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RESUME

Les réactions catalytiques gaz-liquide-solide (G-L-S) sont très répandues dans l'industrie chimique, pétrochimique et biochimique, ainsi que pour les procédés catalytiques de dépollution. Les technologies conventionnelles sont souvent limitées par la faible solubilité des gaz dans les liquides, ainsi que par les faibles surfaces spécifiques entre les phases gaz et le liquide et entre les phases liquide et solide. Les travaux réalisés dans le cadre de cette thèse ont pour but de développer des nouveaux systèmes catalytiques à base de dispersions gazliquide (par exemples des micro/nanobulles) pour mener efficacement des réactions G-L-S aux faibles pressions de gaz.

Dans une première étape, nous avons préparé des mousses stabilisées par des particules de silice fluorées incorporant des nanoparticules catalytiques de palladium avec un volume de mousse modulable moyennant la concentration de particules et la vitesse d'agitation. Nous avons préparé des mousses dans des mélanges entre l'alcool benzylique et le xylène utilisant des faibles concentration des particules (<1 wt%) pour des angles de contact compris dans l'intervalle 41-73°. La présence de mousse permet d'améliorer l'activité catalytique par rapport au milieu conventionnel (5 fois dans l'air et 8 fois dans l'O 2 pur). L'activité catalytique est conditionnée par la stabilité des mousses. En effet, des mousses avec une stabilité intermédiaire sont nécessaires afin d'assurer une haute activité catalytique. En revanche, les mousses avec une faible stabilité réduisent la surface interfaciale disponible pour la réaction, tandis que les mousses avec une haute stabilité réduisent la perméabilité de la couche de particules auto-assemblées. Des tests de recyclage de particules ont montré que le volume de mousse généré ainsi que l'activité catalytique restent inchangés pendant au moins 7 cycles catalytiques consécutifs. Au-delà du xylène, nous avons testé plusieurs solvants pour la réaction. Parmi les solvants, ceux-ci présentant une tension de surface inférieure à celle du substrat sont capables de stabiliser des grands volumes de mousse, permettant ainsi d'obtenir des hautes activités catalytiques dans l'oxydation d'une vaste gamme d'alcools. Ceux résultats confirment la généralité de notre approche.

Dans une deuxième étape, nous avons redéfini le système catalytique à base de mousse pour réaliser l'oxydation d'alcools purs (sans solvant). Dans ce but, nous avons préparé une nouvelle famille de silsesquioxanes oligomeriques polyèdres (POSS) avec une architecture asymétrique agissant en tant qu'additifs moussants. Moyennant la combinaison de POSS et des particules de silice fluorées, nous avons prépare une vaste gamme de mousses à base d'alcools avec une tension de surface supérieure à 26 mN/m sauf pour des polyols présentant une haute viscosité. En présence de POSS, nous avons pu mener la réaction d'oxydation de l'alcool benzylique en présence de mousse, présentant une activité catalytique largement améliorée par rapport à la réaction sans mousse.

Enfin, nous avons étudié des réactions d'oxydation catalytique au niveau d'une bulle de gaz isolée et stabilisée par des particules de silice fluorées. Dans ce but, nous avons développé une « piège » microfluidique original permettant la production et le stockage de bulles de gaz stabilisées dans les solvants organiques à haute température. Nous avons ajusté v l'angle de contact des particules moyennant la composition du solvant. Nous avons ensuite utilisé une sonde fluorescente, le diacétate de 2',7'-dichlorodihydrofluoresceine, afin de visualiser in situ la réaction d'oxydation dans la phase organique après sa destérification utilisant une base organique. Les bulles de gaz présentant un recouvrement peu compact de particules catalytiques à l'interface gaz-liquide montrent une plus haute réactivité, tandis que les bulles monodisperses avec une armure compacte ne montrent pas d'activité.
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ABSTRACT

Gas-liquid-solid reactions (G-L-S) are widespread in chemical, petrochemical, biochemical and environmental catalytic processes. Conventional technologies usually suffer from the low gas solubility in liquids, and resilient mass/heat transfer limitations due to their low G/L and L/S specific interface areas. In this PhD thesis, we designed robust particlestabilized G/L dispersions (i.e. micro/nanobubbles) as highly efficient G-L-S nanoreactors for conducting catalytic reactions low gas pressures. First, we prepared non-aqueous foams stabilized by Pd-supported surface-active fluorinated silica particles. Foamability increased with both the particle concentration and stirring rate. High foam stability was achieved in benzyl alcohol / xylene mixtures even at low particle concentration (<1 wt%) for a contact angle in the range 41-73°. The catalytic activity was much higher than in non-foam systems (five times in air, eight times in pure O 2 ). Intermediate foam stability was required to achieve good catalytic activity. In contrast, low or high foam stability exerted a negative effect on the interfacial area generated and gas exchange rate due to a higher permeability of the adsorbed particle layer. The foamability and catalytic activity kept unchanged for at least 7 consecutive runs. Besides xylene, other solvents with surface tension lower than that of the substrate could be implemented, enhancing the foamability and catalytic performance in aerobic oxidation reactions of a panel of alcohols, demonstrating the universality of our approach.

Next, we redesigned our catalytic foam system to afford the aerobic oxidation of pure alcohols. To this aim, we synthesized a new polyhedral oligomeric silsesquioxane (POSS) with asymmetric shape as co-foaming agent. High foamability was obtained by combining POSS with fluorinated silica particles for a broad scope alcohols with a surface tension >26 mN/m except polyols due to their high viscosity. As a result, a very high activity was achieved in the aerobic oxidation of pure benzyl alcohol compared to a non-foam system.

Finally, we studied catalytic oxidation at the level of a single bubble stabilized by fluorinated silica particles. To this aim, we developed a microfluidic trap to produce and store particle-stabilized bubbles in organic solvents at elevated temperatures. The solvent composition was used for in situ adjustment of the contact angle of the particles, and trapping of bubbles could be achieved with traps of simple design. We then showed that fluorescent probe 2',7'-dichlorodihydrofluorescein diacetate can be used to monitor an oxidation reaction in the organic phase after deesterification with organic base. Large bubbles loosely covered by catalytic particles showed high reactivity while monodisperse armored bubbles remained inert.
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GENERAL INTRODUCTION

Gas-liquid-solid reactions (G-L-S) are widespread in chemical, petrochemical, biochemical and environmental catalytic processes. Due to the low solubility of gases in liquids and resilient mass/heat transfer limitations due to their low G/L and L/S specific interface areas, G-L-S reactions usually suffer from poor activity. To overcome this limitation, Pickering foams, where surface-active catalysts are absorbed at G-L interface, can be used to engineer G-L-S catalytic microreactors by promoting the G-L-S contact. Inspired by this concept, we investigated different potential applications of Pickering foams for designing intensified catalytic reaction systems.

This manuscript is structured around six chapters in total. Chapter 1 gives a brief introduction of Heterogeneous Catalysis with an emphasis on G-L-S reactions. The importance of the catalyst location at the interface is highlighted, and seminal examples of catalytic systems based on Pickering emulsions and foams are provided.

Chapter 2 compiles the different catalyst preparation methods, characterization techniques and preparation methods of foams.

In Chapter 3, we prepared and characterized a series of fluorinated organosilica particles loaded with Pd, and characterized them in detail by combining different techniques, including FT-IR, 13 C, 19 F, 29 Si NMR MAS and TGA. The foaming properties of the particles (i.e. foamablity and foam stability) were tested at room temperature and 80 °C on a variety of pure solvents and mixtures. With these results, we designed a catalytic foam system for the aerobic oxidation of benzyl alcohol operating at low particle concentration (<1 wt%). For the best systems, we unveiled the range of contact angles allowing optimal foam formulation and enhanced catalytic activity. For these systems, dedicated recycling tests were conducted.

In Chapter 4, we prepared foam systems for stabilizing oil foams based on pure solvents. To this aim, we prepared a series of aromatic POSS, which were further fluorinated by corner-capping reaction. The different POSS were characterized by XRD, FT-IR, 13 C, 19 F, 29 Si NMR MAS and TGA. Dedicated foaming tests were carried out in pure liquids with fluorinated POSS and with a combination of fluorinated POSS and catalytic fluorinated organosilicas. The best foam systems were used in the catalytic oxidation of pure benzyl alcohol.

In Chapter 5, we engineered a microfluidic bubble trap for the generation and storage of monodisperse bubbles stabilized by catalytic fluorinated organosilica particles in organic solvents. Using this trap, we performed the oxidation of 2',7'-dichlorodihydrofluorescein (H 2 DCF) into highly fluorescent 2',7'-dichlorofluorescein (DCF) on individual bubbles. We monitored in detail the fluorescence change before and after the oxidation reaction, allowing the localization of active locations for oxidation on the bubble surface.

Finally, chapter 6 compiles the general conclusions of the work and lists a number of recommendations for future studies. 

History of Catalysis

Catalysis is an interdisciplinary integrated science, involving a plethora of fields such as chemistry, physics, biology, mathematics, materials, engineering, etc. It is located at the interface of basic research and applied research, and is closely linked to green chemistry and sustainable development. Catalysis is the most important technology in the chemical industry with large socio-economic impact (Figure 1.1). For instance, the invention of an iron catalyst for ammonia synthesis in the early 20 th saved humans from hunger. 1 Among the seven social challenges listed in the EU's "Horizon 2020" plan, four of the response strategies use catalysis as core driver. Today, more than 85% of the products are derived from catalytic reactions. Catalysts are chemical compounds that improve the rate of chemical reactions by lowering the activation barrier of reactions. In ancient times, enzymes were used to make vinegar, or saltpeter to prepare sulfuric acid from sulphur. The history of humans using microorganisms to carry out catalytic reactions is very long, at least it can be traced back to the Xia and Shang dynasties in China, or even more ancient. However, it would be far-fetched to say that mankind began to consolidate the concept of catalysis at that time. After all, these applications are only empirical, which appeared accidentally in thousands of years of production and life. The first on-purpose catalytic process in the chemical industry was the lead chamber process. 3 In this process, nitrogen oxides are first generated from nitric oxide and oxygen, then nitric oxide oxidizes sulfur trioxide to generate nitrososulfonic acid. The latter is further hydrolyzed to generate sulfuric acid while releasing nitrogen oxides that act as catalyst for this reaction. The different forms of nitrogen oxides are easy to observe and analyze, and the intermediate products can be separated.

Until the first industrial revolution, people have discovered some reactions in succession. These reactions have a remarkable feature: if nothing is added to the reaction system, the rate of the reactions is very slow. However, once trace additives are added, the reaction can proceed. For example, the dehydration reaction of ethanol, which was first discovered in the 13 th century, can only proceed in the presence sulfuric acid. In addition, in the early 19 th century, chemists discovered that hot ammonia gas can decompose when passing through a glass tube in the presence of a metal. They concluded that the metal itself promotes the reaction.

In 1817, the British scientist Edmund Davy proposed for the first time that a gas can chemically react on the surface of metal 4 , but the metal itself does not change. In 1835, Berzelius made a detailed description of this type of phenomenon and proposed for the first time the term "catalysis" from the Greek term καταλύειν. 5 At that time, there was still no clear understanding about the nature of catalytic phenomena, with a controversy on the most basic question: does the addition of a catalyst promote a chemical reaction that would otherwise not occur? Or is it possible to quickly proceed with a reaction that is originally very slow? In those early days, the first point of view was supported. This is because the experimental conditions at the time were limited, and it was difficult to measure the concentration of trace reaction products accurately. As a result, for some very slow reactions, it was intuitively believed that the reactions did not occur. This biased conception was not corrected until the 1850s driven by the development of thermodynamics. 6 At that time, the Gibbs free energy was first used to evaluate whether a reaction can occur or not. Indeed, the second principle of thermodynamics clearly indicates that equilibrium concentration is the main parameter to allow a reaction to occur. 7 In 1862, Saint-Gilles and Berthelot studied the hydrolysis of ethyl acetate over several weeks. 8 The reaction could proceed with and without catalyst. Analysis of the final composition of ethyl acetate and water revealed that the equilibrium concentration of the reaction products and reagents kept unchanged irrespective of the presence of catalyst or not. Subsequent experiments by other authors showed that a catalyst itself could not alter the chemical equilibrium in the ensuing time, but only enhance the reaction rate. In other words, a catalyst can accelerate the reaction kinetics, but does not affect the reaction thermodynamics. This description was first reported by the German scientist Ostwald. 9 His description of catalysts is close to our understanding of catalysts today, and he himself was awarded the 1909 Nobel Prize for his contribution to the understanding of the role of catalysts in chemical reactions.

Development of catalysis theory

The theory of Catalysis has been gradually developed along the last 150 years while catalysts have been implemented to industrial reactions. Why can a catalyst accelerate the rate of a chemical reaction without undergoing a chemical change along the reaction? Catalysts are known to generate intermediate compounds by reaction with the reagents that require lower energy to form the product, proceeding faster through a lower-energy transition state. 10 By lowering the energy of the transition state of the rate-limiting step, catalysts reduce the overall activation energy of the reaction and, in the case of a reversible reaction, reach equilibrium faster (Figure 1

.2).

With the progress of experimentation and advanced characterization, chemists discovered that catalysis cannot only be driven by molecular complexes and enzymes (i.e. homogeneous catalysts), but also by solids (i.e. heterogeneous catalysts), boosting adsorption phenomena. Adsorption can be divided into simple physical and chemical adsorption. Chemical adsorption is usually accompanied by the formation of chemical bonds. In 1914, Polanyi proposed a model for the adsorption of gas onto a solid surface (Figure 1.3). 11 Polanyi's model was further optimized by Langmuir who was awarded the Nobel Prize in 1932 for his discovery and investigations in surface chemistry. 12 His research on adsorption on solid surfaces has played a significant role in the formulation of catalysts. 13 Using the Adsorption theory, researchers discovered that catalysis is often carried out in a monolayer directly connected to the catalyst surface. Based on this, H. S. Taylor first proposed the active center theory in 1925. 14 In his view, the catalyst is not uniform, and catalytic reactions only occur on active centers rather than over the entire catalyst surface. This theory explains well the influence of catalyst preparation on the activity and "poisoning" effects. After the 1950s, with the development of solid-state physics, the electron theory of catalysis came into scene. At this level, scientists have obtained a wealth of experimental results allowing a link between the catalytic properties of metals and the behavior of electrons and electronic energy levels. 15 Since the 1970s, by applying the quantum atomic theory to catalyst surfaces, the structure and properties of metal clusters has been used to understand the catalytic activity in heterogeneous catalysis. 16 

Heterogeneous Catalysis

Homogeneous catalysts are molecularly dissolved in the reaction phase and all the atoms are highly accessible to the catalytic center, allowing high catalytic activity even under mild conditions. However, separation of homogeneous catalysts from the reaction mixture is often difficult. Moreover, homogeneous catalysts can cause corrosion to the equipment. Homogeneous catalysts are used in less than 20% of industrially relevant processes. 17 As an alternative, heterogeneous catalysts are easy to separate and reuse, resulting in lower operation costs. They are extensively used in biomass conversion, 18 energy storage, 19 carbon neutrality, 20 fine chemicals production 21 , etc., and constitute one of the pillars of the chemical industry (Figure 1.4). 22 However, the surface mechanisms in heterogeneous catalysts are often difficult to rationalize, especially in porous systems showing transport limitations. With the development of surface science, research on heterogeneous catalysis has allowed to probe in detail the interaction of adsorbate molecules on catalyst surfaces. Many metals can be used as catalysts, and the most commonly used are transition metals. Transition metals have excellent hydrogenation properties and are widely used as hydrogenation and dehydrogenation catalysts in industry. Some metals also have catalytic activity in oxidation and recombination. The incorporation of a co-catalyst into the metal component, or the dispersion of the metal component on an inorganic support, are two common types of metal catalysts. At same time alloyed consisting of more than two metals are important for both theoretical studies and practical applications. Among them, precious metal catalysts, known for their low losses and high catalytic activity, are widely used in reactions for synthesizing highvalue chemicals. It can change the rate of a chemical reaction without itself being involved in the end product of the reaction. Almost all precious metals can be used as catalysts, but the most commonly used are platinum, palladium, rhodium, silver, ruthenium, etc. They have unfilled d orbitals, which let them be easily adsorbed to reactants on the surface, and facilitate the formation of intermediate "active compounds" with high catalytic activity, as well as high temperature resistance, oxidation resistance, corrosion resistance and other comprehensive excellent characteristics, making them the most important catalyst materials.

Catalysis for oxidation reactions

Catalytic oxidation reactions are common and well-known reactions in catalytic reactions. Oxidation reactions (oxidation of alkanes and alcohols, epoxidation of alkenes 23,24 and allylic alcohols, 25,26 oxidative bromination, [27][28][29] sulfoxidation 30,31 and oxidative Strecker reactions [32][33][34] ) of organic compounds are key transformations in organic chemistry because they can increase chemical complexity and incorporate heteroatom substituents into carbon-based molecules. Pdcatalyzed oxidation can be seen as an enzyme-catalyzed mimicry. The process is also similar to the basic principle of fuel cells. 35 Palladium (II)-mediated oxidation of organic substrates (SubH 2 ) and dioxygen-coupled oxidation of palladium (0). This mechanism has important implications for the development of new catalytic oxidation reactions. Gold is another attractive catalyst because, surprisingly, it is highly active and very selective for partial oxidation processes suggesting promise for energy-efficient "green" chemistry. One origin of the high activity for gold catalysis is the extremely reactive nature of atomic oxygen bound in 3-fold coordination sites on metallic gold. This is the predominant form of O at low concentrations on the surface, which is a strong indication that it is most relevant to catalytic conditions. Atomic oxygen bound to metallic Au in 3-fold sites has high activity for CO oxidation, 36,37 oxidation of olefins, 38 and oxidative transformations of alcohols [39][40][START_REF] Nielsen | Direct aerobic oxidation of primary alcohols to methyl esters catalyzed by a heterogeneous gold catalyst[END_REF] and amines. [START_REF] Klitgaard | Oxidations of amines with molecular oxygen using bifunctional gold-titania catalysts[END_REF] Among the factors identified as important in Au-O interaction are the morphology of the surface, the local binding site of oxygen, and the degree of order of the oxygen overlayer. There is compelling evidence for the high activity of atomic oxygen bound to metallic Au for promoting heterogeneous oxidative transformation from fundamental studies on crystalline gold. The Au(111) surface has been used as a model in most cases; justified by the fact that it is the most thermodynamically stable phase and it has been identified as a predominant face for supported nanoparticles using high resolution electron microscopy. [START_REF] Hughes | Tunable gold catalysts for selective hydrocarbon oxidation under mild conditions[END_REF] Atomic oxygen bound to single-crystal gold is highly active for CO oxidation [START_REF] Min | Efficient CO oxidation at low temperature on Au (111)[END_REF][START_REF] Ojifinni | Annealing effect on reactivity of oxygen-covered Au (111)[END_REF][START_REF] Ojifinni | Water-enhanced low-temperature CO oxidation and isotope effects on atomic oxygen-covered Au (111)[END_REF][START_REF] Gong | Surface science investigations of oxidative chemistry on gold[END_REF][START_REF] Outka | The oxidation of carbon monoxide on the Au (110) surface[END_REF] and for activation of O-H, C-H, and N-H bonds in a variety of organic molecules. [START_REF] Liu | Surface-mediated NH and N addition to styrene on Ag (110)[END_REF][START_REF] Deng | Partial oxidation of propene on oxygencovered Au (111)[END_REF][START_REF] Gong | Selective oxidation of propylamine to propionitrile and propionaldehyde on oxygen-covered gold[END_REF][START_REF] Gong | Selective oxidation of propanol on Au (111): mechanistic insights into aerobic oxidation of alcohols[END_REF][START_REF] Xu | Vapour-phase gold-surface-mediated coupling of aldehydes with methanol[END_REF][START_REF] Quiller | Mechanistic insights into selectivity control for heterogeneous olefin oxidation: Styrene oxidation on Au (111)[END_REF][START_REF] Liu | Competing epoxidation and allylic hydrogen activation: trans-βmethylstyrene oxidation on Au (111)[END_REF][START_REF] Xu | Selectivity control in gold mediated esterification of Methanol[END_REF][START_REF] Min | Tuning reactivity and selectivity for olefin oxidation through local O bonding on au[END_REF][START_REF] Liu | Surface-mediated selfcoupling of ethanol on gold[END_REF] Many of the reactions on single-crystal gold parallel those observed on supported and unsupported Au at higher pressures and in solution when O 2 is used as an oxidant

Gas-liquid-solid catalytic reactions: application to oxidation

Gas-liquid-solid (G-L-S) multiphase reactions are ubiquitous in chemical, petrochemical, biochemical and environmental catalytic processes. [START_REF] Karimi | Oxygen mass transfer in a stirred tank bioreactor using different impeller configurations for environmental purposes[END_REF] They combine simultaneously two gas and liquid phases, as well as a solid catalyst. The gas reactant can be dissolved in the liquid phase and then react with another reactant, or the reactants may all exist in the gas phase and they are dissolved in the liquid containing a catalyst to react each other. The main theory of G-L and G-L-S reactions is the so-called two-film that can be used to describe gas mass transfer across liquid film (Figure 1 In the Lewis-Whitman model, there are two stagnant layers of film at the G-L interface (gas layer and liquid layer). Mass transfer within both films proceeds by molecular diffusion and the bulk gas and liquid phases are homogeneous with respect to the solute. Both phases exert a resistance to the passage of gas molecules from one phase to the other. In the case of poorly soluble gases, the liquid layer often provides larger resistance to the overall mass transfer, while the contribution of the gas layer is larger for more soluble gases.

