Dans les milli/micro canaux, un des modes de contact privilégié est l'écoulement segmenté qui permet un transfert de matière performant et une faible dispersion axiale.Les écoulements segmentés gaz/liquide ou liquide/liquide ont été largement étudiés dans la littérature. Cependant, certaines applications chimiques nécessitent plus de deux phases. Ce travail est consacré à la caractérisation d'écoulements segmentés multiphasiques plus complexes (avec plus de deux phases) et leur utilisation dans le cadre d'applications chimiques. Plus particulièrement, cette étude porte d'abord sur l'écoulement segmenté alterné où deux phases miscibles sont injectées successivement sous forme de gouttes dispersées et sont séparées par une phase inerte continue. Jusqu'à présent, cet écoulement a très peu été étudié dans la littérature. Pour générer cet écoulement alterné, la difficulté majeure est d'empêcher la coalescence des deux phases miscibles à l'injecteur. Après l'étude de différents systèmes d'injection, l'écoulement alterné Org./Aq./Aq. a pu être généré avec succès dans un tube en PFA utilisant une jonction en croix. Cependant, après quelques secondes de temps de séjour, les gouttes ont tendance à coalescer, ce qui est problématique dans l'optique d'une utilisation de ces écoulements pour des applications chimiques. Deux stratégies ont été proposées pour stabiliser l'écoulement alterné. La première consiste à ajouter une entrée supplémentaire de phase continue pour espacer d'avantage les gouttes et ainsi retarder la coalescence. Cette stratégie permet d'allonger le temps de séjour jusqu'à 10 minutes avant d'observer de la coalescence. La deuxième stratégie consiste à ajouter une phase gaz après la formation de l'écoulement alterné. En effet, placer une bulle de gaz entre chaque goutte permet d'avoir une barrière qui empêche totalement la coalescence. En utilisant cet écoulement Org./Aq./Aq./ Gaz, un temps de séjour de 30 minutes a été observé dans un réacteur de 10 m. De plus, l'influence des propriétés physiques des liquides sur la génération de l'écoulement alterné est également abordée. La formation de l'écoulement alterné dépend grandement de la viscosité de la phase continue et de la tension superficielle entre les phases dispersée et continue. Pour générer l'écoulement alterné dans le système étudié, des règles simples sont proposées en première approche: la phase continue doit avoir une viscosité supérieure à 19 cP et la tension superficielle entre phases dispersée et continue doit être supérieur à 30mN/m. Après cette étude hydrodynamique, on peut s'interroger sur l'efficacité du transfert de matière entre les deux gouttes dans l'écoulement alterné Org./Aq./Aq./ Gaz. Ce transfert CONTENTS III Applications in multiphasic segmented flow 5 Synthesis of Ru and Ru-Cu nanoparticles using H 2 /ionic liquid segmented flow 5.1 Material and methods . . . . . . . .

de matière entre les deux gouttes a donc été caractérisé. Pour cela, une solution d'acide acétique est injectée en tant que première phase dispersée et une solution d'hydroxyde de sodium avec un indicateur coloré est utilisée en tant que deuxième phase dispersée. L'acide acétique est transporté de la première à la deuxième goutte aqueuse en passant par la phase organique continue. La vitesse de transport est mesurée en suivant la décoloration de la goutte basique. A forte concentration initiale d'acide acétique (>0.1M), un gradient de concentration est observé au niveau de la goutte basique indiquant une limitation de transfert par le mélange dans la goutte. A faible concentration initiale d'acide acétique, ce gradient de concentration n'est plus observé et la vitesse de transport de l'acide acétique suit une loi linéaire par rapport à la concentration initiale d'acide acétique. Par ailleurs, l'influence de la bulle de gaz a été étudiée en comparant les écoulements alternés Org./Aq./Aq./ Gaz et Org./Aq./Aq. La bulle de gaz placée entre les deux gouttes aqueuses limite le transport de l'acide acétique mais cette limitation n'est pas si importante. On suppose ainsi que le film liquide à la paroi permet de transporter une grande partie de l'acide acétique. Un modèle basé sur la cellule unitaire est proposé pour caractériser le transfert de matière entre les deux gouttes. Ce modèle distingue la contribution du film (caractérisée par le coefficient k f-d ) et la contribution du slug (caractérisée par le coefficient k caps ). k caps and k f-d sont estimés à environ 1.10 -5 m/s ce qui est cohérent avec la littérature sur le transfert dans les écoulements segmentés diphasiques. Une légère augmentation de k f-d est observée en augmentant la vitesse superficielle globale. La caractérisation de l'écoulement segmenté alterné (hydrodynamique et transfert de matière) permet de fournir un outil pour utiliser deux phases miscibles différentes en écoulements segmentés.

Ensuite, ce travail aborde l'utilisation d'écoulements segmentés multiphasiques complexes pour différentes applications notamment la synthèse de matériaux. La synthèse de nanoparticules (NPs) métalliques de ruthénium et bimétalliques de ruthénium/cuivre a été étudiée dans un écoulement segmenté H 2 /liquide ionique visqueux. Pour la synthèse de Ru NPs, le précurseur métallique, Ru [COD][COT] est décomposé sous hydrogène et par conséquent, il est possible de suivre la réaction en regardant l'évolution du volume des bulles d'hydrogène.

Avec ce procédé, des petites NPs de ruthénium (1.3 nm de diamètre) avec une étroite distribution de taille (±0.3 nm) ont été synthétisées. Comparé aux expériences en batch qui durent de 16h à 2 jours, le temps de séjour en réacteur continue est de quelques minutes. Par ailleurs, étant donné que la conversion à la sortie du réacteur augmente avec la vitesse superficielle, la réaction est limitée par le transfert de l'hydrogène. La synthèse de nanoparticules bimétalliques ruthénium-cuivre a aussi étudié dans le même type de système. Ru-Cu NPs avec un ratio atomique 80-20 ont été synthétisées. Par contre, dans les mêmes conditions mais sans précurseur de ruthénium, la synthèse de NPs de cuivre ne fonctionne pas. On peut donc supposer que la formation des NPs de ruthénium favorise la synthèse des NPs de cuivre et donc que des nanoparticules avec un noyau de ruthénium et une enveloppe de cuivre ont été formées.

Enfin, ce travail porte sur l'utilisation des écoulements segmentés multiphasiques pour implémenter en continu des réactions en cascade avec des étapes incompatibles. L'idée est d'utiliser les écoulements segmentés pour compartimenter et séparer les composés incompatibles (i.e. composés qui sont impliqués dans des réactions parasites). Deux cas d'étude ont été examinés : la synthèse de tétrahydrofurfural à partir du xylose et la synthèse de (R) 1-phenylethanol à partir du styrène. Pour le premier cas d'étude, la déshydratation du xylose en furfural et l'extraction du furfural par une phase organique permettant ainsi d'éviter la formation d'humines (i.e. due à la polymérisation et combinaison de molécules de xylose et de furfural en phase aqueuse acide) ont été effectuées dans un écoulement segmenté toluène/eau. Cependant, l'ajout de la deuxième étape de la réaction en cascade (i.e. hydrogénation du furfural en tétrahydrofurfural) n'a pas été possible. En effet, le tétrahydrofurfural est transféré dans la phase aqueuse acide et va réagir pour donner des produits secondaires. Dans le deuxième cas d'étude, la première étape (i.e. oxydation de Wackerdu xylose en acétophénone) requiert des ions cuivre alors que la deuxième étape (i.e. réduction enzymatique de l'acétophénone en (R) 1-phenylethanol) se fait en présence d'enzymes qui sont désactivées par les ions cuivre. Les milieux réactionnels étant miscibles, l'écoulement segmenté alterné est proposé pour les compartimenter. Malheureusement, l'oxydation de Wacker dans les conditions de l'écoulement alterné est trop lente ce qui empêche d'implémenter la réaction en cascade en écoulement segmenté. Cependant, la réduction enzymatique de l'acétophénone en styrène a pu être réalisée en écoulement alterné en présence d'ions cuivre. Les deux phases miscibles (une avec les enzymes et l'autre avec les ions cuivre) ont été compartimentées avec succès par l'écoulement alterné. Par ailleurs, pour rationaliser l'implémentation de réactions en cascade dans les écoulements segmentés, une méthodologie simple à base de diagramme logique est proposée.

Introduction

While a wide range of actors are trying to reconcile economic growth and environmental protection, several challenges have arisen for the industrial sector, including to name just a few, the scarcity of resources, the social expectation in environmental protection and the need for new bio-sourced and recyclable products. It is obvious that all industries and in particular the chemical industry need to reflect on their environmental impact. In this context, process intensification is generally considered as a pillar toward the development of a sustainable chemical industry. While this notion has various definitions in the literature, Stankiewicz and Moulijn [START_REF] Stankiewicz | Process intensification: Transforming chemical engineering[END_REF] describe the process intensification as the "development of innovative apparatuses and techniques that offer drastic improvements in chemical manufacturing and processing, substantially decreasing equipment volume, energy consumption, or waste formation, and ultimately leading to cheaper, safer, sustainable technologies".

Process intensification may refer to the development of intensive equipments (e.g. reactor with intensive mixing) or to the development of intensive methods (e.g. multifunctional reactor that combine two unit operations). Two of the basic principles of process intensification are first to ensure an identical processing for each molecule that go through the process and secondly to enhance the heat/mass transfer [START_REF] Van Gerven | Structure, Energy, Synergy, Time-The Fundamentals of Process Intensification[END_REF]. The first principle can be carried out by the transition from a batch process to a continuous process. This transition is often combined with process miniaturization which is favourable for the enhancement of mass/heat transfer thus explaining the increasing development of micro/milli reactor technologies [START_REF] Van Gerven | Structure, Energy, Synergy, Time-The Fundamentals of Process Intensification[END_REF].

In micro/milli fluidic systems, the use of segmented flow (also called Taylor flow), where bubbles or droplets (whose lengths are bigger that the channel diameter) flow into the channel separated by liquid slugs, is very popular. By taking advantage of the mass transfer enhancement and the limited axial dispersion, segmented flow has been widely investigated for several applications including among other things, nanoparticles synthesis and liquid-liquid extraction. In recent years, more complex multiphasic systems (e.g. gas/liquid/liquid or gas/liquid/solid segmented flow) have been studied to use the advantages provide by segmented flow for other applications. With more than two phases, the prediction of the flow pattern (i.e. the phase positioning inside the channel) is more complex and mass transfer processes have been scarcely studied. The first objective of this work is to make further progress on controlling complex multiphasic segmented flows. Furthermore, chemical applications in multiphasic segmented flows are rather scarce as of yet. The second objective is thus to assess the feasibility of specific chemical applications CONTENTS in complex multiphasic segmented flows. To put it simply, the guiding thread of this work was: can we do more with segmented flows ?

The first part of the document is a general introduction detailing the necessary knowledges needed for the proper understanding of the subject. Chapter 1 focuses on a brief state of the art about two-phase segmented flow especially reviewing its key characteristics and its applications. Chapter 2 addresses the literature on more complex multiphasic segmented flows especially looking at the hydrodynamic and mass transfer studies.

Building on the understandings from the literature and considering the knowledge gaps, the second part of the document focuses on the development of a relatively new multiphasic segmented flow called the alternated segmented flow. Chapter 3 deals with the hydrodynamic study of this complex multiphasic flow with a particular focus on its generation and stabilisation. Chapter 4 is dedicated to the mass transfer study in the alternated segmented flow. The objective of chapters 3 and 4 is to produce a tool for the implementation of specific chemical applications.

The third part of the document is devoted to applications in complex multiphasic flows.

Chapter 5 deals with the synthesis of nanoparticles in gas/ionic liquid segmented flow.

Chapter 6 focuses on the application of cascade reaction in multiphasic segmented flows with a particular focus on the spatial compartmentalization inside the reactor. A simple methodology is proposed to rationalise the feasibility assessment of cascade reactions in segmented flows. In these applications, the objective was to aim at process intensification through the enhancement of mass transfer or the development of multifunctional reactor.

The fourth and final part of the document is dedicated to a summary of the main results and points out the perspectives for future research.

Part I General introduction

CHAPTER 1

Segmented flow : A brief state of the art Being at the heart of this work, it is important to review fundamental knowledges about segmented flow. This chapter introduces its key characteristics. Furthermore, the benefits of segmented flow are addressed and typical applications of gas/liquid (G/L) and liquid/liquid (L/L) segmented flow are given.

Two-phase flow at small scale 1.Scaling of forces

In two-phase flow systems, the phase distribution is dependent on the competition between viscous, inertial, gravitational and interfacial forces. At small scale, interfacial forces become quite prominent and influence greatly flow patterns [START_REF] Günther | Multiphase microfluidics: from flow characteristics to chemical and materials synthesis[END_REF][START_REF] Günther | Multiphase Flow[END_REF]. At the interface between two phases, interfacial forces tend to minimize the surface energy resulting in a particular phase distribution (e.g. bubble or droplet formation). The competition between forces is often characterised by appropriate dimensionless numbers. In the case of G/L two-phase flow, they are defined in Table 1 To appreciate the competition between forces, let us take an example of a air/water twophase flow with a total superficial velocity of U∼10 mm/s (which is the order of magnitude we will use in this work). Figure 1.1 depicts the evolution of viscous (Ca), inertial (We) and gravitational (Bo) forces compared to interfacial forces for different channel diameters.

1.1. TWO-PHASE FLOW AT SMALL SCALE For large channel diameter, gravitational forces are prevalent over the interfacial forces (Bo>1). However, at small scale (∼<1mm), interfacial forces become more important and have a significant impact over the phase distribution. The balance between interfacial and gravitational forces is often selected as the transition between micro and macroflow [START_REF] Michiel | Multiphase monolith reactors: Chemical reaction engineering of segmented flow in microchannels[END_REF][START_REF] Rebrov | Two-phase flow regimes in microchannels[END_REF]. Furthermore, at small scale, viscous forces become prevalent over inertial and gravitational forces. It is important to note that with small diameter and superficial velocity, the Reynolds number is quite small (Re∼ 10) and thus viscous forces cannot be disregarded. The competition between forces is also impacted by the superficial velocity.

An increase of superficial velocity to a few meters per second results in a critical impact of inertial forces [START_REF] Günther | Multiphase microfluidics: from flow characteristics to chemical and materials synthesis[END_REF]. In the following work, we will use channel diameter of ∼1mm and small superficial velocity where interfacial forces are still mainly prevailing. Force/Interfacial force Ca (Viscous) We (Inertial) Bo (Gravitational)

Flow regimes

In two-phase flow, different flow patterns can be observed depending on the experimental conditions. The fluids flow distribution will particularly condition the interfacial area between the two phases and the mixing efficiency which will impact the mass transfer and thus the reactor performance [START_REF] Haase | Review on hydrodynamics and mass transfer in minichannel wall reactors with gas-liquid Taylor flow[END_REF]. Considerable work has been done on the hydrodynamic of G/L flow. Six flow regimes have been identified [START_REF] Rebrov | Two-phase flow regimes in microchannels[END_REF][START_REF] Shao | Flow regimes for adiabatic gas-liquid flow in microchannels[END_REF] and are often represented in flow map using the gas and liquid superficial velocities (U GS and U LS ) as x and y variables (see Figure 1.2). The six flow regimes are classified in three categories: the surface tension dominated (bubbly and segmented flows), the transitional (churn and Taylor-annular) and the inertia dominated (dispersed and annular) regimes [START_REF] Shao | Flow regimes for adiabatic gas-liquid flow in microchannels[END_REF]. More details on the flow patterns are given below:

• Bubbly flow, obtained at high U LS and low U GS , is characterised by small bubbles with a diameter inferior to the channel diameter. Bubbles are often distorted and 1.1. TWO-PHASE FLOW AT SMALL SCALE bubble size can vary significantly from one bubble to the other.

• Segmented flow (also known as Taylor flow) is observed at low U LS and U GS .

Long bubbles with a length superior to the channel diameter are separated from each other by liquid slugs. In general, a liquid film is formed between the bubble and the channel wall. However for liquid with low wettability, an absence of film can be observed [START_REF] Serizawa | Two-phase flow in microchannels[END_REF].

• With rising U GS , bubbles merge forming the slug-annular flow. The gas flows at the center of the channel whereas a film of liquid with uneven thickness is formed on the channel wall.

• Increasing U GS at low U LS results in the formation of the annular flow where the gas phase flows at the center of the channel and is surrounded by a liquid film.

• At high U GS and U LS , a transitionnal pattern called churn flow is observed where liquid droplets can move inside the gas phase and gas bubbles can be transferred into the liquid.

• At higher U GS , dispersed flow can occur where liquid drops move inside the gas phase. Due to the high superficial velocities, this flow is sparsely encountered in microchannel. Flow maps using U GS and U LS as x and y-axes have been established in numerous studies [START_REF] Coleman | Characterization of two-phase flow patterns in small diameter round and rectangular tubes[END_REF][START_REF] Hassan | Two-Phase Flow Regime Transitions in Microchannels: A Comparative Experimental Study[END_REF][START_REF] Triplett | Gas-liquid two-phase flow in microchannels Part I: two-phase flow patterns[END_REF][START_REF] Barajas | The effects of contact angle on two-phase flow in capillary tubes[END_REF] but are dependent on the injector characteristics, the channel parameters and the fluid properties. Dimensionless numbers have also been investigated as coordinates [START_REF] Akbar | Gas-Liquid Two-Phase Flow Regimes in Microchannels[END_REF][START_REF] Dessimoz | Quantitative criteria to define flow patterns in micro-capillaries[END_REF][START_REF] Haverkamp | Hydrodynamics and Mixer-Induced Bubble Formation in Micro Bubble Columns with Single and Multiple-Channels[END_REF][START_REF] Subash | Flow pattern transition maps for microgravity two-phase flows[END_REF][START_REF] Rezkallah | Weber number based flow-pattern maps for liquid-gas flows at microgravity[END_REF][START_REF] Waelchli | Two-phase flow characteristics in gas-liquid microreactors[END_REF][START_REF] Yue | An experimental investigation of gas-liquid two-phase flow in single microchannel contactors[END_REF][START_REF] Zhao | Gas-liquid two-phase flow in microchannel at elevated pressure[END_REF]. For example, Akbar et al. [START_REF] Akbar | Gas-Liquid Two-Phase Flow Regimes in Microchannels[END_REF] proposed to use the gas and liquid Weber number that compared inertial and interfacial forces as coordinates. However so far there is no universal map to describe the transition boundaries between flow regimes.

Compared to G/L flow, fewer studies has been made on liquid/liquid flow systems [START_REF] Foroughi | Viscous oil-water flows in a microchannel initially saturated with oil: Flow patterns and pressure drop characteristics[END_REF][START_REF] Jovanović | Liquid-Liquid Flow in a Capillary Microreactor: Hydrodynamic Flow Patterns and Extraction Performance[END_REF][START_REF] Zhao | Liquid-liquid two-phase flow patterns in a rectangular microchannel[END_REF][START_REF] Tsaoulidis | Flow patterns and pressure drop of ionic liquid-water twophase flows in microchannels[END_REF].

Four main patterns has been identified as the drop, segmented, annular and parallel flow.

The drop, segmented and annular flow are similar to flow regimes obtained with G/L flow. Parallel flow (also called stratified flow) where the liquid phases are separated by a 1.1. TWO-PHASE FLOW AT SMALL SCALE continuous interface, is not observed for every study. According to Dessimoz et al. [START_REF] Dessimoz | Liquid-liquid two-phase flow patterns and mass transfer characteristics in rectangular glass microreactors[END_REF],

the formation of segmented or parallel flow depends on the predominance of the viscous or interfacial forces. If viscous forces prevail, parallel flow is formed whereas segmented flow is observed when interfacial forces become prevalent.

Surface wetting effect on flow patterns

Wettability is generally characterised by the static gas-liquid-solid contact angle θ that measures the ability for a liquid to spread on a solid material. Considering a liquid droplet on a solid surface, the contact angle is measured as the angle between the liquid/solid and the liquid/gas interfaces. The liquids are usually classified between partially wetting liquids (θ <90 • ) and partially non-wetting liquids (θ >90 • ) [START_REF] Bibin | Formation and dynamics of partially wetting droplets in square microchannels[END_REF]. . The influence of wettability in two-phase flow has been investigated in a few studies [START_REF] Barajas | The effects of contact angle on two-phase flow in capillary tubes[END_REF][START_REF] Wielhorski | Wetting effect on bubble shapes formed in a cylindrical T-junction[END_REF][START_REF] Lee | Influence of surface wettability on transition of two-phase flow pattern in round mini-channels[END_REF]. Barajas et al. [START_REF] Barajas | The effects of contact angle on two-phase flow in capillary tubes[END_REF] and Lee et al. [START_REF] Lee | Influence of surface wettability on transition of two-phase flow pattern in round mini-channels[END_REF] have worked on the modifications of transition boundaries between flow patterns with different wetting properties. Wielhorski et al. [START_REF] Wielhorski | Wetting effect on bubble shapes formed in a cylindrical T-junction[END_REF] have investigated the impact of wettabily on bubble formation in gas/liquid segmented flow. To compare between a wetting and non-wetting liquids, Figure 1.3 shows the bubble formation for silicon oil/air (θ =13 • ) and glycerol/air (θ =90 • ) segmented flow in a glass capillary tube. For the wetting liquids, a liquid film surrounds the gas bubble whereas for non-wetting liquids, the film is not always present at the channel wall. The presence of the liquid film has a major impact on the pressure drop. Indeed, for wetting liquids, gas bubbles slide through the liquid without contact with the channel wall and this behaviour results in low pressure drop. However when there is no liquid film, bubbles are in contact with the channel wall and liquid slugs will have to progress on dry surface which will significantly increase the pressure drop [START_REF] Lee | Influence of surface wettability on transition of two-phase flow pattern in round mini-channels[END_REF]. Furthemore, the wetting properties impact also the bubble length with bigger lengths for non-wetting liquids [START_REF] Wielhorski | Wetting effect on bubble shapes formed in a cylindrical T-junction[END_REF].

In L/L segmented flow, the liquid phase in contact with the channel wall, called the continuous phase, will be dependent on the liquid wetting properties for the channel wall.

The phase that are not in contact with the channel wall is called the dispersed phase. As a first approach, the liquid phase with the lower contact angle is expected to be the con-1.2. SEGMENTED FLOW CHARACTERISTICS tinuous phase [START_REF] Gupta | Hydrodynamics of liquid-liquid Taylor flow in microchannels[END_REF]. It is indeed the behaviour commonly observed in the literature. A few examples are presented in Table 1.2. However this behaviour is not verified everywhere.

According to Salim et al. [START_REF] Salim | Oil-water two-phase flow in microchannels: Flow patterns and pressure drop measurements[END_REF], between oil and water, oil can be the dispersed phase in a glass micro channel even if oil is the more wetting liquid (θ oil =3 • and θ water =38 

Segmented flow characteristics

In this thesis, we use segmented flow with wetting liquids as the continuous phase which means that there is a liquid film between the dispersed phase and the channel wall. Compared to other flow patterns (e.g. annular, bubbly...), segmented flow offers several advantages that will be described later in Section 1.3. This section focusses on the key characteristics of segmented flow.

Bubble/droplet formation and injection devices

The formation of segmented flow has been investigated in injection devices with various geometries. The most frequently used devices are co-flowing [START_REF] Xiong | Formation of bubbles in a simple co-flowing micro-channel[END_REF], flow focusing [START_REF] Cubaud | Transport of bubbles in square microchannels[END_REF], Tjunction [START_REF] Garstecki | Formation of droplets and bubbles in a microfluidic T-junction-scaling and mechanism of break-up[END_REF] and Y-junction systems [START_REF] Abate | Impact of inlet channel geometry on microfluidic drop formation[END_REF]. Figure 1.4 shows the geometry for the four injection devices. The injector geometry will significantly impact the bubble/droplet formation and therefore the bubble/droplet properties [START_REF] Fu | Squeezing-to-dripping transition for bubble formation in a microfluidic T-junction[END_REF]. In particular, the bubble/droplet length and the interfacial area, that plays a major role in the mass transfer performance, can be modified from one inlet to the other.

For T-junction injector, the bubble/droplet formation has been extensively examined.

Two regimes of bubble/droplet formation have been identified depending on the Capillary number (using small micro/milli channels, the effects of gravitation can be indeed neglected) [START_REF] Garstecki | Formation of droplets and bubbles in a microfluidic T-junction-scaling and mechanism of break-up[END_REF][START_REF] Fu | Squeezing-to-dripping transition for bubble formation in a microfluidic T-junction[END_REF][START_REF] De Menech | Transition from squeezing to dripping in a microfluidic T-shaped junction[END_REF] :

1.2. SEGMENTED FLOW CHARACTERISTICS (a) (b) (c) (d)
Figure 1.4: Injection devices commonly used in the literature: (a) co-flowing [START_REF] Xiong | Formation of bubbles in a simple co-flowing micro-channel[END_REF], (b) flow focusing [START_REF] Cubaud | Transport of bubbles in square microchannels[END_REF], (c) T-junction [START_REF] Garstecki | Formation of droplets and bubbles in a microfluidic T-junction-scaling and mechanism of break-up[END_REF], (d) Y-junction [START_REF] Abate | Impact of inlet channel geometry on microfluidic drop formation[END_REF].

• At low Ca (10 -4 <Ca<0.0058), the dispersed phase is formed following the squeezing regime (Figure 1.5a) where the interfacial forces prevail over the shear stress applied by the continuous phase on the dispersed phase. Therefore the dispersed phase grows to occupy approximately the entire section of the main channel. The local pressure in the obstructed continuous phase just before the T junction increases and therefore the continuous phase squeezes the still expanding droplet/bubble until the thread linking the droplet/bubble to the dispersed phase breaks.

• At high Ca (0.013<Ca<0.1), the mechanism of bubble/droplet formation follows the dripping regime (Figure 1.5b) where the shear stress and the interfacial forces control the bubble/droplet formation. During the formation, the dispersed phase grows inside the main channel but doesn't occupy the entire section of the channel.

The thread connecting the droplet/bubble to the dispersed phase doens't break immediatly at the junction but further down in the main channel. An increase of Ca will move the droplet/bubble detachment point even further downstream. Compared to the squeezing regime, the droplet/bubble are often smaller.

For the squeezing regime, the droplet/bubble length L D can be easily estimated by the following equation from Garstecki et al. [START_REF] Garstecki | Formation of droplets and bubbles in a microfluidic T-junction-scaling and mechanism of break-up[END_REF]:

L d d = 1 + α Q d Q c (1.1)
Where Q d and Q c are respectively the flow rate of the dispersed and continuous phase and d is the main channel diameter. Van Steijn el al. [START_REF] Volkert Van Steijn | PIV study of the formation of segmented flow in microfluidic T-junctions[END_REF] expand the model by adding a supplementary constant β with β and α dependent on the geometry and size of the T-junction: For other types of injector, more complicated correlations using dimensionless number can be found in the literature and are reviewed in [START_REF] Haase | Review on hydrodynamics and mass transfer in minichannel wall reactors with gas-liquid Taylor flow[END_REF].

L d d = β + α Q d Q c (1.2)

Liquid film

One of the key characteristics of segmented flow is the presence of a liquid film between the dispersed phase and the channel wall. A large number of studies have investigated the thickness δ of the liquid film [START_REF] Fairbrother | Studies in electro-endosmosis. Part VI. The "bubble-tube" method of measurement[END_REF][START_REF] Bretherton | The motion of long bubbles in tubes[END_REF][START_REF] Aussillous | Quick deposition of a fluid on the wall of a tube[END_REF][START_REF] Irandoust | Gas-liquid mass transfer in taylor flow through a capillary[END_REF][START_REF] Dore | Mixing patterns in water plugs during water/ionic liquid segmented flow in microchannels[END_REF][START_REF] Li | Experimental and numerical hydrodynamic studies of ionic liquid-aqueous plug flow in small channels[END_REF]. They found that the thickness depends on the channel diameter and on the Capillary number, Ca d , defined as Ca d =µ c U d /σ where U d and µ c are respectively the bubble/droplet velocity and the viscosity of the continuous phase.

Correlations to calculate the film thickness for circular channel have been established and are presented in Table 1.3. The film thickness is generally bigger when the superficial velocity increases. 

Correlation System Range of Ca Ref. δ R =0.5Ca 0.5 d G/L Ca d <0.01 [41] δ R =1.34Ca 2/3 d G/L Ca d <0.0003 [42] δ R = 1.34Ca 2/3 d 1+3.35Ca 2/3 d G/L Ca d <1.4 [43] δ R =0.36[1-e -3.08Ca 0.54 d ] G/L Ca d <2.0 [44]

SEGMENTED FLOW CHARACTERISTICS

Furthermore, Meyer et al. [START_REF] Meyer | Micro-PIV analysis of gas-liquid Taylor flow in a vertical oriented square shaped fluidic channel[END_REF] found that a Couette shaped velocity profile is observed within the liquid film. The film maximum velocity is far below the mean dispersed phase velocity. Howard and Walsh [START_REF] Howard | Review and extensions to film thickness and relative bubble drift velocity prediction methods in laminar Taylor or slug flows[END_REF] have proposed to use Equations 1.3 and 1.4 to estimate the local velocity profile along the radial axis at the center of the bubble, i.e. to avoid the flow effects at the bubble caps. For R d < r < 0, where

R d = R -δ: U bubble (r) = 2U 1 + R 4 d R 4 ( µ C µ d -1) ( R 4 d R 4 µ c µ d (1 - r 2 R 2 d ) + 1 - R 2 d R 2 ) (1.3)
For R < r < R d , i.e. in the liquid film:

U film (r) = 2U 1 + R 4 d R 4 ( µc µ d -1) (1 - r 2 R 2 ) (1.4)
To give a order of magnitude, the local velocity at the bubble cross section was calculated for a water/air segmented flow with a superficial velocity U=10 mm/s (Figure 1.6). The local velocity in the film is largely inferior compared to the maximal velocity in the film and therefore in most case the velocity in the film can be neglected [START_REF] Howard | Review and extensions to film thickness and relative bubble drift velocity prediction methods in laminar Taylor or slug flows[END_REF].

Gas Liquid

Local velocity profile in the film

Local velocity profile in the bubble δ δ Figure 1.6: Local velocity profile in the bubble and in the liquid film for water/air segmented flow with a total superficial velocity U=10 mm/s calculated from the local velocity profile of [START_REF] Howard | Review and extensions to film thickness and relative bubble drift velocity prediction methods in laminar Taylor or slug flows[END_REF].

The mean bubble/droplet velocity U d in circular channels is generally slightly higher than the total superficial velocity U [START_REF] Haase | Review on hydrodynamics and mass transfer in minichannel wall reactors with gas-liquid Taylor flow[END_REF][START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF][START_REF] Tsoligkas | Influence of orientation upon the hydrodynamics of gas-liquid flow for square channels in monolith supports[END_REF]. Assuming that the liquid film velocity is negligible, the conservation of mass results in the following equation [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF]:

U d A d = U A c (1.5)
Where A d is the section occupied by the dispersed phase and A c is the entire section of the channel. The ratio between the droplet/bubble velocity and the superficial velocity 1.2. SEGMENTED FLOW CHARACTERISTICS can thus be expressed as:

U d U = A c A d = A c A c -A f (1.6)
Where A f is the section occupied by the liquid film. The ratio can then be rewritten as a function of the film thickness: 

U d U = 1 (1 -δ/R)
U d U = ( 1 + 4.37Ca 2/3 1 + 2.55Ca 2/3 ) 2 (1.8)

Recirculation motion and mixing

The mixing in segmented flow is particularly efficient due to recirculation motion in both the dispersed and continuous phases (see Figure 1.7b). The recirculation motion in twophase flow has been first identified by Taylor in 1961 [START_REF] Taylor | Deposition of a viscous fluid on the wall of a tube[END_REF] in the continuous phase and confirmed by several studies [START_REF] Meyer | Micro-PIV analysis of gas-liquid Taylor flow in a vertical oriented square shaped fluidic channel[END_REF][START_REF] Thulasidas | Flow patterns in liquid slugs during bubble-train flow inside capillaries[END_REF]. The recirculation motion comes from the non-slip boundary conditions at the channel wall resulting in a low average velocity in the liquid film. For the dispersed phase, the shear stress between the liquid film and the droplet induces a velocity gradient from the droplet inner edges near the channel wall to the droplet center [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF]. Schematic illustration of the velocity profile using the droplet as reference is presented in Figure 1.7a. The recirculation motion are a direct consequence of the velocity gradient. Secondary vortices can also appear at the front and tail of the droplet. 

SEGMENTED FLOW CHARACTERISTICS

The same phenomenon is also observed for the liquid slug in the continuous phase. In this phase, the recirculation loops are arranged symmetrically along the channel center axis.

The position of the loop center depends on the Capillary number [START_REF] Sobieszuk | Hydrodynamics and Mass Transfer in Gas-Liquid Flows in Microreactors[END_REF]. When Ca increases (i.e when the film thickness increases), the loop center drifts towards the channel center axis. As a consequence, the volume of recirculating liquid decreases. If Ca increases further, the recirculation loop will eventually disappear leading to bypass flow [START_REF] Taylor | Deposition of a viscous fluid on the wall of a tube[END_REF][START_REF] Sobieszuk | Hydrodynamics and Mass Transfer in Gas-Liquid Flows in Microreactors[END_REF]. The recirculation is in general more efficient for segmented flow with high superficial velocity and small liquid slugs. However Abiev et al. [START_REF] Sh | Bubbles velocity, Taylor circulation rate and mass transfer model for slug flow in milli-and microchannels[END_REF] have identified a critical slug length (L C <0.17d) below which recirculation motion reduces in a significant way.

To evaluate the mixing efficiency in the dispersed and continuous phase, characteristic times are often introduced in the literature. For the continuous slug, Yao et al. [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF] have gathered various data of circulation time from the literature and the circulation time t c inside the slug can be roughly estimated as:

t c = 3 L c U d (1.9)
Where L c is the slug length. In a L/L segmented flow, the characteristic mixing time in the droplet can be estimated by the correlations developed by Handique and Burns [START_REF] Handique | Mathematical modeling of drop mixing in a slittype microchannel[END_REF].

