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"Water Soluble" Palladium Nanoparticle Engineering for C-C Coupling, Reduction and Cyclization Catalysis
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The use of Pd nanoparticles (Pd-NPs) to realize several important organic reactions allows efficient catalysis with low metal loading (<1000 ppm), hence providing a greener catalytic system. However, to be truly green Pd-NPs need to be synthesized in a sustainable manner and be able to react in aqueous media in order to avoid the use of organic solvents.

Here we describe an original and eco-friendly synthesis of Pd-NPs (using benign reactants and simple conditions) perfectly stable in water. Remarkably, this synthesis allows for control over their size and morphology by simply tuning the pH of the stabilizer. We then evaluate the catalytic efficiency of these Pd-NPs on six different model reactions (Suzuki Miyaura, Sonogashira, Heck, nitrophenol reduction and pentynoic cycloisomerization) in aqueous media. We show that the stabilizer structure influences the activity owing to its ability to promote the mass transfer of the organic substrates towards the NP surface in the aqueous environment. Finally, catalytic evaluations show that our nano-catalysts prepared in an ecofriendly manner are among the best catalysts described so far in the literature in each case, with high turnover frequencies reached with a low loading of palladium.
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GENERAL INTRODUCTION

The development of Green Chemistry corresponds to the development of clean processes that are more environmentally friendly. Catalysis is one of the twelve principles of Green Chemistry described by Anastas and Warner as a guiding framework for chemists [1],

and it plays an essential role among the major principles of Green Chemistry. To be more respectful to the environment, chemical industries tend to replace stoichiometric reactions with catalytic reactions (heterogeneous, homogeneous, or enzymatic) using sustainable catalysts with high activity, stability, selectivity, and important recyclability [2]. The main role of catalysts is to accelerate the chemical reactions by decreasing the energy barrier "activation energy" of their transition states and increasing the selectivity toward specific products by targeting a reaction pathway. Hence, 90% of the chemical processes in the world use catalysts in at least one of their stages (80% of catalytic reactions use heterogeneous catalysts and 20% use homogeneous catalysts). This number is regularly rising to satisfy the increasing request for sustainable processes. The use of nanomaterials for catalysis is currently of great interest to meet the objectives of producing molecules of interest and/or treating waste to comply with environmental standards. During the recent years, nanocatalysis has become the subject of sustained research activities as its implementation in the mature industrial processes reflecting a growth in the number of patents for example, the Fisher Tropsh and Haber Bosh Processes.

In parallel, intending to intensify catalytic reactions while improving their safety, continuous flow catalysis is another area of important innovation. Therefore, the development of scalable continuous flow methodology utilizing heterogeneous nanocatalyst is an area of crucial importance. Understanding the coupling of the intrinsic reaction kinetics with mass-and heattransfer phenomena is necessary to optimize the large-scale reaction design. There is therefore a clear need to develop processes on a large scale and this will be done in several stages:

• Determination and validation of the kinetic model governing the transformation

• Continuous flow transmission and selection of the most appropriate reactor type to facilitate the implementation of the catalyst and maximize primary product efficiency and selectivity

• Development of a method for retaining or recycling the nanocatalyst in order to remedy the major disadvantage of nanocatalysis (difficulty in separating the catalyst from the reaction products)

• Extrapolation (scale-up) of the process to an industrial scale Our work is fully in line with this approach. In this context, the purpose of this research work is to:

1) prepare the highly stable Pd NPs in water with greener methods, and study their ability to catalyse model reactions such as C-C coupling and reduction reactions. The first chapter summarizes the origins of nanocatalysis and describes briefly the main types of catalysts. A review of the literature on different synthesis methodologies and stabilization of mNPs will be discussed. We will then describe more precisely the Pd NPs, their synthesis and their stabilization as well as the catalytic model reaction to test the metal NPs performance.

Later we will discuss different continuous flow microreactor configurations and their application in nanocatalysis. Finally, we will discuss their use for the valorization of biomass derivatives, more precisely for reductive etherification of furfural into high-value chemical "Furfuryl ethers".

The following chapters represent the results of this thesis work as they correspond to 4 articles, in which three of them were accepted in peer review journals and the latter being in preparation prior submission.

Chapter II will describe an original and eco-friendly synthesis of Pd NPs with control of size and form by using microwaves under benign and green conditions (biocompatible reductants and nontoxic stabilizers, in 30 min, 80°C, in water under air). For the first time, phosphonic acids have been used as stabilizers for catalytic Pd NPs. We will justify that the reason behind the nature of the coating is to provide molecules capable of stabilizing the Pd NPs in the water media and to create a lipophilic atmosphere around the nanoparticle that will cause organic reactions in the water to be carried out. The catalytic efficiency of these Pd NPs has been evaluated on six separate model reactions (Suzuki Miyaura, Sonogashira, Heck, nitrophenol reduction and pentynoic cycloisomerization) in aqueous media. Additionally, catalytic evaluation results were compared to the various catalysts described so far in the literature.

Chapter In the last part, there will be the illustration of the general conclusion and the perspectives of the present work.

Chapter 1: Introduction Historically, the concept of catalysis was invented by the Scottish chemist Elizabeth Fulhame in 1794, who described catalysis as a process at length in her book. In addition, the Swedish chemist Berzelius presented the word "catalysis" in 1836, when he observed the progress of chemical reactions in contact with additional species that are not part of the reaction products [3]. From this, the initiation of model catalysts "metal surfaces" and the understanding of catalytic processes at a molecular level have been shown [4]. Most of the catalysts that are used nowadays were discovered accidentally while shaking and baking ceramics and multiple metals to get at the end the same results and effects of those catalysts on reactions and product distributions.

The origin of nanocatalysis concept was discussed by several researchers to clarify if this science is new or it is simply a fancy version of previously known catalysis. Since the 1950s, the concept of nanocatalysis was known when the word nanotechnology was unknown [5,6].

The surprising discovery of Haruta in 1986 is when he observed that the gold catalyst at the nanoscale (< 10 nm) has an extraordinary catalytic activity for the oxidation of carbon monoxide and hydrogen at low temperatures while it is not active in its bulk state [7][8][9]. After this discovery, a very ancient classical idea that chemists think about gold as inert metal towards chemical reaction has been completely changed to give another opportunity of using gold as a nanocatalyst.

At the end of the 1990s, the approach of nanocatalysis has become one of the most thrilling subfields of catalysis.

A bridge between heterogeneous and homogeneous catalysis

The field of nanocatalysis is considered at the interface between homogeneous and heterogeneous catalysis. Such nanocatalysis consists of an inorganic part "nanoparticle" that is active in catalysis and an organic part that stabilizes and functionalizes the latter. Through the organic part, the NPs can be stabilized in a given medium and avoid aggregation. It can also be used to introduce selectivity in the catalytic reaction. Figure1.1 represents the basic difference between nanocatalysis "nanoscale material" and bulk catalysis (both homogeneous and heterogeneous catalysis). Nanocatalysts are comparable to both homogeneous catalysts since they are active at the atomic level with more catalytic interactions and to heterogeneous catalysts since they are more easily separable from the reaction products, which in turn reduces the effort of the product isolation step. The nanocatalysts solution is a colloidal solution, i.e., a dispersion of a finely divided metallic solid phase (NPs <100 nm) in a solvent. Due to their nanosized, the surface area of the active sites was dramatically increased, which results in improving the contact between catalyst and reactants at the nanoscale.

The structure of nanocatalysts varies in shape, size, and morphology (alloy, core-shell type, or use of supports); it impacts the catalytic activity and selectivity toward the target product. Moreover, the specific activity of nanocatalysts is due to a very small unique size in the nano dimension that can afford more catalytic interactions in the nanoscale area compared to the bulk or non-nanomaterials catalysts [10]. Upon this, their use has been recently increasing at the level of chemical manufacturing for energy conversion. Consequently, nanocatalysis can be considered as sustainable alternatives to conventional catalysts since they have strong and high surface-area as well they are considered as heterogeneous catalysts [11][12][13][14]. This improvement allows them to interact easily with the reactants and helps to attain a better reaction rate that is closer to homogeneous catalysts (Figure1.2). Furthermore, tailoring the physical and chemical properties of nanocatalyst such as size, shape, morphology, and composition to increase the activity and selectivity for a specific catalytic application is achievable when working at the nano level. However, wide range of nanocatalysts were synthesized with controlled physical and chemical properties using rapidly advanced nanotechnology [15].

A chemist can design nanocatalysts with high activity, selectivity, and stability, if only they understood how synthesis parameters can affect the physical properties of nanocatalysts which in turn affect their catalytic activity. Currently, several researchers have begun to create materials into a nanosize to use the benefits of their enhanced physicochemical properties and optoelectronic, which are related to the size and shape of NPs [16].

Two major challenges are faced by researchers, the first one is related to the synthesis of specific nanocatalysts with the highest control over shape, size, and morphologies to manipulate their chemical and physical properties and to improve their performance in a particular reaction [17][18][19], the second one is to figure out how the atomic structures and compositions of nanocatalysts affect catalytic reaction performance. All these features will permit industrial chemical processes to become more effective, generate less waste, and consume less energy which reduces the environmental impact caused by these processes [20][21][22].

Nanoparticles

Definitions and Uses

The fascinating properties of NPs have been used for centuries without awareness of the origin of their properties. We are indeed at the nano-age, and nanoscience is absolutely new, but there is a delusion about the century or age of NPs discovery. Indeed, nowadays we got to know more the concepts and theories of NPs that were behind the inventions and developments of all the beautiful art works that were performed by the artists of the previous centuries. In fact, the term "nano" originates from the Greek word "nanus", meaning dwarf, and means a dimension on the scale of one-billionth (10 -9 ) of a meter in size [23] and the Lycurgus cup is considered as one of the classical examples of NPs uses. Moreover, the iron NPs is another example of the NPs which existed in the Haber-Bosch process for ammonia synthesis [24].

In 2011, the European Commission came out with a particular definition of the term nanomaterial: "nanomaterials means a natural, incidental or manufactured material containing particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50% or more of the particles in the number size distribution, one or more external dimensions is in the size range 1-100 nm" [21]. They are formed by gathering atom clusters at the nanometer scale and they possess particular physicochemical and optoelectronic properties.

Nowadays, NPs are used in almost every aspect of our daily lives, including cosmetics, medical services [25], nanoscale electronics, environment, fuel cells, energy, as well as in industrial processes such as catalysis [26]. Thus, the use of NPs as a catalyst is not an actual novelty, but nowadays our capacity to understand the catalytic activity and characterization of the NPs has been improved.

Nanoparticle synthesis

In recent years, there have been immense advances in nanomaterials and NPs synthesis methodologies with a particular shape, size, and characteristics [27] for specific applications.

The main challenge of nanochemistry is the synthesis of stabilized NPs in a given media.

Several approaches have been developed for the large-scale synthesis of NPs in two main approaches i.e., top-down technologies (decomposition of bulk material) and bottom-up technologies (building up the NPs atom by atom) [28]. These methods could be performed via physical or chemical processes. Figure 1.3 summarizes these two main methods used for the synthesis of mNPs. In the top-down technologies, the decomposition of bulk material into the desired size of NPs was synthesized through controlled methods such as chemical etching [29], lithography [30], thermolysis [31], laser ablation [32], pyrolysis [33], etc. These synthetic procedures generally need a senior scientist to carry out the synthesis and need high amount of energy consumption (high pressure and temperature conditions) during the processes [29,34]. They are also considered as labor-intensive, expensive methods and probably dangerous to the environment.

Thus, there is an evident crucial need for another green synthesis, low cost, safe, and environmentally robust technologies for nanoparticle production [35]. To the best of our knowledge, no uniform and consistent synthesis methods for all mNPs has been discovered.

However, the most often reported methods focus on a bottom-up strategy. The principle of these approaches is the self-assembly of molecules, atoms, or clusters to get something bigger which is called nanosized materials. Some popular methods for bottom-up technologies are chemical [36,37], electrochemical [38], and sonochemical [39]. The chemical method is the most efficient technique to produce NPs at low cost [40] even having some drawbacks such as using toxic chemicals and stabilizing agents which limited their utilization in the biomedical area.

In our case, we are more interested in the chemical method to synthesis Pd NPs.

Subsequently, we are going to introduce and discuss some relevant Pd NPs which were synthesized by the chemical method from literature.

Nanoparticle stabilization

Generally, NPs are thermodynamically unstable due to many factors that affect their stability. The two predominant theories in colloid science are the classical Derjaguin-Landau-Verwey-Overbeak (DLVO) theory of aggregation and the extended DLVO (XDLVO).

In the 1940s, the theory was established by Derjaguin, Landau, Verwey and Overbeek [41]. Various forces of different natures and origins control the kinetics and the extent of nanoparticle aggregation and stabilization. However, the properties of NPs pose a combination of challenges which these two theories face including the size, structure, shape, composition, and adsorbed or grafted organic macromolecules. The DLVO theory is the most commonly used to describe the thermodynamic interactions between two NPs in a suspension. It simplifies thermodynamic surface interactions and anticipates the probability of two particles attaching together by simply summing van der Waals and electric double-layer potentials to determine if forces are net attractive or net repulsive. The extended DLVO (XDLVO) add additional forces to predict the aggregation behaviour of NPs. As an example, adsorbed polymer or polyelectrolyte coatings or natural organic matter (NOM) causes steric repulsion forces [42].

Therefore, mNPs need to be stabilized by sorption of molecules from the surroundings or by lowering the surface area through agglomeration and coagulation. There are three concepts for the stabilization of metal NPs to avoid agglomeration [43] :

electrostatic (adsorbed anions such as chloride or citrate), steric (organic ligands, surfactant, polymers and dendrimers) and their combination electrosteric (ionic liquid or charged polymers eg: polyelectrolytes) repulsive forces are illustrated in Figure 1.4. These three conceptions of NPs stabilization will be summarized below with some examples from the literature. (1.7 to 3 nm) [44]. The use of a three-dimensional nanoscale molecule such as dendrimers, to stabilize the NPs can also be achieved by the steric repulsion. Dendrimers have structures that are well-defined on the molecular level with a polydispersity of 1, unlike polymers [45]. Two families of dendrimer poly(amidoamine) PAMAM and poly(propylene imine) PPI have been widely used to synthesis many mNPs such as PAMAM dendrimer -Pd and Pt NPs [46]. The mNPs are usually located and stabilized at the internal cavities of dendrimers, and the periphery allows solubility in organic or aqueous media [47,48]. For example, the PAMAM dendrimer -PdNPs has high catalytic activity in the hydrogenation of alkenes such as allylic alcohol and Nisopropyl acrylamide in water [49].

The electrosteric stabilization is a combination of both electrostatic and steric stabilization of NPs by using bulky and well charged adsorbents rather than a neutral one. In fact, many examples are reported in literature about electrosteric stabilization of metal NPs.

Stabilization of the surface NPs which are slightly electropositive is done by tetrabutylammonium chloride [50]. The first layer consists of chloride ions (anions) and the second layer contains ammonium groups that are positively charged. In addition, the charged polymers such as polyelectrolytes [51] are also used for stabilization of many kinds of metal NPs [52][53][54][55][56] as well as organic micelles [57,58] and titanium dioxide NPs [59].

Palladium nanoparticles

Applications

At present, the ''silvery-white metal'' has a higher price than gold due to its high demand from the global market and especially the automotive industry. Nowadays, many chemical reactions and industrial processes use palladium as a key catalyst. It serves as the main catalyst in the automobile industry for the low-temperature reduction of harmful gases (NOx, CO) released by the car exhaust [60]. It is also used for C-C coupling reactions [61],

hydrogen storage [62], sensing of hydrogen gas [63], and many other applications. As well, there is a diverse synthetic method to develop Pd NPs with variety of shapes and sizes to maximize their values [64]. The preparation of stable Pd NPs has gained much attention during the last decades. This interest in Pd NPs can be quantitatively confirmed by the exponential increase in the number of publications (Figure 1.5). 

Stabilizers for Pd nanoparticles

There are many kinds of stabilizers in the literature that are used to stabilize Pd NPs and ligands are a form among these types of stabilizers. In general, the stabilizers are added during the formation of the NPs, which control the growth kinetics and the particle size, shape, and stability. Moreover, the organic ligands are precisely attractive as the strength and types of interactions between the stabilizer and the surface of metal NPs can be finely tuned by the use of appropriate stabilizer design [65,66]. Furthermore, the ligands contain heteroatoms that strongly link to the surface of the NPs for stabilization and an organic chain that avoids agglomeration. The most commonly used ligands are sulfur, phosphine, and nitrogen-based ligands. Different types of ligands will be discussed briefly here with some examples from the literature.

Sulfur-based ligands

Mainly, the use of sulfur-based ligands such as thiol dominates the literature due to the strong interaction between the sulfur-based donors and platinum group metals producing a highly stable nanoparticle. Nr.

of publications Year

Many variations of chain lengths of the protecting alkanethiol ligands were used to stabilize Pd NPs [67,68]. The synthesis of alkanethiolate-protected Pd NPs can be done via different methodologies including the Brust methodology in a biphasic system.

In general, tetrachloropalladate salt is initially phase transferred from an aqueous to an organic phase by adding a long-chain ammonium salt. Before reduction, the alkanethiol ligand is then added to the organic solution.

This methodology is considered as an excellent preparative technique for the production of stable alkanethiolate-protected NPs [67]. Dodecanethiol has been used for the production of highly active Pd NPs supported on carbon nanotubes and nanofilaments [68], and other sulfurbased ligands such as thioester [69] and thioether [70] were used. Both ligands are weaker than thiols in terms of interaction with the metal surface due to the incapability to form thiolates (anionic species) as thiols ligands.

Phosphine-based ligands

The use of expensive harmful phosphine ligands has been discussed by many scientists for the synthesis of monodisperse Pd NPs. Synthesized monodisperse Pd NPs with small sizes (3.5-7 nm) from the thermal decomposition of a palladium-trioctlyphosphine (TOP) complex were reported by Hyeon and coworkers [71]. The mean size of Pd NPs could be controlled by varying the concentration of stabilizing TOP. Moreover, the weak binding of the TOP ligand on the surface allows simple exchange with a large variety of mono and bi-dentate phosphines ligands (Figure 1.6) without any changes in the particle size and monodispersity of the original NPs. This methodology of indirect TOP ligand exchange was shown successfully by Son et al [72]. 

Nitrogen-based ligands

The use of nitrogen-containing ligands to stabilize noble mNPs has been widely used. Many types of nitrogen-based ligands are used by researchers to stabilize Pd NPs such as porphyrins [73], aniline [74], aliphatic amines [75], imidazole derivatives [76], and pyridyl groups [77].