Reactor design

Macroreactors

Conventional G-L-S catalytic reactors, termed hereinafter as macroreactors, comprise packed beds (e.g., trickle beds, bubble columns), slurry reactors (e.g., stirred tanks, bubble columns), and fluidized beds (Table 1.1). [START_REF] Shah | Gas-liquid-solid reactor design[END_REF][START_REF] Ramachandran | Three-phase catalytic reactors[END_REF][START_REF] Trambouze | Chemical reactors: from design to operation[END_REF] The choice between the different technologies depends on the reaction rate (i.e. slow or fast reaction), the ease of operation, and most crucially the G/L and L/S contact affecting mass and heat transfer. As a rule, packed-bed reactors such as trickle beds usually offer a much better performance, although larger catalyst particles and lower gas-liquid space velocities are required to ensure a moderate pressure drop. [START_REF] Dudukovic | Three phase trickle bed reactors[END_REF][START_REF] Froment | Chemical reactor analysis and design[END_REF] In these reactors, since the gas and liquid flow concurrently downwards over the catalyst, the liquid tends easily to form channels and bypasses, decreasing drastically the G/L contact. Furthermore, slurry reactors offer simple reactor geometries, high heat removal and high effectiveness factors due a relatively reduced catalyst particle size, but might present some drawbacks ascribed to the catalyst filtration and attrition and the need of high pressure for gas solubilization. [START_REF] Mase | Aerobic copper/TEMPO-catalyzed oxidation of primary alcohols to aldehydes using a microbubble strategy to increase gas concentration in liquid phase reactions[END_REF][START_REF] Mase | Micro and Nanobubble Based Strategy for Gas-Liquid-Solid Multiphase Reactions: Palladium-Catalysed Hydrogenation of Carbon-Carbon Unsaturated Bonds[END_REF][START_REF] Liu | Successful application of Shirasu porous glass (SPG) membrane system for microbubble aeration in a biofilm reactor treating synthetic wastewater[END_REF][START_REF] Zimmerman | Towards energy efficient nanobubble generation with fluidic oscillation[END_REF][START_REF] Agarwal | Principle and applications of microbubble and nanobubble technology for water treatment[END_REF][START_REF] Wu | Generation and characterization of submicron size bubbles[END_REF] Finally, packedbed and slurry bubble columns rely on (micro)bubble generators (e.g., venturi, fluid oscillation, baffled agitation systems, porous glass membranes) with reduced bubble buoyancy favoring the gas solubility within the column. [START_REF] Mase | Micro and Nanobubble Based Strategy for Gas-Liquid-Solid Multiphase Reactions: Palladium-Catalysed Hydrogenation of Carbon-Carbon Unsaturated Bonds[END_REF][START_REF] Liu | Successful application of Shirasu porous glass (SPG) membrane system for microbubble aeration in a biofilm reactor treating synthetic wastewater[END_REF][START_REF] Zimmerman | Towards energy efficient nanobubble generation with fluidic oscillation[END_REF][START_REF] Agarwal | Principle and applications of microbubble and nanobubble technology for water treatment[END_REF][START_REF] Wu | Generation and characterization of submicron size bubbles[END_REF][START_REF] Mase | Aerobic copper/TEMPO-catalyzed oxidation of primary alcohols to aldehydes using a microbubble strategy to increase gas concentration in liquid phase reactions[END_REF] Overall, G-L-S macroreactors suffer from reduced G/L and L/S interfacial areas (10 2 -10 3 m 2 /m 3 ) due to the very thick liquid film thickness, encompassing k L a i (G/L) and k S a i (L/S) mass transfer coefficients in the range 0.01-2 s -1 and 10 -5 -5 s -1 depending on the type of reactor used and degree of turbulence (Reynolds number). In practice, co-solvents, surfactants and G/L phase-transfer catalysts (e.g., molten salts) can be employed to promote the G/L contact and distribute the catalyst between the phases, affecting unavoidably the eco-efficiency of the process.

Continuous flow microreactors

Apart from macroreactors, continuous flow microreactors have been developed for G-L-S reactions (Table 1.1). In these systems, the presence of small channel sizes (φ = 50-1000 µm) enables larger interfacial areas (10 3 -10 5 m 2 /m 3 ), more efficient G/L mixing and reduced diffusion paths, resulting in enhanced mass transfer. Indeed, k L a i (G/L) and k S a i (L/S) coefficients as high as 3-8 s -1 and >5 s -1 can be easily achieved using such reactors. Examples of G/L/S microreactors include catalyst-coated monoliths, stainless steel, silicon or oxidized aluminum wafers and platelets, glass chips, packed-bed microreactors, and microcapillary and "tube-in-tube" reactors operating with gas pre-saturated liquid flows. [START_REF] Kobayashi | A microfluidic device for conducting gas-liquid-solid hydrogenation reactions[END_REF][START_REF] Jähnisch | Chemistry in microstructured reactors[END_REF][START_REF] Irfan | Heterogeneous catalytic hydrogenation reactions in continuous flow reactors[END_REF][START_REF] Dencic | Recent changes in patenting behavior in microprocess technology and its possible use for gas-liquid reactions and the oxidation of glucose[END_REF][START_REF] Brzozowski | Flow chemistry: intelligent processing of gas-liquid transformations using a tube-in-tube reactor[END_REF][START_REF] Gutmann | Continuous flow technology-a tool for the safe manufacturing of active pharmaceutical ingredients[END_REF][START_REF] Hessel | Gas-liquid and gas-liquid-solid microstructured reactors: contacting principles and applications[END_REF] Another microreactor variation used for highly exothermic reactions is the so-called microstructured falling-film reactor. [START_REF] Yeong | Experimental studies of nitrobenzene hydrogenation in a microstructured falling film reactor[END_REF][START_REF] Yeong | Catalyst preparation and deactivation issues for nitrobenzene hydrogenation in a microstructured falling film reactor[END_REF] Overall, microreactors suffer from clogging in the presence of particles, pulsating flows when using mechanical pumping and corrosion. Furthermore, despite their modular nature, their upscaling is not straightforward. All these elements act as a deterrent for the industrial implementation of microreactors. 

(W/m 3 ) x10 3 0.1 0.1 1 - 2-5
a The gas holdup is a strong function of the reactor configuration and the gas flowrate b The largest mass transfer coefficients so far have been reported on loop-venturi reactors (e.g, Buss TM technology)

Catalytic membrane contactors

Finally, catalytic membrane contactors coupling a catalyst and a mesoporous membrane (φ = 5-100 nm) in the same unit have been proposed. [START_REF] Abusaloua | Catalytic membrane reactor for waste water treatments[END_REF][START_REF] Raeder | A wet air oxidation process using a catalytic membrane contactor[END_REF] In this concept, a hierarchical porous membrane supporting the catalyst acts as a contactor between the reactants and the catalyst at the nanoscale. Within this general approach, two configurations emerge: (1) interfacial contactors, where the gas and liquid reactants are separately introduced from opposite sides of the membrane and the G/L interface is localized within the membrane wall, and (2) flowthrough contactors, where the gas dissolved in the liquid phase is pumped through the catalytic membrane. This leads to a better accessibility of the reactants to the catalyst zone and in its turn to enhanced reaction rates at relatively mild temperature and pressure conditions. [START_REF] Iojoiu | Catalytic membrane structure influence on the pressure effects in an interfacial contactor catalytic membrane reactor applied to wet air oxidation[END_REF][START_REF] Vospernik | Application of a catalytic membrane reactor to catalytic wet air oxidation of formic acid[END_REF][START_REF] Alame | High-performance catalytic wet air oxidation (CWAO) of organic acids and phenol in interfacial catalytic membrane contactors under optimized wetting conditions[END_REF][START_REF] Pera-Titus | Modelling nitrate reduction in a flow-through catalytic membrane contactor: Role of pore confining effects on water viscosity[END_REF] Despite these benefits, catalytic membrane contactors are conditioned by the high cost of membranes, as well by their quality in terms of large-pore defects, preventing their industrial-scale implementation.

Nanoscale objects for G-L-S reactions

Micro/nanobubbles

A bubble can be defined as a globular body of gas formed in a liquid. Within this general definition, bubbles can be broadly classified as a function of the bubble size (D b ) as macrobubbles (D b > 50 µm), microbubbles (1 < D b < 50 µm) and nanobubbles (D b < 1 µm). The two most distinguishable features of small microbubbles (<5 µm) and nanobubbles are: (1) reduced buoyancy in solution (i.e. very low rising speed), and (2) lack of stability due to the high energy involved in the formation of G/L interfacial surface. Despite their intrinsic lack of stability, the existence of submicron-sized bubbles on hydrophobic surfaces and in water has been confirmed experimentally. The unexpected longevity of nanobubbles can be explained on the one hand by a lower interfacial curvature than expected due to abnormally high contact angles, which can be attributed to 'hard' hydrogen bonding. [START_REF] Parkinson | The terminal rise velocity of 10-100 µm diameter bubbles in water[END_REF] On the other hand, nanobubbles are negatively charged under a wide pH range (both HO -and H + ions have been shown to influence the charging mechanism of G/L interfaces), enhancing the bubble stability. [START_REF] Tian | Interfacial structures of acidic and basic aqueous solutions[END_REF][START_REF] Ushikubo | Evidence of the existence and the stability of nano-bubbles in water. Colloids Surfaces A Physicochem[END_REF][START_REF] Norarat | Effects of High Voltage Stimulation and Oxygen Rich Fine Bubble (FB) Water on Cultivated Shiitake Mushroom in Thailand[END_REF] Overall, such phenomena hinder gas diffusion from the bubbles to the bulk liquid, allocating an adequate kinetic balance against high internal pressure.

Lipid/proteins/surfactants around gas bubbles

Gas micro-and nanobubbles can be dramatically stabilized via encapsulation with a lipid, protein or surfactant/polymer, reducing the interfacial tension and slowing down gas diffusion. 98- 100 This prevents bubble dissolution and/or coalescence and disproportionation. Indeed, surfactants are commonly used at industrial scale in slurry reactors, [START_REF] Stride | Novel microbubble preparation technologies[END_REF][START_REF] Lee | Stabilization and fabrication of microbubbles: applications for medical purposes and functional materials[END_REF][100] Enhanced Oil Recovery (EOR), 101,102 and flotation units [103][104][105][106] to stabilize gas bubbles against coalescence. Furthermore, in the biomedical field, outstanding theranostic developments have been reported on PEG-lipidcoated micro/nanobubbles for ultrasound molecular imaging, [107][108][109][110][111] as well as for O 2 112-116 and ultrasound-mediated targeted drug/gene delivery, 117-127 vascular permeabilization, 128 and thermal ablation upon bubble collapse (i.e. inertial cavitation). 129 However, lipids/proteins/surfactants can be hardly recycled and do not show intrinsic catalytic properties.

Nanoparticles around gas bubbles ('armored bubbles')

Nanoparticles (NPs) can also assemble at the G-L interface stabilizing gas bubbles. Three different systems can be in principle used: (1) NPs embedded into lipid/polymer-stabilized microbubbles near the G/L interface, where the NPs show no effect on the bubble stability; [130][131][132][133][134][135][136][137][138][139][140][141][142] (2) combinations of NPs and a lipid, polymer, surfactant or surface-active reagent at the G/L interface; 143-147 and (3) single NPs and NP aggregates sitting alone at the G/L interface (most often as foams) in analogy to Pickering emulsions for L/L systems. [148][149][150][151][152][153][154][154][155][156][157]157,158 In such systems, hydrophobic NPs adsorb irreversibly at the G/L interface, since desorption energies are orders of magnitude higher than the energies provided by thermal fluctuations. 159,160 If the particle density at the G/L interface is sufficiently high, particles can generate a rigid "armor" or membrane, which not only inhibits gas dissolution/disproportionation, but also helps adjusting the size distribution of bubbles and prevents neighboring bubbles from coalescence. [161][162][163][164][165][166][167][168][169] Although most of the reported studies encompass spherical particles, nanosheets, platelets, microbowls, rods and nanometric aggregates can also assemble at the G/L interface. [170][171][172][173] Particle armors can maintain anisotropic surface stresses and therefore do not need to be spherical at equilibrium. 161 The particle assembly at the G/L interface can be finely controlled using microfluidic tools such as flow focusing geometries, coaxial injection, T-junction or double coaxial injection, allowing the genesis of densely armored, well-calibrated isolated bubbles based on a variety of gases (e.g., CO 2 and O 2 ). 147,[174][175][176][177][178][179][180][181] Unlike aqueous foams and bubbles, with a high air-water surface tension (72 mN.m -1 at 25 °C) that favors the adsorption of surface-active agents, non-aqueous/oil counterparts are more difficult to generate due to the relatively low surface tension (<40 mN m -1 ). In order to stabilize non-aqueous foams, most studies are focus on fluorinated materials due the extremely low surface energy of perfluorocarbon chain. Hydrophilic fumed silica particles with different degrees of fluorination with tridecafluoro-1,1,2,2-tetrahydrooctyltrimethoxysilane can stabilize foams in liquids ranging from non-polar hydrocarbons and polar oils to glycerol and water. 182 Commercially available fluorinated materials, such as oleophilic sericite particle coated with perfluoroalkyl phosphate diethanolamine, 183 poly(tetrafluoroethylene) (PTFE), 184,185 oligo(tetrafluoroethylene) (OTFE), [START_REF] Karimi | Oxygen mass transfer in a stirred tank bioreactor using different impeller configurations for environmental purposes[END_REF]185,186 and bentonite platelet clay particles, 187 have also used to stabilize non-aqueous foams.

Particle-stabilized liquid droplets ('liquid marbles' or dry liquids)

Liquid marbles or dry liquids are non-stick and elastic liquid droplets coated with NPs of low surface energy with a typical size in the range 50-400 µm. [188][189][190][191][192] As in the case of bubbles, the particles protect the liquid droplets against drying and coalescence by reducing the surface tension. The adsorption of particles at the G/L interface confers high mechanical stability even in the presence of external forces. The encapsulated liquid may be released by application of a mechanical stress, evaporation, or using external stimuli such as temperature, 193-196 pH, 197-200 UV, 200,201 ultrasound levitation, 200,202 an electrostatic potential 203 , and a magnetic field. [204][205][206] The marble shape and particle shell can exhibit a variable degree of uniformity encompassing in some cases the formation of a permeable membrane, which is relevant for catalytic applications. [207][208][209] Earlier studies on liquid marbles focused on water or glycerol/water mixtures as the core liquid. More recently, intensive research has been reported on liquid marbles based on ionic liquids 210,211 and organic solvents including volatile liquids such as toluene, chloroform and tetrachloromethane. 209,212,213 Binks and co-workers reported systematic studies on fumed silica NPs coated with perfluoroalkylsilanes in mixtures of air and liquids ranging from nonpolar hydrocarbons and polar oils to glycerol and water. 182 Further studies showed that fluorinated platelet sericite, bentonite platelet clays and spherical zinc oxide particles could generate oil marbles. 173,187,214 Systematic studies of the effect of controlled silanization of silica NPs on the stability of methanol/water marbles have also been reported, 215 as well as the genesis of propylene glycol marbles with particle-stabilized emulsions of paraffin oil and water. 216 Finally, air microbubbles have been recently trapped inside a liquid marble via encapsulation using a surfactant or hydrophilic NPs, affording the division of a marble into compartments. 217 While most of the reported studies deal with spherical particles, particles of different shapes (e.g., nanobelts, nanofibers, nanotubes, nanosheets) and porosity may influence the wettability, as well as the capillary interactions and particle packing at the G/L interface. [218][219][220][221][222][223][224][225][226] 

Thermodynamics of particle-stabilized foams and marbles

Upon mixing a gas and water, the formation of dispersed gas bubbles within a liquid increases the interfacial area, and thus the free energy of the system. This effect is counterbalanced by the interfacial adsorption of a single particle well dispersed in the liquid to reduce the energy ΔE. ΔE can be expressed by comparing the energy of a particle dispersed in the liquid (E l ), and at the interface (E gl ). For a non-Janus spherical particle, both energies read as follows:

𝐸𝑤 = 𝛾𝑔l𝑆+𝛾𝑝l (𝑆𝑔+𝑆l) (1) 
𝐸𝑔𝑤 = 𝛾𝑔l (𝑆-𝑆𝑔l)+𝛾𝑝𝑔 𝑆𝑔+𝛾𝑝l 𝑆l+𝜏𝐿𝑝𝑔l (2)

Δ𝐸 = 𝐸𝑔𝑤-𝐸𝑤 (3) 
where γ gl is the gas-liquid surface tension, γ pg and γ pL are the particle-gas and particle-LIAUID surface tensions, respectively; S is the total surface area of the particle; and surfaces S g , S l and S gl and length of the three-phase contact line L pgl , are defined in Figure 1.6. Geometrically, we have S=S g + S l . In Eq 2, we have included the contribution of the line tension τ, which is ascribed to the excess free energy of the three-phase contact line around the spherical particle. 227,228 The line tension, which has unit length of force, can be regarded as a 1D analogue, for a curved line, of the surface tension. The contribution of the line tension is particularly relevant for systems with low interfacial tensions, as those commonly found for oil-oil emulsions and in oil-gas foams.

The different surface tensions can be related by the generalized Young equation, which can be obtained by minimizing the energy difference of a particle adsorbed at the interface with respect to the three-phase contact angle θ. For foaming systems, θ is measured through the liquid phase 229 𝛾𝑔l cos𝜃=(𝛾𝑝𝑔-𝛾𝑝l) + 𝜏 cos𝜃 𝑟sin𝜃 (4)

By combining Eq 3 and Eq 4, the following equation can be used relating ΔE and θ:

Δ𝐸=-𝜋𝑟 2 𝛾[(1±𝑐𝑜𝑠𝜃)22𝜏(1±𝑐𝑜𝑠𝜃)𝑐𝑜𝑠𝜃𝑟𝛾𝑔𝑤sin𝜃-2𝜏sin𝜃𝑟𝛾𝑔𝑤] (5) 
where the sign within the brackets corresponds to particle centers above (+) or below (-) the interface.

If τ << r γ gl , Eq 5 can be simplified to the well-known expression:

Δ𝐸=-𝜋𝑟 2 𝛾𝑔l (1 ± 𝑐𝑜𝑠𝜃) 2 (6)
Unlike surfactants, solid particles can adsorb irreversibly at the interface, and they require greater energy to detach from the interface. 230 According to Eq 6, the optimum contact angle for foam stabilization is about 90°, as at this value the desorption energy of particle reaches the maximum.

The three-phase contact angle θ is a primary descriptor for predicting the type of emulsions generated (i.e. oil-in-water, or water-in-oil) or gas-water dispersions (e.g., bubbles or marbles). [230][231][232] Figure 1.7 shows the arrangement of particles with different contact angle at the interface. The behavior of solid particles can remarkably differ depending on the particle hydrophobicity. Partially hydrophobic particles can spread at the gas-water interface, while hydrophilic particles tend to settle inside the liquid film and display small contact angles. Therefore, the particles must be partially hydrophobic to enable them to adsorb at the gas-water surface and increase foam lifetime. According to the theoretical results based on the simplified model of a single layer particles, particles can stabilize foams only in the contact angle interval between 20 and 90°. In previous studies, it was demonstrated that particles with contact angles between 40 and 90° would be favorable for ensuring highest foam stability, while hydrophobic particles (θ > 90°) would commonly serve as defoamers.

There are many possible explanations for stabilization mechanisms of particle-stabilized foams. Some authors claim that particles stabilize the foams by attaching themselves to the gasliquid interfaces and serving as elastic separators during the primary impact of two bubbles (Figure 1.8). The solid particles at sufficiently high concentrations can form a layered structure inside the thinning film, thus stabilizing it. 

Dynamics of particle adsorption

The dynamics of particle adsorption at the gas-liquid interface is affected by an adsorption barrier, F. that depends on the charge of already adsorbed particles. The magnitude of the adsorption barrier correlates with the disjoining pressure of the liquid film, Π(h), which is a function of the distance h, between the particle and the interface.

𝐹 ≈ 2𝜋𝑟 𝛱(ℎ)𝑑ℎ ! ! (7) 
The presence of a barrier for particle adsorption relies on the fact that charged particles approaching a neutral interface between two media with different dielectric constants experiences repulsive image-charge forces. 233 Since the adsorption barrier is proportional to the object size, it is much more important for particles than for surfactants. 234 The presence of a barrier may require certain energy to overpass repulsive forces and bring the particles to the gaswater interface. Additionally, weak repulsive interactions lead to particle aggregation and the formation of particle gels, both of which are reported to be favorable for Pickering stabilization. 235,236 Despite its positive impact on the adsorption energy, the average particle size increases the time needed to stabilize bubbles. The adsorption time also depends on the foaming process. The diffusion coefficient for a spherical particle subjected to Brownian motion D, can be expressed by the Stokes-Einstein equation 237

𝐷 = ! ! ! !!"# (8)
where k B is the Boltzmann constant, T is the temperature, and η is the viscosity of the fluid in which the particles are dispersed.

From Eq 8, a first estimate of the time required for the particles to diffuse a distance x, from one bulk phase to the interface can be obtained using the following expression:

𝑡 ≈ ! ! ! (9)
If the energy required to form the dispersions is high, the surface coverage is only partial. As a rule, the thickness of particle-stabilized interfaces is much larger than that of interfaces stabilized by surfactants leading to more stable foams. Particle-stabilized foams can allow fast mass/heat transfer at the G-L interface due to large interfacial contact areas and short diffusion paths, [START_REF] Dedovets | Multiphase Microreactors Based on Liquid-Liquid and Gas-Liquid Dispersions Stabilized by Colloidal Catalytic Particles[END_REF] which is of significance for engineering the interfacial microreactors. However, because the time for particles to adsorb to the gas-liquid interface increases with the increase of particle size, the difficulty of forming foam solely by particles is several orders of magnitude higher than that of surfactants. The development of novel and efficient surface-active particles and foaming system is crucial to achieve surfactant-free foams.

G-L-S multiphase microreactors

Particle-stabilized bubbles exhibit analogies to particle-stabilized emulsions (i.e. Pickering emulsions), where the particles behave concomitantly as emulsifiers and interfacial catalysts in liquid-liquid-solid microreactors (L-L-S). Very recently, catalysis in Pickering emulsions or simply Pickering Interfacial Catalysis (PIC) has emerged as a hot topic for con-ducting biphasic reactions between immiscible reagents at the L/L interface. 238,239 PIC constitutes an evolution of Surfactant-Combined Catalysis encompassing particles behaving concomitantly as emulsifiers and interfacial catalysts instead of catalytic surfactants.