They identified two distinct cases depending on the predominance of convective or diffusive transports. Convective and diffusive transport where evaluated by the following equations:

t conv = L d U (1.10) t diff = d 2 D (1.11)
Where D is the diffusion coefficient. The correlations for the two distinct cases are given below:

• When the convection is fast compared to diffusion (t conv <t diff ), the characteristic time for the mixing in the dispersed phase t d can be estimated as:

t d = ( 0.3 f d + 0.008) d 2 D (1.12)
Where f d is calculated as:

f d = U d d 2 π 2 L d D (1.13)
• When the diffusion is fast compared to the convection, the characteristic time is calculated as:

t d = 0.574d 2 f 2 d D (1.14) 1.2. SEGMENTED FLOW CHARACTERISTICS

Mass transfer

The characterization of mass transfer in G/L and L/L two-phase flow has been widely investigated in the literature. In a simple modelling approach using the plug flow reactor model, the mass balance in each phase can be applied in a small reactor slice dx where the concentration is supposed to be constant (Figure 1.8a) and therefore the variation of concentration in the continuous phase is expressed as [START_REF] Sh | Mass transfer characteristics and concentration field evolution for gas-liquid Taylor flow in milli channels[END_REF]:

U LS dC dx = k l a(C * -C(x)) (1.15)
Where C(x) is the solute concentration in the continuous phase at a distance x from the injection, U LS is the liquid superficial velocity and C* is the solute concentration at equilibrium with the dispersed phase. The mass transfer between the dispersed and the continuous phase is characterized by the global mass transfer coefficient k l a where a is the interfacial area per volume of unit cell. Lots of correlations have been established

to estimate this coefficient for G/L [START_REF] Sattari-Najafabadi | Mass transfer between phases in microchannels: A review[END_REF] and L/L two-phase flow [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF]. One of the first correlations for G/L segmented flow was established by Bercic and Pintar [START_REF] Bercic | The role of gas bubbles and liquid slug lengths on mass transport in the Taylor flow through capillaries[END_REF] based on experimental data in methane/water segmented flow in circular channel. They found that k l a is impacted by the total superficial velocity U and the length of the unit cell L UC as:

k l a = 0.111 U 1.19 [(1 -ε G )L UC ] 0.57 (1.16)
Where ε G is the gas hold up. Van Baten and Khrishna [START_REF] Van Baten | CFD simulations of mass transfer from Taylor bubbles rising in circular capillaries[END_REF] have proposed to take into account the geometry in the unit cell (Figure 1.8b) by describing the global k l a as a sum of two contributions: the transfer between the bubble and the liquid film and the transfer between the bubble and the slug as defined in the following equation.

k l a = k caps a caps + k film a film (1.17) k l a = 2 √ 2 π DU d d a caps + 2 √ π DU d ε G L U C a film (1.18)
Where D is the diffusion coefficient of the solute in the continuous phase. Assuming that the caps are two semi-spheres, the interfacial area a caps is often estimated as [START_REF] Van Baten | CFD simulations of mass transfer from Taylor bubbles rising in circular capillaries[END_REF]:

a caps ≈ πd 2 • 1 V U C ≈ 4 L U C (1.19)
The interfacial area a film can be approximated as [START_REF] Van Baten | CFD simulations of mass transfer from Taylor bubbles rising in circular capillaries[END_REF]:

a film ≈ πdL film • 1 V U C ≈ 4L film L U C d (1.20)
It is quite important to distinguish between the film and the slug because their contribu-1.2. SEGMENTED FLOW CHARACTERISTICS tion to the mass transfer will behave differently. Indeed, being quite thin compared to the slug, the film can be easily saturated especially for experiments with long bubble/droplet.

dx

Continuous phase

Dispersed phase

(a)

Unit cell To evaluate the film saturation, Van Baten and Khrishna [START_REF] Van Baten | CFD simulations of mass transfer from Taylor bubbles rising in circular capillaries[END_REF] have introduced the Fourier number (which is analogous to the Fourier number commonly used for heat transfer) as :

Fo = L d D U d δ 2 (1.21)
Pohorecki [START_REF] Pohorecki | Effectiveness of interfacial area for mass transfer in two-phase flow in microreactors[END_REF] have proposed the following criteria to avoid the saturation of the liquid film:

Fo ≪ 1 (1.22)
The continuous phase is therefore divided in two parts: the film and the slug. There is no convective mixing between the two regions but mass transfer between them can happen by diffusion. Figure 1.8b sums up the mass transfer that can occur in the unit cell. Therefore, for system without reaction in the continuous phase, the solute concentration in the film will increase as the bubble passes and decrease as the slug passes [START_REF] Michiel | Multiphase monolith reactors: Chemical reaction engineering of segmented flow in microchannels[END_REF]. More recently, Butler et al. [START_REF] Butler | Modelling of mass transfer in Taylor flow: Investigation with the PLIF-I technique[END_REF] have investigated the oxygen transfer in O 2 /water segmented flow. They found that the correlation of Van Baten and Khrishna (Equation 1.18) doesn't predict correctly the experimental data especially for short slug (L c < 2d). They modified the modelling approach by including the transfer between the film and the slug through the mass transfer coefficient k f-s . The authors have thus proposed new correlations which are presented in 

k caps k film k f-s L c <2d 2 √ 2 π DU d 2 √ π DU d ε G L U C 3.66D d L c >2d 2 √ 2 1.8π DU d 2 √ 35π DU d ε G L U C
Table 1.4: Mass transfer coefficients used in the modelling approach of Butler et al. [START_REF] Butler | Modelling of mass transfer in Taylor flow: Investigation with the PLIF-I technique[END_REF].

Why are we using segmented flow?

As already mentioned, segmented flow generally provides interesting mass and heat transfer performances. In particular, Howard et al. [START_REF] Howard | Prandtl and capillary effects on heat transfer performance within laminar liquid-gas slug flows[END_REF] have reported higher heat transfer rates (between the flow and the channel wall) for G/L segmented flow compared to classical single phase flow (even considering the low thermal conductivity of gases compared to liquids). Heat transfer performances in segmented flow will not be further detailed in this work but the reader may refer to the publication review from Bandara et al. [START_REF] Bandara | Slug flow heat transfer without phase change in microchannels: A review[END_REF] for additional information.

Enhancement of mass transfer

One of the benefit of working at small length scale is the enhancement of mass transfer performance. To give an idea about the order of magnitude, the characteristic times of mass transfer processes for two different scales (1m and 1mm) are presented in Table 1.5.

L Convection Diffusion

t conv = L U t diff = L 2 D 1 m 100 s 10 9 s 1 mm 0.1 s 1000 s
Table 1.5: Characteristic times for mass transfer processes calculated using the diffusion coefficient D= 10 -9 m 2 /s and superficial velocity U=10 mm/s.

With small characteristic length L, the transfer by diffusion is largely improved. The dimensionless Péclet number gives a good indication on the predominating mass transfer phenomena and is defined as:

P e = convection diffusion = U L D (1.23) 1.3. WHY ARE WE USING SEGMENTED FLOW?
By decreasing the characteristic length L, the characteristic time for diffusion is decreasing faster than the characteristic time for convection. Therefore it may lead to a decrease in the convective behaviour of the flow. However, even at small scale (∼1mm) the Péclet number remains relatively large (Pe∼10 4 ) indicating that convection dominates over diffusion.

The enhancement of mass transfer in segmented flow has to do not only with the small length scale but also with the presence of recirculation motions inside the dispersed and continuous phases (see Section 1.2.3). In a single phase flow and at low Re numbers, i.e. under laminar flow, the radial mixing is almost exclusively diffusive. Therefore even for small length scale, the radial mixing is really slow. The characteristic axial length

x m required to achieve the radial mixing in single phase flow can be estimated using the diffusion characteristic time t diff [START_REF] Stone | Engineering flows in small devices: Microfluidics toward a lab-on-a-chip[END_REF] as:

x m = t diff U = L 2 U D ∼ 10 m (1.24)
In comparison, using segmented flow, the presence of recirculation loops favours the radial mixing (even if the radial mixing is still diffusive between the different recirculation loops).

In that case, the order of magnitude for x m can be estimated using t conv as:

x m = t conv U = LU U ∼ 1 mm (1.25)
The mass transfer in segmented flow is also intensified by a large interfacial area between gas/liquid or liquid/liquid phases. For gas/liquid flow, Yue et al. [START_REF] Yue | Hydrodynamics and mass transfer characteristics in gas-liquid flow through a rectangular microchannel[END_REF] have compared the interfacial area a and the volumetric mass transfer coefficient k l a for different types of reactor. To illustrate the mass transfer intensification using G/L micro-channel, some of them are presented in Table 1.6. 1.4. APPLICATIONS OF G/L AND L/L SEGMENTED FLOW

Reactor types

a k l a×10 2 m 2 /m 3 s -1

Low axial dispersion

Due to the presence of bubbles/droplets which occupies the majority of the channel cross section, segmented flow is characterised by a low axial dispersion. Consequently, the residence time distribution is very narrow in comparison to single phase flow [START_REF] Michiel | Multiphase monolith reactors: Chemical reaction engineering of segmented flow in microchannels[END_REF][START_REF] Trachsel | Measurement of residence time distribution in microfluidic systems[END_REF][START_REF] Günther | Transport and reaction in microscale segmented gas-liquid flow[END_REF] (Figure 1.9). Each droplet or liquid slug can be seen as a small stirred tank reactor. For the dispersed phase, this statement is precisely true because the droplets are not in contact with each other. For the liquid slug, it is completely true if there is no liquid film near the channel wall (i.e. for non-wetting liquid). .

For partially wetting liquid, the liquid film connects the liquid slugs together. Trachsel et al. [START_REF] Trachsel | Measurement of residence time distribution in microfluidic systems[END_REF] have investigated the axial dispersion in the continuous phase using a fluorescence tracer. They found that:

• The residence time distribution is still narrower for segmented flow than for single phase flow.

• When Ca increases (and thus the film thickness increases), the axial dispersion is more important and the residence time distribution is broader.

Narrow residence time distribution is particularly important for several chemical applications that need extremely homogeneous conditions. As an example, nanoparticles synthesis can benefit from this property which ensures an homogeneous particle growth and in the end a very narrow size distribution of particles [START_REF] Köhler | Why is Micro Segmented Flow Particularly Promising for the Synthesis of Nanomaterials[END_REF].

Applications of G/L and L/L segmented flow

This section aims to provide an overview of the applications of G/L and L/L segmented flow in the literature. The goal is not to present an exhaustive list of all the applied studies made in segmented flow but to give some classic examples.

1.4. APPLICATIONS OF G/L AND L/L SEGMENTED FLOW

Rapid exothermic reactions

Due to the enhanced mass and heat transfer performances, segmented flow is a promising tool for [START_REF] Haase | Review on hydrodynamics and mass transfer in minichannel wall reactors with gas-liquid Taylor flow[END_REF]:

• Fast reaction that are limited by L/L or G/L mass transfers in conventional reactor.

• Fast exothermic reaction that are performed at low temperature and at high dilution in conventional reactor to avoid any risk of explosion (e.g. fluorination).

Hessel et al. [START_REF] Volker | Gas Liquid and Gas Liquid Solid Microstructured Reactors: Contacting Principles and Applications[END_REF] have reviewed typical gas/liquid reactions and gas/liquid/solid reaction that can benefit from microreactor technology. For G/L reactions, fluorination [START_REF] Nuria De Mas | Increasing Productivity of Microreactors for Fast Gas Liquid Reactions: The Case of Direct Fluorination of Toluene[END_REF] and oxidation [START_REF] Vanoye | Gas-Liquid Segmented Flow Microfluidics for Screening Copper/TEMPO-Catalyzed Aerobic Oxidation of Primary Alcohols[END_REF] are prime examples.

For G/L/S reaction, hydrogenation has also been investigated in a few studies [START_REF] Michiel | Mass transfer characteristics of three-phase monolith reactors[END_REF][START_REF] Nijhuis | Monolithic catalysts as more efficient three-phase reactors[END_REF].

As an example, the hydrogenation of α-methylstyrene was investigated by Kreutzer et al. [START_REF] Michiel | Mass transfer characteristics of three-phase monolith reactors[END_REF] in a monolith reactor. A monolith reactor is a block made by hundreds of parallel channels that support a thin layer of coated catalytic material (Figure 1.10). The dominant pattern observed in the monolith channel is the segmented flow [START_REF] Cybulski | Structured Reactors, a Wealth of Opportunities[END_REF]. Compared to a single tube, one of the challenge of the monolith reactor is to distribute the fluid phases in the same way for all channels [START_REF] Michiel | Multiphase monolith reactors: Chemical reaction engineering of segmented flow in microchannels[END_REF]. At the industrial scale, a monolith reactor has been developed for the synthesis of alkylanthraquinone for the production of hydrogen peroxide with 200 ktons/year by Eka Chemicals [START_REF] Cybulski | Structured Reactors, a Wealth of Opportunities[END_REF][START_REF] Berglin | Method in the production of hydrogen peroxide[END_REF][START_REF] Albers | Development of a monolith-based process for H2o2 production: from idea to large-scale implementation[END_REF][START_REF] Albers | Characterization of the performance of an industrial monolith reactor by accurate mapping of temperature differences[END_REF]. Compared to conventional slurry and packed bed technologies, the productivity using the monolith reactor was improved [START_REF] Cybulski | Structured Reactors, a Wealth of Opportunities[END_REF].

The reactor is however no longer active and one can assumed that there were still some difficulties regarding operability (particularly the fluid distribution between channels) or catalyst deactivation. 

Material synthesis

The synthesis of nanoparticles can be divided in two steps: the nucleation phase and the particle growth. In order to obtain small nanoparticles with a narrow size distribution, a lot of nuclei must form at the same time during the nucleation phase. Therefore, short nucleation time are needed and the duration time of nucleation is dependent on the solution homogeneity [START_REF] Köhler | Why is Micro Segmented Flow Particularly Promising for the Synthesis of Nanomaterials[END_REF] and therefore on the mixing efficiency. Therefore, segmented flows have been successfully investigated for nanoparticles synthesis. In most cases, an inert phase (gas or liquid) is added to form the segmented flow. Due to the recirculation loops in the reactive phase, short nucleation times can be achieved and the low axial dispersion ensures that each particle has the same residence time (thus leading to a narrow size distribution).

In specific synthesis with a gas reactant, G/L segmented flow with a reactive gas phase can be used [START_REF] Huang | Rapid synthesis of gold nanoparticles with carbon monoxide in a microfluidic segmented flow system[END_REF]. In this case, the transfer of gas solute in the liquid slug must be very fast to keep a short nucleation time. Compared to a batch reactor, the use of G/L segmented flow offers an high interfacial area. Several reviews have been published on material synthesis in micro-reactor [START_REF] Marre | Synthesis of micro and nanostructures in microfluidic systems[END_REF] and more specifically in segmented flow [START_REF] Nightingale | Segmented Flow Reactors for Nanocrystal Synthesis[END_REF]. To give an idea on the application range, some examples are considered in this section. Shestopalov et al. [START_REF] Shestopalov | Multi-step synthesis of nanoparticles performed on millisecond time scale in a microfluidic droplet-based system[END_REF] have investigated the synthesis of CdS nanoparticles in liquid/liquid segmented flow using oil as the continuous inert phase.

They compared this system with the CdS synthesis in single phase micro-reactor (see Fig- the dispersed phase and are not in contact with the channel wall. Therefore, no fouling is observed for the segmented flow system whereas deposition of solid particles happened within a short time span for one-phase flow system.

Compared to a batch reactor, micro or millichannels offer a precise control over the operating conditions that enable to tune the size and shape of nanostructures. As a example, Sebastian et al. [START_REF] Sebastian | Shape-controlled continuous synthesis of metal nanostructures[END_REF] have developed a strategy to obtain nanoparticles with different shapes (Pt nanocubes, Pd nanorods, Pd trigonal and hexagonal nanosheets) in gas/liquid segmented flow (see Figure 1.12b).

Conclusions

G/L and L/L segmented flow has been widely studied in the literature. In this chapter, fundamental knowledges on segmented flow have been discussed:

• G/L and L/L flow regimes are predicted by flow maps that depend commonly on the gas and liquid superficial velocity. However there is no universal map that describes the transition boundaries between the flow regimes.

• G/L and L/L flow patterns are dependent on the wettability properties of the fluids characterized by the contact angle.

• Mechanisms of bubble/droplet formation have been identified in the literature (squeezing and dripping) and the bubble/droplet length can be predicted by relatively simple correlations.

• If the continuous phase is a partially wetting liquid, segmented flow is characterized by the presence of a liquid film between the dispersed phase and the channel wall which affects, among other things, the pressure drop and the axial dispersion. The film thickness can be estimated by correlations depending on the Capillary number.

• The recirculation loops inside the dispersed and the continuous phases have been extensively investigated and are the reason behind the enhanced mass transfer performances.

• The quantification of mass transfer in two-phase segmented flow have been widely

investigated. The geometric model from Van Baten and Khrishna that separates the film and caps contribution is frequently adopted for the modelling approach.

Due to the enhancement of mass transfer performances, segmented flow is a promising tool for process intensification in the field of material synthesis, chemistry and extraction processes.

The last decades have witnessed an important effort made in laboratories and industries to switch from conventional batch reactor to continuous systems. For this transition, micro/milli reactors and more precisely the use of segmented flow are interesting tools to 1.5. CONCLUSIONS implement for reactions that suffer from mass transfer limitations in conventional batch reactor. However some chemical applications require more than two fluid phases. An promising approach to intensify these applications is the use of multiphasic segmented flow (with more than two phases). However the addition of another phase required additional studies on the flow behaviour. The next chapter presents the literature on more complex multiphasic segmented flow with a particular focus on the hydrodynamic, mass transfer and the potential applications as of yet.

CHAPTER 2

Multiphasic segmented flow: towards an expansion of the application scope?

In the previous chapter, the literature on G/L and L/L segmented flow was reviewed.

However, some chemical applications require more than two phases. Taking advantages of the benefits of segmented flow, multiphasic segmented flow (e.g. G/L/L, L/L/S) can be an interesting approach for these applications. However, multiphasic segmented flow have been scarcely studied as of yet. This chapter is divided in several sections about different complex multiphasic segmented flow encountered in the literature that could ve used for eventual chemical applications:

• on G/L and L/L segmented flow with viscous liquids: this section doesn't describe a system with more than two phases. However it addresses the subject of very viscous liquids in segmented flow. Viscous liquids are often used in the lab or the industry.

One of the limitation of using viscous liquids is the low mass transfer performance in conventional reactor [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF]. Combining micro-reactor technology and viscous liquids is an interesting idea to intensify the process. However to have a controllable system, the effect of viscosity on the hydrodynamics and mass transfer needs to be discussed.

• on G/L/L segmented flow: this section addresses the hydrodynamic and mass transfer studies made on G/L/L segmented flow and the range of applications encountered in the literature.

• on G/L/S or L/L/S segmented flow: this section introduces the methods to have a solid phase inside the segmented flow and refers to the applications found in the literature.

• on L/L/L segmented flow: this section addresses the hydrodynamic and mass transfer studies on segmented flow with three different liquids phases and its applications as of yet.

2.1. SEGMENTED FLOW WITH VISCOUS LIQUIDS

Segmented flow with viscous liquids

As already seen in Chapter 1, segmented flow in micro/milli-reactor is an interesting tool for process intensification especially due to the enhancement of mass transfer performances.

Viscous liquids are often used in the lab or the industry. However one of the limitation of using viscous liquids is the low mass transfer performance in conventional reactor [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF].

Combining micro-reactor technology and viscous liquids is an interesting idea to intensify the process. This section focuses on the effect of viscosity on the hydrodynamics and mass transfer of the two-phase flow and on the applications of viscous liquids in segmented flow.

Effect of viscosity on the hydrodynamics and mass transfer

Flow patterns

For G/L system with viscous liquid, flow patterns similar to those described in Chapter 1

are observed [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF] (e.g. bubbly, segmented, annular). However, Tan et al. [START_REF] Tan | Flow and dispersion performance of gas/ionic liquid systems in microchannels[END_REF] have reported that with highly viscous liquid (63.5 cP), the transition between flow patterns are modified compared to more conventional liquid and cannot be predicted by commonly used flow maps [START_REF] Triplett | Gas-liquid two-phase flow in microchannels Part I: two-phase flow patterns[END_REF][START_REF] Fu | Squeezing-to-dripping transition for bubble formation in a microfluidic T-junction[END_REF][START_REF] Muhammad Akbar | On gas-liquid two-phase flow regimes in microchannels[END_REF] (Figure 2.1a). Yao et al. [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF] have proposed to use as coordinates a combination of Weber and Capillary number (Figure 2.1b). In this flow map, the transition lines which delineate the segmented flow for highly viscous liquid are more in accordance with the other work established with less viscous liquid. However, it is important to note that flow maps have to be used with caution because they do not include all parameters that play a role in the positioning of the flow (e.g. channel and inlet geometry) [START_REF] Shao | Flow regimes for adiabatic gas-liquid flow in microchannels[END_REF]. For L/L system with viscous liquids, similar flow patterns are observed. Transition lines are also modified and for more details, Yao et al. [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF] have reported flow maps using a combination of Reynolds and Capillary number as coordinates. Compared to G/L flow, the added difficulty in L/L system is that both viscosities of the continuous and the dispersed phase can be modified significantly.

SEGMENTED FLOW WITH VISCOUS LIQUIDS

Film thickness and bubble/droplet shape As already seen in Chapter 1, the film thickness tends to increase with the Capillary number. Indeed, for system using high viscous liquids, the film thickness is generally larger [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF]. In their review, Yao et al. [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF] indicates that for L/L system with viscous liquids, the correlations presented in Chapter 1 tend to over-predict the experimental results. Indeed, these correlations were obtained for G/L segmented flow and therefore they don't take into account the shear force between the liquid phases. Nevertheless, the correlation of Aussillous and Quéré [START_REF] Aussillous | Quick deposition of a fluid on the wall of a tube[END_REF] and Fairbrother and Stubbs [START_REF] Fairbrother | Studies in electro-endosmosis. Part VI. The "bubble-tube" method of measurement[END_REF] are the closest to the experimental data [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF]. . Howard et al. [START_REF] Howard | Review and extensions to film thickness and relative bubble drift velocity prediction methods in laminar Taylor or slug flows[END_REF] have studied three G/L systems with various liquid viscosities. They found out that the bubble shape is impacted by the capillary number. At high Capillary number (high velocity or/and high viscosity), the bubble takes a "bullet" shape with an asymmetry between the droplet front and tail (Figure 2.2). This "bullet" shape is also encountered at high Ca for L/L segmented flow. This shape implies that the film thickness is not constant along the entire droplet/bubble which could impact the mass transfer characterization. This is particularly true for small bubble/droplet with a length approximately equal to the channel diameter.

Recirculation and mass transfer

The effect of viscosity on mass transfer in G/L and L/L segmented flow has been scarcely studied and for the estimation of mass transfer coefficient, most correlations from the literature has been obtained without looking at the effect of liquid viscosity. Irandoust et al. [START_REF] Irandoust | Gas-liquid mass transfer in taylor flow through a capillary[END_REF] have investigated the mass transfer of oxygen in water (µ = 1 cP), ethanol (µ = 1.4 cP) and ethylene glycol (µ = 21.1 cP). Their correlation gives generally an lower estimation than the other commonly used correlations. Yao et al. [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF] have proposed to modify the correlation of Van Baten and Khrishna [START_REF] Van Baten | CFD simulations of mass transfer from Taylor bubbles rising in circular capillaries[END_REF] to include the effect of the liquid viscosity for the transfer in G/L segmented flow as:

2.1. SEGMENTED FLOW WITH VISCOUS LIQUIDS k l a = (2 √ 2 π DU d a caps + 2 √ π DU ε G L U C a film ) * (µ C * 10 3 ) -0.33 (2.1)
Yao et al. [START_REF] Yao | The effect of liquid viscosity and modeling of mass transfer in gas-liquid slug flow in a rectangular microchannel[END_REF] have recently investigated the transfer of CO 2 in a G/L segmented flow using several mixtures of water/glycerol as the liquid phase in square channel. The viscosity of the liquid phase was varied from 1 cP to 45.6 cP. The transfer of CO 2 is measured by the colour change in the continuous phase (from red to yellow). increases with increasing glycerol concentration and thus with increasing viscosities. This counter-intuitive result seems at first sight to go against the previous result indicating a decrease of the convection rate and thus on the mixing efficiency inside the slug for highly viscous liquids. However, Yao et al. [START_REF] Yao | The effect of liquid viscosity and modeling of mass transfer in gas-liquid slug flow in a rectangular microchannel[END_REF] explain this result by a significant contribution of the liquid film to the mass transfer. Indeed, the liquid film will receive CO 2 from the gas bubble but will also transfer it to the liquid slug. For less viscous liquid, the thickness of the liquid film is small and thus the film is easily saturated. Therefore the film has "less" solute to transfer in the slug. However, for highly viscous liquids, the thickness of the film is larger and thus not so easy to saturate compared to less viscous liquid film. More solute can therefore be transported in a given time. It is thus important for high viscous liquids to take into account the transfer between the film and the slug. Yao et al. [START_REF] Yao | The effect of liquid viscosity and modeling of mass transfer in gas-liquid slug flow in a rectangular microchannel[END_REF] have proposed a modified correlation for the overall k L a with a dependence on the Capillary number (and thus the viscosity):

k l a = 2 √ 2 π DU d a caps + Ca 0.445 2 √ π DU ε G L U C a film ( L D L S ) -0.195 (2.2)
2.2. GAS/LIQUID/LIQUID SEGMENTED FLOW Yao et al. [START_REF] Yao | The effect of liquid viscosity and modeling of mass transfer in gas-liquid slug flow in a rectangular microchannel[END_REF] have therefore proposed significant insight to characterize the mass transfer in G/L segmented flow for highly viscous liquid in square channel. However, the quantification of mass transfer in circular channel or in L/L segmented flow with highly viscous liquids is still lacking in the literature.

Application of viscous liquids in segmented flow

In milli/micro reactor, viscous liquids can be encountered. In particular, a promising approach is to combine ionic liquids and segmented flow. Ionic liquids are unconventional solvents that provide several advantages (thermal stability, non-volatility, tunable physicochemical properties). Nevertheless, their applications is limited due to their cost and their high viscosity which commonly causes mass transfer limitations in conventional reactor [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF]. A increasing amount of studies are combining the properties of ionic liquid and segmented flow. For example, applications of ionic liquids in segmented flow include:

• Extraction process: Application of ionic liquids for extraction processes in micro/milli channel have been investigated for nuclear fuel reprocessing. • Reaction in continuous flow: Rahman et al. [START_REF] Md Taifur Rahman | Low pressure Pd-catalyzed carbonylation in an ionic liquid using a multiphase microflow system[END_REF] have studied palladium-catalyzed carbonylation in CO/[Bmim]PF 6 segmented flow. They obtain high selectivity and yields.

• Material synthesis: Ionic liquids were also used to synthesize metal nanoparticles.

Lazarus et al. [START_REF] Lazarus | Two-Phase Microfluidic Droplet Flows of Ionic Liquids for the Synthesis of Gold and Silver Nanoparticles[END_REF] have studied the synthesis of gold and silver nanoparticles in a inert oil/[Bmim][NTf 2 ] droplet flow.

More details on the application of ionic liquids in microreactors are reviewed in [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF].

2.2 Gas/Liquid/Liquid segmented flow G/L/L segmented flow could be an interesting approach for many chemical applications like triphasic reactions. However, the addition of a supplementary phase will modified the hydrodynamics and mass transfer in segmented flow. This section focuses on the G/L/L hydrodynamics, mass transfer and possible applications.

Hydrodynamic studies on G/L/L segmented flow

Identification of flow patterns

The addition of a third fluid phase is increasing the complexity of the system hydrodynamics. However, compared to two-phase flow, studies on G/L/L hydrodynamics are rather scarce [START_REF] Wang | Generating Gas-Liquid-Liquid Three-Phase Microflows in a Cross-Junction Microchannel Device[END_REF][START_REF] Rajesh | Experimental characterization of gas-liquid-liquid flows in T-junction microchannels[END_REF][START_REF] Yue | Gas-liquid-liquid threephase flow pattern and pressure drop in a microfluidic chip: similarities with gas-liquid/liquid-liquid flows[END_REF][START_REF] Wang | Gas/liquid/liquid three-phase flow patterns and bubble/droplet size laws in a double T-junction microchannel[END_REF][START_REF] Su | Intensification of liquid-liquid two-phase mass transfer by gas agitation in a microchannel[END_REF]. Figure 2.4 presents the G/L/L flow regimes encountered in the literature:

• The three-phase segmented flow where the gas and one of the liquid phases are dispersed into the continuous phase (Figure 2.4a). Depending on the flow rate ratio 2.2. GAS/LIQUID/LIQUID SEGMENTED FLOW between the dispersed phases, multi-droplets/bubble (Figure 2.4c) or droplet/multibubbles (Figure 2.4b) segmented flow can be observed [START_REF] Wang | Gas/liquid/liquid three-phase flow patterns and bubble/droplet size laws in a double T-junction microchannel[END_REF]. Furthermore, depending on the liquid properties, segmented flow with double emulsions [START_REF] Yue | Gas-liquid-liquid threephase flow pattern and pressure drop in a microfluidic chip: similarities with gas-liquid/liquid-liquid flows[END_REF] where the bubble phase is included into the droplet can also be encountered (see Figure 2.4d).

• The parallel flow where the two liquid phases are flowing continuously, thus forming two stratified layers [START_REF] Wang | Generating Gas-Liquid-Liquid Three-Phase Microflows in a Cross-Junction Microchannel Device[END_REF]. The gas phase is dispersed into one of the liquid phases (Figure 2.4e).

• At high gas flow rate, Su et al. [START_REF] Wang | Generating Gas-Liquid-Liquid Three-Phase Microflows in a Cross-Junction Microchannel Device[END_REF], (b) droplet/multi-bubbles segmented flow [START_REF] Wang | Generating Gas-Liquid-Liquid Three-Phase Microflows in a Cross-Junction Microchannel Device[END_REF], (c) multi-droplets/bubble segmented flow [START_REF] Wang | Generating Gas-Liquid-Liquid Three-Phase Microflows in a Cross-Junction Microchannel Device[END_REF], (d) segmented flow with double emulsions [START_REF] Yue | Gas-liquid-liquid threephase flow pattern and pressure drop in a microfluidic chip: similarities with gas-liquid/liquid-liquid flows[END_REF], (e) parallel flow [START_REF] Wang | Generating Gas-Liquid-Liquid Three-Phase Microflows in a Cross-Junction Microchannel Device[END_REF], (f) annular flow [START_REF] Su | Intensification of liquid-liquid two-phase mass transfer by gas agitation in a microchannel[END_REF], (g) "churn" flow [START_REF] Su | Intensification of liquid-liquid two-phase mass transfer by gas agitation in a microchannel[END_REF].

Establishing flow map for G/L/L system is a complex challenge due to the large number of varying parameters. Flow maps using dimensionless numbers have been investigated by fixing one of the liquid flow rate [START_REF] Rajesh | Experimental characterization of gas-liquid-liquid flows in T-junction microchannels[END_REF]. For applications, the most commonly used pattern in the literature is the segmented flow which offers high and controllable interfacial areas.

Furthermore, the structure of the segmented flow can be tuned to obtain either the typical segmented flow (Figure 2.4a) or the segmented flow with double emulsions (Figure 2.4d) by playing with the interfacial tension between each phase. Chen et al. [START_REF] Delai | Ismagilov. Using Three-Phase Flow of Immiscible Liquids To Prevent Coalescence of Droplets in Microfluidic Channels: Criteria To Identify the Third Liquid and Validation with Protein Crystallization[END_REF] have proposed a rule based on the interfacial tensions to predict whether or not the gas bubble would be included into the other dispersed phase (see Figure 2.5). When the interfacial tension between the two dispersed phases is small, forming double emulsions is more energetically favourable. Indeed, Yue et al. [START_REF] Yue | Gas-liquid-liquid threephase flow pattern and pressure drop in a microfluidic chip: similarities with gas-liquid/liquid-liquid flows[END_REF] have observed double emulsions for a water/oil/gas system where the water was the continuous phase (γ t-r = γ oil-gas ∼23 mN/m). However, for a similar water/oil/gas system with oil as the continuous phase [START_REF] Wang | Gas/liquid/liquid three-phase flow patterns and bubble/droplet size laws in a double T-junction microchannel[END_REF], no double emulsions were reported (γ t-r = γ water-gas ∼72 mN/m). To change the nature of the continuous phase, the tubing material was modified. Therefore, by changing the tubing material, the structure of the segmented flow can be modified. Both configurations of the G/L/L segmented flow can provide interesting benefits. For example, the double emulsions, that provide a large interfacial area between the gas and liquid dispersed phases could be used for a reaction that is limited by the mass transfer between those two phases [START_REF] Liu | Manipulation of gas-liquid-liquid systems in continuous flow microreactors for efficient reaction processes[END_REF].

Injection devices and formation mechanisms

To generate G/L/L segmented flow, the most commonly used injection devices are the double T-junction [START_REF] Rajesh | Experimental characterization of gas-liquid-liquid flows in T-junction microchannels[END_REF][START_REF] Wang | Gas/liquid/liquid three-phase flow patterns and bubble/droplet size laws in a double T-junction microchannel[END_REF] and the cross junction [START_REF] Wang | Generating Gas-Liquid-Liquid Three-Phase Microflows in a Cross-Junction Microchannel Device[END_REF] (Figure 2.6a and 2.6b). For double T-junction, G/L segmented flow is often formed at the first T-junction and the second liquid phase is dispersed at the second T-junction.

Wang et al. [START_REF] Wang | Gas/liquid/liquid three-phase flow patterns and bubble/droplet size laws in a double T-junction microchannel[END_REF] have investigated the formation mechanisms of air/water/oil segmented flow in a double T-junction with oil as the continuous phase. They found out three main formation mechanisms:

• The "bubble cutting" mechanism where the bubble plays a role in the droplet formation at the second T-junction (Figure 2.6c). Indeed, the interfacial tension between the continuous and gas phase is higher than the interfacial tension between the continuous and liquid dispersed phase [START_REF] Wang | Gas/liquid/liquid three-phase flow patterns and bubble/droplet size laws in a double T-junction microchannel[END_REF]. Therefore the deformation of the bubble is less energetically favourable that the deformation of the liquid dispersed phase which results in the bubble cutting effect on the liquid dispersed phase.