For example, Mazumder and Sun use long-chain primary amines "oleylamine" with boron tributylamine to synthesis monodispersed Pd NPs for catalytic formic acid oxidation [75]. The use of oleylamine during the synthesis playing several roles as a stabilizing ligand, solvent, and reductant with boron tributylamine as a co-reductant. The oleylamine is strongly adsorbed onto the surface of the palladium NPs, with the double bond present in the alkyl group plays an important role to stabilize and control the growth mechanism of the NPs. Another example, is the use of 4-dimethylaminopyridine (DMAP) as a stabilizing ligand [77,78] for Pd NPs. The ligand exchange reaction to transfer Pd NPs from organic to aqueous solutions was reported by Gittins and Caruso [77]. They synthesize the first tetraalkylammonium bromide-stabilized Pd NPs, and simple addition of DMAP gave rise to the fast and full transfer of the Pd NPs from toluene to water phase without any changes of the initial particle size (Figure 1.7). 

Catalytic model reaction

To investigate the basic features of catalysis by nanoparticles, such as the dependency of catalytic activity on size, carrier systems, and components, a catalytic model reaction that differs greatly from industrial reactions is required.

Definitions

The definition of a model reaction was done first by Herves, P, and coworkers [79].

This reaction should follow some requirements:

-Firstly, the reaction process should be well-controlled from reactants to products in the presence of the mNPs without side reactions or by-products formation. Furthermore, the reaction cannot be started without mNPs.

-Secondly, the reaction conditions should be mild, such as at room temperature and in water as mild solvents. Additionally, no transformation or degradation of the metal NPs could take place along the reaction.

-Thirdly, the reaction rate must be efficiently followed with high accuracy. Study of the thermodynamics of the reaction should be possible, leading to a detailed understanding of the full kinetics and reaction mechanism. To evaluate the catalytic activity of metal NPs and to transfer a chemical reaction from batch to continuous flow reactor, the full kinetic of a model reaction is necessary to be studied.

Reduction of 4-nitrophenol

Nowadays, the reduction of 4-nitrophenol to 4-aminophenol by sodium borohydride in an aqueous solution has become one of the most commonly used model reactions to test the metal NPs performance. From literature, there is a few thousand publications using this model reaction with various morphologies of metals catalysts [80,81] and many varieties of metals from group 8 to 11 such as Rh [82], Ir [83], Ni [84], Pt [81,85,86], Pd [52,81,87], Au [85,[88][89][90], Cu [91], Ag [81,85].

The first authors who identify that the reduction of 4-nitrophenol is a suitable reaction to evaluate the catalytic activity of metal NPs were Pal [92] and Esumi [81]. Both authors using silver NPs, and dendrimer-metal (Ag, Pt, Pd) nanocomposites respectively to reduce yellowish 4-nitrophenol to transparent 4-aminophenol by using borohydride (NaBH4) as a reducer. The light-yellow solution of 4-nitrophenol changed to deep yellow colour after the addition of borohydride to aqueous solution because of the conversion of 4-nitrophenol to 4-nitropheolate ion in alkaline solution as shown in Figure 1.9. The 4-nitrophenolate ion has a strong absorption at 400 nm which allowed to follow easily this reaction with high precision by UV-vis absorption spectroscopy. 

Concept of Scaling-up by translating the process to a continuous flow

In a laboratory, chemists work hard to discover new molecules with desirable properties and to get a scale ranging from milligrams to grams. The reasons behind this are the safety and costs problems related to the production of big amounts of these molecules. In contrary to an industry with a meaningful goal of production, these molecules on a large scale have an efficient yield and huge quantity, generally between tons and hundreds of kilotons per year. In fact, almost all of these new molecules cannot be easily scaled up from laboratory to industrial level because of the high probability of facing many obstacles.

If we take an example (as in figure 1.11) of an exotherm reaction at a small-scale being placed in a 50 mL round-bottom flask, this reaction needs to be cooled because of the heat release. Both the volume of the flask which is 5 10 -5 m 3 and the surface area which is 6.5 10 -3 m 2 provide an appropriate surface of volume ratio equals to 130. This ratio indicates that there is more surface area per volume accessible to heat release. In this condition, the control of heat release will be something easy to do by using an ice bath. Then, if we desire to push this reaction to scale it up in a 500 L round-bottom reactor, we will face some difficulties such as:

-Formation of localized hot spots due to decreased heat transfer and mixing capacities, which lead to a lower yield, and formation of undesirable by-products.

-Cooling the system and keeping the thermal runaway under control due to the decrease in the surface area of the reactor to 3 m 2 , which results in a thermal runaway and causes an explosion due to decrease in the surface area of volume ratio 6.

To avoid all these issues, here the concept of continuous flow chemistry appears. In this concept, the reaction is continuously carried out in the solvent stream with good mixing of dissolved reagents. The microfluidic reactor allows better heat transfer and keeps thermal runaway under control, which makes the continuous flow reactor a lot safer, and more environmentally friendly.

Microreactors are quickly scaled up by the numbering-up, where several microreactors are simply stacked in a reactor bundle, enabling them to deliver a high throughput production without the need to modify the design of the reactor [START_REF] Zhang | Design and scaling up of microchemical systems: a review[END_REF]. This enables microreactors to be desirable for industrial applications, since their period to market is reduced and allows for modular and flexible processing, which is extremely attractive for biomass conversion, where the supply of feedstock is intermittent, because of the location and harvest time.

Moreover, continuous flow microreactor has shown better improvement of mass and heat transfer characteristics as a consequence of its high surface area to volume ratio [START_REF] Tanimu | Heterogeneous catalysis in continuous flow microreactors: A review of methods and applications[END_REF][109][110][111].

he use of microreactors has shown better control and safety of hazardous and highly exothermic reactions [112-114] and better control of mass transfer in multiphase reactions [115].

The next part mainly aims to introduce the concept of continuous flow microreactor with different configurations and the nanocatalysis application for the valorization of biomass derivatives into fuels and chemicals.

Continuous flow microreactor

Microreactors

Since the early 1990s, continuous flow chemistry and microreactors have been advanced as a method of process intensification [START_REF] Tanimu | Heterogeneous catalysis in continuous flow microreactors: A review of methods and applications[END_REF]. Nowadays, continuous flow microreactor is one of the best modern technologies in chemical and pharmaceutical industries in terms of synthesis and process [START_REF] Tanimu | Heterogeneous catalysis in continuous flow microreactors: A review of methods and applications[END_REF][START_REF] Noël | Cross-coupling in flow[END_REF][START_REF] Baumann | A perspective on continuous flow chemistry in the pharmaceutical industry[END_REF][START_REF] Hartman | Microchemical systems for continuous-flow synthesis[END_REF]. There is a big interest from those industries in using continuous flow microreactor to make their processes more efficient and environmentally friendly [START_REF] Wiles | Continuous flow reactors: a perspective[END_REF]. It has efficiently been used as a device for process screening and optimization. Furthermore, it provides several advantages in chemical processes and has achieved abundant consideration in Furthermore, we will discuss many different microreactor configurations that are made with different ranges of materials as discussed in previous literature reviews.

Microreactors configurations

Microreactors have typically capillary-or chip/plate-based configurations, with an internal volume that can vary from tens of nanoliters [118] to several milliliters. Figure 1.12 represents the two main groups of microreactors devices. can be used for enzyme reactions performed in an aqueous solution but it is not suitable for reactions that contain organic solvents due to the low compatibility with this latter. Silicon carbide material is more resistant to corrosion than stainless steel and it is used for extreme conditions. As an example of this silicon carbide material is using aqueous hydrazine with 

Application of nanocatalysis in flow

The concept of combining nanocatalysis and continuous-flow microreactors allows to improve and carry out a diversity of catalytic reactions in a sustainable way, by simplifying the reaction in a safe, clean, and fast manner [START_REF] Wiles | Continuous flow reactors: a perspective[END_REF]. Using nanocatalysis in continuous-flow microreactors has numerous advantages. This involves the usage of low reagents and catalysts utilization leading to low waste generation, environmental sustainability, high performance and safety, continuous production, catalyst separation and reuse, simple reactant handling, and operating the reactions under extreme conditions. Usually, nanocatalysis is supported in microfluidic devices to perform a variety of organic reactions, simplifying the products (reactants) separation from the reaction medium and benefit from the effective recycling of nanocatalysis for another catalytic cycle. Many different supporting methods exist and are used in continuous-flow microreactors including packed-bed, monolithic and wall-coated [129].

Valorization of biomass derivatives in continuous-flow microreactors

Nowadays, almost all of the biomass valorization into platform molecules was done via chemical or biological batch reactors. The biomass derivatives contain an over functionalization which leads to uncontrolled chemical reactivity which is considered as the most critical challenge of biomass derivatives transformations. Moreover, some of these derivatives decompose with high temperatures. Consequently, in this perception, new process technology is needed to control the chemical reactivity of these compounds towards the target products. Using a continuous flow process for the conversion of biomass platform molecules can have many significant advantages compared to the batch reactor:

A continuous flow system is more flexible and allows better modification and control of conditions during the reaction, especially when you deal with these extremely reactive derivatives of biomass as a feedstock.

Large numbers of biomass processing are still at the laboratory scale. Therefore, the use of the continuous flow system helps to scale up and commercialize the process.

Numerous transformation steps of biomass are usually needed to get the final products, which negatively influence the economy of the process. Thus, a continuous flow process allows the intensification of these chemical transformations for a more cost-effective and greener process.

The separation and regeneration of catalyst is an important point in a chemical process, notably if the biomass derivatives were used as a feedstock. The overreactions of these reactive derivatives lead to formations of tars and carbonaceous deposits which poison the catalyst's surface.

Numerous transformation processes of biomass derivatives require water and gases (CO2 and CO) as removal steps to get the target product. Using batch reactor leads to the accumulation of these gases followed by an increase of the pressure in the reactor. In this position, the gases can interfere in the main catalytic reaction, which typically leads to uncontrolled process and production of byproducts. Continuous flow process aids in the continuous evacuation of these gases avoiding all these problems.

Several pertinent examples of continuous flow process were developed for the conversion of biomass platform molecules into chemicals and biofuels such as alcohols (ethanol), organic acids (lactic acid, levulinic acid), polyols (glycerol), and furans (hydroxymethylfurfural, furfural), and many more other biomass platform molecules [120,142]. Moreover, the microreactors were used for biomass conversion via homogeneous or heterogeneous catalysts such as dehydration of sugars to produce furans (e.g., HMF and furfural), oxidation of biomass derivatives using molecular O2 or other oxygen sources, hydrogenation, esterification, epoxidation, hydrolysis of biomass derivatives, and etherification of HMF with ethanol [120].

For instance, a PTFE capillary microreactor which is wall-coated by Fe2O3 on reduced graphene oxide (rGO) catalyst was used to produce 5-ethoxymethylfurfural (EMF), a furanic ether that is considered as a potential biofuel by direct etherification of HMF with ethanol

[143]. The reaction was conducted under moderate conditions (70 °C; 1 bar) which reduced the need of using high pressure to avoid ethanol evaporation. Full conversion of HMF with 99% EMF yield was achieved in 6 mins, although it took 12 h in the pressurized batch autoclave to obtain 92% EMF yield and 96% conversion at 100°C by using graphene oxide (GO) catalyst.

The improvement in the yield of the microreactor is primarily attributed due to the higher catalytic surface area with respect to the reactor volume and improved catalytic efficiency of rGO than GO.

In this study, a furfural molecule was used to be converted into high-value chemical "Furfuryl ethers" over commercial Pd/C catalysts via reductive etherification in ethanol as solvent (chapter 5). Relevant factors such as the reaction conditions (pressure, temperature, loading of trifluoroacetic acids), the catalytic percentage and the mass used were analyzed.

Furfural is considered as an essential organic chemical and raw material that can be used to synthesize a broad variety of chemicals and fuels. Later in the next part, we will introduce the resources for the synthesis of furfural and its valorization into high-value chemical "Furfuryl ethers" via reductive etherification.

Furfural synthesis

Furfural was highlighted as one of the top added value chemicals derived from biomass

[144], identified as one of the most significant derivatives of the furanic compounds and known as its strong reactive activity owing to its unique function groups (the diethyl ether and aldehyde groups). Sustainable farming sources including wood waste and residues of food There are two methods for producing furfuryl ethers. The first is direct furfural conversion which is referred to reductive etherification with acetal as intermediate. The second is the etherification of FA which is also referred to direct etherification, as a separate step from the formation of FA. Acid catalyst is required for both methods. The etherification of furanic compounds to furfuryl ether is summarized in Table 1.1.

Table 1.1: Summary of etherifications of furanic compounds.

We will focus only on the first method of direct furfural conversion via reductive etherification and acetal as intermediates.

In previous reports, furfuryl alcohol (FA) was typically developed as an intermediate for producing furfuryl ethers by Lewis [156,157] or Brønsted acid sites as shown in Figure1.17 acetal "2-(diethoxymethyl)furan" was the intermediate rather than the FA as shown in Figure1.17 properties. We summarized all the relevant synthesis of Pd NPs by chemical method using a variety of organic ligands stabilisers and discuss their potential advantages in catalytic applications. We presented the most commonly used model reactions to test the mNPs performance. This well-studied model reaction is the 4-nitrophenol reduction by sodium borohydride which has been modelled by the Langmuir-Hinshelwood mechanism (LH). We also discussed several examples of nanocatalysts that have been used to perform hydrogenations, and reduction in combination with continuous-flow microreactors.

Conclusion

The anchoring of these nanocatalysts inside a microfluidic reactor greatly improves the contact between the reagent and the catalyst and prevents the diffusion limit encountered with stirred tanks and round-bottomed flasks, particularly for multiphase reactions such as oxidations and hydrogenations. However, the immobilization of these metal species within the microchannels poses technical and operational challenges. Although there has not yet been an establishment of a general approach for incorporating NPs into microreactors, but there are various techniques for NPs anchoring and stabilization. Increased active surfaces for nanocatalysts loading on inorganic or polymer support are provided by packing-bed microreactors. Monolithic microreactor improves the channel permeability and control over the residence time. Wall-coated microreactors are suitable for multiphase reactions such as the reduction of 4-nitrophenol.

The acid catalyst affects the etherification of furfural compounds to furfuryl ethers. The type of acid sites (Lewis/Brønsted) on the catalyst determines the reaction conditions. Ethanol used in the etherification reaction plays an important role as reactant and solvent at the same time.

The hydrogenation of furfural-derived compounds to furfuryl ether has been studied to a lower range in a commercial continuous flow reactor, using Pd/C NPs (approximately 3 nm) as packed bed catalysts. Therefore, the conversion of biomass derivatives (e.g., furfural) in continuousflow microreactors by using nanocatalysts shows great promise as an innovative process in which the reaction will produce the desired product in shorter periods of time or lower vessel volume, in a higher yield, compared with traditional reactors.

In this context, the purpose of this research work is to: There is no chapter devoted to experimental materials and methods because the parts that are relate to each one are included in the chapters themselves that were in the publication form.

For publications, three of them are published, and the forth will be submitted soon. The aim of this chapter is to synthesize well-controlled Pd NPs stabilized in water avoiding organic medium. The rationale behind the design of the coating is to have molecules able to stabilize the NPs in water media and to build a lipophilic environment around the NPs that will allow performing organic reaction in water. There are many examples of NPs being stabilized with oxygen-based ligands such as the family of catechols and hydroxyl methylene bisphosphonic acid (HMBP). These ligands are well known for their chelating properties towards metal ions forming a stabilized metal nanoparticle. They are capable of both strongly anchoring themselves to the surface of the nanoparticle and also allowing postfunctionalization as in the case of magnetic NPs [1]. HMBPs are extremely soluble in water, and they contain four acidity constants P-OH/ P-O -. During the twentieth century, this molecule was used as water softeners on an industrial scale. Nowadays, they are commercialized as a common treatment of certain bone diseases, such as osteoporosis [2]. Moreover, they are used in a complex agent form of Technetium as a contrast agent in bone scintigraphy [3]. However, HMBP ligands containing oxygen atoms that stabilize mNPs when forming strong bonds with the surface (better than carboxylate but weaker than common Pd stabilizers such as thiol, phosphine, or amine) ; as well they allow for their synthesis by the reduction of metal salts such as gold and silver [4,5]. Their properties depend on their structure and in particular on the terminal function R. There are several functions of these molecules shown in (figure 8) that were chosen for the synthesis of Pd NPs without using the ligand exchange methodology [6].

In our work, we will only point on the stabilization of Pd NPs by using HMBP aromatic ligands. More recently, the use of water as a benign solvent in biphasic systems have been attracting

increasing interest to enhance the sustainability of the catalytic process.18 Nevertheless, two main challenges have to be overcome for the development of such a methodology: first, the direct synthesis of well-controlled Pd-NPs stabilized in water avoiding the tedious "ligand exchange approach"; second, the difficulty in allowing the mass transfer of organic substrates into the aqueous catalytic phase and therefore reaching high efficacy with low Pd loading. On the latter issue, the addition of amphiphilic compounds to the reaction media5 to promote the phase exchange has been successfully developed in the last decade by several groups.19-24

While the results are promising, the NPs are the best catalysts not synthesized in a sustainable manner (high temperatures, organic solvents, dry argon, and expensive metal derivatives).

Another option is the use of green bio-reductants, 25 which also act as stabilizers. This more economical and environmental solution appears nevertheless to yield less reactive catalysts 26-29 and reproducibility could also be questioned owing to the high variability in the bio-extract composition. Alternatively, other authors proposed the use of ionic liquids, water-soluble NHC stabilizers, phosphine oxide polymers or other small organic stabilizers30-37 to stabilize the Pd-NPs in the aqueous media while allowing the mass transfer of the organic substrates. The latter approach is particularly attracting, as the strength and types of interactions between the stabilizer and the surface could be fine-tuned by an appropriate stabilizer design.38,39 Herein, we report the straightforward and controlled synthesis of Pd-NPs perfectly stable in water and able to catalyse organic reactions in aqueous media. Our approach is based on an eco-friendly synthesis using benign conditions: the use of sodium ascorbate as a bio-reductant conjugated to bio-compatible phosphonic acid stabilizers. To the best of our knowledge phosphonic acids have never been used for Pd-NP synthesis. These molecules present several important advantages as NP stabilizers compared to other small molecules and green bioreductants. First, they present a unique multidentate robust and stable binding to the metallic surface and therefore have emerged since three decades as important tools for the preparation of organicinorganic nanomaterials with important and various applications.40,41 They have been used

for corrosion inhibition purposes, to produce a rich variety of hybrid metal-organic frameworks, to control interfacial properties in organic-electronic devices and photovoltaic cells, to modify implanted biomaterials, to produce biosensors, etc. Second, they can benefit from a great variety of chemical structures with relatively low toxicity (compared for example to phosphine). The preparation of phosphonates is long known and well described and has allowed the production for over a century of numerous commercial structures readily available and studied,42 with some molecules being also used as therapeutic agents.43 Hence, the second asset permits a perfect tuning of the structure of these stabilizers which could allow for creating a lipophilic environment at the surface, enhancing the mass transfer of organic substrates. The methodology we describe using phosphonic acids as stabilizers ensures the production of highly stable and dispersible Pd-NPs in aqueous media. Then, the great versatility of these nanocatalysts was reported. We evaluated the same catalyst on an unprecedented number and types of reactions: 6 different important reactions (C-C coupling, reduction and cyclization) in an aqueous medium without any additives (amphiphilic compounds, supplementary ligands, and other metals) and with extreme efficiency compared to previous solutions, reaching ppm loading of Pd and high turnover frequencies (TOFs).

