively), is more sensitive to the modification of the flow regime than the coefficient K (3.99 and 3.97 for WVF and TVF respectively). Its dependency on the flow regime is linked to the difference in the physical nature of the flows, from a more structured one for the WVF to a more heterogeneous and chaotic flow for the TVF one. Those results help describing the two different Couette-Taylor vortex flows by estimating the Nernst-diffusive layer thickness using electrochemical tools and confirmed the boundary value between these two regimes. 

Discussion

5.1.Flow characterization using micro-electrodes in CTR

The study of Couette-Taylor hydrodynamics has already been carried out using microelectrodes integrated in the outer cylinder. Sobolík et al. [START_REF] Sobolík | Study of Taylor-Couette flow using a three-segment electrodiffusion probe[END_REF][START_REF] Kristiawan | Experimental investigation of Taylor-Couette-Poiseuille flow at low Taylor and Reynolds numbers[END_REF] characterized axial and azimuthal components of the shear rate on the wall of the outer cylinder of a CTR using a microelectrode.

They measured the limiting current with the three-segment microelectrodes on the surface of the outer cylinder and deduced the shear rate ( ) and the associated shear stress ( ) from the rotation speed of the inner cylinder. Under laminar condition, their results confirmed the theoretical evolution of the limiting current according to shear rate (equation 18 for shear rate in the range 4 -80 s -1 ) with an experimentally determined value (close to the theoretical value of 0.33).

As the fluid velocity is directly linked to shear rate in Couette-Taylor flows (equation 7, 8 or 9 depending on the flow regime), it is possible to express the limiting current obtained by Sobolík et al. [START_REF] Sobolík | Study of Taylor-Couette flow using a three-segment electrodiffusion probe[END_REF][START_REF] Kristiawan | Experimental investigation of Taylor-Couette-Poiseuille flow at low Taylor and Reynolds numbers[END_REF] as a function of the rotation speed for wavy vortex flows, in the form . It gave considering equation 8 for the shear rate range tested. The same approach has been considered by Berrich et al. [START_REF] Berrich | Experimental Investigations of Couette-Taylor-Poiseuille Flows Using the Electro-Diffusional Technique[END_REF] with the same parameter values for the calculation of the shear rates giving the components of the vortices on the outer wall using more electrodes.

Those results obtained under wavy vortex conditions showed similar values of (0.45) than the results presented here on the rotating inner cylinder (0.44). Considering non-laminar conditions by comparison of the theoretical value of Gabe & Robison [START_REF] Gabe | Mass-Transfer in a Rotating Cylinder Cell .1. Laminar-Flow[END_REF], this tends to show the major effect of vortices on the electrochemical reactions next to the walls of CTR, even next to the outer wall due to the divergence with laminar theoretical behavior.

The approach used in our work with large and numerous electrodes shows also reliable and reproducible results such as the ones obtain with much precise electrodes used for precise understanding of hydrodynamics in CTR.

5.2.Comparison between RCE and CTR with literature experimental and theoretical results

Rotating cylinder electrode (RCE) are reactors in which a cylinder is rotating in the electrolyte with no influence of the outer wall of the reactor on the flow [START_REF] Eisenberg | Ionic Mass Transfer and Concentration Polarization at Rotating Electrodes[END_REF]. A RCE could thus be considered as a CTR with a so small radius ratio ( ) that the impact of the outer cylinder can be neglected. In comparison, CTR are characterized by the major influence of the outer wall on the flow and with conversely high radius ratio. It is generally observed in literature that Couette-Taylor flows appear from a radius ratio of 0.5 giving typical RCE with radius ratio bellow this value [START_REF] Schrimpf | Taylor-Couette reactor: Principles, design, and applications[END_REF][START_REF] Monico | Optimal Taylor-Couette flow: Radius ratio dependence[END_REF]. It is still necessary to investigate those flow differences on electrochemical reactions.

Correlations have been established on different devices between the Sherwood numbers and the

Reynolds numbers as shown in Figure 7. For comparison, Sherwood numbers were calculated from the present work (equation 4) by using the average value of Nernst-diffusive layer for each rotation speed.