• The "bubble cutting and shearing mechanism" where some droplets are formed by the cutting effect of bubbles and other are spontaneously generated (Figure 2.6e).

The spontaneous generation of droplet is due to the shearing effect of the continuous phase. Depending on the flow rates, the spontaneous droplet formation can follow different formation mechanisms already seen in Section 1.2.1 for two-phase segmented flow (squeezing, dripping).

• For long gas slugs (L g >3d), the droplet can break up and separate the gas slug into two smaller gas slugs (Figure 2.6g). For cross junction, Wang et al. [START_REF] Wang | Generating Gas-Liquid-Liquid Three-Phase Microflows in a Cross-Junction Microchannel Device[END_REF] have observed similar patterns (bubble cutting and spontaneous formation) except for the third mechanism where the droplet separates the gas slug (Figure 2.6d and 2.6f).

Mass transfer in G/L/L segmented flow

Mass transfer in G/L/L segmented flow has been scarcely studied in the literature [START_REF] Yao | Bubble/droplet formation and mass transfer during gas-liquid-liquid segmented flow with soluble gas in a microchannel[END_REF][START_REF] Liu | Hydrodynamics and local mass transfer characterization under gas-liquid-liquid slug flow in a rectangular microchannel[END_REF]. Yao et al. [START_REF] Yao | Bubble/droplet formation and mass transfer during gas-liquid-liquid segmented flow with soluble gas in a microchannel[END_REF] have investigated the transfer of CO They found that the gas bubble was faster than the aqueous droplet and therefore in the D/B/B/D flow pattern, the front bubble was separated from the aqueous droplet by a very thin film of octanol. In D/B/B/D pattern, the back bubble is in the slug and as the residence time increases, it will progressively get closer to the front gas bubble leading eventually to coalescence. For the front bubble, in the cap nearly in contact with the aqueous droplet, the transport of CO 2 is limited by the transfer between water and octanol phases [START_REF] Yao | Bubble/droplet formation and mass transfer during gas-liquid-liquid segmented flow with soluble gas in a microchannel[END_REF]. Thus, only the cap at the tail contributes to the bubble shortening.

Therefore the dissolution rate of the back bubble (with its two caps in the oil slug) is faster than the one for the front bubble (Figure 2.7b). The same tendency can be observed for D/B/D flow pattern. The dissolution rate for a gas bubble sandwiched between two aque-2.2. GAS/LIQUID/LIQUID SEGMENTED FLOW ous phase is slower than the one for a bubble in the octanol slug. As the residence time increases, the formation of "cluster", i.e. droplets and bubbles separated only by a thin film of octanol, is not optimal for the mass transfer of a gas solute [START_REF] Yao | Bubble/droplet formation and mass transfer during gas-liquid-liquid segmented flow with soluble gas in a microchannel[END_REF]. Liu et al. [START_REF] Liu | Hydrodynamics and local mass transfer characterization under gas-liquid-liquid slug flow in a rectangular microchannel[END_REF] have recently studied the mass transfer of O 2 in O 2 /octanol/water segmented flow in rectangular channel using water as the continuous phase. Using a colorimetric method, based on the oxygen reaction with resazurin in the water slug, they observed different behaviours depending on the slug positions, i.e whether the slug is located between a bubble and a droplet (BSD) or a droplet and a bubble (DSB) (see Figure 2.8b). The normalized concentration for oxygen is higher in the DSB slug than in the BSD slug. The authors explain this difference by the contribution of the film between the bubble and the channel wall. In their modelling approach (Figure 2.8b) where the reference is the bubble, the film is supposed to move backward. They have assumed that the flow from the film is instantaneously mixed with the slug (C film,out =C DSB and C film,in =C BSD )

and that there is no film between the organic droplet and the channel wall.

The authors [START_REF] Liu | Hydrodynamics and local mass transfer characterization under gas-liquid-liquid slug flow in a rectangular microchannel[END_REF] wrote the mass balance in DSB slug as:

dn DSB dt = k caps a caps C * + Q film C film,out (2.3) 
Where n DSB is the quantity of oxygen in the DSB slug, C * the saturated concentration of oxygen in the water phase and Q film is the volumetric flow rate of the film. In the liquid film, O 2 is transferred from the lateral part of the gas bubble and the mass balance in the liquid film is written as:

Q film (C film,out -C film,in ) = k film a film C * (2.4)
According to the author, the contribution of the film is superior to the contribution of the bubble cap thus explaining the behaviour difference between DSB and BSD slugs. This study gives therefore insight on how to model the mass transfer in more complex multiphasic system.

Applications of G/L/L segmented flow

G/L/L segmented flow has already been used with success for a few applications. This section presents the possible applications encountered in the literature. For more details, Liu et al. [START_REF] Liu | Manipulation of gas-liquid-liquid systems in continuous flow microreactors for efficient reaction processes[END_REF] have published a review on G/L/L applications.

Triphasic reactions

Onäl et al. [START_REF] Önal | Application of a Capillary Microreactor for Selective Hydrogenation of α,β-Unsaturated Aldehydes in Aqueous Multiphase Catalysis[END_REF] were the first to study triphasic reaction in G/L/L segmented flow. They have investigated the hydrogenation of α,β-unsaturated aldehyde (e.g. citral) in presence of a homogeneous ruthenium based catalyst in H 2 /water/hexane (or toluene) segmented flow. The substrate was placed in the organic continuous phase whereas due to its high solubility in water the catalyst was in the aqueous droplet. Hydrogen gas bubbles are injected as the reduction agent. This type of hydrogenation is known to be limited by mass transfer in conventional reactor. By using G/L/L segmented flow, the mass transfer limitations can be reduced. Therefore, according to Onäl et al., G/L/L segmented flow is an interesting tool to study the kinetics of triphasic reactions with mass transfer limitations.

Yap et al. [START_REF] Kun Yap | Rapid nanoparticle-catalyzed hydrogenations in triphasic millireactors with facile catalyst recovery[END_REF] have studied the hydrogenation of different alkenes and arenes with 2.2. GAS/LIQUID/LIQUID SEGMENTED FLOW rhodium nanoparticles as catalyst in a H 2 /water/cyclohexane segmented flow. Due to its affinity with the tubing material (PTFE), cyclohexane which contained the substrate was the continuous phase. Rhodium nanoparticles were "immobilized" inside the dispersed aqueous phase, thus preventing fouling of the channel wall. Compared to the 30 minutes of residence time needed in batch reactor to reach 80% of conversion, the G/L/L segmented flow system only needs 1 min due to the intensification of mass transfer.

Nanoparticles synthesis

As noted above, two-phase segmented flow has been used successfully for nanoparticles synthesis. Indeed, segmented flow divides the reactor into small compartments that acts as batch reactor. Compared to one-phase flow, this approach offers therefore a narrow residence time distribution which leads to a narrow particle size distribution. Segmented flow is also used to avoid fouling of the channel wall. In specific cases, it is advantageous to add a third phase. Wong et al. Being the inert continuous phase, oil prevents any fouling of the channel wall. This nanoparticles synthesis is characterized by the formation of hydrogen. In a two-phase oil/water segmented flow (Figure 2.9b), this synthesis results in an uncontrollable generation of hydrogen bubble that lead to poor recirculation and unequal reagent distribution in the aqueous droplet. Therefore nanoparticles of poor quality are observed (broad particle size distribution, low catalytic activity). However, in G/L/L segmented flow, the hydrogen bubbles merge with the N 2 bubble preventing the disruption of the recirculation loop.

The nanoparticles synthesized by this approach are characterized by a narrow particle size distribution and a high catalytic activity [START_REF] Wai Kuan Wong | Robust, non-fouling liters-per-day flow synthesis of ultrasmall catalytically active metal nanoparticles in a single-channel reactor[END_REF].

GAS/LIQUID/LIQUID SEGMENTED FLOW

L/L reactions with inert gas phase

The addition of an inert gas phase to L/L reactions in segmented flow can bring several advantages in specific cases:

• To avoid coalescence of the liquid droplets. Cech et al. [START_REF] Čech | Three-phase slug flow in microchips can provide beneficial reaction conditions for enzyme liquid-liquid reactions[END_REF] have investigated the enzymatic hydrolysis of soy-bean oil to biodiesel in L/L and L/L/G segmented flow.

The aqueous phase which contained the enzyme is dispersed into the oil phase.

The reaction takes place at the L/L interface. During the reaction, the interfacial tension is modified significantly leading to coalescence of the aqueous droplets. In • To extend the operating window of segmented flow. As already reported in Chapter 1, the pattern of L/L flow is modified at high flow rate (parallel or annular flow).

The modification of the flow pattern results in smaller interfacial area and less controllability of the flow. By adding a gas phase, Aoki et al. [START_REF] Aoki | Gas-Liquid-Liquid Slug Flow for Improving Liquid-Liquid Extraction in Miniaturized Channels[END_REF] have reported that the segmented flow pattern can be encountered even for high total flow rate (up to 200 mL/min compared to 60 mL/min achievable in L/L flow).

• To enhance the mass transfer. Assmann et al. 

"Slurry" segmented flow

For numerous chemical applications, it is necessary to introduce heterogeneous catalysts in the reactor. In micro or milli-reactor, solid catalysts are commonly immobilized inside the channel either as a coated layer on the channel wall or as a packed bed. An alternative method is to suspend the solid particles inside the dispersed or continuous phases of the G/L or L/L segmented flow (see Figure 2.11). All of these approaches have benefits and limitations (see Table 2.1). In the rest of this section, we will look more in detail at the literature on the segmented flow with suspended solids (called also "slurry" segmented flow).

Hydrodynamic studies on the slurry segmented flow

Influence of the solid wetting properties

The solid distribution within the segmented flow depends on its wetting properties. For example, Ufer et al. [START_REF] Ufer | Suspension catalysis in a liquid-liquid capillary microreactor[END_REF] have investigated a water/toluene segmented flow with hydrophilic and hydrophobic solid catalysts. For the hydrophilic alumina based catalyst, the solid particles stayed in the dispersed aqueous phase and followed the recirculation loops even if due to sedimentation, a higher particles concentration can be seen in the lower part of the droplet (see Figure 2.12). However for the hydrophobic carbon based catalysts, the solid particles are located in the toluene phase but are agglomerated at the interface forming a cap at the aqueous droplet end (see Figure 2.12). According to the authors the particles agglomerates at the droplet end due to the formation mechanism at the T junction. When the dispersed phase is pushed inside the main channel, the flow of the continuous phase is reduced locally (with an increase of local pressure). Unlike the liquid, the particles will keep the same velocity and will gravitate toward the interface at the end of the droplet. Olivon and Sarrazin [START_REF] Olivon | Heterogeneous reaction with solid catalyst in droplet-flow millifluidic device[END_REF] also have injected hydrophobic carbon based catalyst in an ethanol/fluorinated oil segmented flow. The solid particles are in this case dispersed in the ethanol phase and are not at the interface. Therefore depending on the solid wetting properties and the chosen liquids, the solid distribution can be completely different.

Methods

Solid distribution in the dispersed phase

Olivon and Sarrazin [START_REF] Olivon | Heterogeneous reaction with solid catalyst in droplet-flow millifluidic device[END_REF] have investigated the solid distribution in an ethanol/fluorinated oil segmented flow using carbon and zeolite based catalysts. They identified three types of solid distribution in the dispersed phase:

• At low superficial velocity, the solid particles stayed at the rear of the droplet (Figure 2.13a).

• At intermediate superficial velocity, the solid particles are dispersed within the dispersed phase but they are staying in the lower part of the droplet (Figure 2.13b).

• At high superficial velocity, the solid particles are evenly distributed in the droplet

(Figure 2.13c).
The authors point out that there is a strong influence of the particle density on the transition boundaries between the three types of solid distribution. If the density increases, the flow rate to obtain the homogeneously distributed regime is also likely to rise. Kurup and Basu [START_REF] Kurup | Field-free particle focusing in microfluidic plugs[END_REF] identified two phenomena happening for the distribution of solid particles in the dispersed phase: • The circulation effect due to the recirculation loops in the dispersed phase. The particles are put in motion in the circulation loop when the drag force is superior to the gravitational force. If not, the solid particles tend to sediment. The drag force is dependent on the velocity of the recirculation loop and thus on the superficial velocity of the segmented flow.

• The aggregation effect relates to the agglomeration of particles at the droplet rear.

According to the author, the aggregation is due to the connection between the main recirculation loops and the small vortices at the droplet rear. Particles are collected by the small vortices and have a tendency to stay in those vortices. As the number of particles located in the cap vortices increases, the particle overcrowding results in a stagnant region that keep collecting solid particles. If the drag force is prevailing over the gravitational force, the particles aggregation is symmetrically distributed in the droplet cap. If gravitational force is dominant, the particle aggregation will be located in the lower part of the droplet cap.

The prevalence of the two effects can be examined by the Shield number θ defined as the 2.3. "SLURRY" SEGMENTED FLOW ratio of the drag force applied on the particle and the force due to the particle's weight. 

Solid distribution in the continuous phase

The solid distribution in the continuous phase has been investigated for ethanol/N 2 /SiO 2 in vertical and horizontal tubing [START_REF] Liedtke | Study of a new gas-liquid-solid three phase contact mode at millimetric scale: catalytic reactors using slurry Taylor flow[END_REF]. For the horizontal flow, five solid distributions were observed with varying flow velocity and were placed on a flow map (see Figure 2.15a). The map is represented as a function of the solid loading w s and N which is defined as:

N = t s t f (2.5)
Where t s is the time necessary for particle to sediment at the bottom of the channel and t f is the time for one particle to travel one slug length. The sedimentation time t s can be calculated as:

t s = d v s (2.6)
Where v s is the sedimentation velocity which depend on the density ρ P and diameter d P of the solid particle and the density ρ and viscosity µ of the liquid slug:

v s = (ρ P -ρ)gd 2 P 18µ (2.7)
The time t f for one particle to travel one slug length L c is defined as:

t f = L c U (2.8)
As was observed earlier in the dispersed phase, the increase of superficial velocity results in a more homogeneous solid distribution in the liquid slug. However, at high solid loadings, For horizontal and vertical flow, it is possible to obtain a homogeneous solid distribution for specific experimental conditions. However, these conditions are dependent on a lot of operating parameters (solid properties such as wettability and density, liquid properties and channel geometry).

Conclusion on the hydrodynamic studies

Hydrodynamics of "slurry" segmented flow have been scarcely studied as of yet. The behaviour of solid particles are not available for a lot of solid and liquid systems. However as a first approach, we can look at the sedimentation velocity of the solid particle and compared it to the total superficial velocity of the flow. To obtain an homogeneous distribution of the solid particles inside the liquid phase, the sedimentation velocity should be much lower that the superficial velocity (v s ≪U). Table 2.2 shows the order of magnitude for the sedimentation velocity of several commonly used solid particles.

It is also important to notice that for nanoparticles the sedimentation velocity is around 

Mass transfer in "slurry" segmented flow

The L/S mass transfer in "slurry" segmented flow has been scarcely investigated. Liedtke et al. [START_REF] Liedtke | Liquid-Solid Mass Transfer for Microchannel Suspension Catalysis in Gas-Liquid and Liquid-Liquid Segmented Flow[END_REF][START_REF] Liedtke | External liquid solid mass transfer for solid particles transported in a milli-channel within a gas-liquid segmented flow[END_REF] have studied the external L/S mass transfer in G/L and L/L "slurry" segmented flow using ion exchange particles. The cationic exchange beads are suspended in a sodium hydroxide aqueous solution used as the continuous (in G/L) or the dispersed (in L/L) phase. The ion exchange is thus followed by fast neutralisation and the decrease of conductivity allows the monitoring of the mass transfer. 

U dC N a + dz = -k s a s ε s C N a + (2.9)
Where a s is the particle specific surface area, C N a+ is the sodium ion concentration and ε s is the solid phase hold up. To compare to other G/L/S reactor (stirred reactor, bubble column), the Sherwood number was introduced as:

Sh = k s d p D N a + (2.10)
Where d p is the particle diameter and D N a+ is the diffusivity of sodium ion in the aqueous phase. The Sherwood number obtained in "slurry" segmented flow is in the same order of magnitude that the one obtained in conventional reactor (Sh=4-14.4) [START_REF] Liedtke | Liquid-Solid Mass Transfer for Microchannel Suspension Catalysis in Gas-Liquid and Liquid-Liquid Segmented Flow[END_REF].

At low total superficial velocity, the particles are accumulated at the rear part of the slug, An increase of superficial velocity leads to a more homogeneous distribution of the particles inside the slug and also to an increase of the mass transfer coefficient k s . However, when the particles are homogeneously distributed in the slug (and therefore there is no accumulation at the rear of the slug), the superficial velocity and the slug length have no impact on k s . Furthermore, the solid charge or the flow direction have likewise no effect on k s . A first correlation was proposed to estimate the Sherwood number in "slurry" segmented flow depending on the Schmidt number Sc=µ L /ρ L D N a + and the particulate Reynolds number Re p = ρ L U d p /µ L :

Sh = 2 + αRe β p Sc 1/3 (2.11)

Applications of "slurry" segmented flow

"Slurry" segmented flow is still scarcely used in the literature. As of yet, the possible applications include:

• Chemical reaction with a heterogeneous catalyst. To demonstrate the efficiency of the "slurry" Taylor flow, model reactions like hydrogenation [START_REF] Olivon | Heterogeneous reaction with solid catalyst in droplet-flow millifluidic device[END_REF][START_REF] Enache | Experimental Evaluation of a Three-Phase Downflow Capillary Reactor[END_REF][START_REF] Enache | The hydrogenation of isophorone to trimethyl cyclohexanone using the downflow single capillary reactor[END_REF][START_REF] Liedtke | Gas-liquid-solid "slurry Taylor" flow: Experimental evaluation through the catalytic hydrogenation of 3-methyl-1-pentyn-3-ol[END_REF] were examined and compared to a batch reactor. The performances were either comparable to the batch reactor [START_REF] Olivon | Heterogeneous reaction with solid catalyst in droplet-flow millifluidic device[END_REF][START_REF] Liedtke | Gas-liquid-solid "slurry Taylor" flow: Experimental evaluation through the catalytic hydrogenation of 3-methyl-1-pentyn-3-ol[END_REF] (for reaction limited by the chemistry) or higher that the batch reactor [START_REF] Enache | Experimental Evaluation of a Three-Phase Downflow Capillary Reactor[END_REF][START_REF] Enache | The hydrogenation of isophorone to trimethyl cyclohexanone using the downflow single capillary reactor[END_REF].

• Solid transport in micro/milli channel. Solid particles can be produced by a chemical reaction and segmented flow can be a tool to avoid any clogging. As an example, Horie et al. [START_REF] Horie | Photodimerization of Maleic Anhydride in a Microreactor Without Clogging[END_REF] have examined the photodimerization of maleic anhydride into cyclobutane tetracarboxylic dianhydride (CBTA) which precipitates in the liquid slug with a particle size of 14 µm. The addition of an inert gas phase facilitates the transport of solid particles in the micro-reactor and prevents any clogging.

• To enhance the absorption of a gas solute into the liquid slug. As an example, Cai et al. [START_REF] Cai | Enhancement of CO2 Absorption under Taylor Flow in the Presence of Fine Particles[END_REF] have studied the absorption of CO 2 in liquid slug in presence of carbon based solid particles. They found that the absorption rate increases in presence of solid particles. The authors assumed that the solid particles followed the recirculation loop in the liquid slug. Therefore, the particles will pass near the bubble caps and will adsorb an additional quantity of gas which will be desorbed in the vortex centre (thus regenerating the solid particles).

2.4. LIQUID/LIQUID/LIQUID SEGMENTED FLOW

Liquid/Liquid/Liquid segmented flow

In the literature, studies were also carried out on segmented flow with three different liquid phases. Figure 2.17 shows a scheme of the L/L/L flow. The continuous liquid phase (L3)

is not miscible with the two other liquid phases (L2 and L3). However, the liquid phases L1 and L2, encountered in the literature are miscible. The L/L/L segmented flow is also called the alternated segmented flow (ASF). 

Coalescence phenomenon

One of the main challenge to generate alternated segmented flow is to avoid coalescence between the two miscible phases (L1 and L2). Coalescence phenomenon has been widely investigated [START_REF] Saboni | Drainage and Rupture of Partially Mobile Films during Coalescence in Liquid-Liquid Systems under a Constant Interaction Force[END_REF][START_REF] Christopher | Coalescence and splitting of confined droplets at microfluidic junctions[END_REF][START_REF] Klaseboer | Film Drainage between Colliding Drops at Constant Approach Velocity: Experiments and Modeling[END_REF][START_REF] Derek | Film drainage and coalescence between deformable drops and bubbles[END_REF] in the literature due to its relevance on liquid-liquid extraction process or emulsion formation. The coalescence mechanism can be divided into three steps [START_REF] Zheng | Formation of Droplets of Alternating Composition in Microfluidic Channels and Applications to Indexing of Concentrations in Droplet-Based Assays[END_REF]:

• The two miscible droplets get closer to each other and "collision" occured. The phases are still separated by a liquid film from the third non miscible phase.

• The liquid film becomes progressively thinner. The rate of film drainage depends on fluid properties (like viscosity) and the presence of surfactants.

• When the film breaks, the two miscible phases are in contact and coalescence happens rapidly.

The coalescence depends on two different times: the contact time which characterizes the time where the droplets are in "contact" with each other (i.e. separated by a liquid film) and the drainage time which characterizes the time for two droplets in "contact" to merge. The film drainage time t drain can be estimated by the following equation obtained by Klaseboer et al. [START_REF] Klaseboer | Film Drainage between Colliding Drops at Constant Approach Velocity: Experiments and Modeling[END_REF]:

t drain ≈ 40R µ c /σU (2.12)
Where R is the droplet radius and σ is the interfacial tension between the continuous liquid and the dispersed phase. This approximation has been established for two spherical droplets that approach each other at same velocity U. According to the literature [START_REF] Christopher | Coalescence and splitting of confined droplets at microfluidic junctions[END_REF],

this equation is suitable for systems without surfactants. Therefore for a very viscous liquid as the continuous phase, coalescence of the dispersed phases will be delayed. 

Hydrodynamics on alternated segmented flow

In this section, we will only discussed about systems with passive monitoring at the injection to generate the alternated flow. Indeed, some studies [START_REF] Zeng | Microvalveactuated precise control of individual droplets in microfluidic devices[END_REF][START_REF] Asano | Contactless mass transfer for intra-droplet extraction[END_REF] have investigated the formation of alternated segmented flow using a system of valves at the injection. By closing or opening the valve at the appropriate time, alternated segmented flow can be generated without coalescence. However, this active control at the injection requires a more complex and costly system and will not be addressed here.

Injection devices

The geometry of the injection device must limit the time where the two dispersed phases are close to each other. Several injector geometries have been examined in the literature and are presented in In terms of quantitative description on the droplets generation (droplet length, formation mechanism), studies are very limited. In the dual nozzle injection system, Frenz et al. [START_REF] Frenz | Microfluidic Production of Droplet Pairs[END_REF] have investigated the formation frequency f of droplets and found out that the frequency depends linearly on the flow rate of the continuous phase Q c and on the dispersed phase flow rate Q d with a power law as defined in the following equation:

f = αQ c Q β d (2.13) 58 
2.4. LIQUID/LIQUID/LIQUID SEGMENTED FLOW With α and β are constants that depend on the system. According to the authors, the equation is verified when both dispersed phases have the same flow rates.

Identification of flow regimes

Zheng et al. [START_REF] Zheng | Formation of Droplets of Alternating Composition in Microfluidic Channels and Applications to Indexing of Concentrations in Droplet-Based Assays[END_REF] were the first to describe the generation of alternated segmented flow (Org./Aq./Aq.) in a double T junction device. They have identified four flow regimes which are characterized by the Capillary number Ca and the water fraction wf. The Capillary number is defined as:

Ca = U µ c σ (2.14)
Where σ is the interfacial tension between the continuous and dispersed phases. The water fraction is calculated as the ratio between the flow rates of the dispersed phases and the total flow rate:

wf = 2Q d 2Q d + Q c (2.15)
In all experiments, both dispersed phases were injected with the same flow rate Q d . The generation of these flow regimes has been confirmed by Surya et al. [START_REF] Palani | Alternating and merged droplets in a double T-junction microchannel[END_REF] in a similar system. Figure 2.19 shows the different flow regimes with their repartition on the flow map:

• For small Capillary number (Ca<0.001), the dispersed phase merges directly at the injection (see Figure 2.19a). • By increasing the Capillary number further (0.05<Ca<0.13) and wf<0.6, small droplets with a length inferior to the channel diameter are generated (see Figure 2.19c).

• For high Capillary number (Ca>0.13) or high water fraction (wf>0.8), small droplets are generated far from the injection system. Between the inlets and the droplet formation, a stratified flow is observed (see Figure 2.19d).

Mass transfer in ASF

The mass transfer of solute from one droplet to the other in ASF has been scarcely studied as of yet. Very recently, Asano et al. [START_REF] Asano | Contactless mass transfer for intra-droplet extraction[END_REF] have investigated qualitatively the transport of bromothymol blue (BTB) from an acidic slug to a basic one using dodecane as the According to the authors, BTB is transported from the tail of the acidic slug to the tail of the basic slug. They proposed the transfer mechanism reported in Figure 2.20b where BTB is transported first by the primary vortices in the continuous slug, then through the dodecane film and is finally transferred to the tail of the basic droplet. According to the authors, the transport through the film (and not directly to the front part of the basic slug) is explained by the Marangoni effect. Indeed, BTB acts as a surfactant in dodecane and decreases the interfacial tension between water and dodecane. Therefore, assuming that the BTB concentration is higher at the droplet front, the liquid tends to flow from 60 2.4. LIQUID/LIQUID/LIQUID SEGMENTED FLOW the region with low surface tension to the region with high surface tension (Marangoni effect). This qualitative study points out an asymmetric behaviour between the front and the tail of the slug. To clarify the transport mechanisms, a more detailed and quantitative study is needed. Furthermore, we can assume that for a solute that doesn't impact the interfacial tension, the mass transport can be quite different.

Applications of the alternated segmented flow

As of yet, the alternated segmented flow has been scarcely used in the literature. The following applications can regardless be mentioned:

• Indexing composition of droplets for protein crystallisation screening The idea is to correlate the solute concentration in one droplet with the concentration of a marker in the following droplet. For example, the protein concentration is correlated to the concentration of dye G by using the same syringe pump for both inlet and likewise the precipitant concentration is correlated to the concentration of dye B (see Figure 2.21a). For a ratio ∼1:1 of the protein and precipitant concentration, protein crystallization has been observed (see Figure 2.21b) whereas no protein 2.5. CONCLUSION crystallization was observed for other ratio (see Figure 2.21c).

• The alternated flow has been also used for material synthesis. For example, Hung et al. [START_REF] Hung | Alternating droplet generation and controlled dynamic droplet fusion in microfluidic device for CdS nanoparticle synthesis[END_REF] have generated alternated droplets of solutions of Cd 2+ and S 2-. The objective is to generate and immediately merge the droplets to provide efficient mixing. After a controlled fusion of the droplets, the synthesized CdS nanoparticles have interesting properties (very narrow size distribution, chemical stability).

Conclusion

In this chapter, we have reviewed the hydrodynamic and mass transfer studies of complex multiphasic segmented flows as well as their possible applications. Compared to G/L and L/L segmented flow, it is obvious that there is still knowledge gaps about these systems:

• For G/L and L/L segmented flow with viscous liquids: The impact of liquid viscosity on some key characteristics of segmented flow (film thickness, bubble shape, flow pattern boundaries) has been identified. Furthermore, mass transfer study with high viscous liquid were also performed leading to new correlations for the mass transfer coefficient. However, grey zones remain about the influence of viscosity on the mass transfer especially for viscous L/L segmented flow.

• For G/L/L segmented flow: Through different applications, the literature shows that G/L/L segmented flow is a promising approach especially for the enhancement of mass transfer. The control of G/L/L hydrodynamics is therefore possible but more studies are required to achieve a more accurate control of the flow pattern.

Furthermore, the precise characterization of mass transfer in G/L/L flow is still lacking in the literature.

• For "slurry" segmented flow: First insights were given about hydrodynamics and mass transfer in "slurry" segmented flow. More studies are required to broaden the operating parameters (e.g. solid properties, tubing material and diameter...).

Promising applications have been discussed but are still very marginal as of yet.

• For alternated segmented flow: Literature on ASF is for now rather scarce. A few studies have given insights on the ASF hydrodynamics. However, knowledge gaps remains especially to broaden the operating parameters (e.g. impact of tubing diameter, fluid properties...). Furthermore, in the literature, flow regimes of ASF are studied only after a few seconds of residence time. The question of the flow stability for longer residence time has not been addressed so far. For applications in chemical syntheses, long residence times (10-30 min) are often needed and therefore a study on the ASF stability is required. The mass transfer in ASF needs also to be further characterized.

The objective of this work is not to answer to all these knowledge gaps. However, we will look in particular at the alternated segmented flow with a hydrodynamic and mass transfer studies (Chapter 3 and 4). Furthermore, in Part III, we will focus on chemical 2.5. CONCLUSION applications using these complex multiphasic segmented flows. In Chapter 5, the synthesis of nanoparticles in G/L with viscous liquids will be addressed. In Chapter 6, the implementation in segmented flow of cascade reactions with incompatible reaction steps will be discussed. Due to the incompatible reaction steps, compartmentalization of the reactor using the multiphasic segmented flow described here will be examined.

Part II

Hydrodynamic and mass transfer in alternated segmented flow CHAPTER 3

Hydrodynamic study of the alternated segmented flow

In this chapter, we chose to develop multiphasic segmented flow and more especially alternated segmented flow as already mentioned in Section 2.4. The aim of this chapter is therefore:

• to develop an injection device able to generate alternated segmented flow. The difficulty is to avoid coalescence of the two miscible phases at the injection. The generation of alternated segmented flow has been investigated in the literature in small rectangular channel (with a diameter <500 µm) [START_REF] Zheng | Formation of Droplets of Alternating Composition in Microfluidic Channels and Applications to Indexing of Concentrations in Droplet-Based Assays[END_REF][START_REF] Frenz | Microfluidic Production of Droplet Pairs[END_REF][START_REF] Palani | Alternating and merged droplets in a double T-junction microchannel[END_REF]. The objective is here to work at a bigger scale (channel diameter of 1.6mm) with a circular channel.

• to stabilise the alternated segmented flow for a relatively long residence time suitable for chemical applications. In the literature, no information was given about the outcome of the alternated flow after a few seconds of residence time. To generate the alternated segmented flow, saturated long chain alkanes like squalane were foreseen as good candidates because of their high viscosity (µ=35.59 cP at 20 • C for the squalane) that could prevent coalescence events. Blue and red pigments were added to the water to facilitate the flow visualisation.

Experimental set up

Generation of alternated segmented flow

This section addresses the development of injection devices in order to generate the alternated segmented flow.

Geometry of injection systems

The geometry of the injection plays an essential role to prevent the fusion of the two miscible droplets. The hydrodynamic study on how to generate alternated droplets was carried out with two different injection systems. The first one (Figure 3 

PMMA injection system

Formation mechanism

In a typical experiment, the continuous organic phase and the aqueous dispersed phases are placed inside the syringes and pushed into the PMMA cell at the desired flow rates.

The red droplet is generated at junction n • 1 and the blue droplet is formed at junction n • 2 (Figure 3.3).

Junction n°1 Junction n°2

1.6 mm At the junction n • 1, the red droplet is generated following the squeezing mechanism (already described for two-phase system, see Section 1.2.1). However at the junction n • 2, three other formation mechanisms similar to the one observed in G/L/L segmented flow (see Section 2.2.1) were identified:

GENERATION OF ALTERNATED SEGMENTED FLOW

• The droplet cutting mechanism (Figure 3.4a) where the red droplet plays a role in the generation of the blue droplet by favouring the breakage of the blue thread between the blue aqueous phase and the forming droplet.

• The shearing and cutting mechanism where for the same experimental conditions the blue droplet is generated either only by the shearing action of the continuous phase (Figure 3.4b) or by the cutting of the red droplet.

• For long red droplets, the blue droplet can break the red droplet into two smaller droplets without coalescence (Figure 3.4c). However, the droplets will coalesce shortly after the formation (after less than one second).

To avoid coalescence, the most interesting formation mechanism is the shearing mechanism where the blue droplet is generated relatively far from the red droplet (i.e. there is a liquid slug between the red and blue droplet and not just a liquid film). However the mechanism where all blue droplets for the same experimental conditions are formed by only the shearing of the continuous phase is not observed (a large proportion of the blue droplet are generated by cutting mechanism). 

Typical patterns obtained with PMMA cell

In this injection system, the coalescence may occur at the junction n • 2 (see Figure 3.5a)

i.e. the junction between the main channel and the inlet of the blue aqueous phase.

To evaluate the coalescence, a coalescence index (CI) was defined as the percentage of coalesced droplets (mixture of red and blue) for 50 generated red droplets. The counting of coalescence events was performed at the end of the PMMA cell (5 mm after the junction n • 2). The CI is therefore between 0 and 100% where 0% means that no coalescence 70 3.2. GENERATION OF ALTERNATED SEGMENTED FLOW happened whereas 100% means that all blue and red droplets merge at the injection. The CI has been measured for a wide range of flow rates from 0.1 to 2 mL/min for the squalane phase (Q squalane ) and from 0.05 to 0.2 mL/min for the aqueous phases (Q red and Q blue ).

As a first approach, the two aqueous phases are injected at the same flow rate. 

wf = Q red + Q blue Q red + Q blue + Q squalane (3.1)
At low water fraction (wf=0.25), the red droplet can pass through the junction n • 2 without merging with the blue aqueous phase (Figure 3.5a). In this situation, a low CI of 7% was measured. At higher water fraction (wf=0.5) and for the same superficial velocity (see Table 3.1 for the experimental conditions), the red droplet has a higher probability of merging with the blue phase (Figure 3.5b). A much higher CI of 40% was obtained. In general, a decrease of the total superficial velocity will also lead to a high probability of coalescence at the junction n • 2. An example is presented in Table 3.1 where reducing the velocity from 5 mm/s to 2.5 mm/s (at constant water fraction) results in an increase of CI from 10% to 100%. Indeed, at low velocity, the contact time between the two aqueous droplets increases giving more time for the drainage of the organic film. It is however important to notice that even at low water fraction and high velocity, the CI is not equal to 0%. At the junction n • 2, it was observed that the droplet formation doesn't always happen in the same way. In other words, red droplets can arrive at the junction n • 2 at various degrees of blue droplet formation. Consequently, when the blue droplet occupies an important portion of the main channel, the red droplet cannot pass through without deformation which can lead to coalescence. This irregularity in flow patterns was investigated in the next section.