Results and discussion

Choice of ligand for the synthesis of Pd NPs

Phosphonic acids and more precisely the hydroxyl methylene bisphosphonic acid family that are molecules long known for their chelating properties towards metal ions were chosen as stabilizers to perform our synthesis. Compounds 3 and 4 were chosen as they present aromatic functionalities that could in our opinion allow for better reactivity of organic substrates, mostly aromatic, at the surface of the Pd-NPs. Compound 5 was chosen as it is a simple structure that is produced on a large scale and used in industry since a long time. Finally, our protocol was also evaluated with a more simple structure of commercial phosphonic acid (benzyl phosphonic acid 6) and with a commercially available polymer bearing acid phosphonic functionality 7 already used for the coating of iron oxide NPs (PEOMA co MAPC1 ACID).58,59

We perform NP synthesis in water under aerobic conditions as all the molecules 1-3 and 5-7 are readily soluble in water besides pH = 3. Only compound 4 is soluble besides pH = 9.

Scheme 2-1: Phosphorus stabilizers evaluated for the synthesis of Pd-NPs

Synthesis and characterization of Pd NPs

In the first approach, based on our precedent experience in gold NP synthesis, we evaluated the synthesis protocol without addition of any supplementary reductant. Unlikely to what was observed with gold the bisphosphonic function was not sufficient a reductant to allow the formation of Pd-NPs even under prolonged heating conditions. Therefore, a supplementary reductant was added to trigger the nucleation. Sodium ascorbate was chosen because it is The formation of the Pd-NPs was observed whatever the phosphorus compound used. When realizing the synthesis without any phosphorus stabilizer the discoloration of the Pd (II) solution was immediate without the need for heating but the grey solution produced quickly led to the formation of a black precipitate. The replacement of the sodium ascorbate by a solution of sodium borohydride reacted in the presence of phosphorus stabilizers led also instantly to the formation of a black solution that precipitates rapidly. Only when treated with the phosphorus stabilizer and sodium ascorbate does the solution stay highly stable during time and do not evolve over time (no colour modification and no precipitation). The variation of the pH of the stabilizer solution was studied (pH was set at 3, 7 and 10). For most of the compounds studied when realizing the synthesis with solution at acidic pH, the discoloration of the reaction media was quicker and, in some cases, Pd-NPs were formed at room temperature. For solution at pH = 7 or 10 discoloration was only observed when heating the solution for 30 min. The transmission electronic microscopy analysis of the produced Pd-NPs was realized for each reaction condition. Whatever the phosphorus stabilizer used the morphology of the Pd-NPs formed was very similar and depends essentially on the pH of the starting stabilizer solution (Fig. 2.2 and 2.3). The basic solutions of the phosphorus stabilizer yield small Pd-NPs <10 nm (from 2 nm to 7 nm depending on the stabilizer) and monodisperse (Fig. 2.3).

On the other hand, the acidic or neutral solutions of the stabilizer yield un-homogeneous population of Pd-NPs with the formation of larger NPs >50 nm and small NPs (<5 nm) in the background. In the case of a stabilizer bearing aromatic side chains (compounds 3, 4 and 6) a particular phenomenon was observed when reacting under the acidic solutions. The larger particles formed were constituted in a homogeneous manner of spherical agglomeration of small Pd-NPs in the form of nanodendrites or nanorasberries (Fig. 2.3). The formation of these anisotropic forms of Pd-NPs can explain the absorption differences noted on UV spectra (see the supporting information). These nanodendrites or nanorasberries were usually better defined when performing heating without microwave.

Moreover, they could be separated from the small NPs in the background by simply concentrating and washing the solution over 100 kDa membranes using centrifugation. This difference in shape observed for the produced NPs may be due to the difference in the pH of the phosphonic acid stabilizer and therefore could be due to differences in stabilizer complexing properties allowing for differences in the growth mechanism of the NPs.63 

C-C coupling reactions

All the C-C coupling reactions were evaluated under similar conditions with different Pd-NPs (differing by the stabilizer used and the shape of the NPs formed). For these reactions, 4halogenonitrobenzene was chosen as the substrate. The reaction was run in a mixture of water/ethanol (1/1) in the presence of potassium carbonate as a cheap base corresponding to green chemistry principles and by heating the mixture in a microwave reactor at 80 °C.

Conversions were estimated by Gas Chromatography (GC). Products were purified by column chromatography and characterized by 1H and 13C NMR (see the supporting information).

Globally all the Pd-NP catalysts were able to perform the catalysis, and the best results were always obtained with Pd-NPs of small size produced from the reaction with stabilizers at basic pH (nanoraspberries were less reactive for C-C coupling reactions). The results were similar when varying the phosphorous stabilizer (differences will be discussed further on) and the best results were obtained with Pd-NPs obtained with stabilizers 3, 4 and 6 and we mainly focused our study on Pd-NP-B3.

The Suzuki-Miyaura reactions were performed by condensing 4-halogenonitrobenzene with 4-tolyl boronic acid in the presence of sodium carbonate. From the iodide derivative, complete conversion was obtained in 30 min by heating to 80 °C. The catalyst loading could be decreased down to 0.002 mol% in palladium which represents a quantity of palladium (in mole) with respect to the substrate of 20 ppm. With 10 ppm of palladium the conversion is still 80%. When using the less expensive bromide substrate the conversion was complete keeping the same conditions with a Pd loading of 0.01 mol%. Under all these conditions, no secondary products (dehalogenation or homocoupling) were detectable on the 1H NMR spectra of the crude mixture, and only the desired product was formed. It should be pointed out that when conversion was complete no purification was needed as after organic extraction the only compound isolated was the product of Suzuki coupling. With the chloride substrate with 0.1 mol% of Pd loading no conversion was observed. Only when the reaction time was increased to 120 min traces of the product were obtained (conversion <20%). Turnover frequencies (considering the surface Pd atom TOFsurf ) were calculated (at conversion <50%) and the results correspond for iodide and bromide to the TOFsurf values of 130 020 and 91 320 h-1 respectively. When working at 0.01 mol% of Pd (100 ppm) using the iodide derivatives the catalyst can be recycled at least three times without any decrease in conversion. The recycling was simply performed by extracting the product from the aqueous medium and reintroducing the reactants in the solution for the following reaction. Recycled Pd-NPs were evaluated by TEM (see the supporting information). While extremely low quantity of NPs could be found on the TEM grid due to the ppm amount of Pd used, they did not appear to have been modified during the synthesis. Unfortunately, such a small amount of material could not allow performing XPS analysis to characterize their surface and potential modification in the Pd state.

For the Sonogashira reaction, we conducted the reaction of phenylacetylene with 4halogenonitrobenzene. It is important to note that the reactions were performed in the absence of any additives usually utilized such as copper or phosphine ligands. For the iodide derivative, the conversion was 97% after 30 min at 0.015 mol% in Pd (150 ppm), and for the bromide derivative the conversion was complete after 3 h at 0.2 mol% in Pd. The TOFsurf (calculated at conversion <50%) corresponds for the iodide and bromide derivatives to 46 440 and 180 h-1 respectively. For the chloride derivative under the same conditions as the bromide conversion higher than 20% was never reached, even by increasing the reaction time up to 24 h.

For the Mizoroki-Heck reaction two different substrates were evaluated on 4iodonitrobenzene: ethyl acrylate and styrene. For the reaction with acrylate complete conversion was observed at 0.1 mol% in 2 h, and a TOFsurf of 1200 h-1 was calculated. For the less reactive styrene the conversion was only 70% at 0.2 mol% in 3 h.

Influence of the stabilizer on catalytic activity

When evaluating Pd-NPs bound to any solid support, the activity is dependent upon the structure and the interactions of the stabilizers at the surface because they control the accessibility of the substrates31 and it is especially important during the reaction of organic substrates in an aqueous environment. In order to evaluate the effect of the stabilizers on the catalysis efficiency, we compared the activity of Pd-NPs obtained from compounds 3, 5 and 7 at basic pH (Pd-NP-B3, Pd-NP-B5, and Pd-NP-B7) on the Suzuki coupling of 4bromonitrobenzene with 4-tolylboronic acid. These stabilizers led to similar particle size and therefore the nanocatalysts only differ from the stabilizer constitution. Using strictly identical conditions (reaction for 30 min at 80 °C in the water/ethanol mixture), the best results were observed using Pd-NP-B3 that bears a benzyl functionality (80% conversion using 0.001 mol% of Pd). The conversion was slightly decreased with Pd-NP-B5 bearing a methyl group in place of a benzyl group (60% conversion using 0.001 mol% of Pd), whereas Pd-NP-B7 was far less active (only 40% conversion using 0.01 mol% of Pd). This result clearly indicates that the constitution of the stabilizer is determinant on the catalyst activity in aqueous media. As we hypothesized, the Pd-NPs bearing aromatic functionalities led to more active catalysts. The stabilizer probably allows for improving the substrate concentration close to the surface. On the other hand, when using a polymer coating that permits more effective steric stabilization, the catalysis efficiency is impaired. The latter difference could be attributed to the decrease in the accessibility of the substrate in the case of a macromolecular stabilizer.

Mechanism considerations

During the last few years there have been important debates on the nature of catalytic species involved when using Pd-NPs for cross coupling reactions. 14 The question being: does the active catalyst is the Pd-NPs or leached soluble palladium species in the reaction medium?

Such leaching of Pd species is usually described to happen in the case of prolonged heating and is described to be due to the oxidative addition of aryl iodide or bromide.14 Another possible source of Pd leaching species could come from the redissolution of amorphous PdO on the surface (the presence of such species was evidenced by XPS). In our case, though it cannot be totally ruled out, the mild conditions and the short reaction time pledge for a reaction at the surface of the NPs rather than through the dissolution of Pd species. Due to the high stability of the Pd-NP colloids in the media, the "hot filtration test" was impossible to further identify the active species. However, when studying Pd-NPs after several reactions they still appear spherical in shape with the same size (see the supporting information). Unfortunately, owing to the low quantity of Pd-NPs used, XPS analysis could not be performed to further analyse them. Moreover, it is generally described that when leaching arises through the oxidative addition of aryl halide a dehalogenation product is formed.14 In our case, no such by-product was observed even when the reaction time and temperature were increased.

Comparison with similar catalysts

When compared to the literature (Table 2.1) it appears that the results of Suzuki-Miyaura, Sonogashira and Heck C-C coupling obtained for our Pd-NPs are equivalent to what was described for several other "water soluble" (unsupported or supported) Pd-NPs whatever the preparation mode and performed under similar conditions. Compared to the closest solution consisting of water soluble phosphine ligands the phosphonic acid coated Pd-NPs present a clear advantage in terms of catalytic efficiency.32,34 Moreover, our results are even in the same range as the best "homeopathic palladium nanoparticle" water soluble catalysts described in the literature so far21,73 (Table 2.1). Finally compared to some of the best solutions described in the literature14 our phosphonic acid coated Pd-NPs still appear competitive and in the range of the best catalysts reported so far for Suzuki-Miyaura74 and Sonogashira.75

Concerning the Sonogashira reaction, one must note that comparable Pd based nanocatalysts are often processed with organic solvents (except for the supported solution presented in ref.

75) in contrast to our catalyst reaching high efficiency in the water/ ethanol mixture. S M = Suzuki Miyaura; S = Sonogashira; H = Heck. 

Reduction of nitrophenol

The reduction of 4-nitrophenol with Pd-NP-B3 as a catalyst was evaluated in water at room temperature with an excess of sodium borohydride and the evolution of the reaction was followed by assessing the disappearance of 4-nitrophenol by UV-vis (Fig. 2.8). The reaction was complete after 36 min using 0.25 mol% of Pd-NP-B3.

Under these conditions the reaction proceeds with kapp = 0.6 × 10-3 s-1. In order to compare to literature data we calculated the constant normalized knorm taking into account the concentration of sodium borohydride and the quantity of Pd used. The values of knorm for different catalysts recently reported in the literature are given in Table 2.2 and it appears that our catalyst is clearly efficient in this context.

Table 2.2: Comparison of NP reported catalysts on 4-nitrophenol reduction

a knorm values were calculated from kapp normalized to the molar concentration of NaBH4 and the Pd quantity.

The reduction of styrene catalysed by Pd-NP-B3 was conducted in water using two reductants: H2 or NaBH4. With hydrogen under a pressure of 1 bar the reaction was complete at room temperature after 3 h using 0.8 mol% of catalyst. For NaBH4 using 6 equivalents the reaction was complete at room temperature after 3 h using 0.8 mol% of catalyst. TOFsurf values are identical in both reactions and correspond to 41 h-1. In both cases no formation of Pd precipitates was observed. Few reports could be found in the literature concerning catalytic hydrogenation of styrene in pure water with Pd-NPs but when comparing our catalyst to some representative results (Table 2.3) it could be stated that activities similar to the best reported systems are observed.

Catalyst

NaBH 4 eq. k app (s -1 ) k norm a (s -1 , mol 

Cycloisomerization of pentynoic acid

Pentynoic acid cycloisomerization was evaluated in water with 0.05 mol% of Pd-NP-B3 as a catalyst followed by GC. Several conditions were evaluated and optimal conditions were obtained by running the reaction at 40 °C for 60 min. Under these conditions, the conversion was complete without any traces of the ketoacid byproduct formation. If the reaction was prolonged or the temperature was increased the ketoacid byproduct starts to form. To produce the ketoacid with a complete conversion the reaction should be run at 90 °C for 3 h. Compared to previous work our catalyst appears competitive, as it was able to produce the cycloisomerization product selectively under mild conditions without addition of any base or co-catalyst and with a low loading of Pd (2 times less Pd mol% than the best catalyst described so far).72 Moreover, it was also able to realize the subsequent hydrolysis of the cycloisomerization product into the ketoacid by simply increasing the temperature and the length of reaction time.

Conclusions

In conclusion, the preparation of stable Pd-NPs in aqueous media was developed. The proposed synthesis is environmentally friendly: using microwaves, no toxic solvents, biocompatible reductants and commercial and/or nontoxic stabilizers. Phosphonic acids were for the first time used as stabilizers for catalytic Pd NPs. This family of (generally) water soluble molecules is highly valuable due to the fact that they allow a great variety of chemical structures, with molecules produced at an industrial level and for some compounds relatively low toxicity (some are FDA approved drugs) compared to other stabilizers. The synthesized Pd-NPs were able to catalyse up to 6 different organic reactions in an aqueous medium under benign conditions. Moreover, the possibility to finely tune the stabilizer constitution permit us to improve the catalysis efficacy by allowing the surface mass transfer enhancement of organic substrates to the surface. The best catalysts enable highly efficient organic reactions in aqueous media with quantities of Pd down to the ppm level without the need for extra surfactants or cocatalysts. Evaluations are still ongoing on the exemplification of each reaction and on other reaction types but our preliminary results are highly encouraging. In addition, these preliminary results have to be also emphasized by the simplicity and eco-compatibility of the synthesis of the NP catalysts requiring mild conditions (synthesis at mild temperature, under aerobic conditions and in water) with benign and simple reactants. Moreover, another important aspect is the stability of the catalyst in time as the solutions of Pd NPs are stable by simply storing them in water and under aerobic conditions at 4 °C and could be used more than 6 months after their preparation without any loss in catalytic ability. Finally, the shape control and formation of anisotropic Pd-NPs can have interesting catalytic activities in other areas which would be further studied.78,90 Now transposing the synthesis to other metallic NPs or even alloys by using different metallic salts is also envisioned. In addition, such stable aqueous metallic-NPs could also find applications in other fields such as in nanomedicine.91

Experimental

General methods

All reagents were purchased from Fisher Scientific and used without further purification.

Compounds 1, 3, 4 and 5 were synthesized using a protocol adapted from the study by Aufaure from a Millipore Gradiant Elix-3A10 system was used to prepare the sample solutions.

Transmission electron microscopy (TEM) was used to characterize the nanoparticles. TEM images were recorded using a JEOL JEM-2100F instrument (Japan) at an acceleration voltage of 200 kV and visualised with a CCD camera. The sample was dispersed in ultra-pure water, added drop-wise onto a copper mesh grid coated with an amorphous carbon film and allowed to air-dry. Transmission electron microscopy (TEM) images were recorded using a JEOL JEM-2100F instrument (Japan) at an acceleration voltage of 200 kV and visualised with a CCD camera. The crystallinity of the NPs was analysed using selected area electron diffraction (SAED) and high-resolution transmission electron microscopy (HRTEM). The sample was prepared by depositing a drop of the solution onto a copper mesh grid coated with an amorphous carbon film and allowed to air-dry. Infrared spectra were recorded with an Agilent Technologies Cary 600 Series FTIR. Spectra were recorded through the form of thin KBr pellets. X-ray photoelectron spectroscopy (XPS) analyses were performed using an ESCA+ spectrometer (Omicron NanoTechnology), equipped with a monochromatized aluminum Xray source (powered at 20 mA and 14 kV) and a MCD 128 channeltron detector. Charge stabilization was insured using the CN10 device with an emission current of 5.0 μA and a beam energy of 1 eV. Analyses were performed in the sweeping mode; the resulting analyzed area EDX microanalyses were performed using a TM 3000 tabletop microscope equipped with a Swift EDX-ray 3000 microanalysis system (Oxford Instruments). Samples were deposited as powder on a copper surface, and data were collected using a 15 kV accelerating voltage and studying the ratio of P vs. Pd. Gas Chromatography (GC) analyses were performed using a PerkinElmer Autosystem XL instrument equipped with an autosampler and a flame ionization Turnover frequencies were calculated considering the number of Pd atoms on the surface for reactions at a low conversion rate (Graham).

with an oil bath or on a microwave apparatus for 30 min at 80 °C using a ruby thermometer (step 1: heat for 2 min to 80 °C and step 2: hold at 80 °C for 30 min with the stirring speed being 1200 rpm for both steps). After cooling the solution 1 mL of diethyl ether or ethyl acetate was added and the organic layer was extracted 5 times. The product was then isolated by evaporation and purified by simple filtration over silica when conversion was complete or purified by silica gel column chromatography using ethyl acetate hexane mixtures when starting halogenated reactants remained unreacted. were rinsed with 1 mL of ethanol and a cap was fixed on the top of the vial. The vial was heated on a microwave apparatus for 2 h at 80 °C using a ruby thermometer (step 1: heat for 2 min to 80 °C and step 2: hold at 80 °C for 2 h with the stirring speed being 1200 rpm for both steps).