Earlier examples of L-L-S multiphase microreactors

The first example of a PIC system establishing a neat correlation between the catalytic performance and emulsification in biphasic systems was published by Resasco and co-workers in 2010. 240 In this study, the authors described the preparation of nanohybrids combining singlewalled carbon nanotubes (SWCNTs) and silica-supported palladium nanoparticles, which efficiently catalyzed biofuel-upgrade reactions by generating w/o emulsions. This system can be applied into a broad scope of catalysis reactions including but not limited to oxidation, 241,242 reduction, 243-245 hydrolysis, 246,247 transeasterfication, [248][249][250] and hydrogenolysis 251,252 reactions. After reaction, these catalytic particles can be easily recovered. Therefore, this system is friendly to those expensive catalysts. Centrifugation and filtration are simple methods to isolate solid catalysts with large size from the reacted mixture while demulsifying procedure is applied to remove those catalysts which is responsive to external stimulus, such as the pH, [253][254][255] temperature, 256 CO 2 257,258 or electrochemical 259 or magnetic responses. 260,261 Although recently there are more and more studies emerged on the type of emulsion, different particles and reactions, the main advantage of catalysis is always about the mass transfer between immiscible liquids. Pending challenges are still remained, such as the application into more practical reaction. Pickering emulsions can be used to design oxidation reactions using H 2 O 2 as oxidant and water-insoluble reactants. Alkene epoxidation is one the examples, where polyoxometallaytes (POM), which is supported on silica modified with triamine and C8 groups, 262 ionic copolymers, 263 and porous polyhedral oligomeric vinylsilsesquioxanes, 264 or encapsulated in a surfactant over silica, 265 are usually chosen as the catalyst. 266 Transition metal nanoparticles can also be used as catalytic center hosted on surface-active particles to conduct oxidation reactions. Carbon nanotube (CNT)-supported ruthenium catalyst can perform the enhanced catalytic activity in aerobic oxidation of alcohols with dissolved air/O 2 due to the assembled catalysts at interface. 267 Hexadecylphosphate acid terminated (Fe 2 O 3 -NiOx)/Al 2 O 3 particles stabilize waterin-toluene emulsions and exclusively catalyze toluene oxidation to benzaldehyde using dissolved O 2 as oxidant with 83% yield and 99% ee. 268 Au nanoparticles (10-15 nm) decorated with PiBA 20 -b-PDMS 75 -b-PiBA 20 copolymer (PiBA = polyisobornylacrylate, PDMS = polydimethylsiloxane) can assemble at the water/CHCl 3 interface, catalyzing the oxidation of primary alkyl/aryl organosilanes towards poly(alkyl/arylhydrosiloxane)s. 269 This technique can be extended to depollution process, and it is mainly focused on the desulfurization of sulfide compounds (e.g., dibenzotiophene) for marine diesel depollution where the sulfide in the oil phase (usually n-octane) is oxidized to sulfone and further extracted to the polar phase. POM is widely used again in this case with different particle support. Janus nanosheets with [BMIM] 3 PMo 12 O 40 on one side and phenyl function groups on the other can stabilize ionic-liquids-in-oil emulsion for sulfur removal. 270 Phosphotungstic acid loaded pyridine-based porous organic polymer can be synthesized as an amphiphilic catalyst to stabilize Pickering emulsion for heterogenetic oxidative desulfurization. 271 PW 12 O 40 3-supported over carbon-organosilica Janus particles is prepared to stabilize acetonitrile-in-noctane emulsion for oxidative desulfurization. 272 The type of pollutants can be extended to N-pollutants such as quinolone 273 or 2-nitrophenol in waterwaste. 274 Photodegradation is also developed based on Pickering emulsion.

Poorly soluble organic pollutants can be emulsified in water over amphiphilic catalysts [275][276][277] and the high activity is attributed to the large surface area generated.

Examples of G-L-S multiphase microreactors based on aqueous systems

In 2015, two pioneering papers described the first applications of G-L-S microreactors for oxidation and hydrogenation reactions in water. On the one hand, Yang and co-workers stabilized O 2 and H 2 microbubbles using pH-responsive hydrophobic silica particles incorporating Pd and Au NPs (Figure 1.10). 278 The resulting foams exhibited a notable increase of the catalytic activity in the oxidation of a 2-hydroxy-benzyl alcohol and the hydrogenation of nitro-phenol at near-ambient pressure compared to con-ventional reaction conditions in the presence of dissolved O 2 and H 2 , respectively. After the reaction, the microbubbles could be removed from the reaction system by changing the pH, allowing facile product separation and catalyst recycling. On the other hand, Yuan and co-workers reported the stabilization of O 2 microbubbles in water using hybrid catalyst based on monodispersed Au NPs embedded in a POM self-assembled matrix. 226 The system showed high efficiency (yield >93%) in the oxidation of a series of aliphatic/aromatic alcohols into aldehydes and ketones. Clearly, armored bubbles and particle-stabilized foams are attractive for conceiving novel G-L-S reactors operating via the PIC principle as in L-L-S systems. In addition to bubbles, liquid marbles can also be used as a platform for G-L-S microreactors. Hu et al. reported the reaction between ammonia and aqueous CuCl 2 contained in silica-stabilized dry water due to the formation of [Cu(NH 3 ) 4 (H 2 O) 2 ] 2+ complex ions. 279 The sensitivity to ammonia gas was inversely proportional to the size of water marbles and the concentration of CuCl 2 solution. Xue et al. used liquid marbles coated with magnetic powders as smart miniaturized reactors for chemiluminescence reactions, photochemical polymerization, NP
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synthesis and acid-base reactions. 280 

Incompletely condensed Polyhedral Oligomeric Silsesquioxane

Polyhedral oligomeric silsesquioxanes (POSS) are regarded as one of the most promising nanofillers in academic and industrial research due to its unique multifunctional nanostructure, easy functionalization, hybrid nature, and high processability. The specific term silsesquioxane is the combination of (sil-) owing to the main atom silicone, (-ses-quiox-) that bonds to 1.5 oxygen atoms in each part and (-ane) owing to the hydrocarbon group, which is the alkane. Each silsesquioxane molecule has an inorganic rigid core that is extended in three dimensions and it is the smallest stable silica particle that exists. Polyhedral oligomeric silsesquioxanes (POSS) are silsesquioxane polyhedra nano-scale particles. As the frontier between these two materials is

H 2 Water / maleic acid OH# O H # O H # OH# O H # O H # O H # O H # SiO 2 OH# O H # O H # OH# O H # O H # O H # O H # Al 2 O 3 + H 2 T = 70 °C; yield > 90%
very narrow and could be prepared by using the same starting material trimethoxyorganosilanes. The size POSS is in the range of molecular level and it can be prepared by careful optimization of the amount of solvent, the concentration of the precursor and catalyst, the amount of surfactant, the duration of the reaction, and the stirring speed. Therefore, an increase in the amount of solvent and catalyst, the concentration of the monomer, and the duration of the reaction increase the final structure and size. The cage shape can be turned to bridged, ladderlike, pendant and intermixed silsesquioxane structures by researchers with the change of synthesis condition. [292][293][294][295] The unique frame structure of POSS resulting chemical and physical properties, including high thermal properties, 296-298 lower crystallinity, 299 mechanical properties, 300 oxidation resistance, 301,302 and very good dielectric properties. 303 It is composed of a cubic polyhedron cage surrounded by multiple silicon oxygen rings. The substituents on the Si atom at the vertex of the POSS polyhedron can be a variety of reactive or nonreactive groups. The desired properties can be obtained by alternating the types of organic groups on the Si endpoint that determines whether POSS is reactive or functionalized. 304 Among various silsesquioxanes, incompletely condensed POSS has aroused the interests of many researchers due to its high reactivity. Incompletely condensed POSS generally means POSS with multiple Si-OX groups (X = H, Na), including R 4 T 4 (OX) 4 , R 8 T 8 (OX) 4 , R 7 T 7 (OX) 3 and so on (R = organic groups). The most widely used is R 7 T 7 (OX) 3 (T7-POSS)which is a versatile precursor to a wide range of hybrid inorganic-organic nanomaterials. 305 R 7 T 7 (OX) 3 has a high reactivity, and can react with trialkoxysilanes/trichlorosilanes (RSiY 3 , Y = OEt,OMe, Cl, etc.) to obtain T8-POSS. 306 It is possible to prepare a large amount of mono-functional POSS by changing the R group of RSiX3. 307 Besides, it also can react with certain metal compounds 308,309 or metal atoms (Fe, V, Ti, Zr, Co, etc.) to directly occupy one corner of the cage. The introduction of these metals can greatly improve the thermal stability. The R 7 T 7 (OH) 3 can also combine with metal ions as ligand to form transition state compounds used as a catalyst for many chemical reactions. 310 These incompletely condensed POSS can be generally obtained in two ways: ( 1 Corner capping reaction is widely used in the synthesis of mono-substituted silsesquioxane. The incompletely condensed silsesquioxane that contains three reactive OH groups (R 7 Si 7 O 9 (OX) 3 ) are very reactive, readily reacting with virtually any organotrichlorosilane (RSiCl 3 ) to yield the fully condensed cage. A variety of mono-funtional silsesquioxanes can then be sassily synthesized by simply varying the R group of the organotrichlorosilane. In polymer science, it is well known to subsequently modify this group to synthesize various monofunctional POSS that could be reacted with polymer to make organic-inorganic hybrid materials. 312-314

Objectives of the thesis

The aim of this study is to design robust particle-stabilized G/L dispersions (i.e. micro/nanobubbles) as highly efficient G/L/S nanoreactors for conducting catalytic reactions at mild conditions. To meet this aim, material synthesis and establish of system are crucial.

Therefore, the main objectives of this study are to:

1. Synthesis of fluorinated silica nanoparticles via one-pot method and immobilization of Palladium on the surface of particles by impregnation and Characterize the prepared catalysts using the state-of-the-art techniques such as; ICP, FT-IR, NMR, XRD, TEM, HAADF-STEM and XPS.

2. Establish gas-liquid-solid triphase system, generation of particle-stabilized foams in benzyl alcohol / xylene mixture and observation of bubble size under optical microscopy.

3. Engineering of G/L/S multiphasic reactors using particle-stabilized nanoreactors to achieve a high catalytic performance for the oxidation of benzyl alcohol at milder operation conditions compared to conventional reactors and Rationalization of the interplay between the particle assembly at the G/L interface and the catalytic properties along the reaction, extending the substrate scope of reaction and study particles recycling after each catalytic cycle.

4. Explore and creation a method to synthesize fluorinated POSS as foam generator in order to further solve the challenge of stabilizing foam and catalysis in pure substrates. And Characterize the prepared POSS using the state-of-the-art techniques such as; FT-IR, NMR, XRD, DLS.

5. Foaming tests in various organic liquids with the synthesized fluorinated POSS and study the synergy between fluorinated POSS and silica in foaming tests.Study the effect of addition of POSS on the catalytic activity in the solvent-free oxidation of benzyl alcohol by comparison of foams after the reaction.

6. Fabrication of microfluidics set-up to trap single bubble and study the dye oxidation occurred at gas-liquid interface. and4-16, respectively. In a typical experiment, 2 mL of TEOS, 5.6 mL of deionized water and 3.2 mL of ammonia were dissolved in 40 mL of ethanol at 40 °C for 5 min. Then, 0.135 mL of MPTES and 1 mL of PFDTES were added to the solution. The molar ratio of TEOS / PFDTES was 4:1 with a TEOS / MPTES molar ratio of 16.0. The reaction proceeded at 40 °C for 30 min, and the mixture was subsequently centrifuged to collect the modified particles, which were washed with ethanol for 3 times. The collected solid was dried at 80 °C for 10 h. The particles are denoted as SiNP_F 17 (1-16), SiNP_F 17 (1-8) and SiNP_F 17 (1-4).

Preparation of rhodamine b-doped fluorinated silica

Rhodamine b-doped fluorinated silica was prepared with a similar approach to the preparation of fluorinated silica. MPTES was replaced by the APTES functionalized rhodamine b. APTES functionalized rhodamine b was prepared by the conjugation reaction. Typically, 2 mg rhodamine b isothiocyanate was reacted with 25 µL APTES in 5 ml ethanol overnight. Then the ethanol solution was transfer into the preparation of fluorinated silica procedure and added with PFDTES. The particles are denoted as SiNP_F 17 _RB.

Preparation of non-fluorinated silica with octyl groups

A non-fluorinated sample with octyl groups [i.e. SiNP_C 8 (1-4)] was prepared using triethoxy(octyl)silane (C8) as precursor, with MPTES/C8 and TEOS/C8 molar ratios of 1 and 4, respectively (Table 1 entry 4). . In a typical experiment, 2 mL of TEOS, 5.6 mL of deionized water and 3.2 mL of ammonia were dissolved in 40 mL of ethanol at 40 °C for 5 min. Then, 0.135 mL of MPTES and 0.7 mL of triethoxy(octyl)silane were added to the solution. The molar ratio of TEOS / organosilane was 4:1 with a TEOS / MPTES molar ratio of 16.0. The reaction proceeded at 40 °C for 30 min, and the mixture was subsequently centrifuged to collect the modified particles, which were washed with ethanol for 3 times. The collected solid was dried at 80 °C for 10 h. The particles are denoted as SiNP_C 8 (1-4).

Preparation of catalytic silica nanoparticles

300 mg of silica nanoparticles were added to 20 mL of ethanol containing 20 mg of Pd(OAc) 2 .

The particle dispersion was stirred mildly at room temperature for 2 h. Then, the particles were isolated out by centrifugation, and were reduced with KBH 4 dissolved in 20 mL of ethanol. After mild stirring for 3 h at room temperature, the solid was isolated by centrifugation, washed four times with ethanol and dried at 80 °C for 10 h. The particles are denoted as Pd@SiNP_C 8 (1-4), Pd@SiNP_F 17 (1-16), Pd@SiNP_F 17 (1-8) and Pd@SiNP_F 17 (1-4).

Preparation of Ph 7 /F 13 -POSS

Ph 7 -POSS was synthesized by following the method reported by Fukuda et al. 1 with a bit modification. Typically, 11.06 g (0.046 mol) triethoxyphenylsilane, 50 mL THF, 1.05 g (0.058 mol) deionized water, and 0.79 g (0.02 mol) sodium hydroxide were charged into a flask equipped with a condenser and a magnetic stirrer. The mixture was refluxed at 70 °C for 5 h, then cooled down room temperature, and stirred for 15 h. The products were washed with THF for three time and dried at 80 °C in an oven for 12 h. The resulted solid is named as Ph 7 -POSS. Ph 7 /F 13 -POSS was synthesized via the reaction between Ph 7 -POSS and trichloro(1H,1H,2H,2Hperfluorooctyl)silane. Typically, 1.1 g Ph 7 -POSS were charged to a 20 mL vial equipped with a magnetic stirrer; 20 mL of anhydrous THF were added to the vial with vigorous stirring. The vial was immersed into an ice-water bath, and 0.368 ml trichloro(1H,1H,2H,2H-perfluorooctyl)silane was injected immediately. The mixture was maintained at 0 °C for 4 h and then at room temperature for 20 h. The reacted mixture was centrifuged to remove unreacted Ph 7 -POSS and resulted NaCl. The supernatant was transferred to a watch glass and heated at 80 °C at a hot plate to evaporate solvent and other volatiles. The products remained in the watch glass was washed with ethanol by centrifugation for 3 times to wash the unreacted silane away. The obtained white powder, which was further dried at 80 °C in a. oven for 12 h, is named as Ph 7 /F 13 -POSS.

Scheme 2.1 Schematic illustration of Ph 7 /F 13 -POSS preparation.

Characterization methods

Thermogravimetric Analysis (TGA)

Thermogravimetry is a technique where the mass of a sample is monitored as a function of temperature in a specified atmosphere. To magnify the steps in the thermogravimetric profiles, the derivative thermogravimetric (DTG) curve is frequently used. Differential thermal analysis (DTA) is a technique where the difference in temperature between the sample and a reference material is monitored as a function of the temperature in a specific atmosphere. The DTA curves are generally a plot of the difference of temperature as ordinate and the temperature of the reference as abscissa.

In our experiments, the thermal profiles were measured on a TGA / DSC 3+. The catalysts (∼10 mg in a 100 µL alumina crucible with an alumina lid) were treated from 25 to 600 °C with a heating rate of 10 °C/min under an airflow of 30 mL(STP)/min.

Inductively coupled plasma-optical emission spectrometry

The Pd composition of the catalysts was analyzed by Inductively Coupled Plasma (ICP) on a ICP-MS apparatus (Perkin Elmer Optima). The samples (10 mg) were weighed and put in the ICP tube with 4 mL H 2 SO 4 , and it was heated at 150 °C for 20 min. Then, HNO 3 (10 mL) was added, and the tube was heated to 180 °C for 60 min. After this period, additional HNO 3 (10 mL) was added and the tube was kept at 180 °C for 60 min.

Transmission Electron Microscopy (TEM)

TEM is a microscopic technique in which a beam of electrons is transmitted through a specimen to form an image formed from the interaction of the electrons with the sample. 4 A sophisticated system of electromagnetic lenses focuses the scattered electrons into an image or diffraction pattern. The beam of electrons from the electron gun is focused into a small, thin, coherent beam by using the condenser lens. The beam then strikes the specimen and parts of it are transmitted depending upon the thickness and electron transparency of the specimen. This transmitted portion is focused by the objective lens into an image on fluorescent screen or charge coupled device (CCD) camera. The image strikes the fluorescent screen and light is generated, allowing users to see the images. The image then passed down the column through the intermediate and projector lenses, is enlarged all the way. The particle size distributions of the silica particles and of Pd nanoparticles were measured by HR-TEM on a Talos F200S G2 (200 kV) microscope equipped with a S-FEG (Field Electron Gun). The images were analyzed by ImageJ software. At least 100 particles were counted for the statistic chart. In the analyses, we assumed that the metal particles are spherical in shape and we took explicitly into account the density ratio between the oxide and metal phases. The Pd dispersion of Pd nanoparticles, D Pd , was measured from the corresponding average particle size according to the expressions provided by Borodzinski and Bonarowska.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a commonly used technique for surface analysis, it can provide valuable quantitative and chemical state information from the surface to a depth of approximately 10 nm. 5,6 The surface composition of the catalysts was analyzed by X-ray photoelectron spectroscopy (XPS) using a K-Alpha X-ray photoelectron spectrometer (XPS) with monochromatic Al Kα radiation (hν = 1486.6 eV). The spectra were recorded using an Al monochromated X-ray source (15 kV, 15 mA) with a pass energy of 30 eV (0.05 eV/step) for high resolution spectra, and a pass energy of 70 eV (1 eV/step) for survey spectrum in hybrid mode and slot lens mode, respectively. The adventitious C1s binding energy (285.0 eV) was used as an internal reference.

Fourier-transform infrared spectroscopy (FTIR)

Infrared spectroscopy (IR) is a technique detecting the interaction of infrared radiation with matter, and IR spectra is recorded by passing a beam of infrared light through the sample. 4 The entire wavelength range is measured using a Fourier transform instrument and then a transmittance or absorbance spectrum is generated using a dedicated procedure. When the frequency of the IR is the same as the vibrational frequency of a bond or collection of bonds, absorption occurs, which means the peaks in IR spectra indicate vibrational mode of the bonds.

The Fourier-transform infrared spectroscopy (FT-IR) spectra of particles dispersed in KBr (4 mg of catalyst in 100 mg of KBr) were measured from 500-4000 cm -1 in a VERTEX 70v FT-IR Spectrometer with 4 cm -1 resolution. Each spectrum was measured after 256 scans.

Solid-state (SS) NMR spectra

Solid-state NMR (ssNMR) spectroscopy is a special type of nuclear magnetic resonance (NMR) spectroscopy, characterized by the presence of anisotropic (directionally dependent) interactions. Compared to the more common solution NMR spectroscopy, ssNMR usually requires additional hardware for high-power radio-frequency irradiation and magic-angle spinning. Solid-state 13 C, 19 F and 29 Si NMR MAS spectra were acquired on a Bruker AVANCE III 500 spectrometer with a wide bore 11.7 Tesla magnet with operational frequencies for 13 C, 19 F and 29 Si of 500 MHz. A 4-mm triple resonance probe in double resonance mode with magic angle spinning (MAS) was employed in all the experiments, and the samples were packed on a zirconia rotor and spun at a MAS rate of 15 kHz. The magnitudes of radio frequency fields were 11, 14 and 11 kHz for 13 C, 19 F and 29 Si, respectively. In the case of 13 C and 29 Si MAS NMR, cross polarization for proton decoupling was applied. The relaxation delay, d1, between accumulations was 5, 1 and 60 s for 13 C, 19 F and 29 Si MAS NMR spectroscopy, respectively. All chemical shifts were reported using δ scale, and were externally referenced to glycine for 13 C NMR, TMS for 29 Si NMR and ammonium trifluoroacetate for 19 F NMR. The samples were packed into a NMR rotor and dehydrated at 573K under vacuum (1x10 -4 mbar) for 2 h prior to the loading into the magnet and recording of the NMR spectrum.

Contact angles

The contact angle is a measure of the wettability of a solid by a liquid. Consider a liquid drop resting on a flat and horizontal solid surface. The contact angle is defined as the angle formed by the intersection of the liquid-solid and the liquid-vapor interfaces (geometrically acquired by applying a tangent line from the contact point along the liquid-vapor interface in the droplet profile). 7 Contact angle measurement was tested by the sessile drop method (performed with a Biolin optical tensiometer) by deposing a small drop (repeated three times per sample) of 8 µL of liquid on pellets formed from powder. The pellets were prepared using at least 240 mg particle powder then made by a compression under a load of 10 kN using a Pike Technologies crusher digital hydraulic press more than 30 min. The shape of the drops was observed and used to determine the contact angles.

Dynamic light scattering

Dynamic light scattering (DLS) is a noninvasive technique for characterizing the particle size distribution in suspension, taking only minutes for a measurement. 8,9 It requires only a small volume of sample for analysis. The particles dispersed in liquid undergo a Brownian motion due to random collisions with solvents. When a monochromatic light beam hits a solution containing spherical particles in Brownian motion, the wavelength of the incoming light is changed. 10 This change in wavelength is related to the size of the particles. It is possible to calculate the sphere size distribution by measuring the diffusion coefficient of the particle and using the autocorrelation function. DLS measurements of particle dispersions were carried out using a Malvern Zetasizer Nano ZS particle size analyzer at 25 °C. Around 1.5 ml well dispersed particle dispersion is transferred into a glass cuvette (Plastic containers will cause the polymer to be dissolved in the container due to the corrosion of some organic solvents, which will affect the DLC measurement, so the container is unified as glass material). Each measurement passes a total of 8 runs, and each run lasts 30 seconds. After 6 measurements of each samples, we confirm the repeatability of the test.

Finally, the representative data is screened out and the particle size and polydispersity index (PDI) are counted.

Dynamic surface tension (SFT)

The dynamic surface tension (SFT) is the value of the SFT referred to a particular surface age or interface age. As a result of their adsorption at the surface or interface, surfactants bring about a reduction in the SFT. Immediately after the surface is produced, the SFT has the same value as the pure liquid(s). The value then reduces until an equilibrium value is reached. The time required for this depends on the diffusion rate and the adsorption rate of the surfactant. 11 Dynamic surface tension of liquids with various particle concentration was measured using Bubble Pressure Tensiometer-BP100 (KRÜSS), which is widely used to analyze the mobility of surfactants based on the dynamic surface tension (SFT). Typically, calibration is done with ultrapure water at 25 °C to obtain the precise capillary diameter. And 50 ml particle solution was prepared and well dispersed by sonication before the measurement. Then the solution was transferred into a SV20 Glass vessel (121.5 ml, 70mm) with 66.5 mm diameter top, 66.5 mm diameter bottom, 0 mm height to and bottom, 35 mm height center. The procedure is always controlled: 20 mm/min detection speed, 50 Pa detection sensitivity, start at surface age of 10 ms, stop at surface age of 200000 ms.

Preparation of foams

Hand shaking

Typically, 20 or 40 mg of particles and 2 mL of solvent (1 or 2 wt%) were added into a 8 mL glass vial (O.D.×H is 17 x 60 mm) with screw cap. After ultrasonication to well disperse particles, the vial was sealed and vigorously hand shaken for 10 s to produce the foam. This procedure allowed the reproducible preparation of foams.