Q squalane Q red Q blue wf

Modelling the droplet formation in PMMA cell

In this section, a simple model was developed to anticipate coalescence events and to find experimental conditions where coalescence is limited. The idea was to look at the junction n • 2 and determine the conditions where the blue and red phases occupy at the same time a large portion of the main channel (indicating a possibility of a coalescence event). A preliminary study on the droplet length and the formation time were needed and was made on the junction n • 1 with the red droplet. The droplet length and the formation time were measured at various experimental conditions by a Matlab R routine. The droplet length can thereafter be estimated using Garstecki's equation [START_REF] Garstecki | Formation of droplets and bubbles in a microfluidic T-junction-scaling and mechanism of break-up[END_REF]:

L d d = β + α Q red Q squalane (3.2)
Where α=1.65 and β=0.83 (Figure 3.6a). L d is the droplet length and d is the channel diameter. As a first estimation, the formation time was estimated using a similar equation as [START_REF] Frenz | Microfluidic Production of Droplet Pairs[END_REF]: Secondly, we can determine the channel obstruction by the blue phase at junction n • 2.

1 t formation = λ (Q red Q squalane ) γ (3.
We made the assumption that the blue phase formation behaves like the red phase if it came across a continuous phase with a flow rate of Q squalane + Q red . A simple linear model was made using the previously determined data (see the blue curve in Figure 3.8b).

The model shows that for experimental conditions, where the aqueous flow rates are equal, the red droplet can arrive at the junction n • 2 at various degrees of blue droplet formation.

Therefore, coalescence event can happen when the two aqueous phases occupy the channel at the same time (Figure 3.8c). This phenomenon can be explained by different formation times between the red and blue phases. Indeed, the red phase crosses a continuous phase with a flow rate equal to Q squalane whereas the blue phase crosses a "continuous" phase with a flow rate equal to Q squalane + Q red . In these conditions, the blue droplet is formed faster than the red droplet. According to the model, an equalization of formation times by reducing Q blue could be a solution (see Figure 3.8d). However, in this case, the formation of the blue droplet happen every time when the red droplet arrives at junction The assumption made earlier about the blue phase behaving like the red phase is in this case not appropriate because the red droplet plays a role in the blue droplet formation.

Therefore, the model doesn't capture what is exactly happening. Nonetheless, this simple model helps us to find conditions where the flow pattern is regular. Unfortunately, with those experimental conditions, the aqueous droplets are formed really closed to each other and coalesce rapidly after a few seconds of residence time.

PEEK cross junction

Identification of flow regimes and mapping

In the literature, the generation of alternated droplets has already been investigated in cross geometry. However, previous studies used small rectangular channel (with a channel diameter <500 µm). This work focuses on circular channel with bigger channel diameter of 1.6 mm. In this section, squalane and distilled water are used respectively as the continuous and dispersed phases. 

Ca = U µ σ (3.5)
Where U is the total superficial velocity of the flow (m.s -1 ), µ is the viscosity of the continuous phase (kg.m -1 .s -1 ) and σ is the interfacial tension between water and squalane (kg.s -2 ). The interfacial tension between squalane and water was given by the literature [START_REF] Hildebrandt | Interactions between Phospholipids and Organic Phases: Insights into Lipoproteins and Nanoemulsions[END_REF] and is equal to 46 mN/m. The Reynolds number is defined as:

Re = ρU d µ (3.6)
Where ρ is the density of the continuous phase (kg.m -3 ) and d is the channel diameter (m). The water fraction is defined as the ratio of the total water flow rate over the total flow rate as defined in Equation 3.1. At the cross junction, the two aqueous dispersed phases are introduced opposed to each other whereas the continuous phase is injected in the main channel (see Figure 3.2b for the geometry). The idea is to use the local pressure build up in each dispersed phase to form the droplets in an consecutive manner.

Three flow regimes were identified (Figure 3.9b). At low Capillary number (Ca<0.002) or high water fraction (wf>0.65), the aqueous droplets directly coalesce at the injection. At higher Capillary number (Ca>0.002) and intermediate water fraction (0.2<wf<0.65), the desired alternated segmented flow where droplets are successively formed was obtained.

Thus, coalescence could be avoided providing that a sufficient flow rate of squalane is injected. With a decrease of water fraction (wf<0.3 approximately), smaller droplets with a length inferior to the channel diameter were observed. We manage here to identify the experimental conditions needed in order to obtain the alternated segmented flow.

Rapid coalescence after injection

The outcome of the alternated segmented flow is observed in a coiled reactor of 10 m (see Figure 3.1 for the experimental set-up). For a triplet of flow rates, the coalescence index (CI) was measured at different distances of the injection. Table 3.2 shows the evolution of the CI with the residence time. Fast coalescence happens directly after a few seconds. One of the aqueous droplets is gradually getting closer to the other and the film of squalane eventually disrupt leading to coalescence. The coalescence is due to a slight difference of velocity between the two droplets. Droplet velocity depends on numerous parameters (i.e.

interfacial tension, viscosity, droplet length) and the influence of each parameter is still questioned in the literature [START_REF] Ferraro | Controlling the distance of highly confined droplets in a capillary by interfacial tension for merging on-demand[END_REF]. One can assume that this phenomenon is due to a slight variation in drop size or shape which results in small variation of droplet velocity. This assumption will be discussed in more detail in the next section. Table 3.2: Observation of rapid coalescence after the injection. The CI is measured for Q squalane =0.35 mL/min, Q red =0.12 mL/min, Q blue =0.12 mL/min.

Stabilisation of alternated segmented flow

As noted in the previous section, coalescence of the dispersed phases happens rapidly after the injection. However, for chemical application, it is crucial to maintain a stable flow for a residence time compatible with the reaction time. Therefore an particular question arises : How can we stabilise the flow over time?

Addition of a second entry of continuous phase

The first solution to stabilise the flow was to add a second entry of continuous phase. By adding more continuous phase, the idea was to separate further the droplets. In order to add the second continuous phase, two injectors were tested and are represented in Figure 

PEEK injection system

The stabilisation study for the PEEK injector is conducted with the experimental conditions (Q squalane 1 , Q red , Q blue ) resulting in the generation of alternated segmented flow (determined previously in Section 3.2.3). As an example, Figure 3.12 shows the results obtained for a specific triplet of flow rates (Q squalane 1 =0.35 mL/min, Q red =0.12 mL/min, Q blue =0.12 mL/min). The flow rate of the second entry of squalane (Q squalane 2 ) was varied from 0 to 0.5 mL/min. For each quadruplet of flow rates, the CI was measured at different distances of the injection. mL/min, Q red =0.12 mL/min and Q blue =0.12 mL/min at different residence times and various Q squalane 2 using the PEEK injection system.

The addition of a second entry of continuous phase increases the space between the aqueous droplets and enables to delay the coalescence by a few seconds. With this system, the residence time can be extended to a few minutes depending on the experimental conditions.

A maximum residence time of 10 minutes was achieved (see Figure 3.13 for the photograph of the entire coiled reactor) for the following quadruplet of flow rates Q squalane 1 =0.6 mL/min, Q red =0.15 mL/min, Q blue =0.15 mL/min and Q squalane 2 =0.8 mL/min. As we said previously, the coalescence phenomenon could be explained by slight variation of the drop size and shape. Indeed, this study is performed under conditions between the segmented regime and the droplet regime. Under such conditions, any decrease of the droplet volume will lead to a decrease of the droplet diameter. Such a smaller droplet will not "stick" to the stagnant film hence will likely have a slightly different velocity compared to the next droplet, which in turn will cause coalescence. To illustrate this assumption, two experiments were made with different droplet lengths.

In the first experiment (Figure 3.14a), the blue aqueous phase was injected with an higher flow rate than the red aqueous phase. Therefore the length of the blue droplet is bigger than that of the red droplet. In this case, the velocity of the red droplet is slightly higher and the red droplet catch up with the blue one leading to coalescence. In the second experiment (Figure 3.14b) where the flow rates are swapped, the smaller blue droplet catch up with the red one leading to coalescence.

Addition of a gas phase as spacer

Using the same injectors as Section 3.3.1, nitrogen was added instead of the second entry of squalane. The idea was to inject a spacer (the gas bubble) between the two aqueous droplets. Indeed, gas bubbles are more rigid due to a high surface tension with the continuous phase thus preventing contact between the two aqueous droplets.

PMMA injector system

Typical patterns obtained with the PMMA injector are presented in Figure 3.15. First the red aqueous droplet is generated. Then, the gas is injected in such a way that there is an empty slug of squalane available for the addition of the blue droplet. Finally, the blue aqueous phase is injected in the flow. In Figure 3.15a, the blue droplet is injected in the empty squalane slug thus preventing the coalescence between the aqueous droplets.

However in Figure 3.15b, the blue droplet is placed in the squalane slug already filled with the red droplet. In this case, coalescence will rapidly happen. For the first case where the blue droplet is well positioned, long residence time can be considered because the gas bubble prevents the coalescence. However the operating window to obtain this flow requires a specific and precise synchronisation of each phase. In other words, the order and triggering of each phase are quite crucial for the desired positioning of the phases.

The syringe pumps used for this study don't allow the degree of accuracy required for the precise and repeatable synchronisation of the four phases. The PMMA injector, while able to form a stable alternated segmented flow, is therefore not a viable solution to stabilise the flow. 

PEEK injection system

Using the same injector device as Section 3.3.1, a gas phase of N 2 was added in place of the second squalane entry. For several squalane flow rates from 0.2 mL/min to 1 mL/min, the corresponding aqueous flow rates were chosen to obtain a water fraction equal to 0.4 where the Org./Aq./Aq. alternated segmented flow can be formed for a relatively large range of superficial velocity (see Figure 3.9a). For each triplet of flow rates, the gas flow rate (Q N 2 ) was varied from 0.1 to 1.2 mL/min. The flow map (Figure 3.16a) depicts the regimes obtained depending on the gas fraction defined as:

gf = Q gas Q red + Q blue + Q squalane + Q gas (3.7)
Three regimes were identified. At low gas fraction (gf<0.1), gas bubble are inserted approximately every two aqueous droplets. At intermediate gas fraction (around 0.1<gf<0.3), gas bubbles are injected between each droplet. If the gas fraction increases even further, several gas bubbles can be injected between the aqueous droplets. Whenever there is a gas bubble between every aqueous droplet, coalescence between the two dispersed phases cannot happen since gas bubbles are very rigid and hardly breakable at such small scale. To be representative of chemical applications, thirty minutes of residence time were therefore achieved in the 10 meter coiled reactor (Figure 3.17a) and one can easily expect longer residence times with longer tubes.

Over time, the droplets and the bubbles are getting closer to each other. This formation of "cluster" have already been observed in the literature on G/L/L segmented flow.

Yao et al. [START_REF] Yao | Bubble/droplet formation and mass transfer during gas-liquid-liquid segmented flow with soluble gas in a microchannel[END_REF] explained that the cluster formation is due to the slightly higher velocity of the gas bubble which lead to the formation of "cluster" with a water droplet at the cluster front. Similarly, in this work, the cluster formation is assumed to be caused by the slight difference between velocities of aqueous droplets and gas bubbles. However the gas bubble is often observed at the front of the cluster indicating that the droplet velocity is higher than the bubble velocity. This opposite behaviour may be related to the difference in length and shape of the droplets and bubbles. In any case, the formation of cluster in multiphase segmented flow is not completely understood as of yet. However, even with the cluster formation, the gas bubble acts effectively and efficiently as spacer between the aqueous droplets thus preventing any coalescence events. 

Influence of liquid properties

Until this point, the hydrodynamic study has been made using squalane as the continuous phase and distilled water as the dispersed phases. In this section, the influence of liquid properties (viscosity and surface tension) will be investigated. The objective was to widen the range of possible applications by testing commonly used inert organic phases (silicon oil) and by looking at different mixtures of solvents as the dispersed phases. On this point, solvent mixtures were chosen for specific chemical applications which were investigated in this project (see Chapter 6). The properties of the liquids used in this section are presented in the surface tension property, the relevant value should be the interfacial tension between the continuous phase and the dispersed phase. However in the majority of cases we examined, this value was not available in the literature. Therefore a rough estimation of the interfacial tension between phases i and j was taken based on the empirical rule stated by Antonoff [START_REF] Donahue | The Boundary Tension at Water-Organic Liquid Interfaces[END_REF]:

σ i/j =| σ i -σ j | (3.8)
This very simplistic approach for interfacial tension estimation is to be taken with caution especially because its validity have been questioned in the literature [START_REF] Donahue | The Boundary Tension at Water-Organic Liquid Interfaces[END_REF]. 3.3 for liquid properties) and therefore we assume that the impact of interfacial tension can here be neglected. The PMMA injector was used to see the flow behaviour directly at the injection. was tested and the flow pattern obtained is presented in Figure 3.18b. At the junction n • 2, the organic film holds for a longer time before breaking leading to coalescence. These observations are in agreement with the literature [START_REF] Klaseboer | Film Drainage between Colliding Drops at Constant Approach Velocity: Experiments and Modeling[END_REF]. Indeed as mentioned in Section 2.4.1, to characterize the coalescence, Klaseboer and al. [START_REF] Klaseboer | Film Drainage between Colliding Drops at Constant Approach Velocity: Experiments and Modeling[END_REF] have proposed to compare the contact time t contact of the droplets and the drainage time t drain . At the second T junction, the contact time can be evaluated as:

Viscosity Surface Tension

t contact = L d S Q squalane + Q red (3.9)
Where S is the cross sectional area. For the conditions presented in Figure 3.18, the contact time is equal to 0.65 s. According to the author, the drainage time of the liquid film between the red and blue droplets can be estimated by: For dodecane as the continuous phase, the drainage time was estimated as t drain ∼0.08s whereas for squalane/dodecane (4:1 vol), the drainage time was t drain ∼0.21s. Considering than t contact >t drain , the droplet should coalesce in both cases but with more time for the dodecane/squalane mixture. The calculation of the drainage time is to be taken with caution because the conditions are slightly different than in [START_REF] Klaseboer | Film Drainage between Colliding Drops at Constant Approach Velocity: Experiments and Modeling[END_REF]. Indeed, in our case, both phases arrives at the junction with different velocities. However, the experiments show the same tendency than the prediction.

t drain ≈ 40R µ c S σ(Q squalane + Q red ) (3.
In the PEEK cross junction, the alternated segmented flow cannot be formed using dodecane or squalane/dodecane mixture (4:1 vol.). We can assume that similarly to the PMMA injector, the contact time between the droplets is higher than the drainage time.

The significant impact of the continuous phase viscosity is one of the drawbacks of the alternated segmented flow. Indeed, for chemical applications, high temperature are often needed. However in a lot of cases, a high temperature will reduce the viscosity of the continuous phase thus preventing the formation of the alternated segmented flow. To extend the scope, silicon oil (µ=19 cP) was also tested as continuous phase. In this case, the alternated segmented flow was generated using approximately the same experimental conditions as squalane.

Viscosity of dispersed phases

The impact of the dispersed phase viscosity was studied by using glycerol/water mixture (1:4 wt.). In these conditions, the viscosity of the dispersed phases was 35.5 cP similar to the viscosity of the continuous phase (squalane, µ=35.59 cP). The surface tension of the glycerol/water mixture is close to the surface tension of water (σ water =72 mN/m for the water and σ glycerol-water =67 mN/m for the glycerol/water mixture) and therefore we assume that the impact of interfacial tension can be neglected. The generation of alternated segmented flow was studied with the PEEK cross junction. The cartography of the flow regimes are presented in Figure 3.19a. As a comparison, the cartography obtained with water as the dispersed phases is included in Figure 3.19b. With the glycerol/water mixture, the same flow regimes are being observed with similar transition boundaries between adjacent regimes. Therefore the viscosity of the dispersed phase doesn't have a significant impact on the generation of the alternated segmented flow. This opens the way for potential various aqueous media and chemical applications.

Effect of interfacial tension

The impact of interfacial tension was investigated using water/DMSO (1:1 and 1:8 vol.)

and water/methanol (1:1 vol.) mixtures. The mixture properties are presented in Ta- If the interfacial tension is reduced even more by using water/methanol mixture (1:1 vol.), no alternated segmented flow can be formed with our experimental conditions. The interfacial tension has thus a major impact on the generation of the alternated segmented flow.

The observed tendency seems to be in contradiction with the literature [START_REF] Klaseboer | Film Drainage between Colliding Drops at Constant Approach Velocity: Experiments and Modeling[END_REF]. Indeed, the interfacial tension appears in the denominator from the t drain calculation (Equation 3.10)

INFLUENCE OF LIQUID PROPERTIES

indicating that when the interfacial tension decreases, the film drainage time should increases and thus the coalescence will be more delayed. The estimation of the flim drainage by Klaseboer and al. [START_REF] Klaseboer | Film Drainage between Colliding Drops at Constant Approach Velocity: Experiments and Modeling[END_REF] was made for spherical droplet getting closer to each other at a same velocity. At high interfacial tension, two free droplets will have the tendency to minimize their interfacial area thus favouring the coalescence. In our system, at the cross junction, the droplets are confined to the channel and the squalane phase is enforcing a shear force on the aqueous phase. The situation is therefore quite different which could explain the opposite behaviour.

Summary of the study on liquid properties

The possibility of forming alternated segmented flow depends significantly on the properties of the liquid phases especially the viscosity of the continuous phase and the interfacial tension. Table 3 As a conclusion, to generate alternated segmented flow, the system must be operated with continuous phase having viscosity superior or equal to 19 cP and with interfacial tension greater than 30 mN/m.

Conclusion

The generation of the alternated segmented flow was investigated in two injection devices (PMMA cell and PEEK cross junction). For the PMMA cell, alternated segmented flow could be obtained, but with a % of coalescence that always differs from 0%. A simple model was realized to explain this phenomenon. For the PEEK cross junction, experimental conditions were successfully identified to generate the alternated segmented flow.

However, it was observed that the aqueous droplets merge rapidly after the injection (i.e.

after a few seconds of residence time).

Two strategies were then tested to stabilise the alternated segmented flow. First a second entry of continuous phase was added to separate further the two droplets. With the PEEK junction, this strategy enables to increase the residence time up to 10 minutes even if the operating window is truly limited. The second strategy was to add a gas phase acting as a separator between the two aqueous droplets. With this strategy, experimental conditions were gathered to keep the alternated segmented flow stable for long residence time (> 30 minutes).

Finally, a study on liquid properties was made to extend the scope of the alternated segmented flow. The generation of this flow is significantly dependent on the viscosity of the continuous phase and on the interfacial tension. To be able to generate alternated segmented flow, simple rules were proposed: the system must operate with a continuous phase having viscosity superior or equal to 19 cP and with interfacial tension greater than 30 mN/m. These promising results encourage further studies especially on the mass transfer performances in the alternated segmented flow. For chemical applications, it is indeed necessary to estimate the efficiency of mass transfer. Furthermore, in Chapter 6, we will investigate the possibility of performing cascade reactions (A→B→C) in alternated segmented flow using the two aqueous droplets as media for both reaction steps. For this application, the intermediate B must transfer between the two aqueous droplets which are separated by the organic slug and the gas bubble. The solute transport between the two aqueous droplets required further study which is reported in the following chapter.

CHAPTER 4

Mass transfer in alternated segmented flow

In the previous chapter, the conditions for the generation of the alternated segmented flow were reported and its stabilization is made possible in particular by the addition of a gas bubble between each aqueous droplets. In this chapter, we look at the mass transfer between the aqueous droplets. Considering the addition of gas bubbles, one may wonder on the efficiency of mass transfer between the two droplets. As already reported in Chapter 2, the mass transfer performances have been scarcely studied in complex multiphasic segmented flow (more than two phases) and the only available study on alternated segmented flow (which was published very recently) characterizes qualitatively the mass transfer between very large droplets [START_REF] Asano | Contactless mass transfer for intra-droplet extraction[END_REF]. The aim of this chapter is therefore to estimate the efficiency of mass transfer between the two droplets in order to develop chemical applications in alternated segmented flow. The first part of this chapter addresses the experimental method to study mass transfer in ASF. Then, the second part looks at the effect of initial solute concentration in one of the droplet. Finally, the modelling approach and the results are discussed.

Experimental method 4.1.1 Experimental methods used in the literature

Mass transfer in segmented flow has been widely studied in the literature especially on two-phase segmented flow. Methods to investigate the mass transfer can be divided in two categories: the experimental studies [START_REF] Bercic | The role of gas bubbles and liquid slug lengths on mass transport in the Taylor flow through capillaries[END_REF][START_REF] Yue | Hydrodynamics and mass transfer characteristics in gas-liquid flow through a rectangular microchannel[END_REF][START_REF] Aoki | A new index for precise design and advanced operation of mass transfer in slug flow[END_REF][START_REF] Roudet | Hydrodynamic and mass transfer in inertial gas-liquid flow regimes through straight and meandering millimetric square channels[END_REF][START_REF] Vandu | Mass transfer from Taylor bubbles rising in single capillaries[END_REF] and the numerical studies using Computational Fluid Dynamics (CFD) [START_REF] Van Baten | CFD simulations of mass transfer from Taylor bubbles rising in circular capillaries[END_REF]. In this section, the main methods to study experimentally the mass transfer in segmented flow are presented. The typical technique is to measure the fluid composition at the inlet and outlet of the reactor. The measurement is either made by sampling the fluid and performing the analysis ex-situ [START_REF] Bercic | The role of gas bubbles and liquid slug lengths on mass transport in the Taylor flow through capillaries[END_REF][START_REF] Yue | Hydrodynamics and mass transfer characteristics in gas-liquid flow through a rectangular microchannel[END_REF][START_REF] Aoki | A new index for precise design and advanced operation of mass transfer in slug flow[END_REF][START_REF] Vandu | Mass transfer from Taylor bubbles rising in single capillaries[END_REF] or by using electrode sensors directly integrated to the system [START_REF] Roudet | Hydrodynamic and mass transfer in inertial gas-liquid flow regimes through straight and meandering millimetric square channels[END_REF][START_REF] Vandu | Mass transfer from Taylor bubbles rising in single capillaries[END_REF]. With this method, a global quantification of the mass transfer can be obtained. However, the method cannot give any information on what is happening at the local scale. Recently, in-situ and noninvasive techniques have been developed:

EXPERIMENTAL METHOD

• Tan et al. [START_REF] Tan | Mass transfer performance of gas-liquid segmented flow in microchannels[END_REF] have quantified the mass transfer in CO 2 /water segmented flow by measuring the gas slug length along the reactor. Like the method presented above, it only provides information on the global mass transfer.

• Colorimetric methods have also been developed to quantify mass transfer in segmented flow. In G/L flow, Dietrich and al. [START_REF] Dietrich | A new direct technique for visualizing and measuring gas-liquid mass transfer around bubbles moving in a straight millimetric square channel[END_REF] have used an oxygen sensitive dye (resazurin) to quantify locally the oxygen concentration in the liquid phase.

Compared to methods described above, this technique can give supplementary information on the oxygen repartition in the continuous phase. In L/L flow, Burns and

Ramshaw [START_REF] Burns | The intensification of rapid reactions in multiphase systems using slug flow in capillaries[END_REF] have investigated the transfer of acetic acid between kerosene and NaOH aqueous solution. Using a pH indicator in the aqueous phase, they measure the distance from where the colour change in the aqueous slug is complete.

• Laser Induced Fluorescence (LIF) technique has also been used as an in-situ method to quantify mass transfer. In the LIF method, a fluorescent dye is excited using a specific wavelength and will emit in response light at a different wavelength. In G/L flow, Kuhn and Jensen [START_REF] Kuhn | A pH-Sensitive Laser-Induced Fluorescence Technique To Monitor Mass Transfer in Multiphase Flows in Microfluidic Devices[END_REF] have investigated the transfer of CO 2 in a NaOH aqueous solution using a pH sensitive fluorescent dye. Butler et al. [START_REF] Butler | Modelling of mass transfer in Taylor flow: Investigation with the PLIF-I technique[END_REF][START_REF] Butler | Mass transfer in Taylor flow: Transfer rate modelling from measurements at the slug and film scale[END_REF] have studied the oxygen transfer in O 2 /water segmented flow using an fluorescent dye that is sensitive to the amount of dissolved oxygen in the aqueous phase. They obtained the local oxygen concentration in the film and slug, thus giving new insights on the film and slug contribution to the transfer.

Experimental method used in this work

The experimental method used in this work is inspired from the colorimetric technique using a pH indicator developed in L/L segmented flow [START_REF] Burns | The intensification of rapid reactions in multiphase systems using slug flow in capillaries[END_REF]. The mass transfer between the two aqueous droplets was investigated using the acid-base reaction between sodium hydroxide and acetic acid. A solution of sodium hydroxide (C 0 OH -=1.3•10 -4 mol/L, pH=10.13) with a colour indicator (phenolphthalein) was injected as the first dispersed phase (aq 1).

The second dispersed phase is an acetic acid solution with helianthine as colour indicator (aq 2). Squalane is used as the continuous phase. In most experiments, N 2 is added as separator between the two droplets using a mass flow controller (Analyt-MTC, Serie 358, 0-2 mL/min) in order to obtain a stable alternated segmented flow. N 2 being poorly soluble in liquids, the gas mass flow inside the reactor is taken as the same as the reactor inlet.

For the experiment without addition of gas, the N 2 injection is replaced by a second entry of squalane. The experimental set up and the flow pattern are presented in Figure 4.1a 

Squalane 2

Experiments were made either with addition of gas phase or a second entry of squalane. 

Calibration curve

To quantify the discolouration of the basic droplet, a colorimetric method by image analysis using a Matlab R routine was developed. As a reminder, a colour image is composed of three matrices in the RGB space corresponding to the blue, green and red components (see Figure 4.2a for the original RGB image and Figure 4.2b for the green component).

Image analysis was carried out on the green matrix where the observed changes are more sensible. Detection of the basic droplet was made manually by selecting a polygon following the outline of the droplet (Figure 4.2c). The pH of the basic aqueous droplet was then correlated to the mean value of pixels composing the selected polygon. For this, a calibration curve 4.3 was made by using several solutions of sodium hydroxide with known pH (9.25<pH<10.13). The solutions of sodium hydroxide were placed inside one syringe whereas the other syringe contained distilled water (18 MΩ). Both dispersed phases (water and sodium hydroxide solution), squalane and N 2 were then injected to form the alternated segmented flow. For each sodium hydroxide solution, videos were recorded and about 8 pictures of the basic droplet were analysed to obtain an average. The calibration curve was interpolated by a second order polynomial function. Using the calibration curve, the remaining concentration of sodium hydroxide and therefore the conversion with regards to the hydroxide ions can be calculated. The rate of acetic acid mass transfer can be estimated as the rate of OH -consumption. 

Influence of initial acetic acid concentration 4.2.1 Homogeneity in the basic droplet

The initial concentration of acetic acid was varied from 0.02 M to 0.5 M. Experiments were made at the same flow rates (Q squalane =0.3 mL/min, Q aq1 =0.12 mL/min, Q aq2 =0.12 mL/min and Q gas =0.3 mL/min). Following the Matlab R routine described in Figure 4.5, the homogeneity of OH -concentration over the whole droplet was investigated. At C 0 AcOH =0.5 M (see Figure 4.6d), a bell-shaped curve is obtained indicating that the OH -concentration is not homogeneous along the x-axis. This curve indicates that at the droplet border, more acetic acid had been transferred. At C 0 AcOH =0.25 M (see Figure 4.6c), a bell-shaped curve is still observed but is less pronounced. With the decrease of the acetic acid concentration (C 0 AcOH =0.1 M and C 0 AcOH =0.05 M), no bell-shaped curve is observed and the OH -concentration is approximately uniform along the x-axis (see Fig- calibration curve cannot be applied in these cases. Furthermore, the data at high initial acetic acid concentration (>0.1M) cannot be processed due to the total discolouration at the droplet border. The gradient in the OH -concentration indicates a transport limitation due to the mixing (mainly by diffusion) inside the basic droplet. This phenomenon will be discussed more in details in Section 4.2.2. 
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Influence of initial concentration of acetic acid

For C 0 AcOH ≤0.1M

For the experiments at initial concentration of acetic acid inferior or equal to 0.1M, homogeneity of OH -concentration over the whole basic droplet was verified. The conversion is defined as the amount of OH -consumed on the amount of initial OH -in the basic droplet (Equation 4.1). The amount of OH -consumed is calculated from the quantity of OH -remaining in the basic droplet C OH -which is measured by the experimental method: To globally characterize the transport in the alternated segmented flow, a global conductance K eff which describes the ease with which the acetic acid is transported from the acid droplet to the basic droplet is introduced. Assuming that the aqueous film doesn't limit the AcOH transfer, the global concentration gradient is defined as the maximal AcOH concentration in the squalane phase, i.e. ∼C 0 AcOH /K where K is the partition coefficient of acetic acid between squalane and water, minus the AcOH concentration in the basic droplet. Under the assumption that the acetic acid is instantaneously neutralized in the basic droplet (C aq1 =0), K eff is defined as: 

X = C 0 OH --C OH - C 0 OH -
K eff = K C 0 AcOH r AcOH (4.3)
The global conductance K eff can be obtained from the slope of the curve presented in Figure 4.7 (r AcOH as a function of C 0 AcOH ) and is equal to 1.4•10 -2 s -1 . It is important to underline that the global conductance is the result of several transport processes in series or in parallel. These considerations will be further investigated in Section 4.3.

For C 0 AcOH >0.1M
As already discussed, for C 0 AcOH larger than 0.1M, the OH -concentration was not homogeneous inside the basic droplet and the experiments cannot be directly compared because they seem to be in another physical regime. The gradient observed inside the basic droplet may indicate a transport limitation due to a relative poor droplet mixing. The mixing inside a droplet flowing through a straight channel has been investigated in the literature [START_REF] Handique | Mathematical modeling of drop mixing in a slittype microchannel[END_REF]. When the convection is fast compared to the diffusion, the characteristic mixing time, t mix,d , can be estimated as:

t mix,d = d 2 D • ( 0.3 f d + 0.008) (4.4)
Where D is the diffusion coefficient (m 2 /s), d is the channel diameter and f d is defined as:

f d = U d 2 L d Dπ 2 (4.5)
Where L d is droplet length. The convection is fast compared to diffusion if the characteristic time for convection t conv is small compared to the characteristic time for diffusion, t diff . The equation for t conv and t diff are presented respectively in Equation 4.6 and 4.7

with their order of magnitude for our system.

t conv = L d U ∼ 0.1 s (4.6) t diff = d 2 π 2 D ∼ 260 s (4.7)
Using Equation 4.4, the mixing time inside the droplet has an order of magnitude of 20s for all our experiments.

For experiments with high initial acetic acid concentration, we cannot measure the transport rate of acetic acid due to the concentration gradient. However, under the assumption that the acetic acid will be transported in a similar manner compared to experiments with low initial acetic acid concentration, the AcOH transport rate can be calculated from Equation 4.3 using the global conductance obtained from the experiments. Table 4.1

shows the calculated transport rates. To understand why a gradient is observed in the The ratio R has been calculated for all experiments (see Table 4.1). For C 0 AcOH =0.5M, the amount of acetic acid transferred in the basic droplet in 20 s is equal to 44% of the amount of acetic acid necessary to discolour the entire droplet. In this case, we can assume that the amount of acetic acid transferred per second is too high compared to the mixing efficiency leading to colourless droplet border. For C 0 AcOH =0.1M, the amount of acetic acid transferred in the basic droplet in 20 s is equal to 10% of the amount of acetic acid necessary to discolour the entire droplet. In this case, no gradient is observed. 

C 0 AcOH r OH - R mol/L mol/L/

Influence of acetic acid concentration on the partition coefficient

Furthermore, the partition coefficient of acetic acid between water and squalane K is a key parameter to understand the transport of acetic acid from the acid to the basic droplets.

K is defined as:

K = C * aq C * org (4.9)
Where C * aq and C * org are the concentrations of acetic acid in aqueous and organic phases at equilibrium. The partition coefficient K was measured at different initial acetic acid concentrations from 0.015 to 1 mol/L by the experimental method described in Appendix A.1. Figure 4.8 shows the impact of acetic acid concentration on the partition coefficient.

The value obtained for K could seem very low (especially at low concentration) but to view this in perspective, partition coefficient of acetic acid between hexane and water at infinite dilution can be roughly estimated from the literature at around 660 [START_REF] Islam | Analysis of Partition Coefficients of Ternary Liquid-Liquid Equilibrium Systems and Finding Consistency Using Uniquac Model[END_REF]. Furthermore, it was already reported in the literature that when the concentration of carboxylic acid 4.3. MODEL FOR THE MASS TRANSPORT BETWEEN THE TWO DROPLETS decreases in water, the partition coefficient K decreases until it reaches a plateau at low concentration [START_REF] Fujii | Solvent effect on the dimerization and hydration constant of benzoic acid[END_REF]. This change can be explained by the formation of dimers at high concentration [START_REF] Fujii | Self-association of acetic acid in some organic solvents[END_REF]. Therefore, considering that K∼80 at C 0 AcOH =0.5M and K∼2300 for C 0 AcOH =0.1M, the transport of acetic acid is therefore probably faster at high concentration of acetic acid. This variation in the partition coefficient can also explain why there is a concentration gradient in the droplet at high concentration but not at low concentration. L f-d L f-b Mixing inside the acid droplet Transfer from the acid droplet to the organic slug 1 Mixing inside the organic slug 1 Transfer from the organic slug 1 to the gas bubble 1 Mixing inside the gas bubble 1 Transfer from the gas bubble 1 to the basic droplet (separated by a thin film of squalane) Mixing inside the basic droplet Transfer from the organic slug 2 to the basic droplet Mixing inside the squalane slug 2 Transfer from the gas bubble 2 to the organic slug 2 Mixing inside the gas bubble 2 Transfer from the acid droplet to the gas bubble 2 (separated by a thin film of squalane) Transfer from the acid droplet to the film Transfer between the organic slug 1 and the film Transfer between the gas bubble 1 and the film Transfer from the film to the basic droplet Transfer between the organic slug 2 and the film Transfer between the gas bubble 2 and the film Radial mixing in the liquid film Axial mixing in the liquid film Considering the complexity of all the possible transport processes, the strategy was to simplify by removing some elementary transport processes than can either be neglected or because they are not limiting the AcOH transport. First, to estimate if the gas bubble can contribute significantly to the transport, a model was build considering only the transport process through the bubble without contribution of the film (1 → 2 → 3 → 4 → 5 → 6 → 7 and 12 → 11 → 10 → 9 → 8 → 7). We found that the calculated global conductance (K eff =10 -11 s -1 ) is extremely low compared to the experimental results (K eff =10 -3 s -1 ).