After cooling the solution 1 mL of diethyl ether or ethyl acetate was added and the organic layer was extracted 5 times. The product was then isolated by evaporation and purified by simple filtration over silica when conversion was complete or purified by silica gel column chromatography using ethyl acetate hexane mixtures when starting halogenated reactants remained un-reacted. NMR 

General procedure for the reduction of 4-nitrophenol with Pd-NPs

The reaction was performed in a 3 mL quartz cell (Hellma) to perform the kinetic measurements. The solutions of 4-nitrophenol and NaBH4 were freshly prepared before each measurement, without purging with N2, and 30 μL of 4-nitrophenol (7.4 × 10 -2 mM) solution were added to the reaction medium (2.8 ml of water), with 200 μL of sodium borohydride (0.167 M, 150 eq.). The solution was then left undisturbed for some seconds, after which 20 μL of NP-Pd solution (0.028 mM) was added. Immediately after the addition of Pd nanoparticles, time-dependent absorption spectra were recorded at 6 s intervals.

2.5.7 General procedure for the reduction of styrene with Pd-NPs 5.75 mL of the solution of Pd-NP-B3 ([Pd] = 0.68 mM) were added in a 50 mL boiling flask and purged with H2 for 3 min, and 57 μL of styrene (0.5 mmol) was added to the reaction medium and purged a second time with H2 for 4 min. Then, immediately the flask is closed to perform the reduction reaction at room temperature and 1200 rpm for 3 h. The reaction evolution was followed by gas chromatography using ethyl acetate as the solvent.

In the case of use of NaBH4 as a reductant, 114 mg of sodium borohydride (6 eq.) were added in a 50 mL boiling flask with 5.75 mL of Pd-NP-B3 ([Pd] = 0.68 mM). The solution was stirred at 1200 rpm for one minute, after which 57 μL of styrene (0.5 mmol) was added to the reaction medium. The reaction was performed at room temperature for 3 h. The reaction evolution was followed by gas chromatography using ethyl acetate as the solvent. the stirring speed being 1200 rpm for both steps). After cooling the solution, 1 mL of diethyl ether or ethyl acetate was added and the organic layer was extracted 5 times. The high volatility of the compound prevented accurate determination of the isolated yield. General procedure for Suzuki-Miyaura cross coupling reaction of 4-tolylboronic acid with 4-iodonitrobenzene with Pd-NPs: in a 10 mL MW vial, 23 µL of an aqueous solution of Pd-NPs ([Pd] = 0.02 µM) was added to 1 mL of water. 49.8 mg of 4-iodonitrobenzene (0.20 mmole) and 30 mg of 4-tolylboronic acid (0.22 mmole) and 400 µL of a 0.1 M K2CO3 solution (0.4 mmole) were then added. The glass walls of the vial were rinsed with 1 mL ethanol and a cap was fixed on the top of the vial. The vial was heated in a microwave apparatus (Monowave 300, Anton Paar GmbH) for 30 min. at 80°C using ruby thermometer (step 1: heat in 2 min. to 80°C, step 2 hold at 80°C for 28 min. Stirrer speed 1200 rpm for both steps). After cooling of the solution, 1 mL of diethyl ether or ethyl acetate was added and the organic layer was extracted 5 times. The product was then isolated by evaporation and purified by simple filtration over silica when conversion was total or purified by silica gel column chromatography using ethyl acetate hexane mixtures when starting halogenated reactants remained un-reacted. The vial was heated in a microwave apparatus for 2h at 80°C using ruby thermometer (step 1: heat in 2 min. to 80°C, step 2 hold at 80°C for 2h. Stirrer speed 1200 rpm for both steps). After cooling of the solution 1 mL of diethyl ether or ethyl acetate was added and the organic layer was extracted 5 times. The product was then isolated by evaporation and purified by simple filtration over silica when conversion was total or purified by silica gel column chromatography using ethyl acetate hexane mixtures when starting halogenated reactants remained un-reacted. General procedure for reduction of styrene with Pd-NPs: 5.75 mL of the solution of Pd-NP-B3 ([Pd] = 0.68 mM) were added in a 50 mL boiling flask and purged with H2 for 3 min, 57 μL of styrene (0.5 mmol) was added to the reaction medium, and purged a second time with H2 for 4 min. Then, immediately the flask is closed to perform the reduction reaction at room temperature and 1200 rpm for 3h. The reaction evolution was followed by Gaz Chromatography using ethyl acetate as solvent.

In the case of use of NaBH4 as reductants, 114 mg of sodium borohydride (6 eq) were added in a 50 mL boiling flask with 5.75 mL of Pd-NP-B3 ([Pd] = 0.68 mM). The solution was stirred at 1200 rpm for one minute, after which 57 μL of styrene (0.5 mmol) was added to the reaction medium. The reaction performed at room temperature for 3h. The reaction evolution was followed by Gaz Chromatography using ethyl acetate as solvent. 

General procedure for Cycloisomerization reaction with

Introduction

The world of nanoscience involving metallic nanoparticles (mNPs) has been the subject of numerous scientific and technological research studies during the recent years. Thus far, the art of synthesizing mNPs and nanoalloys in a large range with full control of different shape and size has resulted in widespread applications in engineering, electronics, and catalysis [1].

mNPs such as palladium, platinum, and gold have already shown their potential in catalysis for several specific reactions, such as hydrogenation, water splitting, and cross-coupling reactions [2]. For example, the bulk inert metals such as gold may become active in catalysis when divided into nanometer dimensions [3,4]. The redox potential value of metallic nanoparticles becomes progressively negative depending on their Fermi level who's related to their size [5][6][7]. 4-nitrophenol is a significant side product obtained from pharmaceutical industries, synthetic dyes, herbicides, and pesticides. Additionally, it is known as a hazardous product and its removal from the environment is an important goal, because of the negative effect on human and animal blood as well as several organs [8][9][10]. Therefore, its catalytic reduction by several mNPs has been a continuous subject of research for several years. The reduction of 4nitrophenol by sodium borohydride is a model reaction to evaluate the catalytic activity of mNPs and to study the reaction kinetics. The main reasons for the use of this reaction as a model are that the reaction is well-controlled in the presence of the mNPs without by-product formation, and that the kinetics analysis of the reaction rate as a function of temperature is easily monitored by UV-vis spectroscopy. The presence of isosbestic points in the UV-vis absorption spectra at different times provides clear proof that 4-nitrophenol is completely reduced to 4-aminophenol with no side products generated. In addition, this reaction proceeds under mild conditions (at room temperature in water as a solvent). Thus, this model reaction has become a benchmark reaction of mNPs (see Table S1 in the Electronic Supplementary Information of the review of P. Hervés et al. [11]); the fundamental (kinetics) catalytic model reaction for mNPs has been described by several authors [7,12,13]. Almost all authors consider that the catalysis reduction of 4-nitrophenol (4-Nip) takes place on the surface of the mNPs [8,14], of which a prerequisite is that all reactants, 4-Nip, and borohydride ion must be adsorbed on the surface of mNPs to react. The apparent rate constant kapp is determined based in terms of a pseudo first-order kinetics.

In this work we propose to study the catalytic reduction of 4-nitrophenol (4-Nip) to 4aminophenol (4-Amp) in the presence of Pd NPs and sodium borohydride as reductant in water and to study the kinetics of the reaction. These Pd NPs are obtained in a simple and eco-friendly manner and have already shown high efficiency for several organic reactions in aqueous media [15]. Therefore, understanding of their kinetics in a well-defined model such as 4-Nip reduction is of interest.

Materials and Methods

Chemicals

Na2PdCl4, sodium ascorbate, and NaBH4 were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France), while 4-nitrophenol was acquired from Acros Organics -Fisher Scsientific (Illkirch, France). All materials and solvents were used as received without further purification. Nanopure water (18 MW cm-1), obtained from a Millipore Gradiant Elix-3A10 system (Millipore SAS, Molsheim, France), was used for all experiments. Synthesis and characterization of the Pd NPs as well as their bisphosphonic acid ligand were performed using the protocols described in our previous work [15].

Dynamic Light Scattering (DLS) Analysis

The average hydrodynamic radius of Pd nanoparticles was observed in water at pH = 7 by a DLS (Dynamic Light Scattering) Litesizer 500 Anton Paar particle size analyzer (Anton Paar France, Courtabeouf, France). The measurements were performed in quartz cuvettes at a temperature 293.15 K, laser wavelength 658 nm (single-frequency laser diode), detection angle 175°, medium viscosity 0.8903 mPa.s, and medium refractive index 1.3303.

Spectrophotometer (UV-vis) Analysis

The catalytic reduction of 4-nitrophenol was monitored by a Perkin-Elmer Lambda-2 UVvis Spectrophotometer (PerkinElmer France, Villebon-sur-Yvette, France) employing a 1 cm path length quartz cuvette (Hellma). The experimental error of the wavelength values was estimated to be 1 nm.

Catalytic Reduction of 4-Nitrophenol

The catalytic reduction of 4-nitrophenol (4-Nip) to 4-aminophenol (4-Amp) in the presence of NPs and sodium borohydride as a reductant was previously described in the literature [16][17][18]. Briefly, the UV absorption measurements were performed in a 3 mL quartz cell. The solutions of 4-Nip and NaBH4 were freshly prepared before each measurement, without purging with N2 [16]. In a typical experiment, 30 µL of 4-Nip (7.5 × 10-3 M) solution was added to the reaction medium (2.8 mL of water) with 200 µL of sodium borohydride solution (0.169 M); the ratio of sodium borohydride to 4-Nip concentration in the medium was equal to 150. Under these conditions, all 4-Nip was transformed into 4-nitrophenolate, which was detected at λ = 400 nm. Then, 20 μL of NP Pd solution (2.8 × 10-5 M) was added to the solution. Immediately after the addition of Pd NPs, time-dependent absorption spectra were recorded at 6 s intervals for different temperatures.

Kinetic Analysis

The kinetic data were examined first in terms of pseudo first-order kinetics and then fitted to a Langmuir-Hinshelwood model. There are two types of catalytic mechanisms of 4-Nip reduction. The first one is surface-mediated hydrogen transfer, described by several authors and especially the Ballauff group [8,12,13,16,19], and the second one is surface-mediated electron transfer [20,21].

We assume that both catalytic mechanisms are involved in this reaction. Both reactants, 4-Nip and borohydride ions, must absorb onto the surface of mNPs before the reduction of 4-Nip. The reaction goes through two stages: the first stage includes two steps, the equilibrated adsorption of borohydride ions and production of the hydrogen radical by electron transfer [22,23].

The second stage includes three steps, the equilibrated adsorption of 4-Nitrophenolate, the addition of hydrogen species to the adsorbed molecule to form the 4-aminophenol via the formation of the 4-hydroxylaminophenol intermediate [16,24], and the removal of two water molecules from the nitro group, and finally the detachment of the 4-aminophenol molecule from the nanoparticle surface to provide place for another catalytic cycle. Figure 1 The adsorption of 4-Nip on the surface of the Pd NPs is reversible and is modeled by a

Langmuir isotherm [25]. Previous kinetic studies indicated that the reduction of the 4-Nitrophenol molecule adsorbed on the surface, including the surface hydrogen species, is the rate-determining step [13]. Some authors reported that the interaction of borohydride ions with metallic surfaces is a complex mechanism that constitutes several stages [26,27]. Moreover, the production of a surface-hydrogen species by the adsorbed borohydride ion and the final detachment of 4-aminophenol molecule are fast and irreversible; for that reason, these steps do not enter into the Langmuir-Hinshelwood equations [12]. The Langmuir-Hinshelwood equation can be defined as follows:

𝑑[4𝑁𝑖𝑝] 𝑑𝑡 ⁄ = -𝑘. 𝑆. 𝜃 4𝑁𝑖𝑝 . 𝜃 𝐵𝐻 4 = -𝑘 𝑎𝑝𝑝 . [4𝑁𝑖𝑝]
where k is the rate constant, S is the total surface of all Pd nanoparticles, accurately proportional to the apparent kinetic constant kapp, and θNip and θBH4 indicate the surface coverage values on the surface by 4-Nip and BH4 -, which can be expressed by a Langmuir-Freundlich isotherm: This basic model considers that the surface of the metal catalyst is homogeneous in terms of adsorption energy, which means that the adsorption energy is the same for all sites. Thus, the maximal adsorption capacity is a full monolayer coverage, without interaction between adsorbed species. The model of Langmuir isotherm equation can be defined through [28]:

𝜃 4𝑁𝑖𝑝 = (𝐾 4𝑁𝑖𝑝 . [4𝑁𝑖𝑝]) 𝑛 (1 + (𝐾 4𝑁𝑖𝑝 . [4𝑁𝑖𝑝]) 𝑛 + (𝐾 𝐵𝐻 4 . [𝐵𝐻 4 ]) 𝑚 ⁄ 𝜃 𝐵𝐻 4 = (𝐾 𝐵𝐻 4 . [𝐵𝐻 4 ]) 𝑚 (1 + (𝐾 4𝑁𝑖𝑝 . [ 4𝑁𝑖𝑝 
𝑞 𝑒 = 𝑞 𝑚 . (𝐾 𝐿 . 𝐶 𝑒 ) 1 + (𝐾 𝐿 . 𝐶 𝑒 ) ⁄
where qe is the amount of adsorbate (4-Nip) adsorbed on metal nanoparticles, qm is the maximum saturation load, i.e. mass of 4-Nip required per gram of metal nanoparticles to form a complete monolayer on the surface, KL is the Langmuir affinity constant related to the equilibrium constant or binding energy, KLαe -ΔH/RT , and Ce is the esquilibrium concentration of 4-Nip in solution. The past finding of an exponent n=1 by some authors for adsorption of 4nitrophenol and 4-aminophenol may, therefore, point to the identical direction [25,29].

Hence, equation ( 1) can be rearranged and rewritten as: The true rate constant k is linked to the reaction of the adsorbed species K4-Nip and KBH4 [8]; these constants can be obtained from a fit of the temporal decay of the concentration of 4-Nip to the series of experimental data (see the procedure in the Supporting Information).

𝑑[4𝑁𝑖𝑝] 𝑑𝑡 ⁄ = -𝑘
In order to obtain the adsorption constants K4-Nip and KBH4 as a function of temperature, the enthalpies and entropy for the adsorption of 4-Nip and BH 4 can be obtained from the application of Van't Hoff's equation and combining the Gibbs free energy equation, respectively.

Van't Hoff's equation:

𝑑 𝑙𝑛𝐾 𝑑(1 𝑇 ⁄ ) ⁄ = -∆𝐻 𝑅 ⁄
Combining the Gibbs free energy equation:

ln 𝐾 = -∆𝐺 𝑅𝑇 ⁄ = -∆𝐻 𝑅𝑇 ⁄ + ∆𝑆 𝑅 ⁄

Results and Discussion

Catalytic Reduction of 4-Nitrophenol using Pd NPs

Pd NPs have been shown to be excellent catalysts for different reactions performed in aqueous media, such as carbon-carbon cross-coupling, hydrogenation of alkenes, and oxidation of primary alcohols as shown in our previous work [15]. We used benzyl bisphosphonic acid as a ligand for the nanoparticles (see Figure 2). The median diameter size of the Pd nanoparticles obtained from the TEM micrographs was 6 nm. The specific surface area (S) was calculated based on the median radius [8] and was used in the determination of the kinetic data. on the other hand, the absorption of 4-aminophenol at 300 nm appeared. The observation of four isosbestic points demonstrates that no side products were produced [30]. Figure 3b shows the ordinary absorption dependence over time for the reduction of 4-nitrophenolate ions at a wavelength of 400 nm. In our case, contrary to what was observed by Wunder and co-workers [12,13,16], no induction time was noticed. On the other hand, Menumerov showed that the induction period was linked to the level of dissolved oxygen contained in the medium [31]. He determined that the induction period ended once the level of dissolved oxygen fell below a critical value and that this level was dependent upon the metal nanoparticles used as a catalyst.

As can be seen, the reaction is stationary, and the linear fitting degree of ln(A/A0) versus time follows pseudo-first order kinetics. The apparent kinetic rate constant (kapp) was determined from a linear regression by the equation:

ln( 𝐴 𝐴 0 ⁄ ) = ln( 𝐶 𝐶 0 ⁄ ) = 𝑘 𝑎𝑝𝑝 . 𝑡
where A0 is the initial absorbance and A is the absorbance of 4-nitrophenolate ions at every time. C0 is the initial concentration and C is the concentration of 4-nitrophenolate ions in the reaction medium. According to the slope, the apparent rate constant is equal to 0.0006 s -1 . The activation energy and thermodynamic parameters of activation enthalpy and entropy for the reduction of 4-Nitrophenol by Pd nanoparticles were determined by leading the reaction at various temperatures. As can be seen from Figure 4a, the constant kapp increases with increasing the temperature, which can be made clear by collision theory. The movement of 4-Nitrophenol molecule is considered to be vigorous, leading to a better chance for collision when we increase the temperature of the medium, which results in the rapid reaction rate [32]. The apparent activation energy (Eaapp), pre-exponential factor A, enthalpy (ΔH ‡ ), entropy (ΔS ‡ ), and Gibbs energy of activation (ΔG ‡ ) were calculated using the following equations: Eyring equation:

ln ( 𝑘 𝑎𝑝𝑝 𝑇 ⁄ ) = -ΔH ‡ 𝑅 ⁄ . 1 𝑇 ⁄ + ΔS ‡ 𝑅 ⁄ + ln ( 𝑘 𝐵 ℎ ⁄ )
Gibbs equation:

ΔG ‡ = ΔH ‡ -T. ΔS ‡
where R is the ideal gas constant (R = 8.314 J.K -1 .mol -1 ), h is the Planck constant (h = 6.63 × 10 -34 J.s), 𝑘 𝐵 is the Boltzmann constant (1.38 × 10 -23 J.K -1 ) and T the absolute temperature, ΔH ‡ ,ΔS ‡ and ΔG ‡ are the activation of enthalpy, entropy, and Gibbs energy, respectively.

As shown in Table 1, the apparent activation energy (Eaapp) was 81.22 kJ.mol -1 and 112.77 kJ.mol -1 for 150 and 200 equivalents of NaBH4, respectively, indicating that the apparent activation energy for the 4-Nip reduction was increased by increasing the NaBH4 equivalent.