Magnetic stirring

Magnetic stirring was applied into foam generation to get higher energy input in the system. Two different containers were used in our tests: 20 mL glass vials with a flat bottom and 50 mL Schlenk tube with round bottom. Typically, certain amount of particles and certain volume of liquids were added into the container with a stirring bar. After ultrasonication to well disperse particles, various stirring rate was applied to study the effect of stirring to foam generation at room or high temperature (in silicon oil bath).

Microfluidics

Microfluidics can be used to produce highly-controlled dispersions of a gas in a liquid. 12,13 Rapid generation of small and extremely monodisperse bubbles can be achieved using chips. 14,15 Using purpose-designed microfluidic devices, the mixing of chemicals and gas and liquid flow rates can be readily adjusted to investigate the foaming properties. Unlike materials such as silicon and glass, poly(dimethylsiloxane) (PDMS) offers intriguing advantages for chip manufacture. PDMS is non-toxic and readily available from commercial sources at acceptable prices, and it enables rapid prototyping of microfluidic devices in few hours. 16 Another advantage of PDMS comes from its high elasticity (with a shear modulus of 0.25 MPa and a Young's modulus of roughly 0.5 MPa), which is useful for manufacturing and sealing microfluidic systems. 17 A two-level master form was prepared as following. First a 3′′ silicon wafer was heated at 150 °C for 1 h to remove adsorbed water. It was then silanised with HMDS (hexamethyldisilazane, Sigma Aldrich) at 95 °C for 1 h. First level of SU8 3050 (Microchem Inc.) was spin coated (APT GmbH SPIN150) to height of 50 µm. After a pre-baking step (95 ºC for 15 min), SU8 was subjected to UV light for a period of 8 s through a film mask (Cad / Art Services, Inc) with the requisite design. This was followed by a post-baking step (95 ºC for 5 min). Same procedure was repeated for the second layer. Development was done in PEGMEA (Poly(ethylene glycol) methyl ether acrylate for 5 min using ultrasonic bath (Ultrasonic Cleaner, 45 kHz, VWR). Microfluidic chips were produced by heat curing (65 ºC for two hours) a PDMS and curing agent mixture (10:1) on the master form. Cured PDMS was peeled and cut into individual chips. Fluidic access holes were punched at respective inlet and outlets using a 1 mm biopsy puncher (Kai Industries). Finally, the PDMS chips were bonded on to a glass coverslip using an air plasma treatment (Plasma Cleaner, Diener electronic GmbH & Co. KG) at 500 -600 mbar for 1 min.

Characterization of foams

The foamability or foam height was measured by direct inspection of the foam using a Nikon D90 camera equipped with a macro lens (AF-S Macro NIKKOR 40 mm 1:2.8G). An Olympus IX73 inverted microscope equipped with a Miro Lab 310 high-speed camera, 1.25× ocular, 2×, 4× and 10× objectives and Phantom Camera Control (PCC) 3.1 software was used for the bubbles size measurements. ImageJ software was used to quantify the average droplet size.

General procedure of catalysis reaction

The oxidation of BnOH in xylene was conducted in a batch reactor under air or pure O 2 flow at ambient pressure. In a typical test, BnOH (0.9 mL), xylene (0.9 mL) and the given particle at constant weight loading (1 wt % respect to the liquid mixture), were put in a Schlenk (50 mL) with a magnetic stirring bar. The Schlenk was kept open for the experiments with air, whereas it was subjected to a continuous O 2 flow for the experiments under pure O 2 . In the latter case, the Schlenk was connected to a condenser with a silicon rubber cap on top, and to two inlet and outlet Teflon tubes. The inlet tube was connected to a mass flow controller, while the outlet tube was connected to air. The gas environment of Schlenk was purged with 100 mL(STP)/min pure O 2 for 5 min. Then the gas flowrate was set to the target value. In a typical test, the Schlenk was stirred at 80 °C for 60 min at 1500 rpm. After the reaction, acetone was added to destabilize the as-generated foam. Then, the liquid was centrifuged (4500 rpm) for 1 min and the supernatant solution was recovered using a syringe. The solution was analyzed using an Agilent 7890 GC equipped with a flame ionisation detector (FID) detector and a DB-624 column (length 30 m, i.d. 0.25 mm, film thickness 1.4 µm). Mass balance errors were within 5% for all catalytic tests. The BnOH conversion and BnAH yield were calculated by interpolation of the corresponding calibration curves using biphenyl as internal standard as follows

BnOH conversion t = 1 - ! !"#$ ! ! !"#$ ! x100 (1) 
BnAH yield t = ! !"#$ ! ! !"#$ ! x100 (2) 
where n !"#$

!

and n !"#$ ! t refer to the mole number of BnOH at time = 0 and time = t, respectively, and n BnAH (t) is the mole number of benzaldehyde at time = t.

The turnover number (TON) and turnover frequency (TOF) with respect to benzaldehyde formation were computed as follows

TON t = ! !"#$ ! ! !" ! !" (3) 
TOF ! = ! ! !" ! !" ! !"#$ !" !!! (4) 
where n Pd refers to the moles of Pd and D Pd is the Pd dispersion as obtained from particle size analysis according to ref. 18 

Experimental setup for catalysis in microfluidics

Homemade heating stage was fabricated by gluing transparent heating film (MINCO, 7 cm length, 3 cm width) to the glass slide (76 x 51mm). A CT325 temperature controller (MINCO) equipped with a thermocouple were used to set and maintain required temperature. Device was calibrated with an external thermocouple inserted in the PDMS chip.

The flow rate of the liquid phases was controlled with a neMESYS syringe pump (CETONI GmbH) equipped with gas-tight glass syringes (VWR). The air pressure was controlled with 1 bar MFCS™ EZ pressure controller (FLUIGENT SA).

High-speed acquisition of the microfluidic device was done using an Olympus IX73 inverted microscope equipped with a Miro Lab 310 high-speed camera. For fluorescence imaging, the chip was illuminated with a X-Cite-120Q lamp (Excelitas Technologies ® ).

Introduction

Over the last two decades, people proved that particles at interface between two immiscible phases can increase catalytic activity due to the elimination of mass transfer problem. This approach was demonstrated with Pickering emulsions, which can be used to engineer catalytic reactions between two immiscible liquid reagents, affording an intimate contact between the phases and facile product separation 1,2 . This concept can be extended to the gas-liquid-solid triphase system. Despite this significant progress, the transposition of Pickering emulsions to G-L systems based on 'armored' bubbles (e.g., foams) has been seldom explored. [3][4][5] Yuan and coworkers synthesized particles based on monodisperse Au nanoparticles embedded in [PV 2 Mo 10 O 40 ] 5-assembled to 1,3,5-tris[(3-methyl-imidazolio)methyl]-2,4,6-trimethyl-benzene tribromide by electrostatic interactions. 6 The particles could self-assemble at the O 2 /water interface, stabilizing O 2 µ-bubbles which show high activity in the oxidation of aliphatic/ aromatic alcohols into aldehydes and ketones. Yang and co-workers synthesized silica particles modified with octyl and polyamine groups stabilizing gas µ-bubbles in water. 7 By incorporating Pd or Au nanoparticles, the particles became active for aqueous hydrogenation and oxidation reactions in H 2 and O 2 foams, respectively, under stirring at high particle concentration (7.5-12.5wt%). The catalytic foams exhibited an enhanced activity compared to conventional multiphasic reactors, where the catalyst is dispersed within the continuous phase. These studies are limited to aqueous systems only, whereas catalytic reactions often require organic solvents.

Aqueous foams and "armored bubbles" can be stabilized by a variety of particles, including hydrophobic silicas, 8 polymers, [9][10][11][12][13][14][15][16][17] cellulose, [18][19][20] and surfactant crystals. 21 In contrast, only few reports are available on particle-stabilized non-aqueous foams, consisting of low-surface energy fluoropolymers/oligomers, [22][23][24] particles bearing fluorocarbon chains [25][26][27][28] and highly hydrophobic low-carbon chains. 29 This limited scope arises from the low surface tension of organic liquids, restricting particle adsorption at the G-L interface. 29 Besides, particle-stabilized foams differ from emulsions by a significant difference in density between the phases, which is similar for L-L systems, but can vary orders of magnitude for G-L systems. As a consequence, the gas phase needs to be continuously renewed in catalytic foams to avoid a stoichiometric deficit of gas during the reaction.

Herein, we report the interfacial catalytic properties of an oil foam based on the benzyl alcohol (BnOH)-xylene/air(O 2 ) system stabilized by surface-active oleophobic (fluorinated) silica particles incorporating Pd nanoparticles. We first addressed the aerobic oxidation of BnOH to evaluate the impact of experimental conditions such as the stirring rate, particle concentration, surface chemistry of particles, and BnOH/xylene ratio, on the foaming and catalytic performance. We then performed the same reaction under O 2 flow, resulting in an enhanced catalytic activity compared to that of a conventional G-L-S stirred-tank reactor with dissolved O 2 . The catalytic system is transversal and can be applied to the oxidation of a library of alcohols and co-solvents. The catalytic particles were conveniently recycled after reaction and reused without loss of catalytic performance and surface activity (foamability).

Characterization of catalysts

Preparation of surface-active particles

Fluorinated organosilica particles were synthesized by the Stöber method using 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTES), (3-mercaptopropyl-triethoxysilane (MPTES) and tetraethylorthosilicate (TEOS) precursors, with MPTES/PFDTES and TEOS/ PFDTES molar ratios of 1 and 4-16, respectively (see SI for details). Three fluorinated samples were prepared, which are hereinafter referred to as SiNP_F 17 (1-4) (33 wt% F), SiNP_F 17 (1-8) (25 wt% F) and SiNP_F 17 (1-16) (15 wt% F) (Table 3.1 entries 1-3). Besides, a non-fluorinated sample with octyl groups [i.e. SiNP_C 8 (1-4)] was prepared using triethoxy(octyl)silane (C8) as precursor, with MPTES/C 8 and TEOS/C 8 molar ratios of 1 and 4, respectively (Table 3.1 entry 4). The samples were loaded with Pd nanoparticles by wet impregnation using an ethanol solution of Pd(OAc) 2 . The final Pd-loaded particles were denoted as Pd@SiNP_F 17 (1-4) (1.33 wt% Pd), Pd@SiNP_F 17 (1-8) (1.49 wt% Pd), Pd@SiNP_F 17 (1-16) (1.78 wt% Pd) and Pd@SiNP_C 8 (1-4) (0.82 wt% Pd). 

Morphology of fluorinated organosilica particles

The mean particle size (HR-TEM) was found to be in the range 300-366 nm for the fluorinated silica particles, whereas it was slightly smaller for Pd@SiNP_C 8 (1-4) particles (246 nm) (Table 3.1, Figure 3.1a-d). The fluorinated particles consist of a silica core and a fluorinated shell with a thickness increasing with the F loading (Figure 3.2). Pd nanoparticles, with a mean size in the range 3.6-6.8 nm for the fluorinated particles and 2.9 nm for Pd@ SiNP_C 8 (1-4), are well dispersed on the external surface of the particles.

XPS analysis reveals similar Pd 3d core level features for all samples (Figure 3.3a). The 3d 5/2 and 3d 3/2 spin-orbit bands after reduction can be deconvoluted each into two bands centered at 335. 1-335.5 / 336.7-337.7 eV (Pd 3d 5/2 ) and 340.3-340.9 / 342.0-343.1 eV (Pd 3d 3/2 ) for Pd@SiNP_C 8 (1-4), Pd@SiNP_F 17 (1-8) and Pd@SiNP_F 17 (1-16). These bands are indicative of the presence of Pd 0 and Pd II O species on the particles. 30,31 The Pd 3d XPS spectrum of Pd@SiNP_F 17 (1-4) is slightly shifted to higher binding energies with bands centered at 336.3 / 338.1 eV (Pd 3d 5/2 ) and 341.5 / 343.5 eV (Pd 3d 3/2 ). This suggests a surface enrichment with Pd II O and Pd IV O 2 species. [32][33][34] The C1s XPS core level region shows several bands in the range 286.5-293.5 eV for fluorinated particles, which is consistent with the presence of CF 3 , CF 2 and CF 2 -CH 2 groups (Figure 3.3b). 34 Additional bands in the range 283.0-286.5 eV are indicative of C-C and CH 2 bonds, as well as bands at 293.7 and 296.5 eV are reminiscent of K + cations from KBH 4 . As expected, all these bands are also visible for Pd@SiNP_C 8 (1-4).

Figure 3.1

The particle size distribution of (a) Pd@SiNP_C8(1-4), (b) Pd@SiNP_F17(1-4), (c) Pd@SiNP_F17(1-8), (d) Pd Pd@SiNP_F17(1-16) (e) Pd in Pd@SiNP_C8 (1-4), (f) Pd in Pd@ SiNP_F17(1-4), (g) Pd in Pd@SiNP_F17(1-8), (h) Pd in Pd@SiNP_F17(1-16) obtained from HR-TEM analysis. Black line: fitted by Gauss model. (1-4), Pd@SiNP_F 17 (1-8), Pd@SiNP_F 17 (1-16) and Pd@SiNP_C 8 (1-4) particles. (1-4), Pd@SiNP_F 17 (1-8), Pd@SiNP_F 17 (1-16) and Pd@SiNP_C 8 (1-4) particles.

Fourier-transform infrared spectroscopy (FT-IR)

The surface composition of the particles was first analyzed by FT-IR spectroscopy (Figure 3.4). Typical bands of silica appear at 1100 cm -1 and 800 cm -1 and can be assigned to asymmetric stretching and bending vibrations of Si-O-Si bonds, respectively. 35 Two additional bands at 3650 cm -1 and 1610 cm -1 are indicative of symmetric stretching and bending vibrations of free Si-OH groups, respectively. 35 A broad band appears in the range 3000-3500 cm -1 belonging to Si-OH groups interacting with adsorbed water, reflecting a partial hydrophilic behavior of the particles in line with the mass loss observed in the TG profiles until 150 °C. Characteristic bands ascribed to the fluorocarbon chain appear at 1171 and 1237 cm -1 that can be assigned to stretching modes of C-F (CF 2 / CF 3 ) bonds. 35 Additional bands visible at 710 and 670 cm -1 are attributed to symmetric stretching bands of CF 3 groups. 36 These bands become more prominent with the fluorine content. Furthermore, bands ascribed to the carbon skeleton appear at 1610 cm -1 corresponding to asymmetric stretching modes of C-C groups, and at 2934 cm -1 and 1462 cm -1 that can be assigned to C-H stretching and bending vibrations. 36 No band corresponding to the stretching vibration of S-H groups (2560 cm -1 ) is observed, 29 which can be explained by the low loading of mercaptopropyl groups on the samples. 

Thermogravimetric analysis

TG analysis was used to explore the thermal stability of the samples before and after Pd impregnation (Figure 3.5). All the samples exhibit a small weight loss until 150 °C (∼5%), which can be attributed to water desorption. The parent fluorinated silica particles exhibit a sharp weight loss (ΔW) in the range 400-500 °C, which spans to a broader temperature range (from 220 to 430 °C) after Pd impregnation. The weight loss increases from 23% for Pd@SiNP_F 17 (1-16) to 38% and 53% for Pd@SiNP_F 17 (1-8) and Pd@SiNP_F 17 (1-4). The ΔW / F ratios (w/w) are about 1.5-1.6 for the different samples, matching the expected ratio in PFDTES (1.6). For comparison, SiNP_C 8 (1-4) also shows a two weight loss regions in the range 25-150 °C (∼7.5%) and 400-500 °C (∼5%), and both decrease after Pd loading (Figure 3.6). This observation can be explained by the presence of ethoxy groups in SiNP_C 8 , which partially hydrolyze during Pd impregnation. (1-4), SiNP_F 17 (1-8), SiNP_F 17 (1-16), Pd@SiNP_F 17 (1-4), Pd@SiNP_F 17 (1-8) and Pd@SiNP_F 17 (1-16) particles. (1-4) and Pd@SiNP_C 8 (1-4) particles.

Solid-state NMR MAS

The fluorinated particles were further characterized by 29 Si, 19 37,38 A sharp signal is observed at -80.7 ppm that can be ascribed to CF 3 groups. Two additional sharp bands are visible at -120.6 ppm and -121.5 ppm that can be ascribed to internal CF 2 groups, as well as a band at -125.3 ppm belonging to the CF 2 group in contact to CF 3 . A small band is also observed at -115 ppm that can be tentatively attributed to CF 2 groups in contact to CH 2 . 29 Si NMR MAS spectra of Pd@SiNP_F 17 (1-4). 19 F NMR spectra of SiNP_F 17 (1-4) and Pd@SiNP_F 17 (1-4) particles.

Figure 3.7

Figure 3.9 13 C NMR spectra of SiNP_F 17 (1-4) and Pd@SiNP_F 17 (1-4) particles.

The 13 C NMR MAS spectra of the particles show combined features of fluorinated and mercaptopropyl chains (Figure 3.9). Two broad and complex bands appear at 109.1 ppm and 115.2 ppm belonging to CF 2 and CF 3 groups in the fluorinated chains. 38 An additional band is visible at -0.17 ppm that can be assigned to CH 2 groups in fluorinated chains. A sharp and complex band appears at 22.0 ppm that can include the contribution of internal CH 2 groups in mercaptopropyl chains. The characteristic bands (CH 2 ) appearing at 15.5 ppm and 57.2 ppm are indicative of the presence of CH 3 and CH 2 groups, respectively, in ethoxy groups, 39 and decrease drastically upon Pd impregnation. Finally, a small band is visible at 27.1 ppm that can be ascribed to the C-S groups in mercaptopropyl chains. 39 

Surface activity of the particles

The surface activity of the particles is governed by their interaction with the gas and liquid phases, which can be characterized by the interfacial contact angle. Matching the surface chemistry of the particles to a solvent may be challenging, as the range of contact angles where particles are efficient for stabilizing foams is narrow. 40 As an alternative, a mixture of two solvents with different wetting properties may be used to tune the contact angle. Here we chose benzyl alcohol (BnOH) as a model substrate and xylene as co-solvent. Their surface tensions are 39 mN/m and 28.9-30.1 mN/m at 20 °C, respectively. [START_REF] Nielsen | Direct aerobic oxidation of primary alcohols to methyl esters catalyzed by a heterogeneous gold catalyst[END_REF] The air-BnOH and air-xylene contact angles for the different particles are listed in Table 3.1. In the case of fluorinated particles, the air-BnOH contact angle decreases from 95.9° for Pd@SiNP_F 17 (1-4) to 53.2° for Pd@SiNP_F 17 (1-16), whereas the contact angle is much lower for Pd@SiNP_C 8 (1-4) (27.3°). An analogous trend is observed for the air-xylene contact angles, but with lower values. As a matter of fact, the air-xylene contact angle decreases from 53.9° for or Pd@SiNP_F 17 (1-4) to 11.7° for Pd@SiNP_F 17 (1-16), while the contact angle for Pd@SiNP_C 8 (1-4) is lower than 10°. These observations point out that Pd@SiNP_C 8 (1-4) particle is completely wetted by xylene, while fluorinated particles are wetted partially both by xylene and air, making them good candidates for stabilizing oil foams, especially Pd@SiNP_F 17 (1-4).

Aerobic oxidation of BnOH

The effect of foaming on the catalytic properties of the different particles was first investigated at variable stirring rates and particle concentrations using the aerobic oxidation of BnOH as model reaction. These results were further generalized to a range of solvents and alcohols.

Effect of the stirring rate

The effect of stirring rate was studied over Pd@SiNP_F 17 (1-4) and Pd@SiNP_C 8 (1-4) particles (1wt%) dispersed in a BnOH/Xylene (1:1 v/v) mixture (Figure 3.10a). Irrespective of the stirring rate, Pd@SiNP_C 8 (1-4) does not stabilize foams. In contrast, Pd@SiNP_F 17 (1-4) can foam, but only at high stirring rates (1000-1500 rpm). In the absence of foam, both particles exhibit similar catalytic performance (Figure 3.10b). However, in the range 750-1000 rpm, the system with Pd@SiNP_F 17 (1-4) exhibits a sharp increase of the benzaldehyde (BnAH) yield after 1 h, whereas the yield remains almost unchanged for Pd@SiNP_C 8 (1-4). This large gap in catalytic activity between both particles is attributed to foam generation in the former case (Figure 3.10c-d). The BnAH yield increases monotonously at higher stirring rates (1000-1500 rpm) for Pd@SiNP_F 17 (1-4), which can be credited to an increase of foam volume (Figure 3.10a). We also conducted additional catalytic tests for Pd@SiNP_F 17 (1-4) as a function of the stirring rate at higher particle loadings. Interestingly, the above trend obtained at 1wt% loading is also observed when increasing the particle concentration to 2wt% (Figure 3.11-3.12). However, at 4wt% and 6wt%, the BnAH yield has no break point and displays a monotonous increase at higher stirring rates with systematically higher values compared to Pd@SiNP_C 8 (1-4) (Figure 3.13). Pd@SiNP_F 17 (1-4) as a function of stirring rate at 80 °C and 1 h. (b) Aerobic oxi-dation of BnOH over Pd@SiNP_C 8 (1-4) and Pd@SiNP_F 17 (1-4). Reaction conditions: 0.9 mL BnOH, 0.9 mL xylene, 1 bar air, 1 wt% particles, 1500 rpm, 80 °C, 1 h. (c) Zoom in optical image of BnOH/Xylene (1:1 v/v) system stabilized by 1wt% Pd@SiNP_F 17 (1-4) at 1500 rpm, 80 °C, 1 h. (d) Microscopic image of BnOH/Xylene (1:1 v/v) system stabilized by 1wt% Pd@SiNP_F 17 (1-4) at 1500 rpm, 80 °C, 1 h.

Figure 3.11

Effect of the stirring rate on BnOH oxidation over Pd@SiNP_C 8 (1-4) and Pd@SiNP_F 17 (1-4) particles. Reaction conditions: 0.9 mL BnOH, 0.9 mL xylene, 2 wt% particles, 80 °C, 1 h., 1 bar air. Figure 3.12 Optical images of the BnOH/Xylene/air system over Pd@SiNP_F 17 (1-4) particles at variable stirring rates after reaction. Reaction conditions: 0.9 mL BnOH, 0.9 mL xylene, 2 wt% particles, 80 °C, 1 h.

Figure 3.13

Effect of the stirring rate on BnOH oxidation over Pd@SiNP_C 8 (1-4) and Pd@SiNP_F 17 (1-4) particles at (a) 4wt% and (b) 6wt% particle concentration. Reaction conditions: 0.9 mL BnOH, 0.9 mL xylene, 80 °C, 1 h., 1 bar air.