Former work has been done to characterize the influence of mass transfer in RCE [START_REF] Walsh | The rotating cylinder electrode for studies of corrosion engineering and protection of metals-An illustrated review[END_REF]. One of the main study focused on hydrodynamic in RCE was proposed by Eisenberg et al. [START_REF] Eisenberg | Ionic Mass Transfer and Concentration Polarization at Rotating Electrodes[END_REF]. They considered the effect of various geometries (with radius ratio from 0.2 to 0.4) and Reynolds number 1,000 to 100,000 (corresponding to the range from 4.6 to 460 RPM for the eCTR presented in this study). They characterized mass transfer on the rotating cylinder-electrode surface. Eisenberg et al. [START_REF] Eisenberg | Ionic Mass Transfer and Concentration Polarization at Rotating Electrodes[END_REF] gave an value only different by 6% from the data under turbulent vortex flow from present study in Figure 7 (from equation 32). Thus, the present work gave similar results to those in RCE for turbulent flows due to the lower influence of the fixed outer cylinder on hydrodynamics at inner cylinder wall under turbulent regime.

A mass transfer analysis of a CTR was also made electrochemically by Legrand et al. [START_REF] Legrand | Overall mass transfer to the rotating inner electrode of a concentric cylindrical reactor with axial flow[END_REF] with an inner cylinder containing both cathode and anode in a device with a radius ratio of 0. The Sh versus Re correlations calculated from the theoretical models of Gabe & Robinson [START_REF] Gabe | Mass-Transfer in a Rotating Cylinder Cell .1. Laminar-Flow[END_REF][START_REF] Gabe | Mass-Transfer in a Rotating Cylinder Cell .2. Turbulent-Flow[END_REF] (equation 21 and 30) are also presented in Figure 7. The parameter B from equation 30 was estimated to using the experimental data under turbulent vortex flows.

The correlations are represented with dotted lines for a large range in terms of Reynolds number even if they are only applicable in strictly laminar and turbulent flow respectively.

The theoretical model of Gabe & Robinson [START_REF] Gabe | Mass-Transfer in a Rotating Cylinder Cell .1. Laminar-Flow[END_REF][START_REF] Gabe | Mass-Transfer in a Rotating Cylinder Cell .2. Turbulent-Flow[END_REF] states two different behaviors. The Figure 7 shows an excellent correspondence between the experimental points for turbulent vortex flows and this theoretical model. The hypothesis made by to establish their equations for the turbulent flows could therefore be applied to data obtained in turbulent vortex flow. In this regime, the main part of the mass transport is due to the turbulence. Likewise, results from Eisenberg et al.

[34] also follow this tendency and could corroborate the negligible part of the vortex transport in turbulent vortex flow.

A different behavior appears for wavy vortex flow, which was not described theoretically [START_REF] Gabe | Mass-Transfer in a Rotating Cylinder Cell .1. Laminar-Flow[END_REF].

The data recorded at this regime match neither the theoretical curves for the laminar flow nor those for the turbulent flow. It emphasizes the impact of another phenomenon than the ones described theoretically for Re values that may be due to vortices. Sherwood numbers are also slightly higher in the experimental approach under wavy vortex flows than in the laminar theory, which corroborates the role of the vortex in increasing the transfer close to the electrode surface for such rotation speeds (Figure 7). The eCTR developed here gave results that matched the experimental and theoretical results reported in the literature for identical flow regimes. Moreover, it enriches the former results by characterizing the wavy vortex regimes, which were clearly distinct from the turbulent vortex flows.

5.3.Characterization of coupled fluid dynamics and electrochemical modelling in

Couette-Taylor vortex flows

The range of Couette-Taylor flows is described in Table 3 and it allows having a new point of view on the transition between vortices and turbulence besides their impact on electrochemical reactions.

The present eCTR allowed the control of diffusive layer thickness going from 15 to 423 µm (Table 3). For microbial electrochemical processes, this thickness range is interesting regarding the thickness of electroactive biofilms, which commonly ranges from 20 to 250 µm [START_REF] Lusk | The effect of pH and buffer concentration on anode biofilms of Thermincola ferriacetica[END_REF][START_REF] Pereira | Opportunities for visual techniques to determine characteristics and limitations of electro-active biofilms[END_REF][START_REF] Tejedor-Sanz | Geobacter Dominates the Inner Layers of a Stratified Biofilm on a Fluidized Anode During Brewery Wastewater Treatment[END_REF].