The Ea was affected by the concentration of sodium borohydride, which plays a critical role in the pH medium. The pH medium affects the overall rate constant and activation energy. In the case of 150 eq, the pH was 9.69, and in the case of 200 eq, the pH was 9.93. This slight change influenced the NaBH4 hydrolysis, which was faster, leading to higher formation of reactive Pd-H at the surface of NPs as described by Grzeschik and coworkers [33]. They found that the pH value has an influence on the kinetics of 4-Nip reduction and that by decreasing the initial pH value, the reaction becomes much faster. Consequently, by increasing the concentration of NaBH4 in the medium, we increased the hydrogen and hydride species formation in the medium, which led to the saturation of the surface of Pd NPs (Pd-H) followed by increased Ea.

Table 3.1: The result of thermodynamic parameters for 150 eq and 200 eq of BH4 for Reduction of 4-Nip.

The Ea value was relatively similar for reactions over platinum and/or palladium nanocages (NCs). It was comparable to the values reported for the reduction of 4-Nip over Pt-Pd alloy NCs (109.6 kJ mol - 1 ) and Pd NCs (94.5 kJ mol -1 ) [34]. ΔH ‡ ,ΔS ‡ and ΔG ‡ According to the plot of ln (kapp/T) versus 1/T, we found the values of ΔH ‡ positive for both cases (150 eq and 200 eq), which means that the 4-nitrophenol reduction is endothermic [19,35] due to the fact that the product, 4-aminophenol, has greater enthalpy than the reactant, 4-nitrophenol. The value of ΔS ‡ provides an indication of the molecularity of the ratedetermining step, that is to say if the reactants are bound to each other or not. We noticed a negative value of ΔS ‡ in the case of 150 eq, which signifies that entropy decreased as more ordered structures for the transition state were formed. This frequently indicates an associative mechanism of the adsorption of 4-nitrophenol as well as BH4 -on the surface of Pd nanoparticles to form a single activated complex [36,37]. In the case of 200 eq, we obtained a positive value, indicating an increase in achieving the transition state, which frequently signifies a dissociative mechanism in which the activated complex is loosely bound and about to dissociate. This

BH4 -

Ea app (kJ.mol -1 ) A ΔH ‡ (kJ.mol -1 ) ΔS ‡ (J.mol -1 .K - change in ΔS ‡ is due to the compensation effect between the transition state entropy and enthalpy that was observed by Corma et al. [38]. Generally, the compensation effect has been explained by many effects such as the relationship between the coverage of the surface and activation energy [39,40], entropy-enthalpy relationship [39,41], and many other effects that were further investigated by Bsond et al. in their article review [39].

The Gibbs free energy of activation ΔG ‡ was determined at 25 °C; this free-energy indiscates the barrier to move from the 4-nitrophenol state to the activated state. We found almost the same values, 90.47 kJ.mol -1 and 89.56 kJ.mol -1 , for 150 eq and 200 eq, respectively, which means that reduction of 4-nitrophenol to 4-aminophenol required the same energy.

Effects of surface area and concentration of reagents

Many authors had reported that the amount of nanocatalyst, the initial concentration of 4nitrophenol, and NaBH4 are important factors that influence the catalytic reduction of 4nitrophenol to 4-aminophenol by a metal nanoparticle [12,13,42,43]. To study the effect on the apparent rate constant (kapp) at 25.5 °C, the experiments were carried out by varying a single factor method of the initial amounts of nanocatalyst, 4-nitrophenol, and NaBH4 concentration.

Furthermore, each number of active sites that exist at the surface of nanoparticles is proportional to the amount of Pd nanoparticles used. In this manner, as predicted the Figure 5b shows that the value of kapp, and initial velocity increase with an increase in the amount of the nanocatalyst. areas, the constant kapp remained constant. The empirical model using classical methods of experimental kinetics is not valid since the constant kapp is constant only for a well-defined area (from C4-nip ranging from 5 to 2 × 10 -4 M), and the active surface (quantity of nano of Pd) of kapp is related to the surface area of the Pd nanoparticles.

To describe the model, we must turn to the Langmuir Hinshelwood model, which assumes that the adsorption of molecules onto the nanoparticles surface is fast and reversible.

The co-adsorption of 4-Nip and NaBH4 is required, as we assumed that all steps of this reaction proceed only on the surface-active sites of Pd nanoparticles (Langmuir-Hinshelwood model). However, when the initial 4-nitrophenol concentration in the solution is high, the active sites are mostly occupied by 4-nitrophenol molecules and a minority by active hydrogen species, which result in a low constant of the velocity of reaction. On the other hand, as the surface area increases and the initial concentration of 4-nitrophenol remains constant or decreases, following an increase in the NaBH4 to 4-Nip ratio, fewer 4-nitrophenol molecules adsorb on the surface because the majority of active sites are occupied by active hydrogen species, so the velocity of the reaction increases.

Figure 6b shows the plot of the apparent kinetic rate constants obtained experimentally relative to the normalized surface area of Pd nanoparticles for different concentration ratios of NaBH4 to 4-Nip. As can be seen, the constant kapp initially increased linearly with increasing surface area at a constant temperature and concentration ratio of NaBH4 to 4-Nip, which emphasizes the important effect of the amount of potential active sites based on the total surface area accessible for the catalytic reduction of 4-nitrophenol. The rate constant k1 normalized to the surface area was determined graphically by the equation:

𝑘 𝑎𝑝𝑝 = 𝑘 1 . 𝑆
In each graph, the linear fitting indicates the intrinsic kinetic region (straight lines), the rate constant k1 normalized to the surface area was determined for each concentration ratio of NaBH4 to 4-Nip where 10,000 eq, 1000 eq, 400 eq, 201 eq, 100 eq, 67 eq, and 50 eq showed values of 2.5, 1.18, 0.78, 0.36, 0.26, 0.18, and 0.13 min/m 2 L, respectively. The rate constant k1 normalized to the surface area show a decrease in value from 10,000 eq to the 50 eq. This was expected as the minority of active sites were occupied by active hydrogen species, so the velocity of reaction decreases. The dashed lines represent the area where diffusion control take place [8]. 4 °C, for seven different equivalents of NaBH4 10000 eq, 1000 eq, 400 eq, 201 eq, 100 eq, 67 eq, and 50 eq respectively. The straight lines illustrate the intrinsic kinetic area and the dashed lines illustrate the area where diffusion limitations take place.

The diffusion control is a significant factor that must be taken into consideration in the kinetic studies of a catalytic reaction. The reactions occur only on the surface-active sites of Pd nanoparticles according to Langmuir-Hinshelwood model. Therefore, when the rate of the reaction is significantly faster than the diffusion of the 4-nitrophenol molecules, the reaction is controlled by diffusion, and the constant kapp notably comprises the rate of diffusion of the 4nitrophenol molecules through the medium. On the other hand, when the diffusion rate is faster than the rate of reaction, the reaction is kinetically controlled, and the constant kapp only indicates the rate-determining step.

The ratio of these two rates can be described by the second Damköhler (DaII) equation [44]:

𝐷𝑎II = 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑟𝑎𝑡𝑒 = 𝑘 𝑎𝑝𝑝 [4 -𝑁𝑖𝑝] 𝑛-1 𝛽 𝑎
where kapp is the apparent rate constant, n is the order of the reaction (first order for 4-Nip), 𝑎 is the interfacial area which is the volume normalized area of the Pd nanoparticles [19], and β is the mass transport coefficient, defined as the ratio of D, the diffusion coefficient of 4-Nip (6.92 × 10 -10 m 2 /s) [45], to δ, the characteristic diffusion length, which is determined by DLS as the hydrodynamic radius of our Pd nanoparticles. The summary of these parameters for a different amount of Pd nanoparticles and two equivalents of NaBH4 are presented in Table 3.2. 4 °C, for seven different equivalents of NaBH4: 10,000 eq, 1000 eq, 400 eq, 201 eq, 100 eq, 67 eq, and 50 eq.

Figure 7a shows that the value of DaII increased in the case of the increase of the apparent rate constant Kapp at a constant surface area of Pd NPs. On the other hand, we notice from Figure 7b that the value of the second Damköhler number decreased when we increased the surface area of Pd NPs for all cases until this number remained constant at higher surface area.

This result was expected since the initial concentration of NaBH4 is higher that of 4nitrophenol, and a lower surface area allows more active sites to be occupied by active hydrogen species.

The calculations of the second Damköhler number from 50 until 10000 equivalents of NaBH4 show values in the orders of 10 -4 or less. The diffusion control is negligible in all cases by reason of the values obtained lower than 1 (DaII << 1), so the diffusion rate is much faster than the rate of reaction [8], [46]. The corresponding fit parameters are presented in Table 3. These parameters were determined using a numerical solution of Equation ( 1) by MatLab routine. Apparently, a single set of the rate constant k and the adsorption constants K4-Nip and KBH4-is able to represent the experimental data at a specific temperature. The value of adsorption constant K4-Nip is much bigger than KBH4-and increasing with temperature, while KBH4 remained almost constant in the same temperature range (see Figure 9). This explains that 4-nitrophenol molecules were more strongly adsorbed on the surface of the Pd nanoparticles than the borohydride ions. On the other hand, Guella and Liu show that the interaction of borohydride ions with metal surfaces is a complex process that involves several steps [26,27]. Furthermore, the true rate constant k increases with an increase of the temperature and the true activation energy Ea obtained from the Arrhenius plot, is 61 kJ.mol -1 (Figure 10). This true activation energy is in the same dimension as that of apparent activation energy Ea app (81,22 kJ.mol -1 ) determined at 150 eq of BH4 -and is correlated to the reaction of the surface-bound species with adsorbed 4-nitrophenol. On the other hand, the Eaapp is just an apparent value as it contains the adsorption constants K4-Nip and KBH4 who depend on the temperature. 3).

The values of thermodynamic parameters for the adsorption process of 4-Nip, and BH4 - are given in Table 4. All enthalpy and entropy values of adsorption of 4-Nip, and BH4 -are positives. The adsorption entropy indicates that the release of water or other surface-bound species is the dominating process of adsorption [12].These enthalpy and entropy adsorption values are in a similar range of what Wunder and coworkers found by using Gold NPs [12].

Conclusions

In summary, "water-soluble" Palladium Nanoparticles, exhibit high catalytic performance for catalytic reduction of 4-nitrophenol by using sodium borohydride as the reducer in comparison to many various mNPs catalysts reported in the literature (see Table2 of the review [47]). The whole kinetics of the reduction process has been studied by varying a single factor each time, as the amount of Pd nanoparticles, initial 4-nitrophenol, and NaBH4 concentration at various experimental conditions.

The evaluation of diffusion control was conducted by the calculation of second Damköhler number. In this study, we found that the more we increase the concentration of NaBH4 in a small surface area of Pd nanoparticles the second Damköhler increased. However, in this condition, the catalytic systems are not controlled by the diffusion of reactants to the surface of the nanoparticles because the values obtained were always lower than 1 (DaII << 1).

A schematic representation of the Langmuir-Hinshelwood mechanism of 4-Nip reduction on the surface of Pd nanoparticles has been presented and kinetic evaluation for fitting

Introduction

4-Nitrophenol (4-Nip) is an organic compound with medium molecular weight and it falls under the family of the phenol. It is a manufactured chemical that does not occur naturally in the environment, and it is obtained as a side product from synthetic dyes, herbicides, pharmaceutical industries, and pesticides. The reduction of this former (4-Nip) to an important pharmaceutical intermediate (4-Amp) is quite important. 4-Nitrophenol is used mainly to make drugs, and fungicides, it is an environmentally hazardous substance and its removal from the environment is an important purpose, because of damages caused to the animal blood and human as well as several organs [1]- [3]. Thus, its catalytic reduction in continuous flow has been a continuous subject of research for several years [4]- [6].

Recently, metallic nanoparticles (mNPs) have been the subject of numerous applications in widespread scientific field and especially for catalysis purposes [7], [8]. mNPs afford efficient catalytic activity as they have a large surface to volume ratio [9]. mNPs such as palladium, platinum, and gold have already shown their potential in catalysis for various specific reactions, like reduction, hydrogenation, and cross-coupling reactions [10], [11]. Nowadays, the reduction of 4-Nip by sodium borohydride is qualified as a model reaction to be used to evaluate the catalytic activity of mNPs and to study its kinetics [12]. This model reaction has been described by many authors and proceeds under mild conditions at room temperature in water as solvent [13]- [15]. We already investigated and described in our previous work the kinetics of this catalytic model reaction in the presence of "water soluble" palladium nanoparticles as catalyst in batch mode [16]. These Pd NPs are synthesized in an easy and ecofriendly manner and already displayed high efficiency for several organic reactions in aqueous media [11].

Usually, studies that reported the reduction of 4-Nip by mNPs are conducted in conventional batch reactors [16]- [19]. However, few researchers reported the reduction of 4-Nip in continuous flow microreactor system. In these reports, the mNPs are synthesized into or adsorbed over various supports such as wood pulp paper, cellulose monolith, monolithic hierarchical polymer/gold sponges [20]- [22], gold/carbon nanotube membranes or hybrid amyloid membranes [5], [6].

Nowadays, process intensification research is concentrated on the use of the continuous flow microreactor over the batch reactors [23]. The shift from batch to continuous flow processes Different microreactor configuration models are evaluated. To the best of our knowledge, such on flow catalytic reduction of 4-Nip to 4-aminophenol (4-Amp) in PTFE spiral capillary microreactor (SCM) has not yet been studied.

Experimental Section

Chemicals

Sodium borohydride, sodium ascorbate, and Na2PdCl4 were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France), while 4-nitrophenol was acquired from Acros Organics -Fisher Scientific (Illkirch, France). All materials were used as received without further purification. Nanopure water (18 MΩ cm-1), obtained from a Millipore Gradiant Elix-3A10 system (Millipore SAS, Molsheim, France), was used for all experiments. Synthesis and characterization of the Pd NPs as well as their bisphosphonic acid ligand were performed using the protocols described in our previous work [11].

Continuous Flow Microreactors

In an ordinary experiment, a designed and constructed continuous-flow system such as PTFE Spiral Capillary Microreactor (SCM) and Continuous Vessel Microreactor (CVM) were used for continuous flow 4-nitrophenol reduction. These apparatuses allowed variation of the mean residence time. For continuous vessel microreactor (CVM), we use one small volume (0.55 mL) with tiny dimensions (11x 6 x 10 mm), as shown in Figure 1. The continuous analysis will be carried-out directly from the aperture of the microreactor. We assume, as for continuously stirred tank reactor (CSTR), that the concentration within the reactor is the concentration at the outlet of the reactor. The ratio of sodium borohydride to 4-Nip concentration in the medium is equal to 150. In these conditions, all 4-Nip was transformed to 4-nitrophenolate which is detectable by UV-Vis spectroscopy at λ = 400 nm. The experimental error of the wavelength values was estimated to be 1 nm. The solutions were passed through a PTFE Spiral Capillary Microreactor (SCM), or Continuous Vessel Microreactor (CVM), and time-dependent absorption spectra were recorded under the flow at 6 s intervals at room temperature (20 °C). The continuous-flow system is shown in Figure 3. 

Continuous Flow Spectrophotometer (UV-vis) Analysis

The catalytic reduction of 4-nitrophenol was monitored by a Perkin-Elmer Lambda-2 UV-vis Spectrophotometer (PerkinElmer France, Villebon-sur-Yvette, France) employing two different path length (0.1 mm; 10 mm) quartz cuvette (Hellma). The UV absorption measurements were performed in two different small volumes (6.2 μL; 550 μL) quartz cuvette to be in real microreactor level since the volume of the quartz cuvette should be negligible in comparison of microreactor volume.

The conversion of 4-nitrophenol was calculated using the following equation:

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) = 𝐴 0 -𝐴 𝑛 A 0 × 100
the RTD can be used to predict the conversion in a real reactor by developing models of ideal reactors association [45].

In many cases, the fluid in a real reactor is not at all well mixed neither close to plug flow. The non-ideal flow patterns that occur in real reactors, generates non ideal mixing. In order to predict the conversion in a real reactor:

• For a first-order reaction, we need to characterize our reactor and determine the reactor RTD, and reaction kinetics.

• For a reaction that is not first-order, the RTD will make it possible to predict the association of ideal reactors allowing it to represent the real studied reactor.

As a first approximation, we modeled the flow patterns of our real reactor as an ideal reactor of which the RTD is well known. In this work, we choose the segregation model for the tested microreactors and we visualize the flow through the real reactor as a continuous series of globules that spend different amounts of time in a reactor as little batch reactor. A globule is to be defined as a fluid particle that contains millions of molecules of the same age [46]. The main objective was to confirm the kinetics of the reaction model and validate the closest microreactor model configuration. Several reactor models were developed and their results were compared to the experimental results. The kinetic model was already developed in our previous article by using Pd NPs catalyst and assuming that the chemical reaction is pseudo-first-order as we use sodium borohydride in excess [16]. The kinetic model for the reduction of 4-nitrophenol is reported as follows:

-𝑟 4𝑁𝑖𝑝 = 𝑘 𝑎𝑝𝑝 𝐶 4𝑁𝑖𝑝

Since the tested microreactors are modeled in this work with the segregation model, the flow through the real reactor is regarded as a continuous series of globules that spend different amounts of time in a reactor as little batch reactor. The material balance over the globule is written as for a batch reactor as follows:

-

𝑟 4𝑁𝑖𝑝 = - 𝑑𝐶 4𝑁𝑖𝑝 𝑑𝑡 ⁄ = 𝑘 𝑎𝑝𝑝 . 𝐶 4𝑁𝑖𝑝 (2) 
The variables can be separated to obtain 4-Nip concentration versus time:

𝐸(𝑡) = 𝜏 2 2𝑡 3 𝑡 ⩾ 𝜏 2 (8) 
With 𝜏 is the mean residence time:

𝜏 = 𝑉 𝑟 𝑄 (9) 
where 𝑉 𝑟 , 𝑄 are the volume of the reactor and the volumetric flowrate within the reactor, respectively. Substituting (Eq. 8) in (Eq. 7), we obtain the conversion predicted from the segregation model to the SCM in laminar flow regime:

𝑋 ̅ = 1 -∫ 𝑒 -𝑘 𝑎𝑝𝑝 𝑡 𝜏 2 2𝑡 3 𝑑𝑡 𝑡 𝜏 2 ⁄ (10)
This equation has been numerically solved to determine the conversion of the laminar flow reactor.