More details on the transport through the gas bubbles can be found in Appendix A.4.

The assumption was made therefore that all of the acetic acid was transported by the liquid film and thus transport processes 4, 5, 6, 10, 11, 12, 15 and 18 were not taken into account in the modelling approach. In other words, we assume that the gas bubble acts as a hermetic barrier between the two aqueous droplets.

Transport processes

Characteristic time

Ref.

Estimation

1, 7 t mix,d = d 2 D • ( 0.3 f d + 0.008) [55] 20 s 3, 9 t mix,s = 3 Ls U [49] 0.5 s 2, 8 t caps = 1 kcapsacaps = π √ 2 d DU L UC 4
[59] 250 s 13, 16 To simplify further the modelling approach, characteristic times for the remaining elementary processes were evaluated (see Table 4.2). The diffusion coefficient D of acetic acid in squalane was estimated at 6.10 -11 m/s (see Appendix A.3). Given that the global transport process results from several elementary processes in series and in parallel, the strategy was to look at elementary processes in series and eliminates the one that does not limit the mass transfer. For example, considering the transport process 1 → 2 → 3 → 14 → 16, the mixing inside the slug is assumed to be really fast compared to the transfer between interface (t mix,s ≪t caps , t mix,s ≪t f-d and t mix,s ≪t f-s ). We assume therefore that transports 3 and 9 do not limit the acetic acid transport. Furthermore, t caps >t mix,d and as discussed in the previous section, at low initial acid concentration (≤0.1M), the concentration of OH -was homogeneous in the droplet. Therefore we assume that transports 1 and 7 do 103 4.3. MODEL FOR THE MASS TRANSPORT BETWEEN THE TWO DROPLETS not limit the AcOH transport. The characteristic time for the overall AcOH transport can be calculated from experimental data (t eff =1/K eff ) and is estimated at 75 s. This value is consistent with the characteristic time for the transfers at the interface (t f-d and t caps ).

t f-d = 1 k f-d a f-d = √ π 2 L f-d DU dL UC 4L f-d [59] 100 s 14, 17 t f-s = 1 k f-s a f-s = d 3.66D dL UC 4L f-
For transport processes in the liquid film, it is important to note that the velocity in the film is quite different from the velocity of the dispersed slugs. As already seen in Chapter 1, Howard and Walsh [START_REF] Howard | Review and extensions to film thickness and relative bubble drift velocity prediction methods in laminar Taylor or slug flows[END_REF] have reported that the velocity profile in the film is parabolic and a rough estimation of the velocity profile in the film along radial axis r can be given by:

U film = 2U 1 + R d R ( µ film µ d -1) (1 - r 2 R 2 ) (4.10)
Using Equation 4.10, the maximum velocity in the liquid can be roughly estimated at around 0.1 mm/s. Considering that the total superficial velocity of the flow U is significantly superior to the maximum velocity of the film (U∼10 mm/s) and to simplify the modelling approach to a simple asymptotic one, the organic film is supposed to be stagnant in the model. The axial and radial mixing inside the film (transports 19 and 20) happened therefore mainly by diffusion. The axial mixing inside the film characterized by t mix rad,f is really slow and therefore can be neglected. The radial mixing characterized by t mix rad,f is relatively fast and therefore we assume that for a small slice dx of reactor, the acetic acid concentration is constant in the liquid film. Furthermore, considering that the Fourier number Fo≪1 (Fo∼10 -3 ), the liquid film is not saturated [START_REF] Michiel | Multiphase monolith reactors: Chemical reaction engineering of segmented flow in microchannels[END_REF][START_REF] Pohorecki | Effectiveness of interfacial area for mass transfer in two-phase flow in microreactors[END_REF]. To sum up, only the transport processes 2, 13, 14, 16, 8 and 17 are taken into account in the modelling approach (see Figure 4.10a). 

Modelling approach

Model for G/Org/Aq/Aq ASF Under the assumption of a stagnant liquid film, the dispersed phases flow through a section with a reduced diameter that takes into account the thickness of the film. The film thickness has been estimated by the well-established correlation of Aussillous and Quéré [START_REF] Aussillous | Quick deposition of a fluid on the wall of a tube[END_REF]:

δ R = 1.34Ca 2/3 1 + 3.35Ca 2/3 ∼ 30 -50µm (4.11)
The transfer 2 between the acid droplet (Aq. 2) and the organic slug 1 and the transfer 8 between the organic slug 2 and the basic droplet (Aq. 1) are assumed to operate via the same mass transfer coefficient k caps . Under the assumption that the droplet caps are half spheres, the interfacial area for transfer 2 and 8, a caps , is equal to:

a caps ∼ 2 L UC (4.12)
Transports 13 and 16 are assumed to operate via the same transfer coefficient k f-d . The interfacial areas for transfer 13 and 16 are calculated as:

a f-d ∼ 4L f-d dL UC (4.13)
Transports 14 and 17 are assumed to operate via the same transfer coefficient k f-s which is calculated as [START_REF] Butler | Modelling of mass transfer in Taylor flow: Investigation with the PLIF-I technique[END_REF]:

k f-s = 3.66D d (4.14)
For transport 14 and 17, the interfacial areas are estimated as:

a f-s ∼ 4L f-s dL UC (4.15)
Under the assumption that the acetic acid is instantaneously neutralized by OH -, the mass balance in each phase was established at steady state in a small reactor slice dx.

The concentration of acetic acid in each phase is assumed to be constant in the small reactor slice dx. The partition coefficient K is assumed to be constant (K=2300) for C 0 AcOH ≤0.1M. The length of the unit cell is assumed to stay constant at all residence times, i.e. the expansion of the bubble length due to the pressure drop can be neglected.

To verify this hypothesis, measurements of the bubble length variation can be found in Appendix A.5. The mass balance results in the following equations:

1. In Phase Aq.2: 

ε aq2 U dC aq2 dx = -k caps a caps ( C aq2 K -C org1 ) -k f-d a f-d ( C aq2 K -C film ) (4.
ε org1 U dC org1 dx = k caps a caps ( C aq2 K -C org1 ) -k f-s a f-s (C org1 -C film ) (4.17)
3. In Phase Aq. 1:

ε aq1 U dC aq1 dx = k caps a caps (C org2 -0) -k f-d a f-d (C film -0) (4.18)
4. In Phase Org. 2:

ε org2 U dC org2 dx = -k caps a caps (C org2 -0) -k f-s a f-s (C org2 -C film ) (4.19)
5. In Phase Film:

ε film U dC film dx = k f-d a f-d ( C aq2 K -C film ) + k f-s a f-s (C org1 -C film ) +k f-s a f-s (C org2 -C film ) -k f-d a f-d (C film -0) (4.20)
Model for Org/Aq/Aq ASF One experiment was made without adding gas bubble as separator. The unit cell is therefore modified (see Figure 4.11a).The model is adjusted by adding two transports between the organic slug 1 and the basic droplet (transport 21) and between the acid droplet and the organic slug 2 (transport 22). The adjusted system of algebra-differential equations is given by the following equations:

Org. 2 Org. 1 

ε aq2 U dC aq2 dx = -k caps a caps ( C aq2 K -C org1 ) -k f-d a f-d ( C aq2 K -C film ) -k caps a caps ( C aq2 K -C org2 ) (4.21)
2. In Phase Org. 1:

ε org1 U dC org1 dx = k caps a caps ( C aq2 K -C org1 ) -k f-s a f-s (C org1 -C film ) -k caps a caps (C org1 K -0) (4.22) 
3. In Phase Aq. 1:

ε aq1 U dC aq1 dx = k caps a caps (C org2 -0)-k f-d a f-d (C film -0)+k caps a caps (C org1 K-0) (4.23)
4. In Phase Org. 2:

ε org2 U dC org2 dx = -k caps a caps (C org2 -0) -k f-s a f-s (C org2 -C film ) +k caps a caps ( C aq2 K -C org2 ) (4.24) 
5. In Phase Film:

ε film U dC film dx = k f-d a f-d ( C aq2 K -C film ) + k f-s a f-s (C org1 -C film ) +k f-s a f-s (C org2 -C film ) -k f-d a f-d (C film -0) (4.25)

Results

Comparison of AcOH transport with and without gas

At the same flow rates (Q aq1 =0.24mL/min, Q aq2 =0.24 mL/min and Q squalane =0.6 mL/min), two experiments were made with either an addition of gas (Q gas =0.6 ml/min) or an addition of more squalane (Q squalane =0.6 mL/min) at the T-junction. Therefore, the gas bubbles are replaced in the experiment without gas by the same amount of squalane (Figure 4.12a). The length of the unit cell is the same for both experiments. For the experiment without gas bubbles, the conversion can be measured only for small residence time (t<100s) because of the quite fast coalescence of the two aqueous droplets when there is no gas bubble acting as separator. The comparison between the experiments with and without gas (Figure 4.12b) indicates that the gas bubble act as an obstacle to the acetic acid transport by limiting the transport from the squalane slug to the basic droplet.

In the model with gas bubble, the parameter k caps doesn't play a significant role in the acetic acid transfer because the majority of the transfer happened via transports 13 and 16. Using the modelling approach, k f-d was adjusted to fit the experiment with gas bubble and thereafter by keeping k f-d fixed, k caps was adjusted using the experiment without gas. m/s which is the same order of magnitude we obtained.

Influence of superficial velocity

Experiments were made at different superficial velocities U ranging from 7 mm/s to 18.6 mm/s. The configuration of the unit cell (droplets, slugs and bubbles lengths) was kept approximately constant for all experiments by keeping the ratios Using the modelling approach, k f-d was varied to fit the experimental data while keeping the ratio k caps /k f-d equal to the same value as determined in the previous part. Figure 4.13 shows the influence of the superficial velocity on k caps and k f-d . An increase of the superficial velocity U leads to a slight increase of the mass transfer coefficients k caps and k f-d which agrees with the correlation of Van Baten and Khrishna [START_REF] Van Baten | CFD simulations of mass transfer from Taylor bubbles rising in circular capillaries[END_REF].

Q aq1 /(Q aq1 + Q aq2 + Q squalane ) and Q gas /Q squalane constant. f-d

Influence of gas bubble length

Experiments were made to look at the influence of the bubble length on the mass transfer.

For all experiments, the ratio Q aq1 /(Q aq1 + Q aq2 + Q squalane ) was kept constant and thus the configuration of the flow pattern that comes out of the first cross mixer was approximately the same (same droplet and slug lengths). The flow rate of gas added at the T junction is varied so that the bubble length and the unit cell increase (see Figure 4.14a).

The superficial velocity varies slightly (from 12.6 to 14.9 mm/s) but this small variation is not expected to impact significantly the transport of AcOH as shown in the precedent section. As shown in Figure 4.14b, for the same residence time, when the bubble length increases, the conversion slightly decreases. The simulation was made by keeping k f-d and k caps fixed (k f-d =1.4•10 -5 and k caps =1.15•10 -5 m/s). The modelling approach doesn't capture the slight influence of the gas bubble length. Indeed, the experimental data for Q gas /Q squalane =0.6 are superior to the one calculated by the model and the experimental data for Q gas /Q squalane =2 are generally inferior to the one calculated by the model. Some of the assumptions made in the modelling approach are perhaps too drastic to describe precisely the effect of the bubble length. To go further, a more precise and detailed modelling approach using Computational Fluid Dynamics (CFD) could be used to investigate locally what is happening in the squalane film. 

Comparison with the literature

As already mentioned, the estimated k caps and k f-d are in the order of magnitude of the k caps and k f-d obtained by the correlation of Van Baten and Khrishna [START_REF] Van Baten | CFD simulations of mass transfer from Taylor bubbles rising in circular capillaries[END_REF]. As noted in Chapter 2, Yao et al. [START_REF] Yao | The effect of liquid viscosity and modeling of mass transfer in gas-liquid slug flow in a rectangular microchannel[END_REF] have modified the correlation of Van Baten and Khrishna to take into account the impact of viscosity in the liquid phase. Considering that the continuous phase used in this work is relatively viscous (35.59 cP), it was thought appropriate to also compare this correlation to the results obtained in this work (Table 4.3). However, with this correlation k f-d is slightly under-predicted. It is nevertheless important to note that the correlation was proposed for G/L segmented flow in rectangular channel which could explain the deviation. The important uncertainty on the partition coefficient K could also plays a role in the deviation of k f-d values.

k caps k f-d m/s m/s This work 1-1.3•10 -5 1.2-1.6•10 -5
Van Baten and Khrishna [START_REF] Van Baten | CFD simulations of mass transfer from Taylor bubbles rising in circular capillaries[END_REF] 1.4-2.4•10 -5 1.8-2.9•10 -5 The mass transport in ASF has been the subject of only one study in the literature so far. As already mentioned in Chapter 2, Asano et al. [START_REF] Asano | Contactless mass transfer for intra-droplet extraction[END_REF] have reported very recently qualitative observations on the transport in ASF (without gas) with very long droplets (L d >1cm). They observed a concentration gradient between the front and rear caps of the droplet and proposed a transfer mechanism where the film plays an important role in the solute transport. The asymmetric behaviour is not observed in our work which can be explained by the large difference in droplet length. However our work also points out the large contribution of the liquid film with or without gas bubble spacers.

4.5. CONCLUSION

Conclusion

In this work, we have investigated the mass transfer in alternated segmented flow. We have developed a quantitative colorimetric method to evaluate the efficiency of the transport between the two droplets. The comparison between the experiments with and without gas shows that the gas bubble limits the transport of solute but this limitation is not very large because the liquid film plays an important role in the solute transport. A modelling approach that differentiates the film and caps contribution in the unit cell was proposed and k f-d and k caps were evaluated respectively as 1.4•10 -5 and 1.15•10 -5 m/s which agrees with the order of magnitude given by the correlation of Van Baten and Khrishna. A slight increase of k f-d and k caps was observed with an increase in the superficial velocity. Furthermore, when the bubble length increases, the solute transport rate slightly decreases. This slight tendency is not captured by the model and more precise modelling approach like CFD could be used to describe more accurately what is happening in the liquid film.

To conclude Part II, alternated segmented flow was successfully generated and stabilized for long residence time. The mass transport was characterized and a modelling aproach was proposed. Therefore, we provide here a tool able to compartmentalize two miscible aqueous phases in flow. This tool could be used for specific chemical applications, e.g for a cascade reaction where two steps take place in aqueous phase but are incompatible with each other. f-d refers to the film between the droplet and the wall f-s refers to the film between the slug and the wall gas refers to the gas phase gas1 refers to the first gas bubble in the unit cell gas1 refers to the second gas bubble in the unit cell org1 refers to the first slug of squalane in the unit cell org2 refers to the second slug of squalane in the unit cell s refers to the slug squalane refers to the squalane phase UC refers to the unit cell CHAPTER 5

Synthesis of Ru and Ru-Cu nanoparticles using H 2 /ionic liquid segmented flow

In Part III, applications in complex multiphase segmented flow will be investigated. In particular, this chapter focuses on the synthesis of metallic nanoparticles (NPs) in a gas/viscous ionic liquid segmented flow. Small metallic nanoparticles (NPs) from 1 to 5 nm attract a considerable interest for their physico-chemical properties (high surface to volume ratio) with a wide variety of applications from chemical catalysis to advanced microelectronic and optical devices. However, synthesizing in reproducible way small NPs with narrow size distribution and uniform shape remains a major challenge.

In the last two decades, micro/milli-reactors have been identified as a reliable solution to synthesize high-quality NPs [START_REF] Marre | Synthesis of micro and nanostructures in microfluidic systems[END_REF]. Continuous flow systems using a single phase have been thoroughly investigated with the advantages of offering practical simplicity and controllability over the NPs synthesized [START_REF] Song | Microfluidic Synthesis of Cobalt Nanoparticles[END_REF][START_REF] Wu | Size-Tunable Synthesis of Metallic Nanoparticles in a Continuous and Steady-Flow Reactor[END_REF][START_REF] Wagner | Continuous Synthesis of Gold Nanoparticles in a Microreactor[END_REF]. While the single phase flow synthesis of NPs provides narrow size distribution compared to batch synthesis, the parabolic velocity profile can lead to broad residence time distribution and therefore a relatively large size distribution [START_REF] Günther | Transport and reaction in microscale segmented gas-liquid flow[END_REF]. As already mentioned in Section 1.4.3, to minimise the parabolic velocity profile, one reliable approach is to use segmented flow which will also enhance mass transfer due to recirculation loops in the liquid slug. Over the recent years, intensive efforts were made to synthesize NPs in segmented flow using an inert gas or liquid phase [START_REF] Ravi Kumar | Segmented flow synthesis of Ag nanoparticles in spiral microreactor: Role of continuous and dispersed phase[END_REF][START_REF] Sebastian | Shape-controlled continuous synthesis of metal nanostructures[END_REF][START_REF] Ho | Droplet-based microreactors for continuous production of palladium nanocrystals with controlled sizes and shapes[END_REF][START_REF] Victor Sebastian Cabeza | Size-Controlled Flow Synthesis of Gold Nanoparticles Using a Segmented Flow Microfluidic Platform[END_REF]. In practical terms, to facilitate the reactive phase recovery, it is more advantageous to use a gas phase. In specific NPs synthesis using a gas reactant, the transfer of gas solutes from the gas phase to the liquid slug need to be very fast to have a short nucleation time (see Section 1.4.3 for more details). Compared to batch reactors, the high interfacial area used in G/L segmented flow provides enhancement of G/L mass transfer. As of yet, only one study was reported on the synthesis of metallic nanoparticles in segmented flow using a reactive gas phase. Indeed, Huang et al. [START_REF] Huang | Rapid synthesis of gold nanoparticles with carbon monoxide in a microfluidic segmented flow system[END_REF] have recently studied the synthesis of gold nanoparticles using carbon monoxide as reductant in G/L segmented flow. In this chapter, we present a segmented flow synthesis of metallic 5.1. MATERIAL AND METHODS synthesis using a reactive gas phase as the dispersed phase and a viscous liquid phase containing the metallic precursor.

As a model reaction, we consider the synthesis of ruthenium NPs and ruthenium-copper

NPs. It was previously demonstrated that Ru NPs [START_REF] Campbell | Ruthenium Nanoparticles in Ionic Liquids -A Saga[END_REF] and bimetallic Ru-Cu NPs [START_REF] Helgadottir | Ru-core/Cu-shell bimetallic nanoparticles with controlled size formed in one-pot synthesis[END_REF] could be obtained in batch by decomposition of a metallic precursor under H 2 in imidazolium-based ionic liquid. To avoid the agglomeration of NPs (which results in NPs polydispersity and bigger NPs), stabilising agents are often added to the reactive mixture to coordinate the NPs. In the Ru and Ru-Cu synthesis described in the literature, the stabilisation of the Ru NPs is made possible by the ionic liquid that serves both as solvent and stabilising agent [START_REF] Campbell | Olefin hydrogenation by ruthenium nanoparticles in ionic liquid media: Does size matter[END_REF]. Ionic liquids (IL) have been identified as an emerging media due to their chemical stability and non-volatility as well as an appealing solvent for the synthesis of NPs due to their stabilisation properties. However, the use of ionic liquids in segmented flow to synthesize NPs is rather scarce due to their high viscosity which generates particular hydrodynamic behaviour [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF]. In one notable study, Lazarus et al. [START_REF] Lazarus | Two-Phase Microfluidic Droplet Flows of Ionic Liquids for the Synthesis of Gold and Silver Nanoparticles[END_REF] reported a two-phase droplet flow system using ionic liquid droplets in an inert oil phase for gold NPs synthesis resulting in high quality NPs.

In this chapter, the objectives are to transfer the synthesis of ruthenium and bimetallic ruthenium-copper nanoparticles from batch to a H 2 /ionic liquid segmented flow system and to obtain small mono-disperse NPs. Unlike the majority of NPs syntheses reported in the literature, no additives were used to stabilize the nanoparticles.

Material and methods

Ruthenium nanoparticles, Ru NPs, were synthesized in a milli-reactor by the decomposition of (η 4 -1,5-cyclooctadiene)(η 6 -1,3,5-cyclooctatriene)ruthenium(0), [Ru(COD)(COT)],

under hydrogen. Ionic liquid 1-Butyl-3-methylimidazolium bistrifluoromethylsulfonylimide (µ=48.5 cP at 25

• C), [C 1 C 4 Im][NTf 2 ]
, was used both as solvent and stabilising agent for the nanoparticles. Downstream of the reactor, nitrogen is injected in a small chamber with a mass flow controller Bronkhorst EL-FLOW, thus allowing to regulate the pressure inside the reactor (P=1-5 bar). The chamber serves both as pressure regulator and phase separator. The remaining hydrogen gas goes out of the chamber with the nitrogen whereas the liquid phase is collected by the opening of the bottom valve. 

Ru(COD)(COT)

. MATERIAL AND METHODS

To limit the quantity of [Ru(COD)(COT)] needed (mainly due to its costs), the precursor solution is not introduced with the pure ionic liquid in the 50mL syringe but in an injection loop (Rheodyne 7725) of 1 mL. Using Schlenk and vacuum-line techniques, the precursor solution and the solution of pure ionic liquid were kept under an argon atmosphere to avoid contamination by water and O 2 . Once the G/IL segmented flow is generated in a stable and regular manner, the injection loop is connected to the milli-reactor. The precursor solution is then pushed by the pure ionic liquid which is injected by the syringe pump. To limit the axial dispersion that could cause the mixing of the pure ionic liquid and the precursor solution, the injection loop is placed close to the T junction in order to form rapidly the segmented flow.

Ru NPs were characterized by Transmission Electron Microscopy (TEM). The solution of Ru NPs in ionic liquid media was directly deposited on a copper grid for the TEM analysis. The size distribution was obtained from at least 500 NPs and fitted by a Gaussian law. The image processing software ImageJ was used to calculate the NPs size from the TEM pictures. The NPs dispersion is calculated by using the 95% confidence interval.

For the bimetallic Ru-Cu NPs, the characterization was made by High Resolution Transmission Electron (HRTEM) and Energy Dispersive X-ray spectroscopy (EDX) to obtain the atomic structure of the NPs and an idea of the elemental composition of the sample. 

Reaction monitoring by visualisation

Hydrogen is progressively consumed during the Ru NPs synthesis and consequently the H 2 bubble size decreases along the reactor. A typical example is presented in Figure 5.3.

At the outlet and with precursor in the IL phase (Figure 5.3b), the bubble size is smaller than without precursor in the IL phase (Figure 5.3a). The difference between the bubble length without synthesis (L 1 ) and during synthesis (L 2 ) indicates the consumption of hydrogen which leads up to the [Ru(COD)(COT)] conversion. Videos are therefore recorded at the outlet of the reactor before the synthesis (with pure IL as the liquid phase) and during the synthesis (with Ru precursor in the IL solution). Videos are taken by a high speed camera (Optronis CR600x2) with a macro lens (Nikon Micro-NIKKOR 55 mm).

MATERIAL AND METHODS

A Matlab R routine described in Appendix B.1 is used to measure the bubble size and velocity. For each video, the measurements are made on a sample of at least 20 bubbles.

To relate the [Ru(COD)(COT)] consumption to the H 2 consumption, it is important to note that the hydrogen consumption is not only due to the cyclooctadiene and cyclooctatriene double bonds hydrogenation but also to the presence of hydrides at the surface of the Ru NPs. Considering that hydrogen solubility in ionic liquid is very low [START_REF] Gutel | Organized 3d-alkyl imidazolium ionic liquids could be used to control the size of in situ generated ruthenium nanoparticles[END_REF], we assume that H 2 is instantaneously consumed in the liquid phase and therefore only these two phenomenon play a role in the shortening of the bubble length. For one molecule of Ru(COD)(COT), the amount of H 2 molecule needed for complete hydrogenation is 5.

The amount of hydrides at the surface depends on the size of the nanoparticles and more specifically on the dispersion, i.e. the ratio between surface atoms and the total number of atoms. For ruthenium nanoparticles, the dispersion can be related to the NPs mean diameter, d P , as [START_REF] Campbell | Olefin hydrogenation by ruthenium nanoparticles in ionic liquid media: Does size matter[END_REF]:

dispersion = 0.8622 • d -0.63 P (5.3)
Considering that there is one hydride by surface atom, the H 2 stoichiometry, N, can be evaluated and is therefore dependent on the NPs size. For example, with nanoparticles with d P =2 nm, the stoichiometry N is equal to 5.28 (5+ dispersion/2). To obtain the [Ru(COD)(COT)] conversion, the following assumptions were made:

• The H 2 gas phase follows the ideal gas law.

• The hydrogen pressure at the outlet in the visualisation cell is equal to the pressure applied in the collection chamber.

• The decrease of the bubble size doesn't modify the bubble shape. An excess of hydrogen is needed to still have relatively large bubbles at the outlet of the reactor.

PRELIMINARY HYDRODYNAMIC STUDY

By recording the videos at the same point in the reactor, we can disregard the effect of pressure drop on the bubble length. Therefore, from these assumptions, the percentage of hydrogen consumed during the reaction, y, can be obtained as:

y = L 1 -L 2 L 1 (5.4) 
The [Ru(COD)(COT)] conversion, X, is thereafter obtained as:

X = ṅin Ru(COD)(COT) -ṅout Ru(COD)(COT) ṅin Ru(COD)(COT) = y N ṅin H 2 ṅin Ru(COD)(COT) (5.5) 
Furthermore, it is important to note that with the decrease of the bubble length during the reaction, the bubble velocity will also decrease. However, this reduction is not very significant (∼10 %). As a first approach, the residence time τ is estimated from the bubble velocity at the outlet of the reactor without reaction U d (i.e. in the conditions of Figure 5.3a) as:

τ = L R U d (5.6)
Where L R is the reactor length.

Preliminary hydrodynamic study

The objectives of the preliminary hydrodynamic study are:

• to define the operating window (i.e. flow rates of dispersed and continuous phases, Q d and Q c ) where segmented flow is the flow pattern.

• to obtain specific bubble and slug lengths. Indeed, to monitor the nanoparticles synthesis, bubbles need to be long enough so that the bubble shortening (due to H 2 consumption) doesn't create a disruption of the segmented flow.

Two T junctions with different inner sections (0.5 mm and 1.25 mm) were tested. In a typical experiment, ionic liquid and H 2 are pushed into the reactor. The reactor is pressurized at the outlet with 3.5 bar. Videos of the flow pattern are recorded at the inlet of the reactor using the visualisation cell. The bubble and slug lengths are measured by the Matlab R routine.

The segmented flow pattern varies greatly from one T junction to the other. Figure 5.4 shows the bubble length L d as a function of the flow rates ratio for the two T junctions. With the inner section of 0.5 mm, bubble lengths are quite small (L d up to 2 times the channel diameter). Furthermore, the liquid slug L c is very small (L c <d). Using the T junction with bigger inner section (1.25 mm), the bubble length can be tuned to longer bubble (L d around 1 cm). Moreover, the slug length is also much bigger. For both T junctions, the bubble length can be predicted relatively well by Garstecki's equation. ), the bubble length can be predicted by : 1) for 1.25mm T junction: α=14.105 and β=5.6, 2) for 0.5mm T junction: α=0.5936 and β=0.5717.

mm

Considering the bubble and slug lengths obtained with each T junction, we chose the T junction with a inner section of 1.25 mm for the synthesis of nanoparticles. Indeed, gas bubbles will be long enough so that the decrease of the bubble length will not impact segmented flow characteristics. Furthermore, with long slugs (L c ∼5d to 10d), recirculation motions enhance the mass transfer in the slug whereas for the small slugs obtained with 0.5 mm T junction (L c ∼0.1d to 0.2d), recirculation motions are reduced in a significant way (as already mentioned in Section 1.2.3). Furthermore, the bubble velocity was measured using the Matlab R routine. Figure 5.6

shows the experimental bubble velocity U d compared to the total superficial velocity U.

As already mentioned in Section 1.2.2, the bubble velocity is slightly higher than the total superficial velocity. Moreover, U d can be relatively well predicted by the equation proposed by Yao et al. [START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF] (see Equation 1.8). 5.1 shows the experimental conditions as wells as the results (conversion and NPs size).

Synthesis of Ruthenium nanoparticles

SYNTHESIS OF RUTHENIUM NANOPARTICLES

For all experiments, an excess of hydrogen was introduced ( ṅH 2 >6 ṅRu(COD)(COT) ). The unit cell (containing one slug and one bubble) at the inlet of the reactor is approximately the same for all experiments. Indeed, the slug length L c varies between 8-10 mm and the bubble length L d is around 7-8 mm. For all experiments, small nanoparticles (1.2-1.4 nm) were synthesized with a narrow particle size distribution. Figure 5.7 shows an example of TEM images of the Ru NPs and the corresponding particle size distribution. The influence of the flow total velocity was investigated by using different reactor lengths To explain this counter-intuitive result, two opposing phenomena can be taken into account:

N • L R U d τ X
• As already seen before, increasing velocity enhances significantly the mass transfer and results in higher conversion.

• At constant velocity, increasing the residence time should increase the conversion. The results seem to show that the effect of total velocity is predominant over the effect of residence time. However, this interpretation should be taken with caution. Indeed, one of the difficulty of performing the NPs synthesis in segmented flow was the low stability of the metallic precursor out of the glove box (even with the use of Schlenk and vacuum-line technique). The four experiments were made using the same stock solution of ruthenium precursor in the same day. However, during the day, the colour of the stock solution slightly changed (from orange to light brown), indicating a potential contamination. Furthermore, for all experiments, the nanoparticle size doesn't vary significantly (Table 5.1).

Interestingly, the size of NPs is not dependent on the Ru[COD][COT] conversion.

Comparison with the literature

Synthesis of Ru NPs in [C 1 C 4 Im][NTf 2
] has been investigated in batch [START_REF] Campbell | Olefin hydrogenation by ruthenium nanoparticles in ionic liquid media: Does size matter[END_REF][START_REF] Salas | Influence of amines on the size control of in situ synthesized ruthenium nanoparticles in imidazolium ionic liquids[END_REF][START_REF] Gutel | Influence of the self-organization of ionic liquids on the size of ruthenium nanoparticles: effect of the temperature and stirring[END_REF]. In a typical experiment, the solution of Ru precursor and H 2 are introduced in an autoclave.

After a long residence time (up to 3 days), the solution is collected and characterized by TEM. Ru NPs of 1.3± 0.4 nm and 1.1± 0.2 nm, similar to our work, were synthesized respectively in batch at 0 • C without stirring [START_REF] Gutel | Influence of the self-organization of ionic liquids on the size of ruthenium nanoparticles: effect of the temperature and stirring[END_REF] and at 30 • C with the presence of a stabilising additive (hexadecylamide) [START_REF] Salas | Influence of amines on the size control of in situ synthesized ruthenium nanoparticles in imidazolium ionic liquids[END_REF] (see Table 5.2). However when the same reaction was carried out in batch at 50 According to the literature [START_REF] Gutel | Influence of the self-organization of ionic liquids on the size of ruthenium nanoparticles: effect of the temperature and stirring[END_REF], stirring during the Ru NPs synthesis results to broader In this work, it was however observed that small NPs are synthesized in segmented flow where mixing (via recirculation loops) happens in the slug. In these conditions, should the 3D organization of IL not be impacted by the slug mixing leading thus to bigger aggregates? It could also be assumed that in segmented flow, the enhanced G/L mass transfer results in a short nucleation time with formation of a lot of nuclei. In any case, it seems that the physical phenomena in small batch are not fully understood and it might be interesting to repeat the atch synthesis in a controlled way. 

Ru-Cu NPs synthesis

Conclusion

In this chapter, we have reported the synthesis of small monodisperse Ru NPs Moreover, the synthesis of bimetallic Ru-Cu NPs was also successfully reported in this system. Given that Cu NPs are not generated alone in the same experimental conditions, we assume that Ru NPs are synthesized first which favour the formation of Cu NPs. The bimetallic NPs are therefore assumed to be composed of a ruthenium core and a copper shell.

For more details on the impact of experimental conditions on the NPs size and Ru[COD][COT] conversion, further studies should be performed. However, we were unable to proceed further due to:

• The cost of ionic liquid and metallic precursor

• The low stability of the metallic precursor that requires to perform the NPs synthesis in a glove box. The other solution is to find other chemical systems that do not require strict inert conditions.

CHAPTER 6

Cascade reactions in multiphase segmented flow: feasability and methodology

Today, the development of more environmentally sustainable processes is a major challenge. To synthesize a target molecule, making several steps of the synthesis inside a same reactor can be a solution toward process intensification. Combining several steps inside one reactor and suppressing purification steps can generally reduce investment costs, energy savings and minimize waste. This strategy to implement cascade reaction in one reactor had long been used in chemistry [START_REF] Hayashi | Pot economy and one-pot synthesis[END_REF].

However, in particular case, the steps of the cascade reaction are incompatible. In other words, the operating windows for the reaction steps do not fit (T, P incompatible) or implementing the cascade reaction in one reactor generates "undesired chemistry".

For instance, the steps of a chemo-enzymatic cascade are often performed in incompatible media, i.e. the enzyme is often inhibited or deactivated in presence of the chemical environment [START_REF] Gruber | Conscious coupling: The challenges and opportunities of cascading enzymatic microreactors[END_REF]. To perform this type of cascade reactions, the concept of reactor compartmentalization has received growing attention. It can be defined as the "general approach to spatially separate two or more active components of a system to prevent malfunctions [. . . ] " [START_REF] Kersten | Cascades in Compartments: En Route to Machine-Assisted Biotechnology[END_REF]. This concept is inspired from biological compartmentalization in living cells. Compartmentalization inside one reactor can be achieved at different scales.