Indeed, shear stress is a promising way to control biofilm development [START_REF] Paul | Effect of shear stress and growth conditions on detachment and physical properties of biofilms[END_REF][START_REF] Stoodley | Structural deformation of bacterial biofilms caused by short-term fluctuations in fluid shear: An in situ investigation of biofilm rheology[END_REF], coupled to the control of mass transfer close to the electrode. The shear stress is also known as an important factor that influences biofilm structural properties [START_REF] Rochex | Role of shear stress on composition, diversity and dynamics of biofilm bacterial communities[END_REF][START_REF] Simões | Biofilm formation under high shear stress increases resilience to chemical and mechanical challenges[END_REF][START_REF] Ige | Assessing the influence of shear stress and particle impingement on inhibitor efficiency through the application of in-situ electrochemistry in a CO2-saturated environment[END_REF]. In non-electroactive biofilms, increased shear is known to enhance particle detachment at the surface of the biofilm, which often lead to the formation of a thin and dense biofilm [START_REF] Paul | Effect of shear stress and growth conditions on detachment and physical properties of biofilms[END_REF][START_REF] Stoodley | Structural deformation of bacterial biofilms caused by short-term fluctuations in fluid shear: An in situ investigation of biofilm rheology[END_REF]. Nevertheless, such investigations are rarely done on electroactive biofilms. The eCTR developed here allowed applying a range of shear stress from 10 -4 to 10 Pa (from equation 7 and 9) versus 10 -1 to 10² for the RCE [START_REF] Silverman | The Rotating Cylinder Electrode for Examining Velocity-Sensitive Corrosion-A Review[END_REF]. These shear stress values can be applied to up to 20 biofilm duplicates developed in exactly the same hydrodynamics condition. This should be a powerful tool to explore the influence of shear stress on the formation, maturation, electrochemical efficiency and, possibly, regeneration of electroactive biofilms [START_REF] Bridier | Successive bioanode regenerations to maintain efficient current production from biowaste[END_REF].

Table 3: Key parameters of the study 

  introduced a single three-segment electrodiffusion probe in two different CTR with radius ratio of 0.84 and 0.7 respectively. They have thus characterized components of the shear rate on the outer wall under wavy vortex flows. Berrich et al. [49] have characterized a Couette-Taylor-Poiseuille flows (for vortex and wavy vortex regimes) in an larger CTR (radius ratio of 0.86) implementing 39 microelectrodes distributed along the circumference and a vertical segment of the outer cylinder. Legrand et al. [50] have performed one of the first characterization of the mass transfer occurring in Couette-Taylor-Poiseuille flows for wavy vortex flows thanks to electrochemical measurement in CTR (radius ratio of 0.78).
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  Figure1: A) Diagram of electrochemical Couette-Taylor reactor and B) visualization in top view of the inner cylinder with position of the electrodes.

( 21 ) 3 . 2 . 3 .Figure 2 :

 213232 Figure 2: Models of mass transport near the electrode surface. The electrode is the surface of the inner cylinder of the CTR. A) Nernst model. B) 3-zone model according to Prandtl-von Karman

  shows a correct linear relationship between the values extracted from the CV curves and the hexacyanoferrate (II) concentrations, with a slope of 0.21 A.m 3 .mol -1 . According to the Nernst hypothesis, this slope value corresponds to a Nernst diffusion layer thickness of 423 µm (equation 15 with m².s -1 for the hexacyanoferrate (II) diffusion coefficient and 18 cm 2 for the electrode surface area).

Figure 3 :

 3 Figure 3: Experimental relation between and the hexacyanoferrate (II) concentration without rotation of the inner cylinder; values were obtained from the CV recorded at 1 mV.s -1 ; average values and standard deviations resulted from CV performed on 15 electrodes. The regression line corresponds to with R² = 0.9995.

Figure 4 :

 4 Figure 4: Numerical processing of the CV records. Raw data (black) obtained from the second CV cycle of the anode i immersed in hexacyanoferrate (III/II) 1mM with supporting electrolyte,with a flow rate of 700 mL.h -1 . CV was performed using a scan rate of 1 mV.s -1 and the inner cylinder rotated at 3 RPM. Fitted curve (red) after applying a moving average on mV.rot -1 . Value of and represented.