And the concentration can be deduced:

𝐶 𝑠 = 𝐶 0 (1 -𝑋 ̅ ) = 𝐶 0 ∫ 𝑒 -𝑘 𝑎𝑝𝑝 𝑡 𝜏 2 2𝑡 3 𝑑𝑡 𝑡 𝜏 2 ⁄ (11)
For CSTR, the RTD function 𝐸(𝑡):

𝐸(𝑡) = 𝑒 -𝑡 𝜏 ⁄ 𝜏 (12) 
Substituting 𝐸(𝑡) in (Eq. 7), we obtain the mean conversion predicted from the segregation model for a CSTR:

𝑋 ̅ = 𝜏𝑘 𝑎𝑝𝑝 1+𝜏𝑘 𝑎𝑝𝑝 (13) 
From which we can deduce the concentration at the reactor outlet versus time:

𝐶 4-𝑁𝑖𝑝𝑠 = 𝐶 4-𝑁𝑖𝑝0 (1 -𝑋 ̅ ) = 𝐶 4-𝑁𝑖𝑝0 1+𝜏𝑘 𝑎𝑝𝑝 (14) 
For PFR, the RTD with 𝛿 (Dirac delta) function:

𝐸(𝑡) = 𝛿(𝑡 -𝜏) (15)
Substituting the 𝐸(𝑡) function in the mean conversion (Eq. 8), we obtain the mean conversion predicted from the PFR model:

𝑋 ̅ = 1 -∫ 𝑒 -𝑘 𝑎𝑝𝑝 𝑡 𝛿(𝑡 -𝜏)𝑑𝑡 ∞ 0 (16)
After integration, we obtain:

𝑋 ̅ = 1 -𝑒 -𝑘 𝑎𝑝𝑝 𝜏 (17) 
In addition, the CSTR model gives conversions that are the closest to the experimental CVM reactor. This is logical since the geometric shape is the same even if CVM is not stirred as CSTR. We notice that there is a small deviation between the theoretical outlet concentrations of CSTR model compared to the experimental outlet concentration of the CVM. This deviation can be explained by the existence of the dead volumes since the CVM is not stirred, which means that the effective reactor volume is lower than the reactor volume which led to a lower conversion.

Figure 5 shows the comparison between the experimental and theoretical outlet concentration of 4-Nip in the case of a PTFE -5.5 mL spiral capillary microreactor (SCM) as a real reactor and CSTR, PFR, LFR as models. We notice that there is an important deviation between the theoretical outlet concentration of CSTR model compared to those of LFR and PFR models and experimental outlet concentration of spiral capillary microreactor (SCM). In addition, we can see that the PFR model is giving almost exactly the same results as the experimental SCM reactor. This could be a priori surprising since the Reynolds value has been calculated for all the tests confirming that the flow occurs in laminar flow regime. In fact, we have assumed that laminar flow is fully developed from the entrance of the SCM while in fact there is some entrance length which depends on the Reynolds number. We also did not consider the species diffusion within longitudinal and radial directions of the reactor. Since the very low radius of the microreactor, we hypothesize that the strong radial diffusion will restore the concentration equilibrium on the section of the reactor resulting in similar behavior as that of a plug flow reactor. This is why the plug flow reactor model is giving the closest results to those of the experimental SCM.

Figure 6 shows the comparison between both the experimental CVM and SCM microreactors and the two models CSTR and PFR, respectively. The results show that the conversion varies based on the residence time of each microreactor.

The best conversion 99.87% was obtained in SCM -5.5 mL at the highest residence time tested of 2.21 min (132.6 s). As we want to be as close as possible to the experimental model of a microreactor we choose small volume for microreactor (SCM -0.55 mL) and small volume of quartz cell (6.2 μL) so that the volume of the quartz cuvette is negligible in comparison with the microreactor volume. In this case, the microreactor SCM -0.55 mL shows a higher percentage of conversion experimentally than theoretically using the outlet concentration equation for the plug flow reactor model (PFR -0.55 mL). This difference is due to the detection sensitivity of our Spectrophotometer (UV-vis) using this too small path of the quartz cell (6.2 μL). The corresponding small path length (0.1 mm) therefore probably affects our measurement by lowering absorbances of 4-Nip. Consequently, in this case, we considered the theoretical conversion presented by the plug flow reactor model. The percentage of conversion obtained theoretically with PFR -0.55 mL and PFR -5.5 mL are 96.00% and 99.83% at a residence time of 33.52 s and 132 s, respectively. For CVM -0.55 mL, the obtained conversion is 84.29% at a residence time of 33.4 s. The percentage difference of conversion was observed due to the different microreactors configurations, which conduct in the presence of pseudo first order reaction to a better conversion for SCM as it is closer to PFR reactor than CVM. Moreover, when the volumetric flow rate increases, the conversion decreases because the mean residence time of the reaction mixture decreases. Basically, the experimental CVM is the closest to CSTR model according to its geometric shape even it is not stirred as CSTR. For batch reactor there is a small conversion at the beginning of the reaction in comparison to the SCM-0.55 mL. If the batch reactor is stirred and its monitoring is properly controlled at the start-up of the reaction, the conversion in the batch reactor should be exactly the same as in the plug flow reactor operating under the same average residence time. We hypothesize that the mixing of reagents is not completely efficient and does not produce a homogeneous mixture especially for low residence times. It is well known that this is why we observe a lower conversion in batch reactor in comparison to plug flow reactor. The conversion in the two reactors becomes the same for higher residence times as the mixing improves and the conversion is less dependent of the batch reactor start-up conditions.

Comparison between batch and continuous flow Microreactors

In conclusion for low residence time kinetics study should be conducted in the spiral capillary microreactor whereas both reactors are convenient for high residence times.

Moreover, we can see that the way the experimental CVM operates does not perfectly match the CSTR in the way the experimental SCM match the PFR model. Consequently, for kinetics study of nanoparticles catalyst in flow conditions there is a clear preference for SCM reactor.

Conclusions

The robust and continuous flow microreactor process for the reduction of 4-nitrophenol in the presence of "water-soluble" palladium nanoparticles catalyst was successfully developed and this technology could be a promising tool for scaling up to the industrial level. 

Introduction

Lignocellulosic biomass is a renewable, low-cost material, and a major challenge for the substitution of a portion of fossil fuel products, whether in the energy sector or in the production of high-value chemical building blocks [1,2]. Moreover, its transformation has a reduced impact in terms of gas emissions such as carbon dioxide compared to conventional fossil fuels [3]. Indeed, lignocellulosic biomass consists mainly of cellulose (40-50%), hemicellulose 161 (20-30%), and lignin (10-35%). Cellulose, a partially crystalline polymer of glucose (C6), is already widely used in many industries as platform chemical (organic acids, polyols) for plastics and fuels [4].

However, hemicellulose and lignin are little used today and current valorization is generally low added value energetics. Hemicellulose is a heterogeneous carbohydrate fraction that contains a polymer of glucose (C6), arabinose and xylose (C5), which represent renewable source molecules for many chemical applications in food and pharmaceutical industries [2] .

The use of sugars glucose (C6) and xylose (C5) as raw material for the production of important basic nonpetroleum chemical is of high interest [5]. For example furfural is obtained from this resources by isomerization and thermal dehydration in acid respectively. Furfural is a key derivative for the production of fuels, plastics and many ranges of important nonpetroleumderived chemicals for pharmaceuticals and cosmetic applications. With an annual production close to 300 000 t/year, and a reasonable price (250 € /t) furfural is one of the few bio based chemical competitive with basic petrochemicals such as toluene and benzene [2] [6].

In the past few years furfural has become as one of the most promising building blocks of the biobased chemical industry. It can be transformed into a furfurylamines by reductive amination [7,8] , to maleic and fumaric acid by catalytic oxidation, [9] or to many value-added chemicals and fuels by hydrogenation [10] [11]. In recent years a paid attention to hydrogenation route of furfural has been focused by many researchers because it provides a wide range of bulk chemicals that are often used as intermediates to synthesize many products and fuels such as furfuryl alcohol, 2-methyl tetrahydrofuran, 2-methylfuran, furan, tetrahydrofurfuryl alcohol and tetrahydrofuran [6]. In addition, furfuryl ethers such as ethyl furfuryl ether (EFE) and tetrahydrofurfuryl ethyl ether (TFEE) are considered as another attractive kind of furfural derivatives notably as fuel components due to their high stability and high-octane number [6] [12].

Nowadays, furfuryl ethers are produced in two stages: a first in which furfural is hydrogenated to furfuryl alcohol or tetrahydrofurfuryl alcohol which is then etherified in a second step with a desired alcohol. This pathway requires a hydrogenation catalyst and a strong Bronsted acid catalyst. A more appealing pathway would be to produce such ethers directly from furfural and alcohol in one pot by means of a reductive alkylation reaction [13]. In a previous work on production of bio-diesel candidates from 5-(hydroxymethyl)furfural (HMF)

Balakrishnan and co-workers shown the possibility to transform directly HMF in batch conditions into 2,5-bis(alkoxymethyl)furan at 60°C and 1.37 MPa pressure using a mixture of Amberlyst-15 and Pt supported alumina catalyst [14]. Consecutively, Lewis JD and co-workers developed a continuous flow strategy for the coupled transfer hydrogenation and etherification of HMF using Lewis Acid Zeolites (Hf-, Zr-and Sn-Beta zeolites) without using external hydrogen sources or precious metals [15]. On the other hand, Wang and co-workers use Pd nanoparticles supported on active carbon for the transformation of Furfural to furfuryl ethyl ether (FEE) in ethanol, with generation of PdH species as acid sites during a hydrogenation reaction. They achieved up to 81% yield at low reaction temperature (60 °C), and H2 pressure of 0.3 MPa [16]. However, this process suffers from catalyst degradation and substrates limitations. Similarly, Dan Wu and co-workers developed the reductive alkylation of aldehydes among which furfural with several alcohol under mild reaction conditions involving in-situ Brönsted acidity generation in the presence of hydrogen over heterogeneous Pd-I catalyst [13].

Therefore, it appears clearly that the reductive alkylation of furfural with alcohol is feasible in one step, nevertheless no available study permits to clearly rationalize the formation of ethers from furfural with commercial catalysts and how the reaction conditions could help to select from one product to another and especially how to select the production of the tetrahydrofurfuryl over the furfuryl ether.

In this context and in the goal of elaborating a more sustainable approach we decided to investigate the reductive alkylation of furfural by ethanol in continuous flow mode with a commercially available Pd supported on active carbon catalyst with external hydrogen sources.

Experimental Section

Materials Substrate

Alcohol EtOH was purchased from Fisher Scientific. Furfural, 2-methyltetrahydrofuran, Trifluoroacetic acid, furfuryl alcohol, and 2-(Ethoxymethyl)furan (FEE), were purchased from Acros Organics. Pd (0) powder (5% Escat™ 1431) was purchased from STREM Chemicals.

Tetrahydrofurfural alcohol, 2-(diethoxymethyl) furan, and tetrahydofurfurly ethyl ether (TFEE), were purchased from Sigma-Aldrich. All materials were used as received without further purification.

Continuous Reductive Etherification

In an ordinary experiment, a commercial continuous-flow system (ThalesNano H-cube Pro™) was used. This apparatus allowed variation of the pressure, the temperature and the residence time. First, a pure alcohol solution was pumped through the system until the pressure and temperature were stabilize. Then the feed was switch to a pure alcohol solution (70 mL) containing furfural (1.159 mL, 14 mmol.) was pumped into the system with an HPLC pump (0.5 mL min-1) at room temperature. The solution was passed through a cartridge (length 70 mm, internal diameter 4 mm, internal volume 0.88 mL) filled with Pd/C powder (270 mg, 5%

Escat™ 1431) under the presence of H2 (30 Bar) at (60-100 °C). The total time on flow was 2 h. the first sample was collected after 15 min under the flow.

Product analysis

Sample 0.5 ml of the outlet solution, and diluted 80 µL of this sample with 1 ml ethyl acetate, which contains toluene as an internal standard. This mixture was analyzed by Gas chromatography in order to quantify the number of ethers produced and the remaining furfural ] 𝐶𝐹𝐹 0 × 100 𝐶𝐹𝐹 0 , 𝐶𝐹𝐹 𝑛 and 𝐶𝑃 𝑛 refer to the initial and final concentration of furfural and a final concentration of the product (mol. L -1 ), respectively. The total volume in the system was supposed to remain constant during the reactions.

Results and discussion:

In this work, the main objective was to achieve the highest selectivity to furfuryl ethers such as ethyl furfuryl ether (EFE) and tetrahydrofurfuryl ethyl ether (TFEE) through simultaneous etherification of an aldehyde with ethanol and ring hydrogenation of furfural in a continuous flow condition. This could be possible by choosing a suitable acid to first form the acetal. Here we choose to study Trifluoro acetic acid (TFA) as an homogeneous catalyst for the in situ production of the acetal. Secondly, we evaluate the choice of catalyst for the reduction, and its load, along with reaction conditions such as H2 pressure, temperature, residence time, etc. that could affect the formation of intermediates during this process. Furfural conversion was 100% for both cases. For the reaction without TFA, the predominant products were tetrahydrofurfuryl alcohol (THFA) and 2-(methyltetrahydro)furan (MTF), with a yield of 43% and 41%, respectively.

The rest of the product consist mainly in tetrahydrofurfuryl ethyl ether (TFEE, Yield. 6.5%).

For the reaction with TFA, the dominating product was THFA at the first half-hour on the stream the yield was far 41-43 %, but then gradually dropped over time, while the TFEE In this part, the reaction conditions were set at 68 °C and 0.3 MPa H2 pressure with a 0.5 ml/min flow rate. For each experiment, a pure ethanol solution was pumped through a cartridge (length 30 mm, internal diameter 4 mm, internal volume 0.38 mL) filled with 100 mg catalyst powder. When the pressure and temperature were stabilized, the feed was switched to a pure ethanol solution (70 mL) containing furfural (4 mmol) and DOF (10 mmol) at equilibrium with 0.01 % Trifluoroacetic acid. The first sample was collected and analyzed after 60 min under the flow. Furfural and DOF conversion was 100% for all the percentages of Pd/C catalysts.

The table5.3 showed that the five catalysts have different product distributions. For entry 1 (0.7 %), the dominating product was furfurly ethyl ether (FEE), with a yield of 57%. The rest derivatives were tetrahydrofurfuryl alcohol (THFA, Yield. 16 %) and tetrahydofurfurly ethyl ether (TFEE, Yield. 4%). For entry 2 (1.25 %), the main products contained 37.7% of FEE, 14.65% of TFEE, 9 % of furfuryl alcohol FA. For entry 3 (2.5 %), the major product was TFEE with a yield of 42.63%. Other by-products included FA (7%), THFA (10.51%), 2-(methyltetrahydro)furan (MTF, Yield. 21.14%), and FEE (0.42%). For Entries 4-5, the predominating product was TFEE, with a yield of 47.84, 46.39%, respectively. As we can notice, that by increasing the catalyst percent from 0.7 % to a certain amount such as 4 or 5%, while keeping the rest reaction conditions unaltered, the TFEE yield increased from 4 % to 47.84% (while increasing the Pd/C % more we will convert TFEE to MTF).

This result made clear the mechanism hypothesis that we increase the selectivity towards the formation of second ether TFEE by increasing the catalyst percent to a certain amount, and under specific temperature and pressure conditions. 

Conclusions

In summary, an alternative method using continuous flow condition for the synthesis of furfuryl ethers from furfural and ethanol via reductive etherification has been accomplished.

We herein systematically studied the effects of TFA loading, temperature, H2 pressure, catalyst mass and Pd/C catalysts percent on the reductive etherification of furfural in ethanol.

The remarkable advantage of this strategy was the use of a commercial Pd/C catalyst in continuous flow one step process for the conversion of furfural directly into furfuryl ethers compared with previous process that required two steps process hydrogenation/etherification in batch conditions.

The mechanism hypothesis and reaction conditions were properly discussed. This mechanism showed the importance of in situ formation of DOF for the production of furfuryl ethers FEE and TFEE. The TFA loading played an important role: in-situ formation of the acetal, and improving the TFEE yield as well as decreasing the formation of THFA. Moreover, the reaction conditions could help to select the production of the TFEE over the FEE or the opposite.
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 2 Study of a benchmark reaction, 4-nitrophenol (4-Nip) reduction and evaluation of reaction kinetic prior to continuous flow translation 3) Make translation to continuous flow 4) Study an example of continuous flow biomass valorization: furfural conversion into high-value chemical "furfuryl ethers" over commercial Pd/C NPs catalysts.

  III will focus on the headmost catalytic model reaction the 4-nitrophenol (4-Nip) reduction to 4-aminophenol (4-Amp) in the presence of sodium borohydride as reductants to test the catalytic activity of our Pd NPs dispersed in (water) as a catalyst. The kinetic analysis of the reaction rate as a function of temperature was monitored by UV-vis spectroscopy using a Langmuir-Hinshelwood model. The effects of different initial 4-Nip and sodium borohydride concentrations, reaction temperatures, and the quantity of Pd NPs on catalytic reduction kinetic was evaluated. The true rate constants (k), the adsorption constants (K4-Nip and KBH4) and the thermodynamic parameters (activation energy, enthalpy, and entropy) were determined at different temperatures by fitting the experimental data with Langmuir-Hinshelwood model. Chapter IV focuses on the process intensification for the previous catalytic model 4-Nip reduction reaction and the use of the continuous flow microreactor over the conventional batch reactors. We investigated the catalytic efficiency of our "water-soluble" Pd NPs in continuous flow mode and examine different microreactors' configurations. A novel PTFE spiral capillary microreactor (SCM) process was designed and constructed for the kinetic study of the reaction. Besides, the results of different microreactors configuration were compared to each other. Chapter V deals with an example of the utilization of a supported Pd nanoparticle catalyst used for the conversion of platform molecule issued from biomass: furfural into value added chemicals under continuous flow. The chosen reaction was the reductive etherification of furfural into furfuryl ethers in one step by continuous flow over commercial palladium catalysts supported on activated carbon in the presence of a strong acid. Chemical and engineering aspects, such as pathways and reaction conditions, are properly discussed.
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 16 Figure 1-6: Synthesis of various phosphine-stabilized monodisperse Pd NPs via direct thermolysis following ligand exchange reactions [71].
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 17 Figure 1-7: Proposed mechanism for the spontaneous phase transfer of Pd NPs from organic to aqueous solvent medium by the addition of DMAP to tetraalkylammonium bromide-stabilised NPs. R=C8H17 [76].
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 18 Figure 1-8: Color change (a) before and (b) after the addition of NaBH4.
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 19 Figure 1-9: Scale-up of an exothermic reaction from lab scale can be accomplished by raising the reactor volume or by translating the process to a continuous flow system to avoid the issues of heat transfer and mixingthat can be faced via increasing the volume of the reactor.

  industrial and academic research compared to conventional batch reactors. Wide fields of research including nanoparticle synthesis[START_REF] Yao | Review of the applications of microreactors[END_REF][100][101][102], catalysis[START_REF] Tanimu | Heterogeneous catalysis in continuous flow microreactors: A review of methods and applications[END_REF] 103, 104], polymerization [105, 106], electrochemistry [107], and sensors [108] have used continuous-flow microreactors.In presence of many chemical reactions, besides improving safety, better mass, and heat transfer, it also enhanced selectivity and yield with more energy-saving over conventional batch reactors[116]. This enhancement is achieved because of the small volume capacity of microreactors specifically in the multiphase reaction systems such as liquid-liquid and gasliquid systems[115]. The use of microreactor devices allowed the development of additional sophisticated continuous flow reactions through the minimized use of solvent and reagent quantities due to the small volume capacity of the microreactor thus this leading to more optimization of the reaction conditions[START_REF] Yao | Review of the applications of microreactors[END_REF],[117].
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 110 Figure 1-10: Two main configurations of microreactors devices. (A) Chip/plate-based configurations. (B) Spiral capillary-based configurations.

  potassium hydroxide at 200 °C and 14 bar for the Wolff-Kishner reaction[121]. However, metal and glass materials are most regularly used in organic synthesis[122].Chip-based microreactors offer numerous advantages such as easy control of microfluidics and assimilation of several processes into one reaction device[START_REF] Yao | Review of the applications of microreactors[END_REF]. The spiral capillary microreactor (SCM) offers more enhanced mass and heat transfer along with improved mixing among the reactants as compared to the chip-based microreactors. The enhanced mixing occurring in SCM is a result of mixing along the length and radial direction of the microreactor, which is not the case in chip-based microreactor that occurs only along the length of this latter. The residence time distribution (RTD) for the same microreactor volume of SCM is very small compared to chip-based microreactors which are significantly broad. This decrease in RTD might be due to the secondary flow generation by Dean Vortices in the SCM [123]. Therefore, the rate of reaction and selectivity towards the product in the SCM was influenced by the secondary flow [123-128].

  crops are usually used as raw materials for furfural production. The furfural annual output is close to 300 kton per year, becoming as one of the most common biomass-derived industrial chemicals [145]. Currently, furfural is commercially produced by the acid-catalyzed dehydration of pentosan sugars (C5 sugars) present in hemicellulose which is the second major component of biomass; the C5 polysaccharides are initially hydrolyzed to monosaccharides (mainly xylose) by aqueous mineral acids such as H2SO4 and eventually dehydrated to furfural (Figure 1.16)[145]. The industrial manufacturing of furfural is a well-known batch method that readily depolymerize the hemicellulose to C5 sugars (principally xylose).
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 111 Figure 1-11: Simplified reaction for the furfural formation from pentosan. Moreover, recent research has shown that other types of C6 monosaccharides such as glucose and fructose could also produce furfural by the retro-aldol reaction under extreme conditions such as high temperatures [146, 147].