For instance, at microscale, polymeric microcapsules have been used to create compartments and encapsulate enzymes [START_REF] Ruud | Cascade Reactions in Multicompartmentalized Polymersomes[END_REF]. On a larger scale, different compartments can be created in batch reactor by using two immiscible solvents [START_REF] Ordomsky | Multilevel rotating foam biphasic reactor for combination of processes in biomass transformation[END_REF].

At milli-metric scale, compartmentalization could be achieved by multiphase segmented flows. Due to the non-miscibility of well-chosen solvents, segmented flow can create small compartments and separate incompatible components. Cascade reaction with incompatible steps could be implemented in flow systems. By analogy with "one pot" process, "one flow" process characterizes multistep reaction made in continuous flow. In this chapter, the feasibility of the "one flow" process is investigated. First, the chapter focuses on two case studies: the synthesis of tetrahydrofurfural from xylose and the synthesis of (R) 1phenylethanol from styrene. Then, in the last section, building from these experiences, the objective was to structure simple guidelines to assess the feasibility of cascade reactions in segmented flow. This work is part of the European ONE FLOW project1 which aims to perform multiple reactions in flow in one step. 

Case study n • 1: Synthesis of tetrahydrofurfuryl alcohol

Tetrahydrofurfuryl alcohol (THFA) is an interesting molecule used especially as a "green" solvent in industrial applications (for example in agricultural applications for the formulation of crops sprayers) due to its low toxicity and biodegradability [START_REF] Manoj | Kinetics of Liquid-Phase Hydrogenation of Furfuryl Alcohol to Tetrahydrofurfuryl Alcohol over a Ru/TiO2 Catalyst[END_REF]. THFA can be obtained by the catalytic hydrogenation of furfural [START_REF] Yan | Production, properties and catalytic hydrogenation of furfural to fuel additives and value-added chemicals[END_REF]. Furfural (FF) is considered as a building block for the synthesis of numerous value-added chemicals and can be produced by the acid-catalysed dehydration of xylose. However, in acidic conditions, furfural can be involved in side reactions, i.e. polymerization and combination of furfural and xylose, resulting in the formation of humins [START_REF] Yan | Production, properties and catalytic hydrogenation of furfural to fuel additives and value-added chemicals[END_REF]. The furfural yield is therefore substantially impacted. One way to hinder the side reaction is to extract the furfural from the acidic media in an organic phase (Figure 6.1a). In order to directly extract furfural, segmented flow has been used in the literature [START_REF] Papaioannou | Furfural Production by Continuous Reactive Extraction in a Millireactor under the Taylor Flow Regime[END_REF]. Furthermore, for the second step of the cascade reaction, the isolated furfural could be hydrogenated in a second reactor. However, for the case study, the objective is to combine the furfural synthesis with the furfural hydrogenation in the same reactor using segmented flow. To this end, in a first acidic aqueous phase, xylose will be dehydrated in furfural and furfural will be extracted by the organic phase where hydrogenation into THFA will take place. The proposed segmented flow (Figure 6.1b) is therefore a G/L/L multiphase segmented flow with the possibility of adding heterogeneous catalysts. This cascade reaction has already been implemented in batch reactor [START_REF] Ordomsky | Multilevel rotating foam biphasic reactor for combination of processes in biomass transformation[END_REF][START_REF] Ordomsky | Biphasic singlereactor process for dehydration of xylose and hydrogenation of produced furfural[END_REF]. The dehydration of xylose is conducted in the aqueous phase by a mordenite zeolite coated over Al foam. The furfural hydrogenation was made in the organic phase (cyclohexane, 2-methyltetrahydrofuran) by Ru coated over carbon foam. The foams impregnated with catalyst were placed on the stirrer (Figure 6.2). To avoid the hydrogenation of xylose over Ru/C catalyst, the aqueous phase is not in contact with the carbon foam. Therefore, the stirrer rotates slowly to keep the compartmentalization in the reactor. The 6.1. CASE STUDY N • 1: SYNTHESIS OF TETRAHYDROFURFURYL ALCOHOL cascade reaction was performed in 5h at 165 • C under 25 bar of H 2 . With a water/2methyltetrahydrofuran biphasic system, THFA selectivity was around 30% at xylose conversion of 60%. Due to the low speed rotation of the stirrer, mass transfer performances are not optimal and could therefore be intensified.

To implement the cascade reaction in segmented flow, a rapid literature review was needed in order to select appropriate solvents (S1 and S2) and catalysts (cat.1 and cat. 2).

Solvents and catalysts selection

The selections of catalysts and solvents are interconnected; i.e for example the catalyst selection for the first step can depend on the solvent selection of the second step. As a first approach, the choice of solvents and catalysts was made so that the overall system meets the following criteria:

• For practical reasons (i.e. tubing length), the residence time for the cascade reaction must not exceed 30 min of residence time.

• The temperature for the first and second steps must be in the same range.

• The solvents S1and S2 must be non-miscible. Furthermore, each catalyst must stay preferentially in the appropriate phase (i.e cat. 1 in S1 and cat. 2 in S2).

• Furfural must be extracted effectively from S1 (i.e. with a favourable partition coefficient).

Choice of catalyst for the first step (cat.1) Table 6.1 presents a non-exhaustive comparison of catalysts used in the literature to perform the dehydration of xylose to furfural. The strategy for the literature screening was to look at the operating conditions (residence time and temperature) and the solvent in order to identify a potential candidate. A more complete review of the literature can be found in [START_REF] Yan | Production, properties and catalytic hydrogenation of furfural to fuel additives and value-added chemicals[END_REF]. Most of the systems with heterogeneous catalysts need long residence times which are not compatible with a continuous process. Furthermore, some of them used solvents that 6.1. CASE STUDY N • 1: SYNTHESIS OF TETRAHYDROFURFURYL ALCOHOL are potentially miscible with a lot of organic solvents (DMF, DMSO). Therefore, H 2 SO4 seems to be an appropriate catalyst candidate (with water as solvent S1).

Ref

Choice of solvent S2

For the choice of solvent 2 (S2), three criteria were taken into account:

• The solvent stability at temperature between 150 and 200 • C.

• The non-miscibility between water (S1) and S2.

• A high partition coefficient of furfural between S1 and S2. The partition coefficient is defined as:

K FF = C S2 FF C S1 FF (6.1)
Table 6.2 presents the commonly used solvent for furfural extraction. A detailed recent review of all biphasic systems for furfural extraction can be found in [START_REF] Esteban | An overview of the biphasic dehydration of sugars to 5-hydroxymethylfurfural and furfural: a rational selection of solvents using COSMO-RS and selection guides[END_REF]. The strategy was to select the appropriate candidate based on the three previously described criteria.

Although methyl isobutyl ketone (MIBK) and 2-methyltetrahydrofuran have a high partition coefficient K FF , MIBK is not stable in presence of hydrogen at temperature around 

Choice of catalyst 2 (cat. 2)

In the industry, THFA is generally synthesized over various nickel based catalyst from furfuryl alcohol (FA) which is produced from furfural by the hydrogenation of C=O group.

At laboratory scale, THFA was produced directly from furfural over various catalysts. The strategy was therefore to have a heterogeneous catalyst suspended in the toluene phase. To have a catalytic support that would stay in the toluene phase, a simple affinity test was conducted on several catalytic supports (charcoal, carbon nanotubes, silica, alumina). A small quantity of solid was added to a toluene/water biphasic mixture (1:1 vol.) and after mixing and decantation, the samples were inspected visually to determine the solid affinity (Figure 6. 

Summary of catalysts and solvents selections

To sum up, the multiphasic segmented flow proposed for the synthesis of THFA from xylose is the L/L/S/G segmented flow presented in Figure 6.4. In the next section, the strategy is to assess the feasibility of the cascade reaction using the proposed segmented flow. 

Feasibility study

To assess the feasibility of the cascade reaction, the two steps were studied separately.

The objective is to assess possible difficulties that could result from coupling the two steps in the same reactor.

Xylose dehydration and furfural extraction

In the first step of the cascade reaction, xylose is dehydrated into furfural in water in presence of sulfuric acid. Furfural is directly extracted by an organic phase (toluene).

This first step was performed in water/toluene segmented flow in the experimental set-up presented in Figure 6. Downstream of the coiled reactor, nitrogen is injected in a small chamber at a specific pressure in order to regulate the pressure inside the reactor. To keep water and toluene in a liquid state, the pressure was set at P=20 bar. Samples were collected during the reaction by opening the chamber valve. The toluene phase was analysed by GC (Agilent 6890). The aqueous phase was analysed using a high pressure liquid chromatography (HPLC) system (Shimadzu) with refractive index detector. The column (Phenomenex Rezex ROA) was operated at 50 

Y org = C FF,org C 0 xyl,aq × 100 (6.3) 
The furfural productivity (in mol of furfural/min/m 3 of reactor) is calculated as:

Prod. = Q org C FF,org V R (6.4)
Experiments were made at different temperatures (160 .6 shows the evolution of the furfural yield in organic phase and the furfural productivity depending on the org/aq ratio R. As expected [START_REF] Krzelj | Kinetic Model of Xylose Dehydration for a Wide Range of Sulfuric Acid Concentrations[END_REF], the increase of temperature from 160 • C to 180 • C results in an increase of furfural yield and furfural productivity at constant org/aq ratio. Furthermore, increasing the org/aq ratio R from 1 to 6 leads to an increase of furfural yield in the organic phase from 37% to 60% at 180 • C. However, due to the increase of org/aq ratio R (thus increasing the volume of extracting solvent), the concentration of furfural decreases in the toluene phase, thus decreasing the furfural productivity.

Moreover, with an increase of org/aq ratio from 6 to 8, the furfural yield seems to reach a plateau. A possible explanation for this counter intuitive result could come from the hydrodynamics of the segmented flow. Indeed, at the outlet of the reactor, the organic slugs were really long compared to the length at the inlet of the reactor especially at high 6.1. CASE STUDY N • 1: SYNTHESIS OF TETRAHYDROFURFURYL ALCOHOL org/aq ratio which indicates that coalescence events happen in the reactor. During the synthesis, the segmented flow goes first through an hydrophobic PFA tubing (where water is the dispersed phase) and then through an hydrophilic stainless steel tubing. Due to the opacity of stainless steel, the behaviour of the segmented flow cannot be observed but it is possible that the segmented flow was reversed, i.e the water becomes the continuous phase. This assumed phase inversion could result in hydrodynamic disturbances and lead to coalescence of organic slugs. With very long organic slug (L org ∼5 cm at R=8), the extraction of furfural in the toluene phase could be less efficient due to a decrease in the interfacial area or to less efficient recirculation loops. To sum up this section and with the aim of coupling the two steps, these results show that the first step can be made in residence time below 30 min in the target range of temperature (180 • C) with furfural yield comparable to those of the literature.

CASE STUDY N • 1: SYNTHESIS OF TETRAHYDROFURFURYL ALCOHOL

Furfural hydrogenation

To assess the feasibility of the furfural hydrogenation and its coupling with the xylose dehydration, experiments were performed in an stirred tank reactor of 100 mL with a radial impeller. Stirrer speed was kept at 900 rpm. Four different experiments were made (see Table 6.5 for the detailed experimental conditions). In experiments n • 1 and n • 2, furfural hydrogenation was performed respectively in toluene and in a toluene/water biphasic mixture (2:1 vol.). In experiment n • 3, H 2 SO 4 was added to the toluene/water mixture at the beginning of the reaction. In experiment n • 4, starting from xylose, the cascade reaction was performed in toluene/water mixture. All experiments were made at 180 • C under 10 bar of H 2 .

Samples were taken during the synthesis. The toluene phase was analysed by GC and the aqueous phase was analysed by HPLC using the same equipment presented in the previous section 6.1.2. For experiment 1, the yield for product i is calculated as:

Y i = C i,org C 0 FF,org × 100 (6.5) 
For experiments 2 and 3, the yield for product i is calculated as:

Y i = C i,org + C i,aq /R C 0 FF,org × 100 (6.6) 
For experiment 4, the yield is calculated as:

Y i = C i,org R + C i,aq C 0 xyl,aq
× 100 (6.7) It is important to notice that THFF and FA are not undesired products and can still be hydrogenated in THFA with a longer residence time. For experiment n • 1, at 58% of furfural conversion, the sum of THFA, THFF and FA yield is around 40%. MF is produced with a lot of unknown products. For the cascade reaction (experiment n • 4), furfural is produced and hydrogenated into the desired product THFA. However, the THFA yield is really low. This result can be explained by the transfer of hydrogenated products in the water phase; Indeed, as a first approach, the partition coefficient of the hydrogenated products between n-octanol and water can be easily estimated using logP calculator (ALOGPS, [START_REF] Tetko | Application of ALOGPS to predict 1octanol/water distribution coefficients, logP, and logD, of AstraZeneca in-house database[END_REF]). For THFA, THFF, FA et MF, the partition coefficient is equal respectively to 1.1, 3.2, 3.4 and 15.1. Therefore, the hydrogenated products (mainly THFA, THFF and FA) will transfer back in the water phase where they will react in acidic conditions to form side products (i.e polymerization to form humins).

N • V org V aq R C 0 xyl,aq C 0 FF,org

Conclusion on the 1 st case study

In the selected experimental conditions, coupling the xylose dehydration and the furfural hydrogenation is not possible due to the side reactions of the hydrogenated products in the acidic water phase. Given that the selected experimental conditions lead to a dead-end, the choice of catalysts and solvents made in Section 6.1.1 need to be reconsidered. However, no choice was satisfactory with the constraints imposed by the "one flow" process.

However, was this outcome predictable? The answer is yes. Indeed, in the strategy to assess the feasibility of the cascade, no consideration has been taken in regards to the outcome of the products. The partition of the hydrogenated products between the two phases and the potential side reactions that could occur need to be taken into account. The final coupling of both reactions in segmented flow has therefore not been realized.

While predictable, this results shows that there is the need to develop a clear methodology to assess the feasibility of cascade reaction in segmented flow.

6.2 Case study n • 2: Synthesis of (R) 1-Phenylethanol

The cascade reaction of interest combines the Wacker oxidation of styrene to acetophenone (AcPh) and the enzymatic reduction of acetophenone to 1-phenylethanol (PhE) 1 .

This model cascade reaction has been already investigated in batch [START_REF] Sato | Cooperative Catalysis of Noncompatible Catalysts through Compartmentalization: Wacker Oxidation and Enzymatic Reduction in a One-Pot Process in Aqueous Media[END_REF]. 6.5 for the experimental conditions) at 15 min of residence time. For experiments n • 1-3, the yield is calculated depending on the initial furfural concentration whereas for experiment n • 4, the yield is calculated depending on the initial xylose concentration.

The batch process reported in the literature (see Figure 6.8) compartmentalizes the two steps by using a polydimethylsiloxane (PDMS) membrane. Being hydrophobic, the membrane retains the water soluble components and allows organic molecules (like acetophenone) to pass. With this system, the enzymes and the copper catalyst are confined in two separate compartments. In their process, the first step and the second step are performed respectively in methanol (MeOH)/water (7:1 vol.) and in isopropanol/water (1:3 vol.) media.

Figure 6.8: Schematic illustration of the batch process for the synthesis of (R) 1phenylethanol from styrene using a polydimethylsiloxane membrane, taken from [START_REF] Sato | Cooperative Catalysis of Noncompatible Catalysts through Compartmentalization: Wacker Oxidation and Enzymatic Reduction in a One-Pot Process in Aqueous Media[END_REF]. The yellow compartment is for the Wacker oxidation whereas the blue compartment is for the enzymatic reduction.

However, when performing the two steps at the same time, disappointing conversion of 20% was obtained in 16h. The authors explain that the methanol for the Wacker oxidation can also transferred from the Wacker oxidation media to the enzymatic reduction media.

The decrease of methanol content in the Wacker oxidation media leads to a decrease of the Wacker oxidation rate. The authors proposed then to perform the cascade reaction in "sequential mode". The Wacker oxidation is performed in the first compartment with nothing in the second compartment. At completion of the Wacker oxidation, the media for the enzymatic reduction is added in the second compartment. This time, a conversion of 85% was achieved with 83% of (R) 1-phenylethanol.

The objective was therefore to implement the cascade reaction in a continuous process.

One of the difficulties lies in the miscibility of the media used in the two steps. To compartmentalize both media, the alternated segmented flow, presented in Part II, seems to be an appropriate solution. The idea is to generate two aqueous droplets (see Figure 6.9) corresponding to the two mixtures required to run the process (one for the Wacker oxidation and the other for the enzymatic reduction). These two aqueous droplets will be separated by an inert liquid media that would allow organic molecules to transfer but will confine copper ions in one droplet. High viscous alkane, squalane, seems to be a good candidate for the inert liquid media with a partition coefficient of acetophenone between squalane and water (K acetophenone = C squalane Cwater ) equal to 0.4. Oxygen bubbles will serve in the Wacker oxidation but also as separator between the two aqueous droplets to avoid coalescence events. To assess the feasibility of the cascade reaction in the multiphase segmented flow, the two steps are again first studied separately. 

1 st step: Wacker oxidation of styrene

In the batch process from the literature, the Wacker oxidation is made in 16h. To adapt the coupled process in an alternated segmented flow, it is necessary to reduce drastically the residence time (∼30 min). Furthermore, as discussed in Chapter 3 (Section 3.4.3), increasing the content of methanol in the aqueous phase leads to difficulties for generating the alternated segmented flow. With MeOH/water (7:1 vol.) mixture, the formation of alternated segmented flow is not possible with our system using squalane as the inert continuous phase. Preliminary adjustments are therefore necessary to adapt the cascade reaction in flow.

Experiments were made in small vials of 5 mL with a magnetic stirrer. Oxygen was provided by an oxygen-filled balloon. First, the copper and palladium based catalysts 6.2. CASE STUDY N • 2: SYNTHESIS OF (R) 1-PHENYLETHANOL in MeOH/water (1:1 vol.). Indeed, styrene was not completely soluble in the MeOH/water (1:1 vol.) mixture.

In the alternated segmented flow, the organic inert phase (squalane) will potentially play a role in the Wacker oxidation step. Indeed, the partition coefficient of styrene between squalane and MeOH/water (1:1 vol.) mixture is calculated and estimated as:

K styrene = C styrene,org
C styrene,aq =37 (6.8) Figure 6.11: Acetophenone yield obtained in the experimental conditions described in Table 6.7.

Adding a squalane phase to the MeOH/water (1:1 vol.) mixture (experiment n • 4) results in a decrease of the reaction rate (Figure 6.11) because of a decrease of the reactant concentration in the aqueous phase. At a residence time of 30 minutes a disappointing 2% of acetophenone yield is achieved. The operating conditions are therefore not satisfactory for the first step of the cascade.

2 nd step: Enzymatic reduction of acetophenone

The enzymatic reduction of acetophenone was catalysed by an alcohol dehydrogenase (ADH) enzyme in presence of cofactor NADPH. Given that NADPH is quite expensive, NADP + is regenerated in situ into NADPH through glucose oxidation catalysed by glucose dehydrogenase enzyme (GDH). The enzymatic reduction of acetophenone was first performed in a continuous experimental set up (Figure 6.12) using monophasic flow. Table 6.8 presents the experimental conditions. In the enzymatic solution (S2), ADH, GDH, glucose and co-factor NADPH were dissolved in potassium phosphate buffer (pH=7, 100mM with 2mM of MgCl 2 ). Solution S1 with acetophenone and solution S2 were pushed into the reactor at respectively 0.067 mL/min and 0.6 mL/min. The experiment was therefore repeated several times. Table 6.13 shows the results. In an alternated segmented flow with more than 50% of coalescence, the phenylethanol yield dropped to 17% indicating an inhibition from the copper ions. In an alternated segmented flow with less than 5% of coalescence, the phenylethanol yield was approximately the same (28%) as the yield obtained without copper ions (34%). The slight decrease is possibly due to the few coalescence events. Nonetheless, two incompatible aqueous phases can be compartmentalized in continuous flow using the alternated segmented flow. 

Experiments

Conclusion on the 2 nd case study

The selected cascade reaction was not possible to implement in alternated segmented flow due to the slow reaction rate of the Wacker oxidation in methanol/water mixture with low methanol content. Disappointing acetophenone yield of a few % was reached in aqueous/squalane mixture.

However, we have developed a multiphasic system to perform the enzymatic reduction of acetophenone in presence of copper ions without (or almost) inhibition of the enzymes.

The compartmentalization of the two aqueous phase was successfully achieved and pave the way for possible future cascade chemistries.

6.3. METHODOLOGY FOR FEASIBILITY ASSESSMENT

Methodology for feasibility assessment

Building from our understandings of the case studies, this section aims to provide some guidelines to assess the feasibility of implementing a cascade reaction in segmented flow. • The intermediate B can be hazardous or toxic (Figure 6.15b). If the cascade reaction is performed in one reactor, there is no need to isolate and purify intermediates that have high safety issues.

• There is an equilibrium between reagent A and intermediate B (Figure 6.15a). Performing the second step B→C in the same reactor can shift the equilibrium of the first step toward the formation of B.

Methodology

The methodology is based on a logic diagram with binary decision (yes/no). A summary of the diagram is presented in Figure 6.16. As a starting point, the following model cascade reaction was considered:

6.3. METHODOLOGY FOR FEASIBILITY ASSESSMENT 1 and 2 can be quite useful to have an idea about the distribution of solutes.

It is defined as:

K i,1/2 = C i,1 C i,2 (6.10) 
Where C i,1 and C i,2 are the concentrations of component i in compartments 1 and 2 respectively. In most cases, one of the compartments is an aqueous phase whereas the other is an organic phase. As a first approach, estimations of partition coefficient are available on line for a biphasic mixture water/1-octanol [START_REF] Tetko | Prediction of n-Octanol/Water Partition Coefficients from PHYSPROP Database Using Artificial Neural Networks and E-State Indices[END_REF]. After estimating the partition coefficient, the following criteria can be applied:

• If K i,1/2 >100, component i is mostly in compartment 1. There is no need to check for compatibility with chemicals in compartment 2.

• If K i,1/2 <0.01, component i is mostly in compartment 2. There is no need to check for compatibility with chemicals in compartment 1.

• 0.01≤K i,1/2 ≤100, component i is in compartments 1 and 2.

For alternated segmented flow, the inert compartment must be taken into consideration.

Two partitions coefficients can therefore be useful:

K i,1/inert = C i,1 C i,inert (6.11) 
K i,2/inert = C i,2 C i,inert (6.12) 
Where C i,inert is the concentrations of component i in the inert compartment. As a first approach, the criteria presented in Table 6 Additionally, for solid catalyst, hydrophilic or hydrophobic behaviour of particles can give clues on the solid repartition between the compartments.

Once the repartition of chemicals between the compartments is known, a new compatibility matrix can be constructed. Depending on the type of compartmentalization, the number of compartments can varied from 2 (L/L segmented flow) to 3 (alternated segmented flow). The compatibility matrix enumerates all components contained in each compartment and identifies the remaining side reaction. For illustrative purpose, Figure 6.20 shows the compatibility matrix for the model cascade reaction using L/L segmented flow (Figure 6.20a) and alternated segmented flow (Figure 6.20b).

Part IV

Conclusion and perspectives

General conclusion

In this final section, the main results of this work are reported. The generation and stabilisation of the Aq./Aq./Org. alternated segmented flow was investigated in PFA tubing with relatively large diameter (i.d. of 1.6 mm). Different injection devices with no active control were developed with a marked preference for the PEEK cross junction which generates the aqueous droplets successively and in a regular way. However, rapid coalescence was observed after a few seconds of residence time. To overcome this issue, two solutions are proposed. In the first solution, another entry of squalane is added after the cross junction and therefore more continuous phase separates the two aqueous droplets. Coalescence events can therefore be delayed and the residence time can reach up to 10 minutes with this strategy. The second solution is to add a gas phase as separator between the two aqueous droplets. In this configuration, the gas bubble acts as a barrier between the two aqueous droplets and coalescence can't happen. Residence times up to 30 minutes were achieved with this solution. Furthermore, the fluid properties play an important role in the generation of the alternated segmented flow. As a first approach, in order to manage the generation of the alternated segmented flow without coalescence, simple rules are proposed: the system must operate with a continuous phase having high viscosity (superior or equal to 19 cP) and with an interfacial tension between continuous and dispersed phase greater than 30mN/m.

The mass transfer between the two aqueous droplets in alternated segmented flow has been investigated. In the experiments, acetic acid transfers from the acidic aqueous droplet to the basic droplet through the squalane phase. Using a colorimetric method, the neutralisation of the hydroxide ions gives quantitative data on the acetic acid transport. The influence of initial acetic acid concentration has been studied. At high initial concentration of acetic acid (C 0 AcOH > 0.1M), a concentration gradient is observed in the basic droplet indicating a transfer limitation due to the mixing (mainly by diffusion) in the basic droplet. Due to the concentration gradient, no quantitative data on the transport of acetic acid for C 0 AcOH > 0.1M could be obtained. At low acetic acid concentration, no concentration gradient was observed. The transport rate of acetic acid displays a linear relation with C 0 AcOH . The influence of the gas bubble was also reported and compared to the transport in alternated segmented flow without gas bubble. The gas bubble limits the transport of acetic acid between the aqueous droplets. However, the limitation is small. It was therefore assumed that a large part of the acetic acid is transported by the squalane film near the channel wall. A modelling approach based on the unit cell was proposed and k f-d and k caps were estimated respectively at 1.4•10 -5 and 1.15•10 -5 m/s. A slight increase of k f-d was observed with increasing superficial velocity. With all these results on hydrodynamics and mass transfer in alternated segmented flow, we provide a tool to compartmentalize two miscible phases in continuous flow.

Then, applications were investigated in complex multiphasic segmented flow. Syntheses of small metallic nanoparticles were performed in H 2 /ionic liquid segmented flow. Small Ru NPs with a diameter of 1.3 nm and a narrow size distribution (±0.3 nm) were synthesized.

Compared to batch reactor where the synthesis happen in 16 h to 2 days, the residence time in continuous flow is very short (<3 min). Videos of the shrinking of hydrogen bubbles were taken to monitor the synthesis of nanoparticles. Given that the conversion at the outlet increases with increasing superficial velocity, it seems that the reaction is limited by the transfer of H 2 . The synthesis of Ru-Cu NPs was also performed in H 2 /ionic liquid segmented flow. Ru-Cu NPs with an atomic proportion of 20% for Cu and 80% for Ru were obtained. Given that Cu NPs are not generated alone in the same experimental conditions, it seems that the synthesis of Ru NPs favours the generation of Cu NPs. We assume that the Ru-Cu NPs are composed of a ruthenium core and a copper shell.

The feasibility of cascade reactions in segmented flow was investigated. The idea was to use multiphasic segmented flow as a way to compartmentalize incompatible components.

Two case studies were investigated: the synthesis of THFA from xylose and the synthesis of 1-phenylethanol from styrene. For the first case study, after the xylose dehydration, the goal was to extract furfural (intermediate) with an organic phase to prevent the formation of humins and immediately perform the furfural hydrogenation to give THFA.

The issue comes from the outcome of THFA which transfers back in the acidic aqueous solution and reacts to give undesired products. In the second case study, the compartmentalization was needed because the enzymes were deactivated by the chemical catalyst (copper ions). Alternated segmented flow was proposed to compartmentalize two miscible phases in continuous flow. Unfortunately, the first step of the cascade (Wacker oxidation of styrene) was too slow to perform in the operating conditions of the alternated segmented flow. However, the enzymatic reduction was performed in alternated segmented flow in presence of copper ions. Therefore, the two miscible aqueous phases were successfully compartmentalized. Furthermore, a simple methodology was proposed to rationalise the feasibility assessment of cascade reaction in segmented flow. The methodology is based on a logic diagram and the construction of compatibility matrix to check the compatibility between components. The objective to implement a cascade reaction with incompatible steps in "one flow" was not achieved. However, new insights were given on the way to compartmentalize the steps of the cascade reaction.

Perspectives

In this work, a complex multiphasic segmented flow called the alternated segmented flow was characterized by hydrodynamic and mass transfer studies. This complex multiphasic flow seems to be an interesting solution to compartmentalize miscible phases inside a continuous flow. However, research on alternated segmented flow is still in its beginning and additional studies could be beneficial.

Regarding the hydrodynamics of alternated segmented flow, it could be interesting to broaden the scope of operating parameter. In this work, we reported aqueous droplets separated from each other by an inert organic solvent. It could be interesting to generate alternated segmented flow with organic droplets with the aim to compartmentalize two miscible organic phases in continuous flow. To this end, tubing material, inert solvent that separates the organic droplets and injection device should be carefully selected. It was reported that viscosity of the continuous phase plays an important role in the successful generation of alternated segmented flow. Mixture of water and glycerol could be therefore used as the inert solvent. A more hydrophilic tubing material (e.g. glass) should be also selected. Furthermore, the material of the injection device should also be more hydrophilic.

In this work, it was also reported that the aqueous droplets 'catch up' with each other leading to coalescence. Strategies have been investigated to stabilise the alternated segmented flow. However, complete understanding on why the droplets coalesce is still lacking. We assume that the coalescence is due to slight difference in droplet velocity that could come from slight variation in the droplet length. However, this difference in droplet length is not visible. More insights on this subject could be interesting to understand the physics behind the coalescence events.

Regarding the mass transfer study in alternated segmented flow, it was reported that the presence of the gas bubble limits the solute transport between the two droplets. However this limitation is not very important because a large part of the solute seems to be transported by the liquid film. Nevertheless, the modelling approach doesn't explain the slight decrease of the solute transport rate when the bubble length increases. In our experiments, the bubble length and the length of the unit cell were both varied. It could be interesting to vary only the bubble length while keeping the length of the unit cell constant.

Given that to generate the same configuration pattern (same droplet length), constraints are applied to the flow rates entering the cross junction, these experiments would require adding a third injection device (T-junction) to adjust the quantity of continuous phase.

Comparing the results from these experiments with the modelling approach could give some insight on the influence of the bubble length. To go further, a CFD study could be interesting to investigate more precisely what is happening in the film.

Finally, concerning chemical applications in multiphasic segmented flow, promising results were reported but challenges still remain. In this work, the difficulty of implementing cascade reaction with incompatible steps in continuous flow was highlighted. Due to the loss of flexibility and the multiple constraints imposed by the "one flow" process, a proof of concept was not achieved for the two studied cascade reactions. Therefore, is it worthwhile to try implementing cascade reaction with incompatible steps in "one flow" process? It could still be beneficial for specific cascade reaction like perhaps with two enzymatic steps. The two media involved in the two enzymatic steps could be miscible but the conditions of pH (for instance) could differ for the two enzymes, thus requiring two different 

A.3 Diffusivity of AcOH in squalane

The diffusion coefficient D of acetic acid in squalane has been estimated with different correlations from the literature (Table A.1). All the correlations give approximately the same order of magnitude. We will take D=6•10 -11 m 2 /s for our modelling approach because the correlation of Hayduk and Chen [START_REF] Hayduk | Review of relation between diffusivity and solvent viscosity in dilute liquid solutions[END_REF] takes into account the influence of the solvent viscosity.

Ref.

Comments D (m 2 /s)

Wilke and Chang [START_REF] Wilke | Correlation of diffusion coefficients in dilute solutions[END_REF] General correlation 1•10 -10

Hayduk and Minhas [START_REF] Hayduk | Correlations for prediction of molecular diffusivities in liquids[END_REF] For alkane (C5 to C32) in alkane (C5 to C16) 3•10 -10

Tyn and Calus [START_REF] Myo | Diffusion coefficients in dilute binary liquid mixtures[END_REF] General correlation, imprecise at high viscosity (>30 cP) 6•10 -11

Nakanishi [START_REF] Nakanishi | Prediction of Diffusion Coefficient of Nonelectrolytes in Dilute Solution Based on Generalized Hammond-Stokes Plot[END_REF] General correlation, for alkane below C12 

A.4. MODEL FOR MASS TRANSPORT THROUGH THE GAS BUBBLES

The partition coefficient between the aqueous phase and gas phase are calculated as:

K g1 = C * aq C * gas = C neat RT P vap (A.3)
The partition coefficient between the organic phase and gas phase are calculated as:

K g2 = C * org C * gas = C neat RT P vap (A.4)
And therefore:

K g1 = K g2 = K g (A.5)
Under the assumption that the acetic acid is instantaneously neutralized by OH -, the mass balance in each phase results in the following system of algebro-differential equations:

1. In phase Aq. 2: In this modelling approach, the global conductance K eff which characterized the mass transport can be expressed as a sum of two conductances K A and K B that respectively describe the transport in the downstream (A) and upstream (B) part of the unit cell: Table A.2: Measurements of bubble lengths at the inlet of the reactor (20 cm from the injector) and at the maximum distance (maximum residence time) for all experimental conditions. Each bubble length was calculated as an average of 15 measured bubble lengths. For THFA, as a first approach, we can look at the partition coefficient between 1-octanol and water (K THFA =C octanol /C water ). Given that K THFA =0.74, THFA is present in the toluene and water compartments. THFA will transferred back in the acidic aqueous phase where it will react to form undesired products.

ε
K eff = K A + K B (A.12) Q aq1 Q aq2 Q squalane Qgas U L b at
In Therefore, the compartmentalization using segmented flow doesn't result in the separation of the key problematic components (H 2 SO 4 and THFA). Coupling the xylose dehydration and the furfural hydrogenation is not possible in these operating conditions using segmented flow.

C.2 Methodology applied to case study n • 2

The methodology to assess the feasibility of case study n • 2 is presented in this section.