Effect of the particle concentration

The catalytic performance was also studied at variable particle concentration at a fixed stirring rate of 1500 rpm (Figure 3.14a). For Pd@SiNP_C 8 (1-4), the BnAH yield lies below the a b detection limit for 0.1wt% and 0.25wt% particle concentration, whereas it rises monotonously from 2.9% to 16% in the particle concentration range from 0.5wt% to 10wt%. In contrast, the BnAH yield exhibits a radically divergent pattern for Pd@SiNP_F 17 (1-4). In the range 0.1-1wt%, the yield increases from 5.1% to 25%, which is 5 times higher than that of Pd@SiNP_C 8 (1-4). However, the yield remains unchanged at 2wt%, decreases drastically at 4wt%, and finally shows a sustained increase beyond this value in a similar fashion to that observed for Pd@SiNP_C 8 (1-4). (1-4) and Pd@SiNP_F 17 (1-4). Reaction conditions: 0.9 mL BnOH, 0.9 mL xylene, 1 bar air, 1500 rpm, 80 °C, 1 h. (b) Schematic representation of catalysis in particle-stabilized non-aqueous foam system in air. (c) Average bubble size and foam height at variable Pd@SiNP_F 17 (1-4) particle concentration at 80 °C. (d) Time-evolution of the foam height for foam produced with Pd@SiNP_F 17 (1-4) at 80 °C.

To gain insight into the above-described abnormal pattern of the BnAH yield for Pd@SiNP_F 17 (1-4), the effect of particle concentration on the foaming properties was explored. Through vigorous stirring at 1500 rpm, BnOH/Xylene foams were prepared at room temperature and 80 °C (Figure 3.15). In both cases, the foam volume increases with the particle concentration. However, the foams generated at room temperature are denser and with larger volumes (Figure 3.16). At 8wt% particle concentration, almost the entire reactor volume is filled with foam and no free liquid is observed. Besides, these foams are extremely stable (Figure 3.17): there is no obvious foam degeneration after 24 h and only slight changes can be devised after 72 h. In contrast, foam stability is much lower at 80 °C (Figure 3.14c and Figure 3.18), but improves drastically with the particle concentration. As a matter of fact, at 0.5wt%, the foam vanishes completely already after 5 min. As the particle concentration increases to 1wt%, the foam lifetime spreads to 10 min, and to 20 min and 60 min for foams prepared at 2wt% and 4wt%, respectively. This suggests that a higher particle concentration leads to denser shells, reducing bubble coalescence and enhancing foam stability. More information on foam structure was obtained by observing the foams in the particle range 0.5-4wt% under an optical microscope (Figure 3.19). At higher particle concentration, the number of bubbles increases at the expense of the bubble size ( Figure 3.16c andFigure 3.16). This is apparent in the particle concentration range from 0.5wt% to 4wt%, where the average bubble size declines from 330 µm to 250 µm. When the concentration exceeds 4wt%, the average bubble size hardly changes, remaining around 230 µm. It is worth mentioning that non-spherical bubbles are visible for foams generated at 80 °C, providing evidence of a jammed G-L interface, i.e. bubbles are covered by a closepacked layer (or multilayer) of particles. (1-4) particles at variable particle loadings after reaction at (a) room temperature and (b) 80 °C. Conditions: 0.9 mL BnOH, 0.9 mL xylene, room temperature, 1500 rpm, 1 h.

Figure 3.16

Average bubble size and BnOH/Xylene foam height at variable particle loading. Time-evolution of the foam height for foam generated with Pd@SiNP_F 17 (1-4) particles. Conditions: 0.9 mL BnOH, 0.9 mL xylene, room temperature, 1500 rpm, 1 h. Figure 3.17 Macroscopic appearance and evolution profile of BnOH / Xylene foams stabilized by Pd@SiNP_F 17 (1-4) particles at room temperature after stirring. Conditions: 0.9 mL BnOH, 0.9 mL xylene, room temperature, 1500 rpm, 1 h. (1-4) particles at room temperature after stirring at variable particle loading in the range 0.5-4 wt%. Conditions: 0.9 mL BnOH, 0.9 mL xylene, room temperature, 1500 rpm, 1 h.

From the foam analysis above, the following conclusions can be drawn to rationalize the catalytic performance of Pd@SiNP_F 17 (1-4) (Figure 3.14b). At very low particle concentration, the foam is rather unstable and the foam volume is small (and so the interface available for the reaction), leading to low BnAH yield ('Unstable foam' regime, Figure 3.14b-1). An increase of the particle concentration up to 2wt% results in a remarkable increase of the foam volume with concomitant increase of the BnAH yield ('Stable foam' regime, Figure 3.14b-2). The foam height remains nearly constant at 4wt% particle concentration, but the interfacial area increases owing to the formation of smaller bubbles. Most importantly, at this particle concentration, a majority of the bubbles are covered by a close-packed layer of particles, resulting in a very stable foam with a collapse time longer than the reaction time (Figure 3.14d). This has a very important consequence: the O 2 concentration becomes the limiting factor, as O 2 in the bubbles cannot be regenerated by their collapse and restitution ('Very stable foam' regime, Figure 3.14b-3). As a result, a similar catalytic performance is observed for non-foaming and foaming systems above 4wt%. This body of results points out that intermediate particle concentrations are required for enhancing the catalytic activity in the presence of foam, boosting the interfacial area while maintaining the permeability of the particle layer and allowing fast gas regeneration. (1-4) particles at room temperature after stirring at variable particle loading in the range 0.5-4 wt%. Conditions: 0.9 mL BnOH, 0.9 mL xylene, room temperature, 1500 rpm, 1 h.

Role of particle location: interfacial vs bulk catalysis

Given the results presented above, we carried out a series of tests to rationalize the role of particle location on the catalytic properties. To this aim, the aerobic BnOH oxidation reaction was conducted for a BnOH/Xylene system containing surface-active catalytic particles, Pd@SiNP_F 17 (1-4), surface-active but not catalytic particles, SiNP_F 17 (1-4), and catalytic but not surface-active particles, Pd@SiNP_C 8 (1-4).

We first compared the catalytic performance of Pd@SiNP_F 17 (1-4) particles alone at 0.5wt% concentration, and in a mixture with non-catalytic SiNP_F 17 (1-4) particles at 0.5wt% concentration each (Figure 3.20a-d). Both systems perform similarly (Figure 3.20a vs Figure 3.20b). However, a slight increase of the foam volume is observed for the mixed system, suggesting preferential adsorption of non-catalytic (but better foaming) particles at the G-L interface. In contrast, when 1wt% non-catalytic SiNP_F 17 (1-4) and 1wt% Pd@SiNP_F 17 (1-4) particles are mixed together, the BnAH yield is much lower than that measured with 1wt% Pd@SiNP_F 17 (1-4) particles only (Figure 3.20c vs Figure 3.20d), even if the foam volume is much larger in the mixed system. These results suggest that the interface is predominantly populated by non-catalytic particles, which is in line with the increase in the foam volume. In contrast, catalytic particles are mainly dispersed in the bulk solvent, resulting in a lower catalytic activity.

Figure 3.20 Top: aerobic oxidation of BnOH catalyzed by a mixture of catalytic and noncatalytic particles. Bottom: schematic representation and optical images of reaction system after 1 h reaction. Reaction conditions: 0.9 mL BnOH, 0.9 mL xylene, 1 bar air, 1500 rpm, 80 °C, 1 h.

In the examples above, both particles were surface-active and accordingly the actual composition of the G-L interface remains unknown. To gain better insight into the effect of interface composition, we carried out additional catalytic and foaming tests using a mixture of surface-active but non-catalytic SiNP_F 17 (1-4) particles, and catalytic but non-surface-active Pd@SiNP_C 8 (1-4) particles, favoring the location of the former at the interface and the latter in the bulk solvent. First, 0.5wt% SiNP_F 17 (1-4) particles were mixed with 0.5wt% Pd@SiNP_C 8 (1-4) particles (Figure 3.20f). This system generates a foam similar to that observed with 0.5wt% catalytic/foaming Pd@SiNP_F 17 (1-4) particles (Figure 3.20a). At the same time, despite the formation of foam, the system shows very low yield (<5%). Also, low yield (<5%) is observed using 0.5wt% Pd@SiNP_C 8 (1-4) particles only without foam (Figure 3.20e). These results confirm that, as expected, only SiNP_F 17 (1-4) particles adsorb at the G-L interface, while the catalytic Pd@SiNP_C 8 (1-4) particles are dispersed in the bulk solvent where they demonstrate poor catalytic performance. This phenomenon becomes more prominent when the Pd@SiNP_C 8 (1-4) particle concentration is further increased to 1wt% (Figure 3.20g). The yield in this case is only 5%, which is five times lower than that obtained with 1wt% of surfaceactive catalytic Pd@SiNP_F 17 (1-4) particles (Figure 3.20c). Interestingly, the yield obtained in the presence of foam is slightly lower than in non-foaming system (Figure 3.20h vs Figure 3.20g), indicating a negative role of the foam in this case, arising most likely from a lower gas exchange rate.

Overall, this body of results confirms the advantage of interfacial catalysis vis-a-vis bulk catalysis. We also highlight the positive impact of foam in boosting the reactivity for BnOH oxidation provided that catalytic particles can adsorb at the G-L interface.

Effect of the liquid phase composition on the catalytic performance

As pointed out above, the foaming and catalytic performance of the studied systems are closely related. We therefore investigated the effect of the BnOH/Xylene volume ratio on the foamability and measured the contact angles at room temperature as descriptors of the particle wetting by two phases. Note that the interfacial contact angle is sensitive to temperature (the reactions were conducted at 80 °C), and accordingly the room-temperature contact angles should be regarded as indicative.

Two particles with high fluorine content, i.e. Pd@SiNP_F 17 (1-4) and Pd@SiNP_F 17 (1-8), can stabilize foams for most of the mixtures (Figure 3.21a-left, Figure 3.22-3.23). Pd@SiNP_F 17 (1-4) particles generate stable foams for BnOH/Xylene volume ratios ranging from 1:5 to 4:2 (contact angle from 60° to 73°), with the foam height increasing with the BnOH content. At 5:1 BnOH/Xylene ratio, the contact angle is 79° and particles are badly wetted by the liquid, resulting in almost no foam formation. In pure BnOH, these particles cannot be dispersed at all (contact angle 96°). As a consequence, no foam is produced. Pd@SiNP_F 17 (1-8) particles at 1:5 BnOH/Xylene ratio are overwetted by the liquid and cannot foam (contact angle lower than 40°) -only individual bubbles are visible. Foamability increases with the BnOH content, reaching a maximum in the range of BnOH/Xylene ratios from 3:3 to 5:1 (contact angles 48° and 58°, respectively). Pd@SiNP_F 17 (1-16) particles with the lowest fluorine content exhibit poor foamability for all compositions (Figure 3.21a, Figure 3.24-3.26) due to overwetting by the solvent (contact angles lower than 50°), and Pd@SiNP_C 8 (1-4) particles generate no foam at all. Overall, good foaming is achieved for systems with a room-temperature contact angle in the range 50-80°. (1-4), Pd@SiNP_F 17 (1-4), Pd@SiNP_F 17 (1-8) and Pd@SiNP_ F 17 (1-16) particles. (b) BnAH yield and TON after 1 h in the aerobic oxidation of BnOH over Pd@SiNP_C 8 (1-4), Pd@SiNP_F 17 (1-4), Pd@SiNP_F 17 (1-8) and Pd@SiNP_ F 17 (1-16) particles in BnOH/Xylene mixtures at variable BnOH/Xylene volume ratios. Reaction conditions: 1.8 mL total liquid volume, 1 wt% particles, 1 bar air, 1500 rpm, 80 °C, 1 h.

The catalytic performance of the different particles was also studied at variable BnOH/Xylene volume ratios (Figure 3.21b). Non surface-active Pd@SiNP_C 8 (1-4) and overwetted Pd@SiNP_F 17 (1-16) particles show very low BnAH yield (<5%). In contrast, more oleophobic Pd@SiNP_F 17 (1-4) and Pd@SiNP_F 17 (1-8) particles generate significant amount of foam which results in much higher yield for these systems. In both cases, the TON evolves alongside foaming with a maximum value for 3:3 BnOH/Xylene mixtures at 2300 and 3500 mol BnAH / mol Pd surf for Pd@SiNP_F 17 (1-4) and Pd@SiNP_F 17 (1-8) particles, respectively. The TON decreases at higher BnOH volume fractions, which is not in line with the foam evolution. Accordingly, other factors should be at play. Detailed analysis at this stage appears challenging, as the BnOH/Xylene volume ratio changes not only the substrate concentration, but also the surface tension of the liquid phase and the interfacial contact angle, affecting the foam volume and interfacial concentration of particles. Given the high activity of Pd@SiNP_F 17 (1-4) and Pd@SiNP_F 17 (1-8) particles, the kinetic profiles were measured for both catalytic particles at 80 °C and variable BnOH/Xylene volume ratios (Figure 3.28). In the case of Pd@SiNP_F 17 (1-4) (Figure 3.28a), the BnAH yield increases faster at lower BnOH/Xylene ratios, reaching almost 100% for 1:5 BnOH/Xylene mixtures after 4 h. At higher BnOH/Xylene ratios (i.e. 3:3, 4:2 and 5:1), the reaction slows after 1 h, most likely due to foam stabilization and coarsening as more particles are brought to the surface, reducing O 2 regeneration. The catalytic activity a t = 0 (turnover frequency, TOF 0 ) increases with the BnOH/Xylene ratio from 1400 h -1 (1:5) to a maximum value of 3400 h -1 (3:3), followed by a decrease until 2100 h -1 (5:1). This trend in consistent with that observed for the TON in Figure 3.21b. In the case of Pd@SiNP_F 17 (1-8) particles, the reaction is not slowed down after 1 h (Figure 3.28b), which can be explained by a lower foam stability compared to Pd@SiNP_F 17 (1-4) at equal reaction conditions, allowing higher permeability and faster O 2 regeneration in the bubbles. A maximum value of TOF 0 is also observed for 3:3 BnOH/Xylene mixtures (5400 h -1 ), while a highest yield is achieved for 2:4 BnOH/Xylene mixtures (72% after 4 h). Figure 3.26 Photos and contact angles of liquid drops in air on a pellet of (A) Pd@SiNP_F 17 (1-16) and (B) Pd@SiNP_C 8 (1-4) particles.

Figure 3.27 Photos and contact angles of liquid drops in air on a pellet of (A) Pd@SiNP_F 17 (1-16) and (B) Pd@SiNP_C 8 (1-4) particles. (1-4) and (b) Pd@SiNP_F 17 (1-8). Reaction conditions: 0.9 mL BnOH, 0.9 mL xylene, 1wt% particle, 1 bar air, 1500 rpm, 80 °C.

Catalysts recyclability and reuse

A reusability test was performed to evaluate the stability of Pd@SiNP_ F 17 (1-4). After each catalytic run, the particles were separated from the reaction media by centrifugation (4500 rpm for 3 min), washed with acetone four times, and dried at 80 °C for at least 4 h before reuse in the next run. The recyclability and reuse of Pd@SiNP_F 17 (1-4) particles were studied for the aerobic oxidation of BnOH over seven consecutive cycles. After each cycle, the reaction media was centrifuged (4500 rpm, 3 min), and the particles were separated, washed with acetone for 3 times and dried at 80 °C for 4 h before use in the subsequent cycle. The particles can be conveniently recycled for at least seven times without appreciable loss of catalytic activity and foamability (Figure 3.29). Figure 3.29 Recyclability and reuse of Pd@SiNP_F 17 (1-4) for the aerobic oxidation of BnOH over seven consecutive cycles. Reaction conditions: 0.9 mL BnOH, 0.9 mL xylene, 1 wt% particle, 1 bar air, 1500 rpm, 80 °C, 1 h.

Solvent scope

Pd@SiNP_F 17 (1-4) particles cannot be dispersed in pure BnOH (contact angle 96°, surface tension 39 mN/m at 20 °C) and therefore require a cosolvent. In order to explore if xylene in the reaction mixture may be replaced by other liquids, we performed the aerobic oxidation of BnOH with a series of solvents at a fixed BnOH/solvent volume ratio of 1:5 (Figure 3.29, Figure 3.30-3.31). All solvents have three common characteristics: their boiling point exceeds 160 °C, they are miscible with BnOH at 80 °C, and are inert at this temperature. Cosolvents with lower surface tension such as DIBK (23.92 mN/m at 20 °C), dodecane (25.4 mN/m at 20 °C), hexylene glycol (33.1 mN/m at 20 °C) can be used to prepare foams. The catalytic performance in these systems is similar or higher than that in BnOH/Xylene mixture. In contrast, DMSO, with a higher surface tension than BnOH, cannot be used to stabilize foams, since the mixture cannot wet the particles. This leads to a poor catalytic performance for this system. 

Oxidation of BnOH in O 2 flow

The BnOH oxidation reaction was further studied in a O 2 flow at ambient pressure in a 3:3 BnOH/xylene mixture with 1wt% Pd@SiNP_F 17 (1-4) at 1500 rpm stirring rate. The BnAH yield after 1 h is 48% (Table 3.2), which almost doubles that obtained under air (25%), and is 7 times higher than the yield over Pd@SiNP_C 8 (1-4) without foam (6.4%) (Figure 3.32). These results are predictable for a non-zero reaction order of O 2 , as pure O 2 provides a higher reactant concentration compared to air, enhancing the reaction rate. No apparent effect of the O 2 flow rate range 10-100 mL(STP)/min ] on the BnAH yield is observed. (1-4) particles at different temperatures. Conditions: 0.9 mL BnOH, 0.9 mL solvent, 1 wt% particles, 1500 rpm, 1 h, O 2 flow rate [20 ml(STP)/min], 1 bar O 2 . Catalysis results are shown in Table 3.2.

Alcohol scope

We also examined the generality of alcohol oxidation in foam systems (Table 3.3 andFigure 3.33). The results obtained with xylene as a solvent clearly demonstrate higher activity of foam systems in the oxidation of aromatic alcohols as compared to non-foam systems. For 1phenylethanol, the aldehyde yield in the foam system (Pd@SiNP_F 17 (1-4) particles) after 1 h reaction is 7.1%, 23% and 50% at 80 °C, 100 °C and 120 °C, respectively. This is 7 times higher than the values in non-foam system (Pd@SiNP_C 8 (1-4) particles) at the same temperature. The conversion of methylbenzyl alcohol into the corresponding aldehyde in the presence of foam is 48% at 120 °C after 1 h, while the yield is only 7.1% in non-foam system. Vanillyl alcohol is completely converted into vanillin at 110 °C after 1 h in foam system, while the conversion only reaches 12% in no-foam system. The oxidation of cinnamyl alcohol was studied at variable temperatures. The yield of cinnamaldehyde at 100 °C after 2 h in no-foam system is 25%, which is lower the value measured at 80 °C after 1 h in the presence of foam (31%). The yield increases to 92% at full cinnamyl alcohol conversion after reaction at 120 °C for 30 min only with minor amounts of benzaldehyde and ethylbenzene as by-products. Pd@SiNP_F 17 (1-4) 100 Xylene Foam 1 83

Pd@SiNP_F 17 (1-4) b 120 Dodecane Foam 0.5 92

a Reaction conditions: 0.9 mL substrate, 0.9 mL solvent, 1 wt% catalyst, 1500 rpm, O 2 flow rate [20 ml(STP)/min].

b Conversion is 100%.

Figure 3.33

Macroscopic appearance of Substrate/Solvent foams stabilized by Pd@SiNP_F 17 (1-4) particles. Conditions: 0.9 mL substrate, 0.9 mL solvent, 1 wt% particles, 1500 rpm, O 2 flow rate [20 mL(STP)/min], 1 bar O 2 . Catalysis results are shown in Table 3.3.

Conclusion

In summary, we prepared oil foams stabilized by sur-face-active silica particles bearing fluorinated chains and Pd nanoparticles. Foamability increased with both the particle concentration and stirring rate. High foam stability was achieved in benzyl alcohol / xylene mixtures even at very low particle concentration (<1 wt%) provided that the contact angle locates in the range 41-73°. However, it declined drastically upon heating from room temperature to 80 °C. The catalytic performance was strongly affected by the foaming properties, with 8-times activity increase in pure O 2 compared to non-foam systems. Intermediate foam stability was required to achieve good catalytic activity, combining a large interfacial area and high gas ex-change rate. Preferential location of the catalytic particles at the G-L interface was found even more important for catalytic performance than foamability. Particles were conveniently recycled with high foamability and catalytic efficiency maintained for at least 7 consecutive runs. Be-sides xylene, other solvents with surface tension lower than that of the substrate could tune the particle wettability, enhancing the foamability and catalytic performance in the aerobic oxidation reactions of a panel of aromatic alcohols. Most interestingly, foam systems could be developed using di-isobutyl ketone as solvent for the aerobic oxidation of aliphatic alcohols. This demonstrates the universality of our approach and allows performing reactions at higher temperatures. Overall, this study paves the way to the design reengineering of efficient catalytic systems for of G-L-S reactors for oxidation reactions at low gas air/O 2 pressures.

CHAPTER 4 POSS/particle-stabilized Non-aqueous foams for solvent-free Pickering interfacial catalysis 4.1 Introduction

In chapter 3, we have shown the effect of foaming in gas-liquid-solid multiphase heterogeneous catalysis. Removing the solvent in the catalytic reaction is the further optimization of our experiments and also the study in this chapter. To conduct solvent-free catalysis in foams, we have to overcome the difficulties in stable foams stabilized by particles. Particle-stabilized aqueous foams have been thoroughly studied during the last decade using a variety of stabilizers such as polymers, 1 proteins, 2 particles 3 and crystals. 4 However, very few studies have focused on non-aqueous foams as they are much more challenging owing to the low surface tension of organic solvents, restricting particle adsorption at the G-L interface. Nonetheless, there is potentially valuable room to develop particle-stabilized non-aqueous foams for engineering gas-liquid-solid multiphase microreactors comprising water-insoluble reactants.

The formation of foams depends on three main aspects. First, the particles need to be dispersed in the solvent, avoiding agglomeration. Moreover, stable foams can be generated only if the interfacial contact angle of particles lays in "stability window" range. Contrary to Pickering emulsions, the 'stability window' for foam formation is rather narrow, 5 making the design of surface-active particles challenging and with a limited scope of organic solvents and temperature range. Finally, due to their much larger size compared to surfactants, the kinetics of particle adsorption at the gas-liquid interface is significantly slower, leaving enough time to bubble coalescence before sufficient surface coverage by particles can be achieved. Overall, ideal particles for foamability and foam stability should be highly dispersible in the solvent, and display fast adsorption kinetics and stabilization at the G-L interface. However, particles meeting these three requirements simultaneously for a given solvent are scarce. In practice, particlestabilized foams are most often prepared using co-solvents 6 or surfactants, 7,8 allowing tuning the particle dispersion and interfacial contact angle. The use of co-solvents, however, complicates subsequent separation and purification steps, whereas the use of surfactants is limited to aqueous foams only 9 , as particle-surfactant interactions reported so far are driven by hydrophobic forces not existing in organic systems. In addition, separation and purification steps in the case of classical surfactants are extremely complicated.