[

  158, 159]. The existence of Lewis acid or base for catalytic transfer hydrogenation affected the hydrogenation of furfural to the FA [160-164]. Interestingly, Wang and al. observed that

  Figure1.17 [151]. This finding is compatible with other studies that showed that acetals or hemiacetals can be a furanic ethers substrate [165-167]. They stated that Pd/C NPs (approximately 3 nm) were successful in converting furfural to ethyl furfuryl ether (EFE)[151].
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 112 Figure 1-12: Two schematic routes of the conversion furfural to furanic ethers. La= Lewis acid, Lb = Lewis base, B= Brønsted acid.

Firstly 1 )

 1 prepare the highly stable Pd NPs in water with greener methods, and study their ability to catalyze C-C coupling and reduction reactions. Then 2) reduce the 4-Nip reactions and perform the evaluation of reaction kinetic prior to continuous flow translation and 3) make translation to continuous flow. Finally, in a last part 4) Valorize furfural into high-value chemical "Furfuryl ethers" over commercial Pd/C NPs catalysts.

Chapter 2 :

 2 Eco-friendly synthesis of Pd Nps2.1 Published (Green Chemistry): ""Water Soluble" PalladiumNanoparticle Engineering for C-C Coupling, Reduction and Cyclization Catalysis"

Figure 2 - 1 :

 21 Figure 2-1: Synthesis of various HMBP-stabilized monodisperse Pd NPs via microwave irradiation [86].

Figure 2 - 2 :

 22 Figure 2-2: Experimental scheme of microwave reactor to synthesize Pd NPs

  environmentally friendly and biocompatible. This reducing agent has already been used to synthesize Au-NPs52,60 or Pd-NPs.61,62 Typically, reactions are performed by mixing a stock solution of Na2PdCl4, the phosphorous stabilizer in water at three different pH values (3, 7, and 10) and sodium ascorbate. The mixture is then heated in a microwave reactor for 30 min at 100 °C. The reaction is run under complete aerobic conditions. Apparition of a brown to dark brown colour visually assesses the formation of Pd-NPs. By running UV-vis the complete disappearance of the band centred at 430 nm characteristic of PdCl42-in water could be verified (see the supporting information). One must note that Pd-NPs obtained from the acidic solution (pH = 3) of compound 3 (noted Pd-NP-3A) present a non-negligible absorbance at a wavelength higher than 700 nm compared to Pd-NPs obtained from the basic solution (pH = 10) of compound 3 (noted Pd-NP-3B) (see the supporting information).

Figure 2 - 3 :

 23 Figure 2-3 : TEM micrograph of Pd-NPs obtained with basic solutions of compound 1: Pd-NP-B1 (A and B), compound 4: Pd-NP-B4 (C and D) and compound 2: Pd-NP-B2 (E and F).

Figure 2 - 4 :

 24 Figure 2-4 : Fig. 2 TEM micrograph of Pd-NPs obtained with acidic solutions of compound 3: Pd-NP-A3 (A and B) and compound 6: Pd-NP-A6 (C and D).

Further 65 Figure 2 - 5

 6525 Figure 2-5 HRTEM micrograph of Pd-NP-B3 (inset: SAED pattern).All the Pd-NPs were purified by dialysis to remove the unbound phosphonic stabilizer and lyophilized prior to FTIR and XPS analyses. The FTIR spectrum of Pd-NP-B3 clearly shows the vibration bands associated with the phosphonic moiety bound at the surface of a metal (Fig.2.5). Indeed, as already described on several NP surfaces (iron oxide, gold or silver)48,54,55 a merging of the sharp absorption bands consistent with phosphonic acid present in the 850-1300 cm-1 fingerprint (νP=O at 1162, 1109 and 1062 cm-1; νs, νas of PO3 at 1035, 997 and 965 cm-1; and νPOH at 899 cm-1) is observed to yield one broad band centred around 1090 cm-1 (Fig.2.6).

Figure 2 - 6 :

 26 Figure 2-6:FTIR spectra of the 500-2000 cm-1 area for Pd-NP-B3 (in blue) and free compound 3 (in black).

Figure 2 - 7 :

 27 Figure 2-7:Typical (A, B) P 2p and Pd 3d peaks recorded on (A) compound 3 powder and (B, C) Pd-NP-B3.

Figure 2 - 8 :

 28 Figure 2-8: EDX analysis of Pd-NP-B3.

Figure 2 -

 2 Figure 2-10 : Top: UV-visible absorption spectra (6 s intervals). Bottom: Absorption dependence on time for the catalytic reduction of 4-nitrophenol using Pd-NP-B3 as the catalyst.

  et al.54 (see the supporting information). Compound 2 was obtained by following the protocol described by Kieczykowski et al.92 Compound 7 (PEOMA-co-MAPC1 ACID) was purchased from Specific Polymers, France. Nanopure water (conductivity of 0.06 mS cm-1) obtained

was about 1

 1 mm in diameter. A pass energy of 20 eV was used for narrow scans. Under these conditions, the full width at half maximum (FWHM) of the Ag 3d5/2 peak of a clean silver reference sample was about 0.6 eV. The pressure in the analysis chamber was around 10-10 torr. The photoelectron collection angle, θ, between the normal to the sample surface and the analyzer axis was 45°. The following sequence of spectra was recorded: survey spectrum, C 1s, N 1s, O 1s, P 2p, Na 1s, Pd 3d, Cl 2p, and Si 2p. The binding energy scale was set by fixing the C 1s component due to carbon only bound to carbon and hydrogen at 284.8 eV. The data treatment was performed with CasaXPS software (Casa Software Ltd, UK). DLS and ζ potential analyses were performed on a nano ZS (red badge) ZEN3600 Zetasizer at neutral pH. UV-visible spectra were recorded on a Varian Cary 50 Scan UV-Visible spectrophotometer.

detector and a 30

 30 m AT™-1ht capillary column (0.25 mm diameter, 0.1 μm film thickness), using nitrogen (2 mL min-1) as a carrier gas. The following parameters are used: Tinjector = 350 °C and Tcolumn = 40 °C (2 min) and 40-250 °C (20 °C min-1). 1H NMR spectra (400 MHz) and proton-decoupled 13C NMR spectra (100.63 MHz) were recorded on a Bruker Avance III 400 spectrometer. Chemical shifts are reported in parts per million (ppm) on the δ scale. The residual solvent peaks were used as internal references (1H NMR: CHCl3 7.26 ppm; 13C NMR: CDCl3 77.2 ppm). Data are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, qt = quintuplet, and m = multiplet and coupling constant(s) are given in Hz.
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 58 General procedure for the cycloisomerization reaction with Pd-NPs: cycloisomerization product (5-methylenedihydrofuran-2 (3H)-one) In a 10 mL MW vial, 115 μL of an aqueous solution of Pd-NPs ([Pd] = 0.695 mM) was added to 500 μL of water. 19.6 mg of pentynoic acid (0.20 mmol) was then added and a cap was fixed on the top of the vial. The vial was heated on a microwave apparatus for 60 min at 40 °C using a ruby thermometer (step 1: heat for 2 min to 40 °C and step 2: hold at 40 °C for 60 min with

  1H NMR (CDCl3, 25°C): δ = 8.28 (d, J = 8.8 Hz, 2H); 7.72 (d, J = 8.8 Hz, 2H); 7.53 (d, J = 8.8 Hz, 2H); 7.30 (d, J = 8.8 Hz, 2H); 2.42 (s, 3H) ppm. 13C{1H}NMR (CDCl3, 25°C): δ = 147.8; 147.0; 139.3; 136.0; 130.0; 127.7; 127.4; 124.3; 21.4 ppm.95TEM images of Pd-NPs after Suzuki reactionGeneral procedure for Sonogashira reaction of phenylacetylene with 4-iodonitrobenzene with Pd-NPs: in a 10 mL MW vial, 43.5 µL of an aqueous solution of Pd-NPs ([Pd] = 0.695 mM) was added to 600 µL of water. 49.8 mg of 4-iodonitrobenzene (0.20 mmole) and 24 µL of phenylacetylene (0.22 mmole) and 400 µL of a 1 M K2CO3 solution were then added. The glass walls of the vial were rinsed with 1 mL ethanol and a cap was fixed on the top of the vial. The vial was heated with an oil bath or in a microwave apparatus for 30 min at 80°C using ruby thermometer (step 1: heat in 2 min. to 80°C, step 2 hold at 80°C for 30 min. Stirrer speed 1200 rpm for both steps). After cooling of the solution 1 mL of diethyl ether or ethyl acetate was added and the organic layer was extracted 5 times. The product was then isolated by evaporation and purified by simple filtration over silica when conversion was total or purified by silica gel column chromatography using ethyl acetate hexane mixtures when starting halogenated reactants remained un-reacted. 1H NMR (CDCl3, 25°C): δ = 8.23 (d, J = 9 Hz, 2H); 7.67 (d, J = 8.8 Hz, 2H); 7.56 (m, 2H); 7.39 (m, 3H) ppm. 13C{1H} NMR (CDCl3, 25°C): δ = 146.9; 132.3; 131.9; 130.3; 129.3; 128.6; 123.7; 122.1; 94.7; 87.5 ppm. General procedure for Heck reaction of methyl metacrylate with 4-iodonitrobenzene with Pd@-NPs: in a 10 mL MW vial, 287.7 µL of an aqueous solution of Pd-NPs ([Pd] = 0.695 mM) was added to 400 µL of water. 49.8 mg of 4-iodonitrobenzene (0.20 mmole) and 27 µL of methyl metacrylate (0.2 mmole) and 400 µL of a 1 M K2CO3 solution were then added. The glass walls of the vial were rinsed with 1 mL ethanol and a cap was fixed on the top of the vial.

  NMR 1H (CDCl3, 25°C): δ = 8.24 (d, J = 8.8 Hz, 2H); 7.71 (d, J = 16.2 Hz, 1H) ; 7.66 (d, J=8.8 Hz, 2H) ; 6.56 (d, J = 16.2 Hz, 2H); 3.83 (s, 3H) ppm. NMR 13C{1H} (CDCl3, 25°C): δ = 166.7; 148.5; 142.0; 140.5; 128.6; 124.5; 122.1; 52.1 ppm.

  Pd-NPs: Cycloisomerization product (5-Methylenedihydrofuran-2(3H)-one): in a 10 mL MW vial, 115 µL of an aqueous solution of Pd-NPs ([Pd] = 0.695 mM) was added to 500 µL of water. 19.6 mg of pentynoic acid (0.20 mmole) was then added and a cap was fixed on the top of the vial. The vial was heated in a microwave apparatus for 60 min at 40°C using a ruby thermometer (step 1: heat in 2 min. to 40°C, step 2 hold at 40°C for 60 min. Stirrer speed 1200 rpm for both steps). After cooling of the solution, 1 mL of diethyl ether or ethyl acetate was added and the organic layer was extracted 5 times. The high volatility of the compound prevented accurate determination of the isolated yield. 1H NMR (400 MHz, CDCl3) δ 4.72 (dd, J = 4.5, 2.2 Hz, 1H), 4.30 (dd, J = 4.3, 1.8 Hz, 1H), 2.91 -2.81 (m, 2H), 2.70 -2.63 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 175.0, 155. 7, 88.7, 28.0, 25.1. Colourless oil.

displays the essential process of 4 -

 4 Nip reduction on the surface of Pd nanoparticles based on the Langmuir-Hinshelwood mechanism.

Figure 3 - 1 :

 31 Figure 3-1: Schematic representation of the Langmuir-Hinshelwood mechanism of 4-Nip reduction on the surface of Pd nanoparticles.

  ]) 𝑛 + (𝐾 𝐵𝐻 4 . [𝐵𝐻 4 ]) 𝑚 ⁄ where K4-Nip, KBH4 -, [4-Nip], and [BH 4 ] are the adsorption constants and the concentrations of 4-Nip and BH 4 , respectively. The exponent n and m are related to the adsorption and desorption equilibrium of 4-Nip and BH 4 molecules, respectively, and they indicate the heterogeneity of the sorbent. The heterogeneity parameters n and m are both equal to 1 according to the classical Langmuir isotherm model [28].
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 32 Figure 3-2: Structure of the Pd NPs used in the kinetic studies. Lower panel, right side: TEM micrograph of NPs Pd solution (average diameter, 6 nm). The upper panel left side: Scheme of the Pd NPs consisting of spherical Pd with the benzyl bisphosphonic acid as Figure 3a shows the results of UV-vis spectra for the catalytic reduction of 4nitrophenolate ions. The absorption intensity of 4-nitrophenolate ions at 400 nm decreased and
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 33 Figure 3-3: (a) Following UV-visible absorption spectra (6 s intervals) for the catalytic reduction of 4-Nip using Pd nanoparticles (pH=10). (b) Absorption dependence of the time for the reduction of 4-Nip. Conditions: [4-Nip] =7.38 10 -5 M; [NaBH4] =1.11 10 -2 3.4.2 Influence of temperature (derivation of thermodynamic parameters)

Figure 3 - 4 :

 34 Figure 3-4: (a) ln (C/C0) versus time at a different reaction temperature, conditions of reaction 150 eq BH4-(b) Arrhenius plots ln (kapp) and Eyring plots ln (kapp/T) versus 1/T for the Pd nanoparticles.

Figure 3 - 5 :

 35 Figure 3-5: (a) ln (C/C0) versus time at a different concentration of Pd nanoparticles. (b) Plots of kapp, and initial velocity (rate) versus the amount of Pd nanocatalyst, conditions of reaction 150 eq NaBH4; [4-NIP] =7.38E-05 M; temperature 25.5 °C.

Figure 6a ,

 6a Figure 6a,b display the plots of kapp at different initial 4-nitrophenol concentrations and the surface area, respectively. As we noticed from Figure 6a, the value of kapp decreased in the case of increasing the initial 4-nitrophenol concentration. Up to certain concentrations and surface

Figure 3 - 6 :

 36 Figure 3-6: Plots of kapp versus (a) concentration of 4-nitrophenol at a constant temperature of 22.4 °C, and concentration NaBH4 of 1x10-2 M for four different surface area of NPs Pd, 0.3717 m2/L, 0.9292 m2/L, 1.8585 m2/L, and 4.6130 m2/L. (b) surface area of Pd NPs at a constant temperature of 22.4 °C, for seven different equivalents of NaBH4 10000 eq, 1000 eq, 400 eq, 201 eq, 100 eq, 67 eq, and 50 eq respectively. The straight lines illustrate the intrinsic kinetic area and the dashed lines illustrate the area where diffusion limitations take place.

a

  and b are 10,000, and 50 equivalents of NaBH4 , respectively.

Figure

  Figure 7a,b displays the plots of DaII at different kapp and surface area for different concentration ratios of NaBH4 to 4-Nip, respectively.

Figure 3 - 7 :

 37 Figure 3-7: Plots of DaII versus different (a) apparent rate constants, kapp, at a constant temperature of 22.4 °C and concentration NaBH4 of 1x10-2 M for four different surface area of Pd NPs, 0.3717 m2/L, 0.9292 m2/L, 1.8585 m2/L, and 4.6130 m2/L. (b) surface area of NP Pd at a constant temperature of 22.4 °C, for seven different equivalents of NaBH4: 10,000 eq, 1000 eq, 400 eq, 201 eq, 100 eq, 67 eq, and 50 eq.

Figure 3 - 8 :

 38 Figure 3-8: Plots of the concentration of 4-Nip as the function of time at different temperatures by using the Langmuir-Hinshelwood model. The solid green lines represent the respective fits to the kinetic model. The amount of BH4-used is 150 eq, and 200 eq for the graphs (a, b, c, d), (e, f, g, h), respectively.

Figure 3 - 9 :

 39 Figure 3-9: Plots of the adsorption constants K4-Nip of 4-Nip (A), the adsorption constants K BH4-of BH4-; (B) versus temperature. The enthalpies, entropies of the adsorption process were calculated from Ln (K4-Nip) (C), Ln (K BH4-) (D) based on the inverse of temperature using the van't Hoff's equation. All values are givenin Table3.3.
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 310 Figure 3-10: Arrhenius plots of the ln k versus 1/T for the Pd nanoparticles, at a constant concentration of 4nitrophenol (7.38x10-5 M), and NaBH4 (150eq). The rate constant k is obtained from fitting the experimental Data with the Langmuir-Hinshelwood model (see Table3).
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 41 Figure 4-1: A diagram of continuous vessel microreactor (CVM).For PTFE spiral capillary microreactor (SCM), two different volumes (0.55 mL and 5.5 mL) were used. The first volume (0.55 mL) was constituted of a PTFE spiral capillary (0.75 mm internal diameter (i.d.), 130.2 cm long) with at the end a small quartz cuvette (Hellma) with 0.1 mm path length. The second volume (5.5 mL) was constituted of a PTFE spiral capillary (0.75 mm internal diameter (i.d.), 1245 cm long) with at the end a quartz cuvette (Hellma) with 10 mm path length. The quartz cuvettes allow for the fast-continuous analysis of the absorbance at the outlet of the reactor. The quartz cuvette itself is an additional microreactor to the main microreactor (SCM) and therefore the analysis cuvette must have a negligible volume compared to the volume of the microreactor (SCM). Since the volume of the quartz cuvette should be tiny in comparison to the SCM volume, the two different quartz cuvettes were chosen for each different SCM volume.