As a reminder, the cascade reaction of interest is: 

Figure 1 . 1 :

 11 Figure 1.1: Comparison of viscous, inertial and gravitational forces to interfacial forces at different channel diameters for a air/water flow at a superficial velocity of 0.01 m/s. The black dotted line indicates that the forces compensate each other (Ca=1, We=1 and Bo=1) adapted from [3].
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 12 Figure 1.2: Representation of the patterns obtained for G/L flow taken from [6].
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 13 Figure 1.3: Bubble formation for silicon oil/air segmented flow on the left and glycerol/air segmented flow on the right in a glass tube taken from [28].
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 15 Figure 1.5: Mechanisms of bubble/droplet formation in T-junction. (a) Squeezing regime and (b) dripping regime taken from [39].
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 17 Figure 1.7: Recirculation motion in segmented flow. (a) Schematic illustration of velocity profile using the moving droplet as reference [49], (b) Schematic illustration of the recirculation motion inside the dispersed and continuous phase [49].
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 18 Figure 1.8: (a) Schematic illustration for the modelling approach using plug flow reactor model (b) Schematic illustration of the unit cell in two-phase flow. 1, 2 and 3 refers respectively to the transfer between the bubble and the film, the bubble and the slug and finally the film and the slug.
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 19 Figure1.9: Scheme of residence time distribution for one phase flow and segmented flow, taken from[START_REF] Köhler | Why is Micro Segmented Flow Particularly Promising for the Synthesis of Nanomaterials[END_REF] 
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 1101111 Figure 1.10: Example of monoliths taken from [78].
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 112 Figure 1.12: Examples of experimental set-up for nanostructures synthesis. (a) Comparison between the synthesis of solid CdS in single phase flow (top picture) with the CdS synthesis in segmented flow (bottom picture) [88], (b) Device for the synthesis of metal nanoparticles in gas/liquid segmented flow taken from [89].
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 1 12a). The solid particles that are formed during the synthesis are trapped inside 1.5. CONCLUSIONS
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 21 Figure 2.1: (a) Comparison of the transition lines established in the work of Tan el al. (using viscous liquids) and in other work (using low viscous liquid) [12,38,91], taken from [49]. jL and jG are respectively the superficial velocity of the liquid and the gas phase. (b) Flow map combining We and Ca numbers as coordinates.
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 22 Figure2.2: Photographs of bubble in a liquid/air segmented flow for several liquids : PD5 oil (µ =4cP), ethylene glycol (µ =19cP) and AS100 silicon oil (µ =96cP) at the minimum and maximum velocities that can be reached for each liquid, taken from[START_REF] Howard | Review and extensions to film thickness and relative bubble drift velocity prediction methods in laminar Taylor or slug flows[END_REF].
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 2 3a and 2.3bshow respectively the flow patterns for water and water/glycerol (1:4 wt.) as the continuous phase. For CO 2 /water segmented flow, the concentration distribution in the slug is approximately homogeneous. However, with the increase of viscosity, the concentration distribution becomes disparate. The authors explain this tendency by a decrease of both the convection rate and the diffusion coefficient.
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 23 Figure 2.3: (a) Flow pattern and color change for CO2/water segmented flow, (b) Flow pattern and color change for CO2/water-glycerol (1:4 wt.) segmented flow, taken from [92].

  [START_REF] Su | Intensification of liquid-liquid two-phase mass transfer by gas agitation in a microchannel[END_REF] have observed patterns similar to annular (Figure 2.4f) or churn flow (Figure 2.4g). The gas phase flows at the center of the channel and the two liquids are pushed against the channel wall. One of the liquid phases is dispersed into the continuous liquid phase forming tiny droplets with a size of 10-20 µm. These patterns are characterized by fluctuating interfaces (especially in Figure 2.4g).

Figure 2 . 4 :

 24 Figure 2.4: Photographs of G/L/L flow patterns encountered in the literature: (a) droplet/bubble segmented flow[START_REF] Wang | Generating Gas-Liquid-Liquid Three-Phase Microflows in a Cross-Junction Microchannel Device[END_REF], (b) droplet/multi-bubbles segmented flow[START_REF] Wang | Generating Gas-Liquid-Liquid Three-Phase Microflows in a Cross-Junction Microchannel Device[END_REF], (c) multi-droplets/bubble segmented flow[START_REF] Wang | Generating Gas-Liquid-Liquid Three-Phase Microflows in a Cross-Junction Microchannel Device[END_REF], (d) segmented flow with double emulsions[START_REF] Yue | Gas-liquid-liquid threephase flow pattern and pressure drop in a microfluidic chip: similarities with gas-liquid/liquid-liquid flows[END_REF], (e) parallel flow[START_REF] Wang | Generating Gas-Liquid-Liquid Three-Phase Microflows in a Cross-Junction Microchannel Device[END_REF], (f) annular flow[START_REF] Su | Intensification of liquid-liquid two-phase mass transfer by gas agitation in a microchannel[END_REF], (g) "churn" flow[START_REF] Su | Intensification of liquid-liquid two-phase mass transfer by gas agitation in a microchannel[END_REF].

Figure 2 . 5 :

 25 Figure 2.5: Prediction of the three-phase segmented flow pattern based on the interfacial tension values, taken from [101].

2. 2 .Figure 2 . 6 :

 226 Figure 2.6: Schemes of injection devices : (a) double T-junction [99] and (b) cross junction [96], (c), (e) and (g): formation mechanisms of segmented flow in the double T-junction [99], (d) and (f): formation mechanisms in the cross junction [96].

Figure 2 . 7 :

 27 Figure 2.7: (a) Schematic illustration of the flow patterns studied by Yao et al. [103], two patterns (D/B/B/D and D/B/D) was studied with 4 configurations possible for the gas bubble (back bubble, front bubble, in the oil slug, sandwiched by water), (b) Bubble length divided by the channel width as an function of residence time for the 4 possible configurations of the gas bubble, taken from [103].

2. 2 .Figure 2 . 8 :

 228 Figure 2.8: (a) Normalized oxygen concentration in the water two water slugs (DSB and BSD) at increasing residence times, (b) Schematic illustration of the unit cell for the modelling approach, taken from [104].

  [START_REF] Wai Kuan Wong | Robust, non-fouling liters-per-day flow synthesis of ultrasmall catalytically active metal nanoparticles in a single-channel reactor[END_REF] have developed the synthesis of palladium nanoparticles in oil/water/N 2 segmented flow (Figure2.9a). First they inject the aqueous solution with the palladium precursor and the oil phase. Then G/L/L segmented flow is generated by the addition of the gas phase. Finally the aqueous solution containing sodium borohydride (NaBH 4 ) is injected and integrated to the aqueous phase with the palladium precursor.

Figure 2 . 9 :

 29 Figure 2.9: (a) Experimental set-up for the Pd nanoparticles synthesis in G/L/L segmented flow with a photograph of G/L/L segmented flow,(b) Experimental set-up for Pd nanoparticles synthesis in L/L segmented flow with photograph of the flow, taken from [107].

L

  /L segmented flow, the change in surface tension properties leads to uncontrollable coalescence and very long aqueous droplets (see Figure 2.10b). In this system, the flow loses the characteristic of segmented flow (intensive recirculation, low axial dispersion) throughout the experiment. The addition of the inert gas phase confines the coalescence events to the aqueous droplets found in the oil slug (see Figure 2.10a), thus ensuring the stability of the segmented flow.

Figure 2 . 10 :

 210 Figure 2.10: (a) and (b) G/L/L and L/L flow used for the enzymatic hydrolysis of soybean oil, taken from [108]. In (a), the water droplets are contained in the oil slug ensuring a limited number of coalescence events. In (b), long droplets are observed at the end of the reactor. (c) G/L/L segmented flow pattern for the vanillin extraction, taken from [109].

  [START_REF] Assmann | Extraction in microreactors: Intensification by adding an inert gas phase[END_REF] have investigated the vanillin extraction in L/L and G/L/L segmented flow. The aqueous phase containing the vanillin is dispersed into toluene. For the G/L/L segmented flow, nitrogen is injected in the reactor. They observed an enhancement of the extraction efficiency at flow 2.3. "SLURRY" SEGMENTED FLOW velocity above 0.08m/s using G/L/L segmented flow. According to the author, this enhancement can be explained by a higher L/L interfacial area in the G/L/L segmented flow. Indeed, compared to L/L segmented flow, the gas bubble takes the place of the toluene slug and therefore the proportion of toluene contained by liquid films increases (see Figure2.10c).

Figure 2 . 11 :

 211 Figure 2.11: Schemes of various possibilities to introduce solid catalysts into microreactor: (A) Immobilized packed bed, (B) Coating on the channel wall, (C) and (D) Slurry Taylor flow in the continuous and dispersed phases respectively, taken from [111].

Figure 2 . 12 :Figure 2 . 13 :

 212213 Figure 2.12: Photographs of solid distribution for hydrophylic solid catalyst Al2O3 (left picture) and for hydrophobic carbon based catalyst (right picture), taken from [112].

θ

  M is defined as the Shield number where gravitational and drag forces compensates each other. The combination of both effects (aggregation and circulation) are shown in Figure 2.14 depending on the Shield number. Kurup and Basu observed similar solid distribution as Olivon and Sarrazin [113] except for the homogeneously dispersed solid distribution obtained at high velocity (Figure 2.13c).

Figure 2 . 14 :

 214 Figure 2.14: Combination of the two effects (circulation and aggregation) for decreasing Shield number (named θ in the article) taken from [114].

2. 3 .Figure 2 . 15 :

 3215 Figure 2.15: Solid distribution in ethanol/N2/SiO2 "slurry" Taylor flow for (a) horizontal flow and (b) vertical flow, taken from[START_REF] Liedtke | Study of a new gas-liquid-solid three phase contact mode at millimetric scale: catalytic reactors using slurry Taylor flow[END_REF] 

Figure 2 . 16 :

 216 Figure 2.16: On the left, schematic illustration of the pattern for the experiments on L/S mass transfer; on the right, schematic illustration as a plug flow model at steady state condition taken from [111].

Figure 2 . 18 .

 218 It is however important to note that some of the studies use surfactants to hinder the coalescence. Injection geometries include dual nozzle (Figure 2.18a), double T junction (Figure 2.18b), tapered geometry (Figure 2.18c) or "co-flowing" like injection device (Figure 2.18d). For Figure 2.18a and Figure 2.18c, the generated droplets have a length inferior to the channel diameter and thus their behaviour will diverge from segmented flow characteristics (not the same recirculation motion or velocity profiles).

Figure 2 . 18 :

 218 Figure 2.18: Injection devices for the generation of alternated segmented flow: (a) dual nozzle (with presence of surfactant) taken from[START_REF] Frenz | Microfluidic Production of Droplet Pairs[END_REF], (b) double T junction (with presence of surfactant) taken from[START_REF] Zheng | Formation of Droplets of Alternating Composition in Microfluidic Channels and Applications to Indexing of Concentrations in Droplet-Based Assays[END_REF], (c) injection device with tapered chamber (without surfactant) taken from[START_REF] Hung | Alternating droplet generation and controlled dynamic droplet fusion in microfluidic device for CdS nanoparticle synthesis[END_REF], (d) "co-flowing" like injection device where two L/L segmented flow are injected in a bigger channel (with surfactant), taken from[START_REF] Chokkalingam | Selfsynchronizing pairwise production of monodisperse droplets by microfluidic step emulsification[END_REF].

Figure 2 . 19 :

 219 Figure 2.19: Identification of flow regimes using a double T junction: (a) Coalescence directly at the injection, (b) Alternated segmented flow, (c) Alternated segmented flow with small droplets, (d) Stratified flow with late formation of small droplets, (e) Flow map of the four regimes, taken from [126].
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 594 LIQUID/LIQUID/LIQUID SEGMENTED FLOW • For intermediate Capillary number (0.001<Ca<0.05) and wf<0.8, the droplets are formed successively at the injection. In these conditions, the alternated segmented flow is generated (see Figure 2.19b).

  continuous phase. In acidic solution, unionised BTB is yellow whereas in basic solution, BTB becomes blue. They observed that in the basic slug, the colour change happened only in the rear part of the slug. Furthermore, even when generating three consecutive basic slugs, the colour change still happened every time in the tail part of the slug (Figure 2.20a).

Figure 2 . 20 :

 220 Figure 2.20: (a) Experiment with three consecutive basic slug taken from [134], (b) Proposed transfer mechanism taken from [134].

  [START_REF] Zheng | Formation of Droplets of Alternating Composition in Microfluidic Channels and Applications to Indexing of Concentrations in Droplet-Based Assays[END_REF]: Screening conditions for protein crystallisation can potentially involve a lot of experiments in batch. According to Zheng et al., using the alternated segmented flow facilitates the conditions screening.

Figure 2 . 21 :

 221 Figure 2.21: Application of alternated segmented flow for concentration indexing: (a) Scheme of injection device. The dotted lines indicate that the streams are injected with the same syringe pump. (b) Photograph of the flow with protein crystallization at ratio ∼1:1 of precipitant and protein concentration. The concentrations are followed by the fluorescence intensity. (c) Photographs of the flow without crystallization taken from [126].

Figure 3 .Figure 3 . 1 :

 331 Figure 3.1 described the experimental set up used for the hydrodynamic study on alternated segmented flow. Three syringe pumps (Harvard Apparatus PHD 4400) push the two dispersed phases and the continuous phase into the injection system (represented with a grey box). The syringe pumps control precisely the liquid mass flow rates without pressure fluctuations (flow range between 0.05 to 1.5 mL/min). The geometries of injection systems are presented in detail in Section 3.2.1. To stabilise the alternated flow and prevent coalescence, two solutions were tested and are represented in the green dashed line box.The first solution is to add another entry of continuous phase to increase the space between the droplets with the addition of another syringe pump. The second solution is to inject a gas phase that will act as spacer between the droplets using a mass flow controller (Analyt-MTC, Serie 358, 0-2mL/min). Section 3.3 addresses in detail the strategies used to stabilise the flow.

  .2a) made in poly(methyl)methacrylate (PMMA) comprises one main circular channel (1.6 mm i.d.) and two secondary channels to inject the dispersed phases (1.6 mm i.d.). The injector being transparent, videos of droplet formation can be easily taken. The second injector is a commercially available cross junction (Upchurch Scientific, 1/4-28 flat bottom with an i.d. of 1.25 mm) made in PolyEtherEtherKetone (PEEK). The main channel was resized to 1.6 mm corresponding to the PFA tubing. Due to the opacity of the PEEK cross junction, videos of the flow were taken immediately after the cross junction (1 cm after the injection).

Figure 3 . 2 :

 32 Figure 3.2: Scheme of injection devices used in the hydrodynamic study

Figure 3 . 3 :

 33 Figure 3.3: Typical experiment where the red droplet is generated at junction n • 1 and the blue droplet at junction n • 2.

Figure 3 . 4 :

 34 Figure 3.4: Photographs of the formation mechanisms observed at the junction n • 2 where the blue droplet is generated: (a) "droplet cutting" mechanism, (b) "shearing" mechanism, (c) breakage of the red droplet and insertion of the blue droplet.

Figure 3 . 5 :

 35 Figure 3.5: Photographs of typical patterns obtained with PMMA cell at the injection

Figure 3 . 6 :

 36 Figure 3.6: (a) Droplet length measurement at junction n • 1 (b) Formation frequency of the red droplet as a function of the flow rates

3 )Figure 3 . 7 :

 337 Figure 3.7: (a) Obstruction of the main channel at the junction n • 1 over time (b) Photographs of the red droplet formation over time

Figure 3 .

 3 Figure 3.8a shows the channel obstruction by the red droplet over time at junction n • 2.

3. 2 .Figure 3 . 8 : 74 3. 2 .

 238742 Figure 3.8: (a) Obstruction of the main channel by the red droplet at the junction n • 2. 100% of channel obstruction indicates that the red droplet occupies the entire channel (see the top photo). 0% indicates that the red droplet is not at the junction n • 2 (see the bottom picture), (b) Channel obstruction over time by blue and red droplets at the junction n • 2. The data were calculated for Q squalane =0.6 mL/min, Q red =0.1 mL/min, Q blue =0.1 mL/min, (c) Photographs of junction n • 2 when the main channel is occupied by the blue aqueous phase when the red droplet arrives, (d) Channel obstruction over time by blue and red droplets at the junction n • 2. The data were calculated for Q squalane =0.6 mL/min, Q red =0.1 mL/min, Q blue =0.0855 mL/min, (e) Photographs of a typical patterns at junction n • 2 for Q squalane =0.6 mL/min, Q red =0.1 mL/min, Q blue =0.0855 mL/min.

Figure 3 . 9 :

 39 Figure 3.9: (a) Cartography of flow regimes taken directly after the PEEK cross junction as a function of the Capillary number using squalane as the continuous phase. (b) Pictures of the corresponding flow regimes with from top to bottom the merging regime, the alternated segmented flow with small droplets and the alternated segmented flow

3. 10 .Figure 3 . 10 :Figure 3 . 11 :

 10310311 Figure 3.10: Scheme of injection devices used for the stabilisation of the flow

Figure 3 . 12 :

 312 Figure3.12: Coalescence index measured for Q squalane 1 =0.35 mL/min, Q red =0.12 mL/min and Q blue =0.12 mL/min at different residence times and various Q squalane 2 using the PEEK injection system.

Figure 3 . 13 :

 313 Figure 3.13: Stabilisation of the alternated segmented flow for Q squalane 1 =0.6 mL/min, Q red =0.15 mL/min, Q blue =0.15 mL/min, Q squalane 1 =0.8 mL/min for about 10 minutes of residence time in the coiled reactor of 10 m.

Figure 3 . 14 :

 314 Figure 3.14: Observation of coalescence by creating a visible imbalance between the length of the two aqueous droplets.

Figure 3 . 15 :

 315 Figure 3.15: Typical patterns obtained in PMMA cell with the addition of the gas phase: (a) the gas separates the two aqueous droplets, (b) No gas bubble separate the aqueous droplets which lead therefore to fast coalescence.

Figure 3 . 16 :

 316 Figure 3.16: (a) Cartography of flow regimes with the addition of a N2 gas phase at constant water fraction (wf=0.4) using squalane as the continuous phase and water as the dispersed phases, (b) Photographs of the corresponding flow regimes

Figure 3 . 17 :

 317 Figure 3.17: (a) Outcome of the Gas/Org./Aq./Aq. alternated flow. The picture was taken in the visualisation zone n • 3 (see Figure 3.1). The residence time for each channel is indicated on the right, (b) Picture of the entire coiled reactor.
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 33 Properties of the liquid phases used in the hydrodynamic study. a At 20 • C, b At 25 • C, c with air at 20 • C, d For the squalene, e with air at 25 • C 3.4.1 Viscosity of continuous phase Dodecane, a not very viscous alkane (µ=1.36 cP at 25 • C), was used to study the influence of the continuous phase viscosity. The surface tension of dodecane is approximately the same as squalane (see Table

Figure 3 .

 3 18a shows the flow pattern with dodecane as the continuous phase. At the junction n • 2 where the red and blue droplets meet, the organic film between the droplets immediately break leading to coalescence. To obtain intermediate viscosity (µ=8.6 cP at 20 • C), mixture of squalane/dodecane (4:1 vol.)

Figure 3 . 18 :

 318 Figure 3.18: Flow patterns obtained using (a) dodecane as the continuous phase and (b) squalane/dodecane (4:1 vol.) for Qorg=0.4 mL/min, Q red =0.15 mL/min, Q blue =0.15 mL/min.

Figure 3 . 19 :

 319 Figure 3.19: (a) Cartography of flow regimes using squalane as the continuous phase and glycerol/water mixture (1:4 wt.) as the dispersed phases directly after the injection. (b) Cartography of flow regimes using distilled water as the dispersed phases (for comparison)

ble 3 . 3 .Figure 3 . 20 :

 33320 Figure 3.20: (a) Cartography of flow regimes using squalane as the continuous phase and DMSO/water mixture (1:1 vol.) as the dispersed phases directly after the injection. (b) Cartography of flow regimes using squalane as the continuous phase and DMSO/water mixture (8:1 vol.).

Figure 3 .

 3 Figure 3.20 depicts the cartography obtained for the water/DMSO mixtures. For water/DMSO mixture (1:1 vol.), compared to water, the same flow regimes are identified with similar transition boundaries between adjacent patterns (Figure 3.20a). If the interfacial tension is reduced using the water/DMSO mixture (1:8 vol.), the transition boundary between the coalescence and alternated flow regimes are shifted towards higher Reynolds number (Figure 3.20b).
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 4 1b. During the experiments, the colour of the basic droplet will gradually change from purple to colourless. The discolouration indicates the transfer of acetic acid from the acid droplet to the basic droplet where it is neutralized.

Figure 4 . 1 :

 41 Figure 4.1: (a) Experimental set-up used for the mass transfer study, (b) Flow pattern obtained for the mass transfer experiments.

  Green matrix with scaled colour

Figure 4 . 2 :

 42 Figure 4.2: Image analysis using Matlab R .

Figure 4 . 3 :

 43 Figure 4.3: Calibration curve between the OH -concentration in the basic droplet and the mean pixel value obtained from the green component of the RGB image. Error bars are estimated at ± 10 % except for low pH (9-9.4) where the droplet is nearly colourless and thus the error is more important.

Figure 4 . 4 :

 44 Figure 4.4: (a) Example of an non-homogeneous droplet, (b) Segmentation of the x axis into 11 points, (c) Pixel value along the x axis for the calibration solutions, (d) Calibration between the OH -concentration and the pixel value at different zones in the x axis (four zones 1, 2, 3 and 4 are given as an example, the full set of data is available in Appendix A.2).

95 4. 2 .

 952 INFLUENCE OF INITIAL ACETIC ACID CONCENTRATION 2 nd step : Verification of droplet homogeneity 1-Retrieval of pixel values along the x-axis 2-Determination of OH -concentration along the x-axis 1 rst step : Image processing 1-Retrieval of RGB image's green component 2-Manual selection of the droplet outlines Homogeneity of [OH -] over the whole droplet ? yes no 3 rd step : Calculation of OH -conversion 1-Determination of mean pixel values over the whole droplet 2-Using the calibration curve, determination of OH -

Figure 4 . 5 :

 45 Figure 4.5: Summary of the Matlab R routine for the image analysis.

ure 4 .

 4 6a and 4.6b). The calibration curve previously determined (Figure4.3) can be used for experiments with acetic acid concentrations inferior or equal to 0.1 M. With a higher acetic acid concentration, a gradient of OH -concentration is observed and therefore the4.2. INFLUENCE OF INITIAL ACETIC ACID CONCENTRATION

Figure 4 . 6 :

 46 Figure 4.6: Verification of droplet homogeneity in the basic droplet for different initial concentrations of acetic acid in the acid droplet. The graphs show the concentration of OH -along the x-axis for (a) C 0 AcOH =0.05M, (b) C 0 AcOH =0.1M, (c) C 0 AcOH =0.25M and (d) C 0 AcOH =0.5M.
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 972 INFLUENCE OF INITIAL ACETIC ACID CONCENTRATIONFor each experiment, videos of the flow pattern are taken at different distances from the injection resulting in different residence times. The evolution of the conversion along the reactor for different initial acetic acid concentration has therefore been obtained and is represented in Figure4.7. An increase of the initial concentration of acetic acid in the acid droplet results in an increase of the OH -neutralization rate. Under the assumption that the acetic acid is instantaneously neutralized in the basic droplet, the rate of OH - consumption, r OH -, can be directly linked to the transport rate of acetic acid r AcOH as:r OH -= r AcOH (4.2)Where r AcOH is in mol of AcOH/volume of basic phase/s. From the experimental results, the rate of OH -consumption and therefore the transport rate of acetic acid can be easily obtained for each experiment (see Figure4.7).

Figure 4 . 7 :

 47 Figure 4.7: OH -conversion as a function of residence time at different initial concentrations of acetic acid in the acid droplet and global mass transfer rate r OH -as a function of the initial concentration of acetic acid. The global conductance K eff can be obtained using the curve rAcOH vs C 0 AcOH (K eff =slope×K).
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 982 INFLUENCE OF INITIAL ACETIC ACID CONCENTRATION

4. 2 .

 2 INFLUENCE OF INITIAL ACETIC ACID CONCENTRATION experiments using high initial acetic acid concentration, we introduce the following ratio R : R = quantity of AcOH transferred in 20 s quantity of AcOH necessary to discolour the entire droplet • 100 (4.8)

Figure 4 . 8 :

 48 Figure 4.8: Influence of initial acetic acid concentration on the partition coefficient K. At low acetic acid concentration, C 0 AcOH ≤0.1M, K reaches a plateau for K∼2300. The error bars were estimated by applying an systematic error of ±0.2 for the peak area of AcOH. At low C 0 AcOH , large error bars are estimated due to small dispersed peaks.

Figure 4 . 9 :

 49 Figure 4.9: Summary of the transport processes in the unit cell for the transport of acetic acid from the acid droplet to the basic droplet.
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 1023 MODEL FOR THE MASS TRANSPORT BETWEEN THE TWO DROPLETS

Figure 4 . 10 :

 410 Figure 4.10: (a) Schematic illustration of the unit cell with the transport processes considered in the model for G/Org./Aq./Aq. alternated segmented flow, (b) Schematic illustration for the steady state plug flow model.
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 161053 MODEL FOR THE MASS TRANSPORT BETWEEN THE TWO DROPLETS 2. In Phase Org. 1:

Figure 4 .

 4 Figure 4.11: (a) Schematic illustration of the unit cell with the transport processes considered in the model for Org./Aq./Aq. alternated segmented flow, (b) Schematic illustration for the steady state plug flow model.

Figure 4 . 12 :

 412 Figure 4.12: (a) Photos of the unit cell for the experiment with (top) and without (bottom) gas bubbles. The color difference of the basic droplet (in purple) between the two pictures is not representative of what happened in the experiment (the pictures were taken during hydrodynamic tests), (b) Experimental conversion and results from the simulation (represented in dotted line).

  k f-d and k caps were respectively equal to 1.4•10 -5 and 1.15•10 -5 m/s. To compare the mass transfer coefficient obtained in this work with the literature, we use the correlation of Van Baten and Khrishna [59] which separates the caps and film contribution. Using the correlation, k f-d and k caps were estimated respectively at 2.6•10 -5 m/s and 2.1•10 -5

Figure 4 . 13 :

 413 Figure 4.13: Influence of superficial velocity on the mass transfer coefficient kcaps and k f-d .

Figure 4 . 14 :

 414 Figure 4.14: (a) Photos of the unit cell for the experiment with different Qgas/Q squalane , (b) Experimental conversion and results from the simulation.

  unit cell of volume (m 2 /m 3 ) C Concentration (mol/L) d Channel diameter (m) D Diffusion coefficient of acetic acid (m 2 /s) k Mass transfer coefficient (m/s) K Partition coefficient of acetic acid between squalane and water, K=
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 141 Im][NTf 2 ] was prepared from commercially available 1-methylimidazole, 1-butylchloride and lithium bistrifluoromethylsulphonylimide. [Ru(COD)(COT)] was prepared from RuCl 2 -3H 2 O-1,5-cyclooctadiene, methanol and zinc powder 1 . Bimetallic ruthenium-copper nanoparticles, Ru-Cu NPs, were prepared from solutions containing ruthenium precursor, [Ru(COD)(COT)], and copper precursor, Mesitylcopper(I) Experimental set-up For each synthesis, metallic precursors were dissolved in ionic liquid [C 1 C 4 Im][NTf 2 ] under inert conditions using a glove-box. Figure 5.1 illustrates the experimental set-up used for the nanoparticles synthesis. Prior to starting the synthesis, pure ionic liquid is introduced into a syringe pump (Harvard Apparatus PHD 4400) of 50 mL and injected in the millireactor. The hydrogen gas phase is introduced by a mass flow controller Bronkhorst EL-FLOW. The gas and liquid phases meet at the T-junction made of PEEK (Upchurch Scientific, 1/4-28 flat bottom with two possible inner sections of 1.25 mm and 0.5mm) thus forming the G/L segmented flow. The reactor is a PFA coiled tubing with an inner diameter of 0.75 mm immersed in a thermostatically-controlled water bath at T=60 • C (Figure 5.2b). The inlet and outlet of the reactor go through a visualisation cell (Figure 5.2a). To get the most homogeneous temperature possible along the reactor, water from the bath circulates through the visualisation cell using a liquid pump (KNF Liquiport R ).

Figure 5 . 1 :

 51 Figure 5.1: Schematic illustration of the experimental set-up used for the synthesis of Ru NPs and Ru-Cu NPs. The set-up is divided in three zones represented in dotted lines: 1-Injection zone for liquid and gas, 2-Reaction and visualisation zone, 3-Pressure regulation and sample collection.
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Figure 5 . 2 :

 52 Figure 5.2: (a) Picture of the visualisation cell. The cell is tempered by water from the bath using a liquid pump. (b) Picture of the bath during Ru NP synthesis. The liquid turns black at the outlet due to the presence of nanoparticles.

Figure 5 . 3 :

 53 Figure 5.3: Pictures of the outlet of the reactor : (a) without Ru precursor in the ionic liquid solution, (b) with Ru precursor in the ionic liquid solution.

Figure 5 . 4 :

 54 Figure 5.4: Characterization of the bubble length for H2/[C1C4Im][NTf2] segmented flow at the reactor inlet for two T junction (i.d 1.25 mm and 0.5 mm). Following Garstecki's equation, L d /d=β+αQ d /Qc (see Section 1.2.1), the bubble length can be predicted by : 1) for 1.25mm T junction: α=14.105 and β=5.6, 2) for 0.5mm T junction: α=0.5936 and β=0.5717.
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 55255356 Figure 5.5: Mapping of flow patterns for H2/[C1C4Im][NTf2] segmented flow with the 1.25 mm T junction.The black lines are transition boundaries taken from[START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF].
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 31 Results for the synthesis of Ru NPsSyntheses of Ru NPs were performed in H 2 /[C 1 C 4 Im][NTf 2 ] segmented flow under 3.5 bar of H 2 at 60 • C with an initial ruthenium precursor concentration of C 0 Ru[COD][COT] =1•10 -2 mol/L. During the NPs synthesis, the liquid phase in segmented flow turns black rapidly after the T junction, indicating thus the formation of Ru NPs. Table

1 :Figure 5 . 7 :

 157 Figure 5.7: (a) TEM pictures of Ru NPs prepared in H2/[C1C4Im][NTf2] segmented flow (experiment n • 1), (b) Size distribution of the Ru NPs for experiment n • 1.
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 121233 3 m). The bubble velocity was varied between 8 and 33 mm/s (experiments n • 2, 5 and 6). The residence time is kept approximately constant (between 90 and 119 s).Increasing the bubble velocity results in an increase of the H 2 consumption and thus an increase of Ru[COD][COT] conversion at the outlet of the reactor (Figure5.8). As already mentioned in Chapter 1, higher velocity intensifies the recirculation motions in the ionic liquid slug and thus favours the H 2 transfer. This result seems to indicate that the NPs synthesis is limited by the H 2 mass transfer. SYNTHESIS OF RUTHENIUM NANOPARTICLES Furthermore, NPs syntheses were also performed by varying the residence time (experiments n • 1, 2, 3 and 4). The increase in residence time is made by decreasing the total velocity at constant reactor length. Figure5.9 shows the conversion as a function of the residence time and the bubble velocity. Unexpectedly, increasing the residence time leads to a decrease of the Ru[COD][COT] conversion at the outlet of the reactor.

Figure 5 . 8 :

 58 Figure 5.8: Influence of bubble velocity U d on the Ru[COD][COT] conversion. The experiments were made at the same residence time (approximately).

Figure 5 . 9 : 124 5. 3 .

 591243 Figure 5.9: Influence of residence time (but with variation of bubble velocity) on the Ru[COD][COT] conversion.

  particle size distribution. Ionic liquids like [C 1 C 4 Im][NTf 2 ] are structured in polar areas connected by hydrogen bond network and in non polar domains isolated from each other. During the batch synthesis, the authors [169] assume that the ruthenium precursor Ru[COD][COT] might be preferentially located in the non polar areas and the generated Ru NPs might stay in the non polar areas. Given that the non polar area are separated from each other, the structuration of IL might prevent the agglomeration of NPs. However, 5.4. RU-CU NPS SYNTHESIS according to the literature, stirring might impact the 3D organization of the ionic liquid and thus favour the agglomeration of NPs resulting in broader particles size distribution.

First, synthesis

  of Cu NPs has been attempted in H 2 /[C 1 C 4 Im][NTf 2 ] segmented flow at 80 • C under 3.5 bar of H 2 with an initial copper precursor concentration of C 0 CuMes =2•10 -2 mol/L. After a residence time of around 5 min in the reactor, no Cu NPs were formed. Using the same experimental conditions (5 min of residence time, 3.5 bar, 80 • C), synthesis of Ru-Cu NPs was performed in H 2 /[C 1 C 4 Im][NTf 2 ] segmented flow with an initial ruthenium precursor concentration of C 0 Ru[COD][COT] =1•10 -2 mol/L and an initial copper precursor concentration of C 0 CuMes =1•10 -2 mol/L.

Figure 5 . 10 :

 510 Figure 5.10: HRTEM images of the Ru-Cu NPs obtained using segmented flow with different magnification. In (b), the red crosses represent the different spots where the EDX analysis was performed.

and

  Ru-Cu NPs in gas/ionic liquid segmented flow. First, by studying briefly thehydrodynamics of H 2 /[C 1 C 4 Im][NTf 2 ], experimental conditions to obtain an appropriate segmented flow (long bubbles and relatively long slugs) were identified. Building on these understandings of the H2/viscous ionic liquid segmented flow, the synthesis of Ru NPs was performed resulting in small NPs with a narrow size distribution. The conversion was measured at the outlet by measuring the H 2 bubble shortening. Given that the conversion at the outlet increases with increasing total velocity, the conversion data seems to indicate a limitation by H 2 transfer. The NPs synthesis in segmented flow gives a first insight on what is happening during the reaction (transfer limitation). Furthermore, the synthesis of Ru NPs was made in a very short residence time (<3min) compared to batch synthesis (between 20h and 3 days).

Figure 6 . 1 :

 61 Figure 6.1: (a) Schematic illustration of the cascade reaction chosen for the first case study, (b) Proposed multiphasic segmented flow for the cascade reaction. S1: Solvent for the first step, S2: Solvent for the second step.

Figure 6 . 2 :

 62 Figure 6.2:Schematic illustration of the biphasic rotating foam stirrer reactor, taken from[START_REF] Ordomsky | Multilevel rotating foam biphasic reactor for combination of processes in biomass transformation[END_REF]. The first step of the cascade reaction (Xylose→furfural) is performed in the aqueous phase whereas the second step (Furfural→THFA) is carried out in the organic phase.