Here we designed a bi-particle system for stabilizing non-aqueous foams for a broad range of organic solvents, and thus engineering efficient gas-liquid-solid multiphase microreactors for solvent-free Pickering Interfacial Catalysis. The system consists of the combination of fluorinated silica particles, used as stabilizers, and fluorinated anisotropic polyhedral oligomeric silsesquioxanes (POSS), used as frother. POSS are small silica particles with surfactant-like behavior. 10,11 As a result, POSS can stabilize foams and tune the wettability of large particles similarly to silica/surfactant mixtures in aqueous systems. Meanwhile, unlike surfactants, POSS can be separated by simply adjusting the liquid composition. POSS are also known for their thermal stability, 12 and are thus widely used in catalytic reactions. [13][14][15] 4.2 Characterization of Ph 7 /F 13 -POSS

Nuclear magnetic resonance (NMR)

Phenyl-based POSS (i.e. Ph 7 -POSS) was synthesized by hydrolytic condensation of triethoxylphenylsilane in basic conditions. 16 The sample was further functionalized with fluorinated chains by reaction with trichloro(1H,1H,2H, 2H-perfluorooctyl)silane (i.e. Ph 7 /F 13 -POSS), allowing corner-capping of -ONa groups. The 29 Si NMR MAS spectra of Ph 7 /F 13 -POSS exhibit two bands at -68.7 and -78.6 ppm (Figure 4.1). These bands appear within the T3 range and evidence the closure of the POSS cage after the corner-capping reaction. 17,18 The Si atom bound directly to the benzene ring has lower chemical shift due to higher electron density of phenyl groups. 19 The 13 C NMR MAS spectra of both samples (Figure 4.2) show a complex band in the range 125-138 ppm belonging to aromatic groups. 20 Two additional bands are visible at 2.5 and 25 ppm in Ph 7 /F 13 -POSS that can be assigned to CH 2 groups in fluorinated chains. 21 Besides, a broad and complex band appears in the range 110-120 ppm that can be assigned to CF 3 and CF 2 groups in fluorinated chains. 22 Tetrahydrofuran (THF), which was used as solvent for Ph 7 -POSS synthesis, is visible in the spectra. 21 The band vanishes after grafting the fluorinated chains, pointing out full capping of all -ONa groups in Ph 7 -POSS. The 19 F NMR MAS spectra of Ph 7 /F 13 -POSS displays a sharp signal at 80.7 ppm that can be ascribed to CF 3 groups (Figure 4.3). 22 Additional sharp bands are visible in the range 115-128 ppm that can be ascribed to internal CF 2 groups. 

Fourier-transform infrared spectroscopy (FTIR)

Ph 7 -POSS and Ph 7 /F 13 -POSS were also analyzed by FT-IR spectroscopy (Figure 4.4). Typical bands of silica appear at 1100 cm -1 and 800 cm -1 that can be assigned to asymmetric stretching and bending vibrations of Si-O-Si bonds, respectively. 23 A broad band appears in the range 3000-3500 cm -1 for Ph 7 -POSS belonging to Si-ONa groups interacting with adsorbed water. This band vanishes for Ph 7 /F 13 -POSS, which confirms the capping of Si-ONa groups. Characteristic bands ascribed to the fluorocarbon chain appear at 913, 1171 and 1237 cm -1 that can be assigned to stretching modes of C-Si and C-F (CF 2 /CF 3 ) bonds, respectively. 23 Additional bands at 710 and 670 cm -1 are attributed to symmetric stretching bands of CF 3 groups. 24 Bands ascribed to the aromatic skeleton appear at 3100 cm -1 for asymmetric stretching modes of C-H groups, and at 1620 cm -1 , 1430 cm -1 and 750 cm -1 , that can be attributed to C-H stretching, inplace and out-plane bending vibrations, respectively. 25 Additional overtones ascribed to aromatic groups appear in the range 1750-2000 cm -1 . 25

Thermogravimetric analysis (TGA)

TG analysis was used to explore the thermal stability of Ph 7 -POSS and Ph 7 /F 13 -POSS (Figure 4.5). Ph 7 -POSS exhibits a small weight loss until 100 °C (about 5%) that is attributed to water desorption. Phenyl groups start to decompose at 380 °C with a weight loss about 37% matching the theoretical value (38.4%). After corner-capping of -ONa groups, Ph 7 /F 13 -POSS shows almost no weight loss below 400 °C, but higher weight loss than Ph 7 -POSS spreads to temperatures well above 600 °C. 

Dynamic Light Scattering (DLS)

The elementary particle size and aggregation beha-vior of Ph 7 /F 13 -POSS was inspected in different solvents by Dynamic Light Scattering (DLS). In toluene and THF (Figure 4.7a-b), which are good solvents for POSS with phenyl groups, 26 the average particle size is lower than 10 nm at low concentration (≤ 0.1 wt%). This value is in line with the theoretical particle size of Ph 7 /F 13 -POSS (1-3 nm), 27 showing only partial aggregation. However, in toluene, when the Ph 7 /F 13 -POSS concentration is higher than 0.3 wt%, only monodisperse large aggregates are observed. In benzyl alcohol (Figure 4.7c), Ph 7 /F 13 -POSS is present as aggregates even at extremely low concentration (0.001 wt%). The foamability of Ph 7 /F 13 -POSS was tested first in three liquids with different surface tensions: benzyl alcohol (39 mN/m), anisole (35 mN/m) and toluene (28.4 mN/m) at 20 °C. In all cases, foams are generated after handshaking of a 2-mL sample (Figure 4.8a), and the foam height increases with the particle concentration (Figure 4.8b). In benzyl alcohol, foams are stable above 0.3 wt% Ph 7 /F 13 -POSS, whereas they destabilize fast within 1 min in anisole and toluene (Figure 4.8c). The foam volume increases with the Ph 7 /F 13 -POSS concentration, but the foam stability does not improve, most likely due to the small particle size of Ph 7 /F 13 -POSS (Figure 4.9). We extended our analysis to other 39 liquids (Table 4.1) to assess the foaming scope of Ph 7 /F 13 -POSS (Figure 4.10). Ph 7 /F 13 -POSS can generate foams provided that the surface tension of the liquid is higher than 27 mN/m. No foams are produced in very polar liquids (diols and polyols) due to poor dispersion of Ph 7 /F 13 -POSS. Particle adsorption at gas-liquid and liquid-liquid inter-faces is often regarded to have no or only marginal effect on the surface tension to only barely reduce the surface tension. 8,28,29 However, POSS materials were shown to exhibit interfacial activity similarly to surfactants. 30 To assess the surface activity of Ph 7 /F 13 -POSS at the gas-liquid interface, we measured the surface tension of benzyl alcohol at variable Ph 7 /F 13 -POSS concentration using the maximum bubble pressure method (Figure 4.8d). 31 The surface tension of pure benzyl alcohol is 39.6 mN/m. Upon dispersing 0.1 wt% Ph 7 /F 13 -POSS, the surface tension decreases to 30 mN/m, and declines further to 27 mN/m at 0.5 wt% concentration. The surface tension drops fast for a surface age within 50,000 ms. Beyond this value, it decreases smoothly due to continuous interfacial particle adsorption, and keeps almost unchanged above 160,000 ms, especially at a concentration higher than 0.4 wt%. 4.1). It is concluded that POSS can generate foams in the liquids with surface tension higher than around 27 mN/m because of the surface energy limitation of POSS, except diol or polyol molecules that are too polar and viscous to disperse POSS. At the same time, dispersibility of POSS in solvent is a very important factor to its foaming ability. Therefore, the high polarity of polyols prevents POSS from being well dispersed in the solvent, and the high viscosity hinders gas-liquid contact and energy input, thereby seriously affecting its foaming ability. We showed above that Ph 7 /F 13 -POSS nanoparticles exhibit surface-active behavior at the gas-liquid interface. However, except for benzyl alcohol, their foaming stability is poor. To promote foam stability, we combined Ph 7 /F 13 -POSS with larger oleophobic particles, which can irreversibly adsorb at the gas-liquid interface. A fluorinated organosilica (33 wt% F, 364 nm particle size) was synthesized by the Stöber method using 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTES), (3-mercaptopropyltriethoxysilane (MPTES) and tetraethylorthosilicate (TEOS) precursors, with TEOS/MPTES and TEOS/PFDTES molar ratios of 16 and 4, respectively (see SI for details). Pd nanoparticles were further loaded by wet impregnation using an ethanolic solution of Pd(OAc) 2 .The final particles were denoted as Pd@SiNP_F 17 (1.33 wt% Pd). (1-4).

The foaming properties of Ph 7 /F 13 -POSS and Pd@ SiNP_F 17 mixtures were first tested in benzyl alcohol using 0.1 wt% Ph 7 /F 13 -POSS and 2 wt% Pd@SiNP_F 17 (Figure 4.11a, Figure 4.12). Pd@SiNP_F 17 alone, with a contact angle of 95° (Figure 4.13), is poorly dispersed at room temperature, and thus foams can be hardly generated. In parallel, Ph 7 /F 13 -POSS alone can make foams (contact angle of 58°, Figure 4.14), but the stability at 0.1 wt% is limited to 3 min. When both particles are combined, small amounts of Ph 7 /F 13 -POSS helps Pd@ SiNP_F 17 to disperse, resulting in modest foaming with a layer of bubbles remaining for 20 min. Increasing the Ph 7 /F 13 -POSS concentration to 0.3 wt% at 2 wt% Pd@ SiNP_F 17 results in a higher foam height and stability for 1 h. Further increase of the Ph 7 /F 13 -POSS to 0.5 wt% results in a higher initial foam height, but in detriment of a much lower stability. Given these results, we extended our analysis to anisole and toluene (Figure 4.8b-c, Figure 12). In both cases, Ph 7 /F 13 -POSS alone (0.1-0.5 wt%) can hardly generate foams, which destabilize within 2 min. With 2 wt% Pd@SiNP_F 17 and 0.1-0.3 wt% Ph 7 /F 13 -POSS, foams are much more stable (more than 1 h) with no obvious collapse even after several days (not shown). However, the stability decreases down to 15 min at 0.5 wt% Ph 7 /F 13 -POSS concentration. We extended our analysis to other 10 liquids, showing high stability at 2 wt% Pd@SiNP_F 17 and 0.1 wt% Ph 7 /F 13 -POSS ( The interaction between Ph 7 /F 13 -POSS and Pd@ SiNP_F 17 was examined by DLS (Figure 4.16). Pd@ SiNP_F 17 cannot be wetted and dispersed in benzyl alcohol, anisole and toluene, resulting in large agglomerates with an average size about 500 nm that sediment within 2 min. After adding Ph 7 /F 13 -POSS, Pd@SiNP_F 17 can be dispersed without apparent sedimentation after 10 min (Figure 4.17), suggesting that Pd@SiNP_F 17 particles are surrounded by Ph 7 /F 13 -POSS. The two-particle inter-actions are driven most likely by van der Waals forces. 32 However, at higher Ph 7 /F 13 -POSS concentration (>0.3 wt%), larger agglomerates are apparent, disfavoring dispersion.

To gain more insight into the interactions between Ph 7 /F 13 -POSS and Pd@SiNP_F 17 particles, we surveyed the effect of Ph 7 /F 13 -POSS on the surface tension of benzyl alcohol in the presence of Pd@SiNP_F 17 (Figure 4.11d). At low Ph 7 /F 13 -POSS concentration (0.1 wt%), the decline of surface tension is less prominent compared to that for Ph 7 /F 13 -POSS alone at the same concentration (Figure 4.8d). In contrast, at higher concentration (0.2-0.5 wt%), the trend remains almost unchanged with the Ph 7 /F 13 -POSS concentration, and overall is comparable to that observed for Ph 7 /F 13 -POSS alone. These point out a competition between Ph 7 /F 13 -POSS and Pd@SiNP_F 17 for the gas-liquid interface, similar as that observed in aqueous particles/surfactant systems. 33 Figure 4.11e shows a schematic representation of the Ph 7 /F 13 -POSS and Pd@SiNP_F 17 system. Pd@SiNP_F 17 particles are predominantly wetted by the gas phase (contact angle >90°) and therefore are badly dispersed in the liquid, resulting in no foam formation. When a small amount of Ph 7 /F 13 -POSS nanoparticles is added, they adsorb on Pd@SiNP_F 17 , embedding the fluorinated chains while exposing phenyl groups into the liquid phase (red curve in Figure 4.11a). This results in better particle dispersion. At an optimal Ph 7 /F 13 -POSS / Pd@SiNP_F 17 ratio, the interfacial contact angle falls into the "foaming window", resulting in stable foam formation (green curve in Figure 4.11a). Further increase of the Ph 7 / F 13 -POSS concentration favors Ph 7 /F 13 -POSS adsorption at the gas-liquid interface, whereas Pd@SiNP_F 17 particles are pushed into the bulk liquid. Foamability continues to increase, while foam stability drops drastically (violet curve in 

Catalytic tests in benzyl alcohol foam

With these results in hand, we explored the catalytic properties of Pd@SiNP_F 17 and Ph 7 /F 13 -POSS particle mixtures in the aerobic oxidation of pure benzyl alcohol (BnOH) at 80 °C in the presence of foam. In these tests, we kept the Pd@SiNP_F 17 concentration fixed at 2 wt% while varying the Ph 7 /F 13 -POSS concentration (Figure 4.18a). Without Ph 7 /F 13 -POSS, the benzaldehyde (BAH) yield is only 12% after 2 h, while it increases to 90% after addition of 0.1 wt% Ph 7 /F 13 -POSS. This is attributed to a better dispersion of Pd@SiNP_F 17 particles along with a foam generation ( 

19).

Meanwhile, the interface is mainly populated by Ph 7 /F 13 -POSS, while catalytic Pd@SiNP_F 17 particles are pushed into the bulk BnOH. A similar reaction pattern is observed at higher Pd@SiNP_F 17 concentrations and fixed Ph 7 /F 13 -POSS concentration of 0.1 wt%. (Figure 4.18b) The highest BAH yield (85%) is achieved at 2 wt% Pd@SiNP_F 17 , while the highest turnover number (TON) (12,000 mol/mol) is obtained with 1 wt% Pd@SiNP_F 17 . The BAH yield decreases at the highest Pd@ SiNP_F 17 concentration (4 wt%), encompassing the genesis of very stable foams. As a result, the 'armored' gas-liquid interface is expected to show lower permeability and in turn poorer O 2 renewal during the reaction. 

Particle recycling

The recyclability and reuse of combined 2 wt% Pd@ SiNP_F 17 and 0.1 wt% Ph 7 /F 13 -POSS particles was studied for the aerobic oxidation of BnOH over seven consecutive runs. Since the amount of Ph 7 /F 13 -POSS in each run was very low, it was difficult to separate them by centrifugation. To avoid Ph 7 /F 13 -POSS loss, we carried out multiple catalytic tests for each run, and conducted centrifugation (10000 rpm, 10 min) of cumulated solutions. After centrifugation, the Ph 7 /F 13 -POSS nanoparticles were washed 3 times with ethanol and dried at 80 °C for 4 h before use in the subsequent run after remixing with Pd@SiNP_F 17 . Overall, the particles can be reused for at least seven times without appreciable loss of catalytic activity and foamability (Figure 4.20). Ph 7 / F 13 -POSS separation is however limited to liquids with polar groups such as BnOH. For non-polar solvents such as toluene, Ph 7 /F 13 -POSS can hardly be separated by centrifugation due to the good solubility. No Pd leaching is observed during the reaction, as inferred by ICP-OES. 

Scope of aromatic alcohols

We examined the generality of aromatic alcohol oxidation in foam systems stabilized by a combination of Pd@SiNP_F 17 and Ph 7 /F 13 -POSS particles in O 2 flow (Table 4.2). The results obtained in the presence of Ph 7 / F 13 -POSS (0.1 wt%) clearly demonstrate higher activity of this system in the oxidation of aromatic alcohols compared to systems without Ph 7 /F 13 -POSS. Such, for 1-phenylethanol, the acetophenone yield is 50% after 1 h reaction at 100 °C in the foam system containing Ph 7 /F 13 -POSS. This value is about 9 times higher than the yield measured without Ph 7 /F 13 -POSS. The conversion of methylbenzyl alcohol into the corresponding aldehyde in the presence of foam stabilized by Ph 7 /F 13 -POSS is 79% at 120 °C after 1 h, while the yield is only 30% without Ph 7 /F 13 -POSS. Finally, the oxidation of cinnamyl alcohol to cinnamaldehyde shows a yield of 46% at 80 °C after 1 h under foam in the presence of Ph 7 /F 13 -POSS, whereas Gas-liquid-solid (G-L-S) reactions are widespread in chemical, petrochemical, biochemical and environmental catalytic processes. This type of reactions are operated in packed beds (e.g., trickle beds, bubble columns), slurry reactors and fluidized beds. [1][2][3][4] The engineering of G-L-S reactions is however complex due to the low solubility of gases in liquids, and to resilient mass/heat transfer limitations ascribed to the physical separation of the phases. As a result, high gas pressures and addition of phase transfer reagents are often required. Moreover, access to the intrinsic activity of the catalyst and associated process optimization is not straightforward.

Here we propose to use microfluidics as a tool to study G-L-S catalytic reactions at the level of an individual bubble in an organic solvent. Anchoring catalytic particles at the G-L interface can promote locally the G-L-S contact and allow the reaction to occur at much smaller scale, with potential enhancement of the G-L miscibility and mass transfer. [13,14] Despite the advances in the field of microfluidics, examples on its implementation to prepare monodisperse particle-stabilized emulsions and foams has only been realized recently. 5 While the vast majority of studies have focused on the application of microfluidics to aqueous systems, very few examples of particle-stabilized gas bubbles and foams in organic solvents have been documented. 5,6 Besides, while droplet trapping using microfluidics has been achieved for emulsions, neither bubble trapping nor transposition of proposed solutions to G-L systems has been demonstrated so far.

Preparation of surface-active particles

Owing to the low surface tension of organic liquids, non-aqueous/oil foams often demand particles with low-surface energy (e.g., fluorinated particles) as stabilizers. 6,7 To reach such a target, we synthesized surface-active silica particles (~300nm) bearing fluorinated chains and thiol groups by the Stöber method, and loaded them with palladium nanoparticles (average size 5.2 nm, 1.78 wt%). The synthesis protocol and particle characterization results are described in the Chapter 1 (Pd@SiNP_F 17 (1-16)). In this chapter, the surface-active particles are hereinafter labeled as Pd@SiO 2 -F17.

Particles inherently possess marginal colloidal stability in organic solvents, making their use in microfluidics challenging compared to surfactants: particles are prone to phase separation in the syringe and microfluidic channels, resulting in fouling and clogging of the latter. This is even more stringent in the case of particles stabilizing G-L systems, showing larger structural difference of the particle with the liquid phase to ensure wettability by the gas phase. This brings up a controversy: particles need to be concomitantly surface active (i.e. partially wetted by both phases) to stabilize the foam, and colloidally stable (i.e. fully wetted by the solvent) to be compatible with microfluidics. This contradiction can only be solved by on-demand change of the particle wettability, which can be easily achieved in microfluidics.

Generation of monodispersed bubbles in microfluidics chamber

In practice, in aqueous foams, tunable wettability can be achieved using pH-sensitive particles. 8 In contrast, for oil foams, particle migration (from the bulk to the interface) can be triggered by a change of solvent composition: particles are dispersed in a 'good' solvent and their contact angle is adjusted on demand by injecting a 'bad' co-solvent (Figure 5.1a). We implemented this approach using a microfluidic chip consisting of a flow focusing bubble generator in the 'good' solvent, followed by a 'bad' solvent injector, covering channel and observation chamber (Figure 5.1b top). Stable bubbles are produced using a 5wt% Pd@SiO 2 -F17 dispersion in 1-octanol and DMSO as 'good' and 'bad' solvents, respectively, at 80 °C (Figure 5.1b bottom). By varying the gas pressure, the bubble size can be adjusted. No coalescence is observed neither in the observation chamber, nor in the output tube, allowing recovery of monodisperse bubbles. However, if the injection of the liquid phases is inversed, polydisperse bubbles are generated under most of experimental conditions (Figure 5.2). This difference can be explained by a variable particle concentration near the G-L interface, and by the shear stress provided by the cross-flow during droplet formation. 9 Indeed, when bubbles are first generated in the pure solvent followed by injection of the particle dispersion, particles need to diffuse within the thin film of the solvent prior to reach the bubble which effectively reduces their concentration in vicinity of the G-L interface. Interestingly, at high gas pressure (900 mBar), deformation of the bubble shape occurs (Figure 5.3). This phenomenon was observed previously for slug bubbles covered by a mixture of silica particles and CTAB. 10 The drag force exerted on the particles covering the interface (due to viscous effect or solid friction on the wall) tends to migrate the particles toward the rear of the drop, a situation prone to shape instability. The position of the neck indicates the fraction of bubble covered by the particles.

Microfluidic traps

The residence time of bubbles in the microfluidic channel is very short (30-60 ms in our experiments). Therefore, in order to study the reactivity at the level of an individual bubble, it needs first to be immobilized. While a range of technical solutions is available for trapping emulsion droplets, they can hardly be transposed to bubbles due to the deformability of the latter. Moreover, contrary to emulsions, where the droplet size is (mostly) determined by the flowrate of the two immiscible phases, a particularity of G-L systems is that the bubble size depends on the pressure difference (∆P) between the gas and liquid phases. Reaching steady state requires the pressure drop to settle downstream the nozzle (i.e. no coalescence, no interaction with walls, etc.) and this may take a rather long time. However, it is a prerequisite to keep constant the size of the newly generated bubbles. Therefore, bubbles produced at early stages should be discarded in order not to saturate the traps before steady state is reached, and the bubble flow needs to be redirected towards the traps upon pressure stabilization. The applied guiding method should not alter the pressure regime inside the chip. Pushing and pulling of the liquids along with the valves should therefore be avoided. The proposed solution here is to use a backpressure to navigate the flow in one of the chip's outputs (Figure 5.4a). The microfluidic chip possesses two identical observation chambers including arrays of bubble traps (Figure 5.4b). A first flow is directed towards the output with lower counterpressure (P2, for instance). When steady state is reached, the backpressures P2 and P3 are inversed, and the bubble flow is redirected towards the bottom chamber. The empty traps are then filled with monodisperse bubbles (Figure 5.4c). In an ideal situation, due to their identical geometry of both outputs, there will be no pressure change in the flow focusing geometry upon backpressure inversion. In reality, the output tubes are not identically filled with foam due to the history of the experiment, resulting in a slightly different hydrodynamic resistance. At low ∆P between the liquid and gas, this results in slightly different bubble sizes before and after flow alteration (Figure 5.4c). This effect is not present if a higher gas pressure is used (Figure 5.5). However, due to the high stability of particle-stabilized bubbles, it is not trivial to clean the bubble traps once they are filled ("Old bubble" in Figure 5.5). In addition to the ∆P, control of the bubble size in the microfluidic chip after stopping the flow is also challenging. While monodisperse bubbles are produced under flow, relaxation of the system after interrupting the liquid flow and setting the gas pressure to zero results in polydisperse bubbles that fill preferentially the trap zones with lower back pressure (Figure 5.6). At the same time, the trap zones with higher backpressure experience backflow, bringing some bubbles from the output tubes. We nevertheless succeeded to keep monodisperse bubbles in the traps for a vast majority of our experiments, allowing further implementation of catalytic tests in individual bubbles as described in the following lines. Better results may be achieved using program-controlled variation of liquid flowrates and gas pressures assuring zero flow in the trap zone of interest upon stop flow. 