Figure 5 :

 5 Figure 5: CV recorded with various hexacyanoferrate (III/II) concentrations and various rotating speeds of the inner cylinder; only 6 rotation speeds are plotted among the 13 tested; equation of the regression lines and the R² values are given in Supplementary Data Table S1. A) values as a function of hexacyanoferrate (II) concentration; average and standard deviations resulted from the measures of 15 electrodes. B) CV curves from electrode c at 1 RPM and C) at 200 RPM.

Figure 6 :

 6 Figure 6: A) Effect of the angular velocity on the value obtained on CV at various concentrations of hexacyanoferrate (II) B) Effect of the angular velocity on the diffusive layer thickness. Data recorded at 2 mM are represented in the graph but they were excluded from the regressions. WVF: Wavy Vortex Flow; TVF: Turbulent Vortex Flow. Data are represented on a log scale; each point is the average value obtained from 15 electrodes.

Figure 7 :

 7 Figure 7: Sherwood number (Sh) as a function of Reynolds number (Re). Comparison of correlations from Eisenberg et al. [34] in green, in the CTR of Legrand et al. [50] in red and with the theoretical equations of Gabe & Robinson [52,53] in dashed blue using ), versus the experimental data (♦ obtained with the 5 concentrations for the 15 electrodes).

  The proposed eCTRreactor is able to describe electrochemical kinetics in controlled hydrodynamic conditions decoupled from the flow input for low axial flow rates. Results are repeatable on the 16 electrodes connected that will help characterizing the influence of hydrodynamics on electroactive biofilms allowing performing conveniently replicates. The big size planar electrodes give a large electroactive surface to develop biofilms in the same hydrodynamics conditions and will allow sampling representative part of whole biofilm for comprehensive analysis during long-term experiments. The characterization of the electrochemical response has been made as a function of the flow regime. The electrochemical diffusive layer thickness ( ) on the surface of the inner cylinder were extracted from the limiting current values ( ) and correlated to the rotation speed of the inner cylinder. Those relations are given as function of the Couette-Taylor flow regime and are then linked to the shear stress resulting from hydrodynamics. Such characterization is necessary to further understand how biofilm development can affect electrochemical response. The CTR vortices influence deeply electrochemical behavior for lower fluid dynamics. The vortices are responsible of the main part of the mass transport under the wavy vortex flow while the turbulence is responsible of most of the mass transport in the turbulent vortex flow. Results of this study contribute to better understand the role of fluid dynamics on electrochemical reactions in Couette-Taylor reactors.

  

  

Table 1 :

 1 

	Regime	Ta range	Ta values	(rad.s -1 )	(RPM)	(mPa)
	Couette Laminar					
	Vortex					
	Wavy Vortex					
	Turbulent Vortex					
	Turbulent					
	Under laminar flow conditions (Table				

Couette-Taylor flow regimes, and corresponding Ta, rotation speed equivalent boundaries and shear stress values

Table 2 :

 2 Values of the experimental coefficient of the log correlation of the diffusive layer and the concentration of the electroactive species . Values are given for each concentration, for the total dataset or by removing the 10 and 20 mM concentrations.

	Hexacyanoferrate (III/II) (mM)	Wavy Vortex Flow Turbulent Vortex Flow
		K WVF α WVF R²	K TVF	α TVF	R²
	1	4.0	0.38 0.96 3.9	0.73	1.00
	5	4.0	0.47 1.00 4.0	0.66	1.00
	7.5	4.0	0.47 0.99 4.0	0.66	1.00
	10	4.0	0.45 0.98 4.0	0.63	1.00
	20	4.0	0.42 0.99 4.0	0.60	1.00
	Total set	4.0	0.44 0.96 4.0	0.66	0.99
	Total set (without 10 and 20 mM) 4.0	0.44 0.96 4.0	0.68	0.99

  8 (gap between the two cylinders of 5 mm) with Ta values from 200 to 1600 (corresponding to values from 1.4 to 11 RPM in this study). They followed the impact of vortices and axial flow on the reduction reaction that occurred on the inner cylinder rotating electrode by measuring the Sherwood number. Without axial flow, i.e. for equivalent operating conditions than in the present study, Sherwood expression reveals similar behavior in the Re range corresponding to

	wavy vortex flow (	). They was a mean difference in Sherwood numbers from
	empirical correlation of Legrand et al. [50] and the experimental points of 13% (with maximal
	difference of 15% for 8 RPM) related to experimental measurement accuracy and
	reproducibility.	
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