  3). The results indicate that charcoal and carbon nanotubes (CNT) stay preferentially in the toluene phase whereas silica and alumina particles have less affinity with toluene and fall to the bottom of the vial. Therefore, due to its commercial availability, Pd/C was preferred to Pd/CNT as catalyst for furfural hydrogenation.

(a)Figure 6 . 3 :

 63 Figure 6.3: Affinity test in toluene (top)/water (bottom) biphasic mixture with various catalytic support.

Figure 6 . 4 :

 64 Figure 6.4: Schematic illustration of the proposed multiphasic L/L/S/G segmented flow for the cascade reaction.

5 .

 5 The aqueous phase with xylose and sulfuric acid and the toluene phase were pushed into the system by two HPLC pumps. At ambient temperature, no reaction happens between xylose and sulfuric acid. The two liquid phases (toluene and water) meet at the T-junction (Upchurch Scientific, 1/4-28 flat bottom with an inner section of 1.25 mm in PEEK), thus forming the segmented flow. The part of the system at ambient temperature is made in PFA tubing (i.d. 1.6 mm). After the T-junction, the segmented flow goes through a coiled reactor made in stainless steel tubing (i.d. 1.75 mm). The coiled reactor of 2m is immersed in a thermostated bath (160 • C<T<180 • C).

Figure 6 . 5 :

 65 Figure 6.5: Experimental set-up for the dehydration of xylose and the extraction of furfural by the toluene phase.

Figure 6

 6 Figure 6.6 shows the evolution of the furfural yield in organic phase and the furfural pro-

Figure 6 . 6 :

 66 Figure 6.6: Furfural (FF) yield in organic phase and furfural productivity for xylose dehydration and furfural extraction in water/toluene segmented flow at two temperatures (160 • C and 180 • C) and ratio R between 1 and 8.

Figure 6 .

 6 Figure 6.7 presents the results for the four experiments in batch. Several products were identified by GC-MS (see Figure 6.7b). Furfuryl alcohol (FA) and tetrahydrofurfural (THFF) are produced respectively by the hydrogenation of the C=O group and by the hydrogenation of the aromatic ring. The desired product THFA is obtained from THFF or FA. 2-methylfuran, produced by hydrogenation of furfuryl alcohol, was also identified.

Figure 6 . 7 :

 67 Figure 6.7: (a) Products yield for the experiments n • 1-4 (see Table6.5 for the experimental conditions) at 15 min of residence time. For experiments n • 1-3, the yield is calculated depending on the initial furfural concentration whereas for experiment n • 4, the yield is calculated depending on the initial xylose concentration.

6. 2 .Figure 6 . 9 :

 269 Figure 6.9: (a) Schematic illustration of the cascade reaction selected for the second case study, (b) Proposed multiphasic alternated segmented flow for the cascade reaction.

Figure 6 . 14 :

 614 Figure 6.14: (a) Picture of the alternated segmented flow without coalescence, (b) Picture of the alternated segmented flow with coalescence. The mixing of S2 and S3 creates a precipitate. The precipitate is transported by the droplets but can also stick to the channel wall, thus leading to more instabilities (and coalescence).

6. 3 . 1

 31 Cascade reaction in segmented flow: to what end?Before going further in the methodology, the first question to ask when wanting to perform cascade reaction in segmented flow is "what are the potential benefits? ". Indeed, performing a multistep reaction inside one reactor inevitably results in loss of flexibility.For instance, each steps of the cascade is performed with the same operating conditions (temperature, pressure). As already mentioned, combining several steps inside one reactor and therefore suppressing purification steps can reduce investment costs, energy savings and minimize waste. Furthermore, implementing cascade reaction in one reactor can be especially worthwhile in specific cases. Indeed, for a cascade reaction where A→B→C:• The intermediate B can be an unstable compound (Figure6.15a). In a conventional process where the reaction steps are separated, the unstable intermediate B would react to give unwanted side product D. In segmented flow, intermediate B can be synthesized in a first compartment, extracted and used straight-away to give C in a second compartment. Therefore, the product selectivity can potentially be improved.

Figure 6 . 15 :

 615 Figure 6.15: Interesting cascade reactions to perform in one reactor.

2

 2 Verification of droplet homogeneity: supplementary calibration data The x axis was divided into 11 zones where the pixel values were taken. The calibration between the pixel values and the OH -concentration is given for the 11 zones in Figure A.2.

Figure A. 2 :

 2 Figure A.2: (a) Segmentation of the x axis into 11 points, (b) Calibration between [OH] -and the pixel value for zones 1, 2, 3 and 4 in the x axis, (c) Calibration between [OH] -and the pixel value for zones 5, 6, 7 and 8 in the x axis, (d) Calibration between [OH] -and the pixel value for zones 9, 10 and 11 in the x axis.

B. 1 .Figure B. 1 :Figure B. 2 :

 112 Figure B.1: Image processing with Matlab R : (a) Selection of y1, y2, x1 and x2, (b) Threshold to obtain binarized image, (c) For all image in the video, the sum of vertical pixels are calculated at x1 and x2 between y1 and y2.

Figure C. 2 :

 2 Figure C.2: Identification of "undesired chemistry" via new compatibility matrix after compartmentalization.

2 )

 2 The first step of the cascade reaction is too slow (residence time of a few hours) to be performed in segmented flow. The methodology would normally lead to a reassessment of the solvents and catalysts selection. However, for illustrative purpose, the initial and final compatibility matrix are presented in Figures C.3 and C.4. Using alternated segmented flow, the enzymes can be separated from the copper ions. Methanol could still be an issue because it could transferred by the squalane phase.

Figure C. 3 :Figure C. 4 :

 34 Figure C.3: Identification of "undesired chemistry" via initial compatibility matrix without compartmentalization.

Table 1 . 1 :

 11 .1. Dimensionless numbers characterizing G/L two-phase flow.

	Capillary	Weber	Bond	Reynolds
	(Ca)	(We)	(Bo)	(Re)
	Viscous	Inertial	Gravitational	Inertial
	Interfacial	Interfacial	Interfacial	Viscous
	µU σ	ρ L LU 2 σ	(ρ L -ρ G )L 2 g σ	We Ca = ρ L U L µ

Table 1 .

 1 • ). The experiment was made by saturating beforehand the channel with water.

	Cont. Phase Dis. Phase	Tube material	Contact angle a Ref.
	Silicon oil	Water	Silica	θ silicon oil =25 • , θ water =30 •	[22]
	Kerosene	Water	PMMA	θ kerosene ∼10 • , θ water =68 •	[32]
	Water	Kerosene	PMMA + hydrophilic treatment	Not given	[24]
	Hexadecane Hexadecane Cyclohexane	Water Water Water	Stainless steel FEP PTFE	θ hexadecane <24 • , θ water ∼72 • θ hexadecane ∼54 • , θ water ∼110 • θ cyclohexane <50 • , θ water ∼118 •	[30] [30] [33]

2: Examples of liquid/liquid segmented flow encountered in the literature with their contact angle properties. a at 20 • C.

Table 1 .

 1 

3: Correlations for film thickness calculations in circular channels.

  However, given that Ca d (and therefore U d ) is needed to estimate the film thickness, U d cannot be calculated from Equation 1.7. Yao et al.[START_REF] Yao | Multiphase processes with ionic liquids in microreactors: hydrodynamics, mass transfer and applications[END_REF] have proposed a new equation to estimate U d from the Capillary number Ca=µ c U/σ as:

	2	(1.7)

Table 1 .

 1 

4. 1.3. WHY ARE WE USING SEGMENTED FLOW?

Table 1 .

 1 

	Bubble column	50-600	0.5-24
	Packed column (countercurrent)	10-350	0.04-7
	Stirred tank	100-2000	3-40
	Tube reactor (vertical)	100-2000	2-100
	G/L microchannel	3400-9000 30-2100

6: Order of magnitude of a and k l a in various G/L contactors taken from

[START_REF] Yue | Hydrodynamics and mass transfer characteristics in gas-liquid flow through a rectangular microchannel[END_REF] 

Table 2 .

 2 

1: Advantages and drawbacks of methods for introducing solid particles in micro/milli reactor

Table 2 . 2 :

 22 Order of magnitude of sedimentation velocities for solid particles in water for particle diameter of 10µm and 50µm.

	v s

10 -9 mm/s. Thus nanoparticles will most likely follow the liquid recirculation motion and 53 2.3. "SLURRY" SEGMENTED FLOW no problem of sedimentation will be encountered. We consider that nanoparticles do not behave as a "solid" phase. Therefore, in the next section regarding G/L/S and L/L/S applications, reactions using or creating nanoparticles are not presented.

Table 2

 2 .3 presents an exhaustive list of the literature on alternated segmented flow. As reflected by Table 2.3, there are only a few paper on this subject.

	Figure 2.17: Scheme of the L/L/L			
	segmented flow. L3 is not miscible with	L1	L2	L3
	L1 and L2 but L1 and L2 may be mis-			
	cible with each other.			

Table 2 .

 2 

	Ref	Cont. Phase	Dis. Phase	Surfactant	µc	µ d	geometry Channel	dimensions Channel	material Channel	Objective of the study
	[126]	PFP a FC-3283 b	water/glycerol	yes	1.8 or 16 cP	1.8 or 16 cP	rectangular	∼200µm	PDMS d	Generation of alternated droplets and application to concentration indexing
	[127] [128]	Silicon oil Oil	Water Aqueous sol.	no yes	--	1 cP ∼1 cP	tapered rectangular	∼30µm w=50µm h=25µm	PDMS PDMS	Droplet generation and fusion Production of controlled droplet pairs
	[129]	Hydrocarbon	Aqueous sol.	yes	2.1 cP	1 cP	rectangular	w=120µm h=160-420µm	PDMS	Generation of different droplet to form emulsion
	[130]	PEG-DA c	Water Water/glycerol	no	13 cP	1-56.6 cP	rectangular	w=50µm h=36-42µm	PDMS	Generation of alternated droplet and method to merge the droplets
	[131]	Mineral oil	Water/glycerol	yes	28.7 cP	3-42 cP	square	w=100µm	PDMS	Hydrodynamic study on the genration of alternated droplet + fusion
	[132]	Olive oil	Water	no	40 cP	1 cP	rectangular	h∼160µm	PDMS	Generation of alternated droplet with different inlet geometries

3: Literature on alternated segmented flow ( a PFP: perfluoroperhydrophenathrene, b FC-3283:used commonly as a cooling liquid, c PEG-DA: poly(ethylene)glycol diacrylate, d PDMS: polydimethylsiloxane).

Table 3 .

 3 

1: Examples of coalescence index for a few triplets of flow rates 71 3.2. GENERATION OF ALTERNATED SEGMENTED FLOW

Table 3

 3 

.3. Squalane (Sigma Aldrich, 96%), dodecane (Sigma Aldrich, >99%), squalane/dodecane mixture (4:1 vol.) and silicon oil (CALSIL, IP 20) were tested as continuous phases. Water, water/methanol (1:1 vol.), water/Dimethyl sulfoxide (1:1 and 1:8 vol.) and water/glycerol mixtures were employed as the dispersed phases. Regarding

3.4. INFLUENCE OF LIQUID PROPERTIES

Table 3 . 4

 34 .[START_REF] Günther | Multiphase Flow[END_REF] sums up the study made with various liquid phases.

					Dispersed phase	
			Water	Water/glycerol (80% wt.)	Water/DMSO (1:1 vol.)	Water/DMSO (1:8 vol.)	Water/Methanol (1:1 vol.)
	Continuous phase	Squalane Dodecane Squalane/Dodecane (4:1 vol.) Silicon oil	× ×	× × -	x x -	x x -	× x x -

: Summary of alternated segmented flow formation for different continuous and dispersed phases. × indicates that the generation of alternated segmented flow is not possible with our experimental conditions, indicates that alternated segmented flow can be generated and -indicates that no experiments was made with the combination of phases.

Table 4 . 1 :

 41 Acetic acid transport rate and R value at different initial concentrations of acetic acid. The data for C 0 AcOH =0.5M and C 0 AcOH =0.25M are extrapolated from the other experimental data and the calculation of the global conductance K eff .

		s	%
	0.5	2.6•10 -6	51
	0.25	1.3•10 -6	26
	0.1	5.9•10 -7	10
	0.05	3.5•10 -7	5
	0.02	1.6•10 -7	2

  4.3. MODEL FOR THE MASS TRANSPORT BETWEEN THE TWO DROPLETS

							L UC						
												Unit cell
	Aq.2 1	2	Org. 1 3	4	Gas 1 5	6	Aq.1 7	8	Org. 2 9	10	Gas 2 11	12	Aq.2
								20	19				
	Aq.2		Org. 1		Gas 1		Aq.1		Org. 2		Gas 2		Aq.2
	13		14		15		16		17		18		
	Downstream part								Upstream part

Table 4 . 2 :

 42 s Estimation of the characteristic times for the elementary transport processes.

	[61]	10 000 s

Table 4 . 3 :

 43 Comparison of kcaps and k f-d with correlations from the literature.

Table 5 .

 5 

Table 5 . 2 :

 52 • C and 25 • C without stirring, larger Ru NPs of 2.9± 0.4 nm and 2.3± 0.3 nm were obtained respectively[START_REF] Campbell | Olefin hydrogenation by ruthenium nanoparticles in ionic liquid media: Does size matter[END_REF]. Comparative NPs size and size distribution between batch and segmented flow reactor.

	Reactor	Operating	Stabilising agent	NPs size	Ref.
	type	conditions			
				nm	
	Batch	25 • C, 4 bar, no	[C 1 C 4 Im][NTf 2 ]	2.3± 0.3	[166]
		stirring, 3 days			
	Batch	50 • C, 4 bar, no	[C 1 C 4 Im][NTf 2 ]	2.9± 0.4	[166]
		stirring, 3 days			
	Batch	30 • C, 3 bar,	[C 1 C 4 Im][NTf 2 ] +	1.3± 0.4	[168]
		stirring, 20 h	hexadecylamide		
	Batch	0 • C, 4 bar, no	[C 1 C 4 Im][NTf 2 ]	1.1± 0.2	[169]
		stirring, 3 days			
	Segmented flow	60 • C, 3.5 bar, <3 min	[C 1 C 4 Im][NTf 2 ]	∼1.3± 0.3 this work

Table 5 . 3 :

 53 Atomic percentage from EXD analysis of Ru-Cu NPs. The EDX analysis was made at different spots[START_REF] Stankiewicz | Process intensification: Transforming chemical engineering[END_REF][START_REF] Van Gerven | Structure, Energy, Synergy, Time-The Fundamentals of Process Intensification[END_REF][START_REF] Günther | Multiphase microfluidics: from flow characteristics to chemical and materials synthesis[END_REF][START_REF] Günther | Multiphase Flow[END_REF][START_REF] Michiel | Multiphase monolith reactors: Chemical reaction engineering of segmented flow in microchannels[END_REF] of the HRTEM picture (Figure5.10b). The spots are represented in red crosses in Figure5.10b.In this case, ruthenium-copper nanoparticles were successfully synthesized. HRTEM and EDX results are presented in Figure5.10 and Table5.3. In the HRTEM pictures (Figure5.10b), at the spots 1, 2, 3 and 4, where nanoparticles are observed, both metals were detected with the same atomic proportion around 20% for Cu and 80% for Ru indicating that Ru-Cu bimetallic synthesis occurred. In addition, only copper is detected in spot 5 where no nanoparticles are observed. It is expected to be unreacted copper precursorCuMes still in [C 1 C 4 Im][NTf 2 ]. These results indicate that Ru precursor reacts faster than Cu precursor. This assumption is consistent with the results from the Ru-Cu NPs synthesis in batch reported in the literature[START_REF] Helgadottir | Ru-core/Cu-shell bimetallic nanoparticles with controlled size formed in one-pot synthesis[END_REF][START_REF] Arquillière | Bimetallic Ru-Cu Nanoparticles Synthesized in Ionic Liquids: Kinetically Controlled Size and Structure[END_REF]. As already mentioned in the literature, we can assume that the Ru-Cu NPs are composed of a Ru core and a Cu shell. Indeed, the Ru NPs are expected to form first by decomposition of Ru[COD][COT] and then the copper precursor CuMes will react at the Ru NPs surface, thus forming the bimetallic nanoparticles.

	Atom%	1	2	3	4	5
	Cu	17.00	20.70	20.17	20.59	100.00
	Ru	83.00	79.30	79.83	79.41	0.00
			126			

Table 6 .
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1: Non exhaustive comparison of several catalysts for the xylose dehydration into furfural. DMSO: Dimethylsulfoxide, DMF: N,N-Dimethylformamide.

Table 6 . 2

 62 

	Solvents	Stability Non-miscibility with water High K FF
	Cyclohexane		Non miscible	0.7 [179]
	MTHF		140 g/L	7 [179]
	MIBK	x	15 g/L	6.5 [186]
	Toluene		0.52 g/L	3.5

• C and the relatively high miscibility of MTHF in water could create difficulties for the compartmentalization of both phases. Furthermore, even if cyclohexane is stable and non miscible with water, it has a low K FF (<1). Therefore, toluene seems to be the appropriate candidate. : Comparison of solvents commonly used for the extraction of furfural in the literature. MTHF: 2-Methyltetrahydrofuran, MIBK: Methyl isobutyl ketone.

Table 6 .

 6 3 presents a few examples. A more detailed review can be found in[START_REF] Yan | Production, properties and catalytic hydrogenation of furfural to fuel additives and value-added chemicals[END_REF]. It is important to note that under the specific conditions needed for the cascade reaction[START_REF] Vandu | Mass transfer from Taylor bubbles rising in single capillaries[END_REF] 

	6.1. CASE STUDY N • 1: SYNTHESIS OF TETRAHYDROFURFURYL ALCOHOL
	Ref.	Catalyst	Operating conditions	Solvent	Conv. Yield
			Time Temp.	P H 2		%	%
	[187] Raney Ni/Al(OH) 3	1h15	110 • C 30 bar isopropanol	>99	>99
	[188]	Ni-Pd/SiO 2	8h	40 • C	80 bar	water	>99	>99
	[189]	5% Ru/C	3h	120 • C 50 bar	methanol	99	59
	[190]	3% Pd/C	30 min 160 • C 80 bar	water	98	62

• C < T<200 • C, residence time < 30 min and in toluene), no data on various catalysts were available in the literature. However, based on the literature, a heterogeneous palladium based catalyst seems to be a promising candidate (low residence time, temperature in the same range at the cascade).

Table 6 . 3 :

 63 Comparison of several catalysts from the literature for the hydrogenation of furfural to THFA.

  .1. CASE STUDY N • 1: SYNTHESIS OF TETRAHYDROFURFURYL ALCOHOLThe xylose conversion X and the furfural yield in the organic phase Y org are calculated as:

	X =	C 0 xyl,aq -C xyl,aq C 0 xyl,aq	× 100	(6.2)

• C and solution of H 2 SO 4 (5mM) was used as the mobile phase. 6

Table 6 . 4 :

 64 • C and 180 • C) and at various ratios R with R=Q org /Q aq . All the experiments were made using the same initial concentration of xylose (C 0 xyl,aq =0.25M) and the same concentration of H 2 SO 4 (C H2SO4,aq =0.1M) using a residence time of 12 min at P=20 bar. Table 6.4 sums up the experimental conditions used in the experiments. Experimental conditions and results for the xylose dehydration and furfural extraction in the toluene phase. The experiments were made with a residence time of 12 min, with C 0 xyl,aq =0.25M and CH2SO4,aq=0.1M at P=20 bar.

	Q aq	Q org	R	Temp. X Y org
	mL/min mL/min =Q org /Q aq	• C	%	%
	0.201	0.201	1	160	65	14
	0.134	0.268	2	160	-	17
	0.080	0.322	4	160	81	35
	0.057	0.345	6	160	63	41
	0.045	0.357	8	160	-	40
	0.201	0.201	1	180	-	37
	0.134	0.268	2	180	100	41
	0.080	0.322	4	180	-	54
	0.057	0.345	6	180	-	60
	0.045	0.357	8	180	100	56

Table 6 . 5 :

 65 Experimental conditions for the tests in batch. All the experiments were made at 180 • C under PH 2 =10 bar with 2.3% mol of Pd/mol of FF.

	C H2SO4,aq

  6.2. CASE STUDY N • 2: SYNTHESIS OF (R) 1-PHENYLETHANOL With addition of water (experiment n • 2), more unknown products are produced and the furfural conversion is also higher. With the addition of H 2 SO 4 (experiment n • 3), only

Table 6 .

 6 [START_REF] Barajas | The effects of contact angle on two-phase flow in capillary tubes[END_REF]: Results for the enzymatic reduction in batch with and without copper ions. The % of coalescence is measured as the number of coalesced droplets for 100 droplets.

		Y PhE
		%
	Without CuCl 2	34
	With CuCl 2 , >50% of coalescence	17
	With CuCl 2 , <5% of coalescence	28

Table 6 .

 6 .14 can be applied. 14: Criteria for the distribution of solutes between compartments in alternated segmented flow. a If component i is initially in compartment 1, it will stay in compartment 1. If component i is initially in compartment 2, it will stay in compartment 2.

				K i,1/inert	
	K i,2/inert	>100 0.01≤K i,2/inert ≤100 <0.01	>100 in 1 or 2 a in 1 in 1	0.01≤K i,1/inert ≤100 in 2 in 1,2 and inert in 1 and inert	<0.01 in 2 in 2 and inert in inert

Table A . 1 :

 A1 Estimation of the diffusivity of acetic acid in squalane.

  aq2 U dC aq2 dx = -k caps a caps ( C aq2 K -C org1 ) -k caps a caps ( caps a caps (C gas1 -0) + k caps a caps (C org2 -0) (A.9)5. In phase Org. 2:ε org2 U dC org2 dx = k caps a caps (C gas2 -C org2 ) -k caps a caps (C org2 -0) (A.10) 6. In phase Gas. 2: C gas2 ) -k caps a caps (C gas2 -C org2 ) (A.11) 

									C aq2 KK g	-C gas2 )	(A.6)
	2. In phase Org. 1:					
	ε org1 U	dC org1 dx	= k caps a caps (	C aq2 K	-C org1 ) -k caps a caps (	C org1 K g	-C gas1 )	(A.7)
	3. In phase Gas. 1:					
	ε gas1 U	dC gas1 dx	= k caps a caps (	C org1 K g	-C gas1 ) -k caps a caps (C gas1 -0)	(A.8)
	4. In phase Aq. 1:					
	ε aq1 U = k ε gas2 U dC aq1 dx dC gas2 dx = k caps a caps (	C aq2 KK g	-

This work was made in collaboration with the laboratory of Chemistry, Catalysis, Polymers and Process (C2P2, Lyon). The syntheses of metallic precursors and imidazolium based ionic liquids were performed at the C2P2.

https://one-flow.org

This section is a work made in collaboration with the group of Harald Gröger (University of Bielefeld, Germany). The experiments were made at the LGPC with the help of Lukas Schober and with enzymes coming from the Bielefeld University.

GENERATION OF ALTERNATED SEGMENTED FLOW

As already introduced for smaller channels by Zheng et al. [126] and Surya et al. [131],

the Capillary number Ca, the Reynolds number Re and the water fraction wf are useful descriptors of the different flow regimes frontiers (Figure 3.9a). The Capillary number is

Part III

Applications in multiphasic segmented flow

To conclude, we have here successfully implemented a chemical application in a controllable complex multiphase segmented flow. In the next chapter, the implementation of cascade reaction in multiphase segmented flow is investigated. following the experimental conditions used in [START_REF] Sato | Cooperative Catalysis of Noncompatible Catalysts through Compartmentalization: Wacker Oxidation and Enzymatic Reduction in a One-Pot Process in Aqueous Media[END_REF] (see Table 6.6). The blue crosses in Figure 6.10 shows the results for this first experiment. At a residence time of 30 minutes, the acetophenone yield was less than 10%. In order to increase the reaction rate, optimized conditions (experiment n • 2) were determined (see Table 6.6). At a residence time of 30 minutes, the acetophenone yield was around 60% which is more suitable for the "one-flow" process.

Figure 6.10: Acetophenone yield obtained in the experimental conditions of [START_REF] Sato | Cooperative Catalysis of Noncompatible Catalysts through Compartmentalization: Wacker Oxidation and Enzymatic Reduction in a One-Pot Process in Aqueous Media[END_REF] (styrene (1.0 mol/L) with 0.05 equiv. PdCl2 and 1 equiv CuCl in MeOH/water (7:1 vol.) mixture) and in the optimized experimental conditions (styrene (0.2 mol/L) with 0.25 equiv. PdCl2 and 0.5 equiv CuCl in MeOH/water (7:1 vol.) mixture).

Two experiments were tested regarding the solvent influence (see Table 6.7 for the experimental conditions). Using the same experimental conditions as experiment n The results for the monophasic synthesis of 1-phenylethanol are presented in Table 6.9.

Samples are collected after 30 minutes at 5-minutes intervals and analysed by GC (Agilent 6890). After a short equilibration time (∼5 min), very satisfactory yield of 1-phenylethanol was reached.

Table 6.9: 1-Phenylethanol yield for the enzymatic reduction of acetophenone in monophasic flow. The first sample was taken after 30 minutes of residence time and the 2 nd , 3 rd and 4 th with interval of 5 minutes.

Given that the reaction rate for the Wacker oxidation is incompatible with the segmented flow process, the objective is no longer to implement the cascade reaction in alternated segmented flow but to look at the compartmentalization efficiency that occurred in alternated segmented flow. In other words, the goal was to perform the enzymatic 

Compartmentalization in alternated segmented flow

Enzymatic reduction of acetophenone was performed in alternated segmented flow in the experimental set-up presented in Figure 6.13. Table 6.12 describes the experimental conditions. A first experiment was made in squalane/Aq./Aq./N 2 alternated segmented flow with pure water in one of the droplet (Solution 3). The enzymatic mixture for the enzymatic reduction was located in the other droplet. In this case, the yield of 1-phenylethanol is equal to 34% after 30 minutes of residence time. The decrease of phenylethanol yield in comparison with the monophasic experiment (98%) is due to the presence of squalane.

Indeed, acetophenone is distributed between squalane and the water phases. Then, experiments were performed in squalane/Aq./Aq./N 2 alternated segmented flow with copper ions in one of the droplet. The compartmentalization between the enzymes and the copper ions was made possible by the inert squalane phase that separates both droplets. However, the stability of the alternated segmented flow is complicated by the formation of a precipitate when the aqueous solution with copper ions and the enzymatic solution coalesce. In practical terms, at the beginning of the experiment, the alternated segmented flow is not instantly stable (it need a few seconds to stabilize) and some coalescence events can happen. However, with the presence of copper and enzymes, the coalescence creates precipitate. In the best case scenario, the precipitate is transported with the aqueous droplet and doesn't hinder the formation of the alternated segmented flow (Figure 6.14a). However, the precipitate can also stick to the channel wall and hinder the formation of the alternated segmented flow leading to more coalescence event during the synthesis (Figure 6.14b).

METHODOLOGY FOR FEASIBILITY ASSESSMENT

-----→ C (6.9)

A first consideration to be taken into account is the compatibility of operating conditions (temperature, pressure and residence time) between the two steps of the cascade.

For instance, in a chemo-enzymatic cascade reaction, special attention should be given to the temperature choice. Indeed, enzymes are very sensitive to high temperature whereas chemical reactions are often performed at high temperature. After this first verification, the methodology is divided in three global steps:

• The strategy is first to identify the potential "undesired chemistry" that can happen between all components (solvent, reagents, intermediates, product, catalyst) likely to be present in the reaction media. If there is no "undesired chemistry", no compartmentalization is needed. The "undesired chemistry" can be identified using data from the literature or via experimental studies.

• If side reactions are identified in the previous step, the cascade reaction can perhaps be performed using compartmentalization in segmented flow. The objective of the 2 nd is to propose a way to compartmentalize the reaction media. The following paragraphs report detailed information on the three steps.

1 st step: identification of potential "undesired chemistry"

To easily check the potential incompatibility between components, the strategy is to construct the compatibility matrix with all the components. As an example, Figure 6.17 No undesired chemistry at the operating conditions (T, P)

Potential undesired chemistry at the operating conditions (T, P) Figure 6.17: Identification of "undesired chemistry" via initial compatibility matrix.

nd step: compartmentalization proposal

In order to avoid side reactions, the problematic components should be compartmentalized. The strategy to compartmentalize in segmented flow is presented in Figure 6.18.

If the solvents S1 and S2 form a biphasic mixture, compartmentalization using L/L segmented flow could be the appropriate solution (Figure 6.19a ). To determine if solvents are forming two phases, miscibility diagrams for binary and ternary mixtures are useful and can be found in several simulating software (e.g. Aspen Plus).

The positioning of the phases in segmented flow will depend on the choice of tubing material and the wetting properties of S1 and S2. If the solvents S1 and S2 are miscible, compartmentalization using alternated segmented flow could be the solution (Figure Catalyst 2 and reagent A, which were incompatible, are now supposed to be in two separate compartments. In the best case scenario, all boxes of the compatibility matrix are green and the reaction media have been compartmentalized with success. In the worst case scenario, red boxes are still present in the matrix. Before reconsidering the choice of solvents, kinetic data of the side reaction should be taken into account before reconsidering the choice of solvents and catalysts. Indeed, if the reaction of interest is very fast compared to the side reaction, performing the cascade reaction in segmented flow can still be interesting.

For illustrative purpose, the different steps of the methodology for the case studies are presented in Appendix C.

Conclusion

In this chapter, the objective was to implement cascade reaction with incompatible steps in an "one flow" process using segmented flow as a technique to compartmentalize. Unfortunately, in the two selected case studies, that goal has not been achieved.

In the first case study where THFA is synthesized from xylose, operating conditions were compatible and water/toluene segmented flow was proposed to compartmentalize the steps of the cascade. However, once produced, THFA transferred back to the acidic aqueous phase and side reactions happen. The "one flow" process was therefore not possible.

In the second case study where 1-phenylethanol is synthesized from styrene, the problem was the slow reaction rate of the Wacker oxidation (1 st step). However, a proof of compartmentalization of two miscible phases in continuous flow was given. Indeed, the enzymatic reduction of acetophenone has been performed in presence of copper ions using alternated segmented flow.

Building from our understandings, a methodology to assess the feasibility of "one flow" process is proposed based on logic diagram and compatibility matrix. The goal is to become aware rapidly of the possible incompatibilities that could arise from the coupling of two reactions in flow.

It was therefore observed a posteriori that the case studies compatible with the "one flow" concept are scarce and we need chemists to identify them. Furthermore, the case studies with an unstable chemical intermediates (where the implementation of the cascade reaction could be beneficial for the selectivity) are even rarer. The "one flow" concept has been studied far enough to show that the coupling of cascade reactions bring rigidity in the reaction control and the experimental conditions moves away form the optimum conditions for each step.

APPENDIX A

Supplementary data for mass transfer study on alternated segmented flow

A.1 Partition coefficient of acetic acid

Partition coefficients were measured by the following procedure: Deionised water (10mL), squalane (20mL) and acetic acid (different quantities) were vigorously shaken in a 100mL bottle. Decantation was performed using centrifugation (500 rounds per minute) and both phase were separated. Acetic acid in water phase was analysed (after dilution as needed) while 15mL of the squalane phase was treated with 1mL of deionised water using the previous procedure. Then this second water phase was analysed. Analysis were performed using an ICS1000 Dionex ion chromatography and the calibration is available in Figure A.4 Model for mass transport through the gas bubbles

At first sight, in the unit cell, the tranport of acetic acid from one droplet to the other can go through the liquid film or through the gas bubbles. The objective of this section is to assess if the acetic acid transport through the gas bubble can be neglected. The acetic acid transport through the gas bubble was investigated using a modelling approach which doesn't take into account the contribution of the liquid film near the channel wall. k caps which can be predicted by the correlation of Van Baten and Khrishna [START_REF] Van Baten | CFD simulations of mass transfer from Taylor bubbles rising in circular capillaries[END_REF]. For the calculation of the interfacial area between two phases, we assume that only the droplet and bubble caps play a role in the transport process (no contribution of the film). Under the assumption that the droplet and bubble caps are half spheres, the interfacial area a caps can be estimated for each transfer as:

The partition coefficient of acetic acid between the aqueous phase and the organic phase is defined as:

Conductance for transport in part A and part B of the unit cell can be written as:

Using the order of magnitude given by the correlation of Van Baten and Khrishna [START_REF] Van Baten | CFD simulations of mass transfer from Taylor bubbles rising in circular capillaries[END_REF] for the k caps (∼ 10 -5 m/s), the global conductance using only the gas bubbles to transport acetic acid can be estimated as:

This value which was obtained considering only the transport through the gas bubbles is significantly below the order of magnitude of the experimental global conductance (∼ 10 -3 s -1 ). Therefore the molar flux of acetic acid that can pass through the gas bubbles is really low compared to the experimental results. Considering that very little acetic acid can be transported through the gas bubble, we can assume that the majority of the transfer is made via the liquid film.

A.5 Measurements of bubble length variation

If the pressure drop is important, there will be a significant expansion of the gas bubble length at high residence time. For all experiments, bubble lengths were measured at the inlet of the reactor and at the maximum distance used for these particular experimental conditions. Results are reported in Table A.2. In the worst case, the bubble length L b was up to 24% and the unit cell increases up to 12%. Figure A.4 shows an example of the bubble variation between the inlet and the maximum distance (here at 4.62m from the inlet). The impact of the pressure drop on the bubble length was in this case not very significant. In the modelling approach, the impact of the pressure drop was therefore neglected. • For each image in the video, the sum of vertical pixels at x 1 and x 2 between y 1 and y 2 is calculated (Figure B.1a). The top value coincides with the slug passing whereas the low value with the bubble passing.

At the inlet

• With the graph presented in Figure B.1a, the fronts and tails of bubbles are detected.

Therefore, knowing the image frequency, the bubble and slug lengths as well as the bubble velocity can be calculated.

APPENDIX C

Supplementary data for Chapter 6

C.1 Methodology applied to case study n • 1

The methodology to assess the feasibility of case study n • 1 is presented in this section.

As a reminder, the cascade reaction of interest is:

Xylose

--------→ Furfural