Catalytic tests in microfluidic traps

As model reaction, we investigated the aerobic oxidation of 2',7'-dichlorodihydrofluorescein (H 2 DCF) into highly fluorescent 2',7'-dichlorofluorescein (DCF) over individual air bubbles stabilized by surface-active catalytic particles (Figure 5.7, Figure 5.8a). Commercially available 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCF-DA) is commonly used in biology to measure the oxidative stress in living cells, where it is first deesterified by esterase enzyme. 11 The use of NaOH aqueous solution for the same purpose was also reported. 12,13 Due to the low solubility of inorganic bases in DMSO, we chose potassium tert-butoxide (t-BuOK) instead. Base addition results in the apparition of a characteristic band centered at 330 nm in the UV-Vis spectra that confirms H 2 DCF formation (Figure 5.8b in Supporting Information). The band intensity increases with the base concentration, especially in the range 1-5-mM. Cleavage of the ester bond appears to be extremely fast as no band evolution is observed at longer reaction times (Figure 5.8c in Supporting Information). A weak band appears at 530 nm, which can be attributed to the oxidized product (DCF).

In a next step, the same chip design as in Figure 5.4a was used to study the catalytic reaction over a trapped air bubble. In a first set of the experiments, 1mM H 2 DCF-DA and 10 mM t-BuOK in DMSO ('bad' solvent) were used as external phase, while the particles were dispersed in 1-octanol ('good' solvent) as middle phase. Dye oxidation occurs in all experiments regardless of the particle concentration (Figure 5.9). A fluorescent signal appears mainly at the G-L-S interface with only slight increase of the background level. Interestingly, oxidation occurs predominantly on large and polydisperse bubbles issued from coalescence (Figure 5.9b). Besides, no fluorescence is observed on smaller and more stable particles at the timescale used. These observations are consistent with a previous work, where highly stable foams revealed lesser catalytic activity compared to foams with intermediate stability due to the restricted gas diffusion within the particle layer at the G-L interface. Interestingly, in our case, faster formation of the fluorescent product is observed in the thin film on the glass surface, where a loose particle layer can allow faster gas diffusion. Clear deceleration is apparent for experiments with 2 and 3 wt% particle concentration after 90 s. It can also be noticed that fluorescence in the bulk liquid increases between the experiments suggesting oxidation of H 2 DCF in the feeding syringe. To avoid this phenomenon and allow proper comparison between the experiments, deesterification was conducted directly in the microfluidic chip. To this aim, in the second set of experiments, the base (10 mM t-BuOK) was added to the middle phase containing catalytic particles, while the external phase contained H 2 DCF-DA alone (Figure 5.10). As expected, no variation of fluorescence in the bulk is observed for all experiments. The oxidation behavior on the bubble is similar to that discussed above, i.e., the reaction occurs preferentially on larger bubbles, whereas smaller monodisperse bubbles (marked with red arrows) exhibit no reactivity (Figure 5.10a and 5.10b). As in the previous example, the initiation period is followed by a fast fluorescence intensity growth and deceleration (Figure 5 Pd@SiO 2 -F17 (4wt% in 1-octanol with 10 mM t-BuOK), air pressure P = 400 mbar, temperature 80°C.

Conclusions

In summary, we developed a microfluidic approach to produce and store particle-stabilized bubbles in organic solvents at elevated temperatures. The solvent composition was used for in situ adjustment of the contact angle of the particles. This allowed combining the colloidal stability of the particles with their surface activity. Bubble generation in the colloidal dispersion and subsequent injection of co-solvent showed better results than when two phases were inversed. Backpressure inversion was shown to be an efficient way to direct the bubble flow without impacting on their size. Trapping of bubbles could be achieved with traps of simple design. Stop flow, however, remains a challenge as residual pressure in the system leads to polydisperse bubbles which can access the trapping zone. We then showed that fluorescent probe 2',7'-dichlorodihydrofluorescein diacetate can be used to monitor an oxidation reaction in the organic phase after deesterification with organic base. Only large bubbles loosely covered by catalytic particles showed reactivity while monodisperse armored bubbles remained inert.

The concept developed in this study may be applied to a variety of heterogeneous reactive systems. Fluorescence provides an attractive opportunity of reaction mapping and, contrary to IR or Raman spectroscopy, does not require special materials for chip manufacture. Microfluidics allows systematic production and manipulation of monodisperse bubbles which can be used to acquire statistical data on the system reactivity and evaluate the impact of such parameters, such as bubble size, packing and particle coverage of the gas-liquid interface. Moreover, using tracers and temperature sensitive probes, local heat and mass transfer phenomena can be studied in parallel.

GENERAL CONCLUSIONS & PERSPECTIVES

Conclusions

In this thesis, we developed examples of G-L-S microreactors based on non-aqueous foams for the aerobic oxidation of alcohols. We prepared a series particles with low surface energy (fluorinated) by one-pot co-precipitation. These particles were further functionalized with palladium by impregnation with a precursor salt in ethanol. The catalytic particles could stabilize benzyl alcohol / xylene mixtures, and conduct the aerobic oxidation of benzyl alcohol to benzaldehyde in the presence of oil foams. At optimized wetting conditions, the particles exhibited much higher activity (around 4 times) compared to non-foam experiments using silicasupported Pd catalyst decorated with octyl chains. These results can be explained by an enhanced interfacial area and permeable particle layer in the presence of foam, favoring O 2 renewal along the reaction.

We further optimized the foam system as an attempt to operation in pure alcohols. Inspired by the synergistic effect of particles and surfactants to stabilize aqueous foams, we synthesized a new type of anisotropic POSS to replace the surfactant. Targeting the oxidation of aromatic alcohols, we prepared a fluorinated phenyltriethoxysilane by corner-capping of an initial phenylmodified POSS. This new material has the "Janus" structure and can diffuse fast to the gas-liquid interface due to its small size (about 1-3 nm). This particular architecture makes this new fluorinated POSS suitable as foaming agent while being recyclable by centrifugation compared to surfactants. Stable foams could be successfully prepared by combination of POSS and catalytic fluorinated silica particles. As a result, the catalytic activity was drastically enhanced with 9-time increase of the benzaldehyde yield in the oxidation of benzyl alcohol with pure O 2 compared to a catalytic test in the absence of POSS. Intermediate foam stability, affording high gas exchange rate, was required to achieve high catalytic activity. Particles were conveniently recycled with high foamability and catalytic efficiency maintained for at least 7 consecutive runs. This dual particle catalytic system was successfully applied to a scope of aromatic alcohols, demonstrating the versatility of our approach.

Finally, we developed a microfluidic approach to produce and store particle-stabilized bubbles in organic phases (i.e. DMSO/1-octanol) at high temperature. The solvent composition was used for in situ adjustment of the contact angle of the particles. This allowed combining the colloidal stability of the particles together with their surface activity. Bubble generation in the colloidal dispersion and subsequent injection of co-solvent showed better results than when two phases were inversed. Backpressure inversion was shown to be an efficient way to direct the bubble flow without impacting on their size. Trapping of bubbles could be achieved with traps of simple design. Stop flow, however, remained a challenge as residual pressure in the system led to polydisperse bubbles which can access the trapping zone. We then showed that fluorescent probe 2',7'-dichlorodihydrofluorescein diacetate could be used to monitor an oxidation reaction in the organic phase after deesterification with organic base. Large bubbles loosely covered by catalytic particles showed reactivity while monodisperse armored bubbles remained inert.

Perspectives

The body of results in this PhD opens an avenue for the fine design of G-L-S microreactors based on foams and bubbles in organic solvents for conducting aerobic oxidation and hydrogenation reactions at low pressures. This could allow the reengineering of state-of-the-art G-L-S reactors such as bubble columns for multiphase reactions of industrial interest.

Moreover, as demonstrated in this thesis, bi-particles can be used to generate and stabilize foams at the same time. As the evolutionary form of this system, Janus particles possessing both surfactant-like structure and large size could help to achieve this goal. So far, there is no report about foams stabilized by Janus particle. The design of Janus particles is complex and requires further exploration. Besides, the feasibility of Janus particles for catalysis in foam systems needs to be demonstrated. Also, we showed in Chapter 5 that stable and monodisperse bubbles stabilized by catalytic particles could be produced. Therefore, the development of bubbling columns implemented with particle-stabilized bubbles constitutes a potential new step. New reactor design for specific reactions ia worthy for further exploration. palladium, (c) silicon and palladium, and (d) silicon and fluorine of Pd@SiNP_F 17 (1-4).

Figure A3 (a) HAADF-STEM images of Pd@SiNP_F 17 (1-8), elemental mapping images for (b) palladium, (c) silicon and palladium, and (d) silicon and fluorine of Pd@SiNP_F 17 (1-8).

Figure A4 (a) HAADF-STEM images of Pd@SiNP_F 17 (1-16), elemental mapping images for (b) palladium, (c) silicon and palladium, and (d) silicon and fluorine of Pd@SiNP_F 17 (1-16).

Figure A5 (a) HAADF-STEM images of Pd@SiNP_C 8 (1-4), elemental mapping images for (b) palladium, and (c) silicon and palladium of Pd@SiNP_C 8 (1-4) 

Characterization of products

Benzaldehyde 1 H NMR (400 MHz, CDCl 3 ) δ 10.01 (s, 1H), 7. 92-7.81 (m, 2H), 7.66 -7.58 (m, 1H), 7.54-7.50 (m, 2H). 13 C NMR (100 MHz, CDCl 3 ) δ 192. 39, 136.40, 134.46, 129.72, 129. 
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 11 Figure 1.1 Catalytic processes in the chemical industry and heterogeneous catalysis compared to other catalytic processes.2
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 12 Figure 1.2 Energy diagrams for a single-step reaction in the presence and absence of a catalyst.

Figure 1 . 3

 13 Figure 1.3 Main interactions between catalytic surfaces and gas phase.13
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 14 Figure 1.4 Heterogeneous catalysis in chemicals and energy industries.
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 6015 Figure 1.5 Schematic of the two-film theory.
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 16 Figure 1.6 Definition of the three-phase contact angle θ, the line tension τ contribution, and particle radius r. Water is considered as reference, and the contact line is labeled in red.
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 17 Figure 1.7 Classification of emulsions (a) and foams (b), and position of colloidal particles in gas and liquid mixtures as a function of contact angle θ (c).
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 18 Figure 1.8 Possible mechanisms for liquid film stabilization. From left to right: a monolayer of particles, bilayer of close-packed particles, and network of particle aggregates inside the film.

Figure 1 . 9

 19 Figure 1.9 Schematic illustration of various oxidation reaction in Pickering emulsions. (a) Alkene epoxidation with H 2 O 2 as oxidant agent. (b) Aerobic oxidation of alcohols with O 2 as oxidant agent. (c) Desulfurization of sulfide compounds with H 2 O 2 as oxidant agent. (d) Photodegradation in Pickering emulsion with H 2 O 2 as oxidant agent.
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 110 Figure 1.10 Principle of PIC system on O 2 /water stabilized foams by surface-active Au/SiO 2 NPs for alcohol oxidation at 50 °C and 2 bar O 2 pressure. 278

  Tian et al. and Bormashenko and co-workers promoted gas reactions in dry water driven by the permeability of the porous powder shells.[281][282][283] an application of liquid marbles as microreactors for biological reactions and diagnostics. 284 Furthermore, liquid marbles have been proposed for synthesis, self-assembly and charge transfer driven by electrochemical reactions between liquid marbles containing electrolyte solutions (i.e. Daniel cell liquid marbles).[285][286][287] polyperoxides by radical alternating copolymerization of 1,3 diene monomers using O 2 marbles.288 In all the aforementioned examples, the solid particles help stabilizing the liquid marbles, but do not provide an intrinsic catalytic activity.Examples of interfacially catalyzed reactions for liquid marbles under the PIC principle are very scarce and focus mainly on oxidation reactions.Miao et al. showed that Ag-nanowire catalytic water marbles could act as interfacial catalysts for the reduction of methylene blue using NaBH 4 .289 Gao et al. prepared graphene water marbles with displaying a rapid photothermal behavior for methylene blue degradation while keeping an excellent mechanical robustness.290 Finally, Carter et al. prepared water marbles stabilized by hydrophobized silica combined with Ru/Al 2 O 3 particles (Figure1.11).291 The system catalyzed efficiently the hydrogenation of maleic acid at 70 °C under a 20-bar H 2 atmosphere at the G-L-S interface without apparent alteration of the marble stability.

Figure 1 . 11

 111 Figure 1.11 Principle of PIC system on water marbles stabilized by hydrophobized silica combined with Ru/Al 2 O 3 NPs for the hydrogenation of maleic acid at 70 °C at 20 bar H 2 pressure.

  ) by the hydrolytic condensation of RSiY 3 (Y = Cl, OMe, OEt, etc.), or (2) by the controlled cleavage of completely condensed POSS in the presence of strong acids bases. A facile and rapid preparation of three incompletely condensed POSS included (i-C 4 H 9 ) 7 Si 7 O 9 (OH) 3 , (i-C 8 H 17 ) 7 Si 7 O 9 (OH) 3 and (C 6 H 5 ) 7 Si 7 O 9 (OH) 3 is demonstrated by this three-step approach: 311 hydrolysis, polycondensation, and neutralization of RSi(OEt) 3 .
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 112 Figure 1.12 Synthesis route of T 7 -POSS.
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 32 Figure 3.2 HR-TEM micrographs of Pd@SiNP_F 17(1-4), Pd@SiNP_F 17(1-8), Pd@SiNP_F 17(1- 16) and Pd@SiNP_C 8(1-4) particles.
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 33 Figure 3.3 XPS spectra of Pd 3d and K 2p / C 1s core levels for Pd@SiNP_F 17(1-4), Pd@SiNP_F 17(1-8), Pd@SiNP_F 17(1-16) and Pd@SiNP_C 8(1-4) particles.
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 34 Figure 3.4 FT-IR spectra of the different catalysts.
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 35 Figure 3.5 TGA profiles of SiNP_F 17(1-4), SiNP_F 17(1-8), SiNP_F 17(1-16), Pd@SiNP_F 17(1-4), Pd@SiNP_F 17(1-8) and Pd@SiNP_F 17(1-16) particles.

Figure 3 . 6

 36 Figure 3.6 TGA profiles of SiNP_C 8(1-4) and Pd@SiNP_C 8(1-4) particles.

  F and 13 C NMR MAS before and after Pd impregnation (Figure 3.7-3.9). The 29 Si NMR MAS spectra exhibit an intense Q 3 resonance band at -99.3 ppm ascribed to Si-OH groups (Figure 3.7). A small Q 2 band is also visible at -91.0 ppm revealing the presence of geminal HO-Si-OH groups. The T-region of the spectra is characterized by a sharp T 3 band at -66.6 ppm and a smaller band at -56.8 ppm that are indicative of tripopodal and dipodal moieties on silica, respectively. The 19 F NMR MAS spectra display neat signals belonging to the fluorinated chains (Figure 3.8).
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 38 Figure 3.819 F NMR spectra of SiNP_F 17(1-4) and Pd@SiNP_F 17(1-4) particles.
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 3 Figure 3.10 (a) Optical images of the BnOH/Xylene (1:1 v/v) system stabilized by 1wt%Pd@SiNP_F 17(1-4) as a function of stirring rate at 80 °C and 1 h. (b) Aerobic oxi-dation of BnOH over Pd@SiNP_C 8(1-4) and Pd@SiNP_F 17(1-4). Reaction conditions: 0.9 mL BnOH, 0.9 mL xylene, 1 bar air, 1 wt% particles, 1500 rpm, 80 °C, 1 h. (c) Zoom in optical image of BnOH/Xylene (1:1 v/v) system stabilized by 1wt% Pd@SiNP_F 17(1-4) at 1500 rpm, 80 °C, 1 h. (d) Microscopic image of BnOH/Xylene (1:1 v/v) system stabilized by 1wt% Pd@SiNP_F 17(1-4) at 1500 rpm, 80 °C, 1 h.
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 3 Figure 3.14 (a) BnAH yield and TON as a function of the particle concentration for the aerobic oxidation of BnOH over Pd@SiNP_C 8(1-4) and Pd@SiNP_F 17(1-4). Reaction conditions: 0.9 mL BnOH, 0.9 mL xylene, 1 bar air, 1500 rpm, 80 °C, 1 h. (b) Schematic representation of catalysis in particle-stabilized non-aqueous foam system in air. (c) Average bubble size and foam height at variable Pd@SiNP_F 17(1-4) particle concentration at 80 °C. (d) Time-evolution of the foam height for foam produced with Pd@SiNP_F 17(1-4) at 80 °C.

Figure 3 . 15

 315 Figure 3.15 Macroscopic appearance of BnOH / Xylene foams stabilized by Pd@SiNP_F 17(1-4) particles at variable particle loadings after reaction at (a) room temperature and (b) 80 °C. Conditions: 0.9 mL BnOH, 0.9 mL xylene, room temperature, 1500 rpm, 1 h.

Figure 3 . 18

 318 Figure 3.18 Macroscopic appearance of BnOH / Xylene foams stabilized by Pd@SiNP_F 17(1-4) particles at room temperature after stirring at variable particle loading in the range 0.5-4 wt%. Conditions: 0.9 mL BnOH, 0.9 mL xylene, room temperature, 1500 rpm, 1 h.

Figure 3 . 19

 319 Figure 3.19 Microscopic appearance of BnOH / Xylene foams stabilized by Pd@SiNP_F 17(1-4) particles at room temperature after stirring at variable particle loading in the range 0.5-4 wt%. Conditions: 0.9 mL BnOH, 0.9 mL xylene, room temperature, 1500 rpm, 1 h.

Figure 3 .

 3 Figure 3.21 (a) Interfacial contact angle and foam height as a function of the BnOH concentration over Pd@SiNP_C 8(1-4), Pd@SiNP_F 17(1-4), Pd@SiNP_F 17(1-8) and Pd@SiNP_ F 17(1-16) particles. (b) BnAH yield and TON after 1 h in the aerobic oxidation of BnOH over Pd@SiNP_C 8(1-4), Pd@SiNP_F 17(1-4), Pd@SiNP_F 17(1-8) and Pd@SiNP_ F 17(1-16) particles in BnOH/Xylene mixtures at variable BnOH/Xylene volume ratios. Reaction conditions: 1.8 mL total liquid volume, 1 wt% particles, 1 bar air, 1500 rpm, 80 °C, 1 h.

Figure 3 . 22

 322 Figure 3.22 Macroscopic appearance of BnOH / Xylene foams with various BnOH / xylene volume ratios stabilized by Pd@SiNP_F 17 (1-4) after stirring. Conditions: 1.8 mL total volume, 80 °C, 1500 rpm, 1 h.

Figure 3 . 23

 323 Figure 3.23 Microscopic appearance of BnOH / Xylene foams with various BnOH / xylene volume ratios stabilized by Pd@SiNP_F 17 (1-4) after stirring. Conditions: 1.8 mL total volume, 80 °C, 1500 rpm, 1 h.

Figure 3 . 24

 324 Figure3.24 Photos and contact angles of liquid drops in air on a pellet of Pd@SiNP_F 17(1-4) particles.

Figure 3 . 25

 325 Figure 3.25 Photos and contact angles of liquid drops in air on a pellet of Pd@SiNP_F 17 (1-8) particles.

Figure 3 .

 3 Figure 3.28 (a) Kinetic profiles for the aerobic oxidation of BnOH over (a) Pd@SiNP_F 17(1-4) and (b) Pd@SiNP_F 17(1-8). Reaction conditions: 0.9 mL BnOH, 0.9 mL xylene, 1wt% particle, 1 bar air, 1500 rpm, 80 °C.

Figure 3 . 29

 329 Figure 3.29 Effect of the solvent on BnOH oxidation over Pd@SiNP_F 17 (1-4) particles. Conditions: 0.3 mL BnOH, 1.5 mL solvent, 1 wt% particles, 80 °C, 1500 rpm, 1 h, 1 bar air.

Figure 3 . 30

 330 Figure 3.30 Macroscopic appearance of BnOH / Solvent foams stabilized by Pd@SiNP_F 17 (1-4) particles at 80 °C for different solvents after stirring. Conditions: 0.3 mL BnOH, 1.5 mL solvent, 1 wt% particles, 80 °C, 1500 rpm, 1 h.

Figure 3 . 31

 331 Figure 3.31 Microscopic appearance of BnOH / DIBK and BnOH / Hexylene glycol foams stabilized by Pd@SiNP_F 17 (1-4) particles at 80 °C after stirring. Conditions: 0.3 mL BnOH, 1.5 mL solvent, 1 wt% particles, 80 °C, 1500 rpm, 1 h.

22

 22 

Figure 4 . 1

 41 Figure 4.1 29 Si NMR MAS spectra of Ph 7 /F 13 -POSS.

Figure 4 . 2

 42 Figure 4.2 13 C NMR spectra of (A) Ph 7 -POSS and (B) Ph 7 /F 13 -POSS.

Figure 4 .

 4 Figure 4.3 19 F NMR spectra of Ph 7 /F 13 -POSS.

Figure 4 . 4

 44 Figure 4.4 FT-IR of Ph 7 -POSS and Ph 7 /F 13 -POSS.

Figure 4 . 5

 45 Figure 4.5 TGA of (a) Ph 7 -POSS and Ph 7 /F 13 -POSS.

Figure 4 . 6

 46 Figure 4.6 Wide-angle XRD patterns of Ph 7 /F 13 -POSS.

Figure 4 . 7 1

 471 Figure 4.7 DLS particle size distributions (number) of (a) 0.001 wt%, 0.01 wt%, 0.1 wt%, 0.3 wt% and 0.5 wt% Ph 7 /F 13 -POSS dispersed in toluene, (b) 0.001 wt%, 0.01 wt% and 0.1 wt% Ph 7 /F 13 -POSS dispersed in THF, and (c) 0.001 wt%, 0.01 wt% and 0.1 wt% Ph 7 /F 13 -POSS dispersed in benzyl alcohol.

Figure 4 . 8

 48 Figure 4.8 (a) Macroscopic image of foams in (i) benzyl alcohol, (ii) anisole and (iii) toluene stabilized by 0.5 wt% Ph 7 /F 13 -POSS. Liquid volume 2 mL. Effect of the Ph 7 /F 13 -POSS concentration in (b) foam height at time = 0, and (c) foam lifetime. (d) Dynamic surface tension of benzyl alcohol at variable Ph 7 /F 13 -POSS concentration.

Figure 4 . 9

 49 Figure 4.9 Optical images of foams in BnOH, anisole and toluene (2 mL) at room temperature with 0.1-4wt% Ph 7 /F 13 -POSS.

Figure 4 . 10

 410 Figure 4.10 Optical images of foams in different liquids (2 mL) at room temperature with 0.1 wt% Ph 7 /F 13 -POSS.

Figure 4 . 11

 411 Figure 4.11 Foam height in different liquid (2 ml) at room temperature with 2 wt% Pd@SiNP_F 17 (1-4) and (a) Benzyl alcohol, (b) Anisole, (c) Toluene and (d) Dynamic surface tension of the benzyl alcohol at different POSS concentration with 1 wt% Pd@SiNP_F 17(1-4).

Figure 4 . 12

 412 Figure 4.12 Optical image of foams in benzyl alcohol, anisole and toluene (2 mL) at room temperature with 0.1-0.5 wt% Ph 7 /F 13 -POSS and 2 wt% Pd@SiNP_F 17 .

Figure 4 . 13

 413 Figure 4.13 Contact angle of benzyl alcohol, anisole and toluene on a Pd@SiNP_F 17 pellet.

Figure 4 . 14

 414 Figure 4.14 Contact angle of benzyl alcohol, anisole and toluene on a Pd@SiNP_F 17 pellet.

Figure 4 .

 4 15).

Figure 4 . 15

 415 Figure 4.15 Optical images of foams in different liquids (2 mL) at room temperature with 0.1 wt% Ph 7 /F 13 -POSS and 2 wt% Pd@SiNP_F 17 .

Figure 4 . 15

 415 Figure 4.15 To be continued.

Figure 4 .

 4 11a).

Figure 4 .

 4 Figure 4.16 DLS of 1 wt% Pd@SiNP_F 17 (1-4) with 0 wt%, 0.1 wt%, 0.3 wt% and 0.5 wt% Ph 7 /F 13 -POSS dispersed in (a) benzyl alcohol, (b) anisole and (c) toluene.

Figure 4 . 17

 417 Figure 4.17 Optical images of particle dispersion in different liquids (2 mL) at room temperature with 1 wt% Pd@SiNP_F 17 dispersion in benzyl alcohol, anisole and toluene, with (a) 0 wt%, (b) 0.1 wt% and (c) 0.3 wt% Ph 7 /F 13 -POSS.

Figure 4 .

 4 18c, Figure 4.19). Increasing the Ph 7 /F 13 -POSS concentration to 0.25-1.0 wt% results in a lower BAH yield due to foam instability (Figure 4.18c, Figure 4.

Figure 4 .

 4 Figure 4.18 (a) Aerobic oxidation of BnOH over Pd@SiNP_F 17 at variable Ph 7 /F 13 -POSS concentration. Reaction conditions: 1.5 mL BnOH, O 2 flow [10 mL(STP)/min], 2 wt% Pd@SiNP_F 17 , 1500 rpm, 80 °C, 2 h. (b) Aerobic oxidation of BnOH over Pd@SiNP_F 17 at variable Pd@SiNP_F 17 concentration. Reaction conditions: 1.5 mL BnOH, O 2 flow [10 mL(STP) min], 0.1 wt% Ph7/F13-POSS, 1500 rpm, 80 °C, 2 h. (c) Optical images of the foam system after reaction corresponding to (a). (d) Microscopic image of BnOH foam stabilized by 0.1 wt% Ph 7 /F 13 -POSS and 2 wt% Pd@SiNP_F 17 . (e) Fluorescence microscopic image of BnOH foam stabilized by Ph 7 /F 13 -POSS and SiNP_F 17 _RB.

Figure 4 . 19

 419 Figure 4.19 Microscopic appearance of BnOH foam stabilized by 0.05-0.5 wt% Ph/F 13 -POSS and 2 wt% Pd@SiNP_F 17 . Conditions: 1.5 mL, 80 °C, 1500 rpm, 1 h.

Figure 4 . 20

 420 Figure 4.20 Recyclability and reuse of Pd@SiNP_F 17 and Ph 7 /F 13 -POSS for the aerobic oxidation of BnOH over seven consecutive cycles. Reaction conditions: 1.5 mL BnOH, 2 wt% Pd@SiNP_F 17 , 0.1 wt% Ph 7 /F 13 -POSS, O 2 (flow), 1500 rpm, 80 °C, 2 h.

Figure 5 . 1

 51 Figure 5.1 Microfluidic generation of particle-stabilized bubbles. a) Operation principle, b) chip design and high-speed microscopy images. Bubbles are generated in the particle suspension (Q p -5wt% Pd@SiO 2 -F17 in 1-octanol) and the 'bad' solvent (Q s -DMSO) is introduced afterwards. Foams marked with colored dots (on the right) are produced at the conditions marked by corresponding rectangles (on the left). Temperature 80 °C.

Figure 5 . 2

 52 Figure 5.2 Microfluidic generation of particle-stabilized bubbles. a) Operation principle, b) chip design and high-speed microscopy images of bubbles generated at various gas pressures. Bubbles are generated by injecting air (P) in the 'bad' solvent (Q s -DMSO) first and the particle suspension (Q p -5wt% Pd@SiO 2 -F17 in 1-octanol) is introduced afterwards. Temperature 80 °C.

Figure 5 . 3

 53 Figure 5.3 Bubbles shape evolution. Particle dispersion (Qp): Pd@SiO 2 -F17 (5wt% in 1-octanol) is a) the outermost phase and b) middle phase. Solvent phase (Qs) DMSO. Temperature 80 °C.

Figure 5 . 4

 54 Figure 5.4 Direction and trapping of particle-stabilized bubbles by backpressure inversion. a) Microfluidic chip and experimental conditions. b) Design of bubble trap. c) High-speed microscopy images of flow alternation (blue arrows) and bubble trapping (red arrows). Outer phase (Qs) DMSO, middle phase (Qp): Pd@SiO 2 -F17 (5wt% in 1-octanol), temperature 80 °C.

Figure 5 . 5

 55 Figure 5.5 Direction and trapping of particle-stabilized bubbles by counter pressure inversion. a) Microfluidic chip and experimental conditions. b) Design of bubble trap. c) High-speed microscopy images of flow alternation (blue arrows) and bubbles trapping (red circles). Outer phase (Qs) DMSO, middle phase (Qp): Pd@SiO 2 -F17 (5wt% in 1-octanol), temperature 80 °C.

Figure 5 . 6

 56 Figure 5.6 Stop bubble generation. a) Observation chamber image during continuous bubble production and b) Same after liquid flows and gas pressure are set to zero. Outer phase (Qs) -1 mM H 2 DCF-DA and 10 mM t-BuOK in DMSO, middle phase (Qp) -Pd@SiO 2 -F17 (5wt% in 1octanol), inner phase -air. Temperature 80 °C.

Figure 5 . 7

 57 Figure 5.7 Scheme of the catalytic test: two-step formation of 2',7'-dichlorofluorescein (DCF); deesterification of 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCF-DA) promoted by t-BuOK occurs in the bulk solvent, followed by catalytic oxidation of the intermediate product on the surface of a bubble armored with surface-active catalytic particles.

Figure 5 . 8

 58 Figure 5.8 Two-step formation of highly fluorescent 2',7'-dichlorofluorescein (DCF). a) Reaction scheme. b) and c) effect of base concentration and reaction time, respectively, on the deesterification of 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCF-DA).

Figure 5 . 9

 59 Figure 5.9 Catalysis on a particle-stabilized bubble. a) Time-lapses of the H 2 DCF oxidation on the bubbles produced at different particle concentration. b) Sample with 4wt% of particles after 120 s. c) Plots of mean fluorescence intensity across the chip as a function of time. Outer phase (Qs = 150µL/min) -1m M H 2 DCF-DA and 10 mM t-BuOK in DMSO, middle phase (Qp = 150µL/min) -Pd@SiO 2 -F17 (X wt% in 1-octanol), inner phase -air (P = 400 mbar). Temperature 80 °C.

  .10c). Fluorescence of the liquid bulk remains constant, suggesting no photooxidation. The highest reaction rates are observed on clusters of catalytic particles (red spots on the Figure 5.10, bottom right).

Figure 5 . 10

 510 Figure 5.10 Catalysis on a particle-stabilized bubble. a) Fluorescence images of the microfluidic chip after 2 min. I-III) Time-lapse of corresponding chip regions. b) Same as (a) but in the gray scale representation and with busted image brightness to show all bubbles present in the chip. Stable monodisperse bubbles indicated with arrows produce no fluorescent signal. c) Plots of mean fluorescence intensity across the bubble (region I) and in the bulk as a function of time. Outer phase (Qs = 150µL/min): H 2 DCF-DA (1 mM in DMSO), middle phase (Qp = 150µL/min): Pd@SiO 2 -F17 (4wt% in 1-octanol with 10 mM t-BuOK), air pressure P = 400 mbar, temperature 80°C.

  00. FTMS (EI): m/z [M-H] -calcd for: C 7 H 5 O -: 105.0346; found: 105.0332. 1 H NMR spectra

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 . 1

 11 Typical properties of G/L/S macro-and microreactors

			Macroreactors 62,82-87		
	Operation variable	Packed beds	Slurry	Fluidized	Microreactors
		Trickle bed Bubble column	reactors	beds	
	Catalyst loading (%)	50	50	1	50-70	-
	Liquid holdup (%)	5-25	30-40	80	10-30	-
	Gas holdup (%) a	25-45	10-20	20	10-30	-
	Particle size (cat) (mm)	1-5	1-5	0.1-0.5	0.05-0.2	<0.001
	External catalyst area (m -1 ) x100	10	10	5	5	-
	Catalyst effectiveness	<1	<1	1	1	1
	G/L interfacial area (m -1 ) x100	2	2	4	4	150-200
	k L a i (s -1 ) x100	<10	2-12	1-200 b	1-30	300-800
	k S a S (s -1 ) x100	0.01-0.5	0.1-5	0.02-20 b	3-50	>500
	Dissipated power					

2 Materials & Methods 2.1 Materials 2.1.1 Reagents and solventsTable 2 . 1

 21 List of chemical reagents used along this thesis with the corresponding suppliers. All the reagents were used as received without further purification

	Chemical	CAS	Grade	Supplier
	Tetraethyl orthosilicate (TEOS)	78-10-4	98%	Sigma-Aldrich
	1H,1H,2H,2H-			
	perfluorodecyltriethoxysilane	101947-16-4 97 %	Sigma-Aldrich
	(PFDTES)			
	Triethoxy(octyl)silane	2943-75-1	97%	Sigma-Aldrich
	(3-Mercaptopropyl)triethoxysilane			Sigma-Aldrich
	(MPTES)	14814-09-6	>80%	
	3-Aminopropyltriethoxysilane			
	(APTES)	919-30-2	99%	Sigma-Aldrich
	Ammonium hydroxide solution			
	(NH 4 OH)	1336-21-6	28-30%	Sigma-Aldrich
	Anhydrous ethanol	64-17-5	99.9 %	Sigma-Aldrich
	palladium(II) acetate (Pd(OAc) 2 )	3375-31-3	98%	Sigma-Aldrich
	potassium borohydride (KBH 4 )	13762-51-1	98%	Sigma-Aldrich
	Di-Water	7732-18-5	-	Sigma-Aldrich
	Rhodamine B isothiocyanate	36877-69-7	Mixed isomers Sigma-Aldrich
	Benzyl alcohol(BnOH)	100-51-6	>99%	Sigma-Aldrich
	Xylenes	1330-20-7	Reagent grade	Sigma-Aldrich
	Acetone	67-64-1	99.5 %	Sigma-Aldrich
	Diisobutyl ketone(DIKB)	108-83-8	>90%	Sigma-Aldrich
	Dodecane	112-40-3	99.99 %	Sigma-Aldrich
	Isopropanol	67-63-0	98 %	Sigma-Aldrich
	Hexylene glycol	107-41-5	99 %	Sigma-Aldrich
	Methanol	67-56-1	≥ 99 %	Sigma-Aldrich
	Dimethyl sulfoxide (DMSO)	67-68-5	99.9 %	Sigma-Aldrich
	N,N-Dimethylformamide	68-12-2	98 %	Sigma-Aldrich
	4-Methylbenzyl alcohol	589-18-4	98 %	Sigma-Aldrich
	4-Methylbenzaldehyde	104-87-0	97 %	Sigma-Aldrich
	1-Phenylethanol	98-85-1	98 %	Sigma-Aldrich
	Tetrahydrofuran (THF)	109-99-9	98 %	Sigma-Aldrich
	Acetophenone	98-86-2	99%	Sigma-Aldrich
	Vanillin	121-33-5	99 %	Sigma-Aldrich
	1-Butanol	71-36-3	≥ 99 %	Sigma-Aldrich
	Vanillyl alcohol	498-00-0	≥ 98 %	Sigma-Aldrich
	Cinnamyl alcohol	104-54-1	98 %	Sigma-Aldrich
	Cinnamaldehyde	104-55-2	≥ 95 %	Sigma-Aldrich
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 21 To be continued

	Chemical	CAS	Grade	Supplier
	Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (PFOCTS)	78560-45-9	97%	Sigma-Aldrich
	Sodium hydroxide pellets (NaOH)	1310-73-2	99%	Sigma-Aldrich
	Triethoxy(isobutyl)silane	17980-47-1	≥ 95%	Sigma-Aldrich
	Acetonitrile	75-05-8	99.8%	Sigma-Aldrich
	Anisole	100-66-3	99.7%	Sigma-Aldrich
	Cyclohexanol	108-93-0	99%	Sigma-Aldrich
	Cyclohexanone	108-94-1	99%	Sigma-Aldrich
	Chloroform	67-66-3	99%	Sigma-Aldrich
	Dichloromethane	75-09-2	99.8%	Sigma-Aldrich
	Isopropyl Benzene (Cumene)	98-82-8	98%	Sigma-Aldrich
	1,4-Dioxane	123-91-1	99.8%	Sigma-Aldrich
	Hexadecane	544-76-3	99%	Sigma-Aldrich
	Benzaldehyde Dimethyl Acetal	1125-88-8	99%	Sigma-Aldrich
	Dimethyl Adipate	211-020-6	99%	Sigma-Aldrich
	Aniline	62-53-3	≥99.5%	Sigma-Aldrich
	1,5-Dichloropentane	628-76-2	99%	Sigma-Aldrich
	Octyl Octanoate	2306-88-9	≥ 99.8%	Sigma-Aldrich
	1-Dodecanethiol	112-55-0	98%	Sigma-Aldrich
	1,3-Propanediol	504-63-2	98%	Sigma-Aldrich
	Octanoic Acid	124-07-2	≥99%	Sigma-Aldrich
	Benzylamine	100-46-9	99%	Sigma-Aldrich
	Iodobenzene	591-50-4	98%	Sigma-Aldrich
	2-Bromotoluene	95-46-5	99%	Sigma-Aldrich
	Morpholine	110-91-8	99%	Sigma-Aldrich
	N-Methyl-2-Pyrrolidone (NMP)	872-50-4	99.5%	Sigma-Aldrich
	Octane	111-65-9	99%	Sigma-Aldrich
	Cyclohexane	110-82-7	99.5%	Sigma-Aldrich
	Diethyl Oxalate	95-92-1	99%	Sigma-Aldrich
	3-Methyl-Butanol	123-51-3	99%	Sigma-Aldrich
	Dipentene (Dl-Limonene)	138-86-3	97%	Sigma-Aldrich
	1-Octanol	111-87-5	99%	Sigma-Aldrich
	2',7'-Dichlorodihydrofluorescein	4091-99-0	97%	Sigma-Aldrich
	diacetate (H 2 DCF-DA)			
	Toluene	108-88-3	98 %	Sigma-Aldrich
	1,8-Diazabicyclo[5.4.0]undec-7-	6674-22-2	99.8%	Sigma-Aldrich
	ene (DBU)			

Table 3 . 1

 31 Main properties of catalytic particles

	Catalyst	Pd content (wt%) a	F content (wt%) b	D Silica (nm) c	D Pd (nm) c	Contact angle (°) d Xylene BnOH
	Pd@SiNP_F 17 (1-4)	1.33	33	364	3.6 (41%)	53.9	95.9
	Pd@SiNP_F 17 (1-8)	1.49	25	289	6.8 (22%)	30.3	69.9
	Pd@SiNP_F 17 (1-16)	1.78	15	304	5.1 (29%)	11.7	53.2
	Pd@SiNP_C 8 (1-4)	0.82	-	244	2.9 (50%)	< 10	27.3

a Measured by ICP-OES; b Measured by TGA; c Measured by HR-TEM, metal dispersions is indicated in parentheses; d Measured by a Biolin optical tensiometer.

Table 3 . 2

 32 Catalytic results for BnOH oxidation in O 2 flow a Reaction condition: 0.9 mL BnOH, 0.9 mL xylene, 1 wt% catalyst, 1500 rpm, 1 h, O 2 flow rate [20 ml(STP)/min].

	Catalyst	T /°C	t /h	Pd/ eq% e	System	Yield /%	TON /mol BnAH / mol Pd surf
	Pd@SiNP_F 17 (1-4)	80	1	0.026	Foam	48	4502
	Pd@SiNP_C 8 (1-4)	80	1	0.016	Non-foam	6.4	

a b O 2 flow rate [10 mL(STP)/min]. c O 2 flow rate [100 mL(STP)/min]. d Reaction in dodecane. e Pd amount in the reactor with respect to BnOH Figure 3.32 Macroscopic appearance of BnOH / Solvent foams stabilized by Pd@SiNP_F 17

Table 3 . 3

 33 Substrate scope expansion for catalytic tests in O 2 flow a

	Reactant	Catalyst	T/°C	Solvent	System	t/h	Yield/%
		Pd@SiNP_F 17 (1-4)	80	Xylene	Foam	1	7.1
		Pd@SiNP_F 17 (1-4)	100	Xylene	Foam	1	22
		Pd@SiNP_C 8 (1-4)	100	Xylene	Non-foam	1	3.5
		Pd@SiNP_F 17 (1-4)	120	Xylene	Foam	1	50
		Pd@SiNP_C 8 (1-4)	120	Xylene	Non-foam	1	6.9
		Pd@SiNP_F 17 (1-4)	120	Dodecane	Foam	1	48
		Pd@SiNP_C 8 (1-4)	120	Dodecane	Non-foam	1	7.1
		Pd@SiNP_F 17 (1-4)	110	Xylene	Foam	1	>99
		Pd@SiNP_C 8 (1-4)	110	Xylene	Non-foam	1	12
		Pd@SiNP_F 17 (1-4)	80	Xylene	Foam	1	31
		Pd@SiNP_C 8 (1-4)	100	Xylene	Non-foam	2	26

Table 4 . 1

 41 Properties of solvents used in this study.

	Solvent	Surface tension (mN/m)	Foam
	Acetone	23.3	0
	Acetophenone	39	1
	Acetonitrile	29.29	1
	Toluene	28	1
	Anisole	36	1
	Cyclohexanol	32.92	1
	Cyclohexanone	35.05	1
	Chloroform	26.67	1
	Dichloromethane	26.5	1
	Tetrahydrofunan	26.4	1
	1,4-Dioxane	33	1
	Hexadecane	27.47	0
	Dodecane	27	0
	Dimethyl Sulfoxide	43	1
	Dimethylformamide	37.1	1
	1,5 Dichloropentane	35.81	1
	Octyl Octanoate	31	1
	1-Dodecanethiol	30	1
	1,3-Propanediol	46.2	0
	Octanoic Acid	23.7	1
	Ethanol	21.97	0
	Iodobenzene	39.7	1
	2-Bromotoluene	34.4	1
	(DIBK)	23	0
	Benzyl Alcohol	39	1
	Octane	21.61	0
	Cyclohexane	24.95	1
	Propanol	23.7	0
	3-Methyl-Butanol	24.77	0
	Cumene	27.69	1
	Benzaldehyde Dimethyl Acetal	31.8	1
	2'-Methoxyacetophenone	33.6	1
	Dimethyl Adipate	35.86	1
	Aniline	43.4	1
	Benzyl Amine	38.82	1
	Morpholine	37.5	1
	N-Methyl-2-Pyrrolidone (NMP)	40.7	1
	Diethyl Oxalate	32.1	1
	Dipentene (Dl-Limonene)	26	1

3 Foaming test over Ph 7 /F 13 POSS and Pd@SiNP_F 17 (1-4) in benzyl alcohol, anisole and toluene

  

General Conclusion & PerspectivesGeneral Conclusions & Perspectives

C NMR spectra: MS spectra: P-tolualdehyde1 H NMR (400 MHz, CDCl 3 ) δ 9.82 (s, 1H), 7.67-7.60 (m, 2H), 7.22-7.15 (m, 2H), 2.31 -2.26 (m, 3H).13 C NMR (100 MHz, CDCl 3 ) δ 191.92, 

145.51, 134.20, 129.80, 129.69, 21.81. FTMS (EI): m/z [M-H] - calcd for: C 8 H 7 O -: 119.0502; found: 119.0492.

H NMR spectra

C NMR spectra:MS spectra:
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CHAPTER 3 Pickering Interfacial Catalysis for Aerobic Alcohol

Oxidation in Oil Foams

the yield without Ph 7 /F 13 -POSS is only 12%. 

Conclusions

In summary, we prepared oil foams stabilized by a dual particle system combining surfaceactive catalytic orga-nosilica particles, used as stabilizers, and anisotropic polyhedral oligomeric silsesquioxanes (POSS), used as frother. Both the foamability and foam stability in benzyl alcohol are promoted in the presence of a low concentration of POSS, favoring the dispersion of cata-lytic organosilica particles. As a result, the catalytic acti-vity is drastically enhanced in the presence of POSS with 9-time increase of the benzaldehyde yield in the oxida-tion of benzyl alcohol in pure O2 compared to a catalytic test in absence of POSS. Intermediate foam stability, affording high gas exchange rate, was required to achieve high catalytic activity. Particles were conveniently recycled with high foamability and catalytic efficiency maintained for at least 7 consecutive runs. The dual particle catalytic system was successfully applied to a scope of aromatic alcohols, demonstrating the versatility of our approach.

Appendix A: Supplementary Information for Chapter 3 A1. XPS Figure A1 XPS survey spectrum of (a) Pd@SiNP_F 17 (1-4), (b) Pd@SiNP_F 17 (1-8), (c) Pd@SiNP_F 17 (1-16) and (d) Pd@SiNP_C 8 (1-4) particles.

A2. HAADF-STEM images and elemental mapping images of particles

Figure A2 (a) HAADF-STEM images of Pd@SiNP_F 17 (1-4), elemental mapping images for (b) 3.98 (s, 3H). 13 C NMR (100 MHz, CDCl 3 ) δ 190. 97, 151.74, 147.19, 129.87, 127.57, 114.42, 108.81, 56.13