Figure 2

 2 Figure 2 shows pictures of a Continuous Vessel Microreactor (CVM) and PTFE Spiral Capillary Microreactor (SCM).

Figure 4 - 2 :

 42 Figure 4-2: Real pictures of A. continuous vessel microreactor (CVM) and B. PTFE spiral capillary microreactor (SCR).
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 33 Procedure for Continuous Flow Reduction of 4-NitrophenolThe solutions of 4-Nip and NaBH4 were freshly prepared before each measurement, without purging with N2[41]. In a typical experiment first, a Nanopure water solution was pumped through the system until both microreactor and quartz cuvette were completely filled with water without any air bubble. Then the feed was switched to a solution A: Nanopure water solution (80 mL) containing 4-Nip (1.48 10-4 M) and sodium borohydride (2.22 10-2 M) and a solution B: Nanopure water solution (80 mL) containing Pd NPs (8.13 10-4 mM). Both solutions were pumped into the system through the T-type micromixer with a peristaltic pump (Cole-Parmer Masterflex L/S) at room temperature as shown in Figure 3 B. A T-type micromixer with a smaller inner diameter (0.55 mm i.d) which ensures a good mixing under the same flow rate conditions.

Figure 4 - 3 :

 43 Figure 4-3: A. Real picture and B. schematic representation of experimental setup for the reduction of 4-Nip using a PTFE spiral capillary microreactor (SCM). Where T-type micromixer (0.55 mm i.d), and PTFE spiral capillary microreactor for reaction (0.75 mm i.d and length varied between 130.2 cm and 1245 cm long).
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 45 Figure 4-5: Plot's concentration of 4-nitrophenol at reactors outlet versus different volumetric flow rate.

Figure 4 - 6 :

 46 Figure 4-6: Graphs of 4-nitrophenol outlet concentration in experimental CVM and SCM reactors and theoretical CSTR and PFR model reactors for different volumetric flow rate. The models of the plug flow reactor and the laminar-flow reactor (LFR) are those which give the results closest to the experimental results of PTFE spiral capillary microreactor (SCM). The model of the continuous stirred tank reactor (CSTR) is the one which gives the closest results to the experimental ones of continuous vessel microreactor (CVM) as they have the same configuration shape of CSTR. Although they are similar, but the CVM is not a stirred reactor which will lead to the formation of dead zones that resulted in less conversion of 4-Nip in comparison to the CSTR model. The reaction is a pseudo first order kinetics and therefore the plug flow reactor must give a higher conversion than the CSTR. Consequently, Spiral Capillary Microreactor (SCM), since it behaves as an ideal plug flow reactor, is the best microreactor configuration for this reaction of 4-nitrophenol reduction. These results also lead us to the conclusion that the study of 4-Nip reduction kinetics can be carried out successfully in one of the continuous reactors tested and preferably in the Spiral Capillary Microreactor (SCM) that is giving very close results with the plug flow reactor model.
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 47 Figure 4-7: Comparison of residence time and conversion of SCM -5.5 ml, SCM-0.55 ml and CVM.*The percentage of conversion obtained theoretically with PFR -0.55 ml and PFR -5.5 ml

Figure 4 - 8 :

 48 Figure 4-8: Residence time versus percentage of conversion curves for different experimental and model microreactor.

Figure 4 - 9 :

 49 Figure 4-9: Conversion versus volumetric flow rate for different experimental and model microreactors.

Figure 9

 9 Figure 9 shows the conversion for batch and both continuous flow microreactors (SCM, and CVM) versus residence time.

Figure 4 - 10 :

 410 Figure 4-10: Residence time versus percentage of conversion curves for different microreactor.
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 551 The whole model configuration for different reactor processes has been studied by using and comparing each model to experimental results with different reactors under various residence times. The calculation of mean conversion and theoretical outlet concentration of 4-Nip for different model configurations of microreactors was done by using the apparent rate constant kapp which is based on pseudo-first-order kinetics. The effect of different parameters such as feed flow rates, and volume of the spiral capillary microreactor system on the reduction of 4-Nip was studied. The flow regime of the solution in both SCM microreactors shows a laminar flow region, which was proven by Reynolds number value but according to the experimental findings the plug flow models has given closer results to the Spiral Capillary Microreactor which may be due to intense radial diffusion taking place in the reactor. This work can lead us to the conclusion that for kinetics study of the reduction of 4-Nip by nanocatalyst in continuous flow it is better to carry out the experimental work with the Spiral Chapter Continuous Flow Reduction of Furfural Published (Nanomaterials): "Continuous Flow Synthesis of Furfuryl ethers over Pd/C Catalysts via Reductive Etherification of furfural in ethanol" Furfural has become one of the most promising building blocks derived from biomass, generally produced from sugars by dehydration. It is considered as a key intermediate for the production of fuels, plastics, and many lines of chemicals for pharmaceutical and cosmetic applications. In this chapter, we studied the continuous flow hydrogenation of furfural by using commercial palladium catalysts supported on activated carbon. Hydrogenation, carried out using strong TFA acid and ethanol as a solvent, can allow reductive etherification reactions. Two types of ethers can be obtained depending on the reaction parameters such as ethyl furfuryl ether (FEE) and tetrahydrofurfuryl ethyl ether (TFEE). These ethers are interesting compounds as fuel components due to their high stability and high-octane number. Furfuryl ethers synthesis experiments were performed in commercial flow reactor ThalesNano H-Cube Pro™ in ethanol as a solvent and commercial Pd/C catalyst that contains Pd NPs in the first approach.

Figure 5 - 1 :

 51 Figure 5-1: Illustration of the ThalesNano H-Cube Pro™ equipment used for continuous flow hydrogenation of furfural into furfuryl ethers in ethanol and H2 as the hydrogen donor.

  concentration. Gaz Chromatography (GC) analyses were performed using a Perkin Elmer Autosystem XL instrument equipped with an autosampler and a flame ionization detector and a 30 m AT™-1ht capillary column (0.25 mm diam, 0.1 μm film thickness), using nitrogen (2 mL min -1 ) as a carrier gas. The following parameters are used Tinjector= 350 °C, Tcolumn= 40°C (2 min) and 40-250 °C (20 °C min -1 ). The recognition of the substrates was carried out by identification of the retention times with pure standards. The mass balance, FF conversion, and the yields to each corresponding product are defined as follows:
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 41 Reductive etherification of FF with ethanol over the Pd/C CatalystsThe reactions were performed in continuous flow mode with the supply of H2 by using a fixed bed plug flow reactor, to study the product distributions, long-term stability of the Pd/C catalysts and deduce their deactivation mechanism. The commercial catalyst Pd/C (5 %) has been used for hydrogenation of furfural in ethanol solution. So far, this type of Pd/C-catalyzed reaction has only been studied in batch reactors. As an example, catalyst studies by Wang, and co-workers, show that under mild reaction conditions, they obtained the highest selectivity to furfuryl ethyl ether (FEE), without over hydrogenation of the furan ring to obtain the tetrahydrofurfuryl ethyl ether (TFEE)[16]. Their results show that the conversion and selectivity of furfuryl ethyl ether (FEE) decreased within 4 consecutive runs. Therefore, they supposed that decline in the activity of catalyst is due to the change of the nature PdH, or rather the deposition of carbonaceous species at the carbon surface.

Figure 5 - 2 :

 52 Figure 5-2: Conversion and product yield over 2 h continuous flow hydrogenation of furfural (0.2 M) in ethanol at 80°C, and 5 MPa H2 pressure, with a flow rate of 0.5 mL.min-1 using 300 mg of Pd/C (5%) (a) Without, and (b) With TFA

Figure 5 -

 5 Figure 5-2 shows a plot of the catalytic activity of Pd/C Catalysts in reductive etherification of furfural in ethanol in terms of product distribution and furfural conversion as a function of time on stream. As an initial study, we started the reaction with (fig 5-2a) and without (fig 5-2b) adding TFA at 80 °C and 5 MPa of H2 pressure and a flow rate of 0.5 mL.min -1 . For both experiments, 0.2 M furfural in ethanol solution was injected on stream and 300 mg of Pd/C (5%) catalyst was used continuously to test the long-term behavior of the catalyst and the product distributions. The total time on stream was 2 h. All samples were taken from the output of the reactor were analyzed by GC. Both experiments showed distinct product distribution.

Figure 5 - 6 :

 56 Figure 5-6: Continuous reductive etherification of equilibrium solution (FF) and (DOF) in ethanol at different Pd/C percent. Reaction conditions: 70 mL of furfural (4 mmol) and DOF (10 mmol) ethanol solution; 68 °C; 0.3 MPa H2; 100 mg catalyst; 1h.
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 2 

  economically efficient processes. In both academic and industrial research, nanocatalysis plays an essential role, and opens up several doors in sustainable chemistry. Several green synthesis protocols for nanocatalysts have gained popularity in recent years. Growing amount of nanocatalysis inventions, patents and products in the market demonstrates clearly the industrial impact of nanocatalysis. Metallic NPs aid in improved catalytic activity and selectivity at the intersection of heterogeneous and homogeneous catalysis. Several different methodologies for synthesis NPs in different sizes and shapes are very promising for greener heterogeneous catalytic reactions. Pd NPs are highly important as catalyst for a variety of uses such as hydrogenations, oxidations, and coupling reactions. Their synthesis has gained a lot of attention, and there is a growing interest in their

Nanocatalysis and continuous-flow synthesis concur together to meet the modern green chemistry specifications. It is evident from this review of recent literature that there is an urgent need for the development of nanocatalysis in continuous flow for cleaner, more 40 environmentally sustainable and

  They were industrially used during the XXth century as water softeners. Following the work of Fleish in 1960 they have been then studied for their numerous therapeutic properties towards diverse pathologies (osteoporosis, cancer, and antitrypanosoma).44,45 Some of these compounds are actually commercialized as common treatment of osteoporosis. More recently they have been utilized for the coating and functionalization of various metal oxide NPs46-51 and shown to have the ability to not only stabilize metallic NPs (gold or silver) but also allow for their synthesis by reduction of metal salts.52-57 It was hypothesized that the molecules will allow for a moderate coordination to the surface (better than carboxylate but weaker than common Pd stabilizers such as phosphine, thiol or amine) not impairing catalysis. Additionally, they will permit a good stabilization in aqueous media as already described for other types of NPs. Among this family of compounds, several molecules listed in Scheme 2.1 were chosen for this study. Compound 1 presenting an alkene functionality was used for comparison with precedent work on gold NPs.53,54 Compound 2 was chosen as an example of a known FDA approved and commercialized molecule (FOSAMAX®) already studied by Benyettou et al. for silver NP synthesis.55

Table 2 .

 2 1:Comparison of Pd-NP reported catalysts on the C-C coupling reaction

	Catalyst	Reaction type	Conditions	mol%Pd complete conversion	for	TOF (h -1 )	Ref.
	Pd-NP-B3	SM	H 2 O/EtOH (1 : 1), K 2 CO 3 , 80 °C, 30 min 0.002 (iodide)		130 020	This
				0.1 (bromide)		91 320	work
	Pd-NP-B3	S	H2O/EtOH (1 : 1), K2CO3, 80 °C, 30 min 0.015 (iodide)		46 440	This
			(iodide) 3 h (bromide)	0.2 (bromide)		180	work
	Pd-NP-B3	H	H2O/EtOH (1 : 1), K2CO3, 80 °C, 2 h	0.1 (iodide)		1200	This
	CB[6]-Pd NPs	SM	H 2 O/EtOH (1 : 1), Na 2 CO 3 , 40 °C, 20	0.5 (iodide)		N.D.	work 76
	Pd/MFC	SM	min EtOH, K 2 CO 3 , reflux, 1 h	0.3 (iodide)		16.67	77
	Pd/MFC	H	DMF, K 2 CO 3 , 120 °C, 1 h	0.3 (iodide)		16.5	77
	Fe-ppm Pd catalysis	SM	H 2 O, 2 wt% TPGS-750-M, S-Phos	0.032 (bromide)	N.D.	21
			(5 mol%) K3PO4, 45 °C, 11 h				
	Dendrimer PdNPs	SM	H 2 O/EtOH, K 3 PO 4 , 80 °C, 1.5 h	0.001 (bromide)	39 600	73
	MEPI-Pd	SM	H 2 O (TBAF), K 2 CO 3 , 100 °C, 30 h	0.000028 (iodide) 119 000	74
	Branched Pd NCs	SM	H 2 O/EtOH (1 : 3), K 2 CO 3 , 50 °C	0.5		1364	78
	Pd NPs with a PEG-tagged	SM	H 2 O, K 3 PO 4 , 90 °C, 1 h	0.25		N.D.	35
	stabilizer TPPTS capped Pd NPs	SM	H 2 O, K 3 PO 4 , 90 °C, 2 h	0.01 (bromide)	N.D.	32
	PVP-stabilized PdNPs	SM	H 2 O : EtOH (3 : 1), K 3 PO 4 , 90 °C,	0.0008 (iodide)	20 625	79
			6 h under nitrogen				
	Tris-imidazolium-stabilized Pd	S	DMF, piperidine, 130 °C	0.2		380	80
	NPs CPS-MNPs-NNN-Pd	S	H2O/DMF (2/1), K2CO3, 90 °C	0.5		31	81
	PdCu@Phos.Agarose	S	DMA, DABCO, 50 °C, 24 h	0.05	(0.8	77	82
	Pdnp-nSTDP	S	H2O, DIPEA, r.t., 2 h	mol%Cu) 0.01 (iodide)		4800	75

Table 2 .

 2 3: Comparison of Pd-NP reported catalyst efficiency and quantity on the styrene reduction reaction

	Pd-NP-B3	150	0.0006	907 020.3	This work
	Pd nanodendrites	27.9	0.0021	681.8	83
	Au NPs	120	0.0019	21 149.9	84
	Au-Ag NPs	7	0.000475	712.5	85
	AuNPs	448	0.000833	8280.3	86
	AuNPs@vesicle	7	0.0026	768 745.4	87
	Cu NPs	167	0.000159	12 519.7	88
	Fe 3 O 4 @dextran/Pd	1000	0.000092	11 400.2	89

-1 g -1 ) Ref.

  was synthesized according to the general procedure described by Kieczykowski et al. (Kieczykowski GR, Jobson RB, Melillo DG, Reinhold DF, Grenda VJ, Shinkai I. J. Org. Chem. 1995;60:8310-2) and characterized by 1H and 31P NMR. BPs was prepared from the corresponding carboxylic acid precursor according to the following reaction carboxylic acid (150 mmol) and H3PO3 (150 mmol) were introduced in a three-necked roundbottom flask under inert atmosphere followed by 30 mL of methanesulfonic acid. After heating at 65 °C for 1 h, PCl3 (40 mmol) was added slowly and the reaction allowed to proceed overnight at 65 °C. The resulting yellow viscous reaction mixture was cooled to room temperature, quenched with 500 mL of ice-cold water. The pH was adjusted to 4.3 with a NaOH aqueous solution (0.5 M) and the obtained white precipitate was collected by filtration. This solid was washed five times with a mixture of methanol/water (95:5), dialyzed for 3 days and freeze-dried to finally obtain Alendronate (82%). NMR data could be found in the following article E. Guénin, M. Monteil, N. Bouchemal, T. Prangé, M. Lecouvey. Eur. J. Org.Chem., 2007, 20, 3380-3391. 

	1 H NMR (400 MHz,
	CDCl3) δ 4.72 (dd, J = 4.5, 2.2 Hz, 1H), 4.30 (dd, J = 4.3, 1.8 Hz, 1H), 2.91-2.81 (m, 2H),
	2.70-2.63 (m, 2H). 13 C NMR (101 MHz, CDCl3) δ 175.0, 155.7, 88.7, 28.0, 25.1. Colourless
	oil.
	Ketoacid by-product (4-oxopentanoic acid): 19.6 mg of pentynoic acid (0.20 mmol) was
	added in a 10 mL MW vial with 500 μL of water and 143 μL of an aqueous solution of Pd-NPs
	(0.695 mM). Subsequently, the vial was sealed with a cap and heated on a microwave apparatus

for 180 min at 90 °C using a ruby thermometer (step 1: heat for 2 min to 90 °C and step 2: hold at 90 °C for 180 min with the stirring speed being1200 rpm for both steps). After cooling the Compound 2 (Alendronate)

Table 3 .

 3 2: The summary of DaII Parameter Values for different amount of Pd NPs at two equivalents of NaBH4.

Table 3 .

 3 3:The result of the rate constants, k, and the adsorption constants K4-Nip and KBH4-at different temperatures from fitting the experimental Data with Langmuir-Hinshelwood model.

	T (K)	k (mol/m 2 .s)	K (L/mol)	4-Nip	K BH4 -(L/mol)
	317	0.02	8900		2.45
	307	0.0115	6300		2.34
	303	0.0083	5200		2.3
	301	0.007	4800		2.28
	300	0.006	4600		2.27
	297.8	0.005	4200		2.25
	296.3	0.0037	3900		2.235
	Table 3.4: Summary of thermodynamic parameters for the adsorption process of 4-Nip, and BH4-
		K 4-Nip		K BH4 -	
		ΔHad [kJ/mol] 30.87		3.31	
		ΔSad [J/mol K] 173		17.8	

  In the concept of microreactor technology and comparison with CSTR, the PTFE spiral capillary microreactor seems like one of the best options to scale up this reaction from the laboratory scale to pilot plant scale and then to industrial production levels. The superior performance of this spiral capillary microreactor (SCM) versus continuous vessel microreactor (CVM) in terms of conversion for a given mean residence time is shown in table 1.

	4.4.3 Comparison of two PTFE spiral capillary microreactors (SCM) of
		different volumes (lengths)					
	Flow Rate,		SCM -5.5 ml		SCM -0.55 ml		CVM -0.55 ml
	mL/min	tr, min Conv, % *Conv,%	tr, S	Conv, % *Conv,% tr, S	Conv, %
	16	0.34	63.51	62.16	2.12	30.00	18,40	2.12	14.24
	11	0.49	76.65	75.91	3.28	44.29	26,99	3.32	18.64
	5	1.01	94.98	94.58	6.62	72.86	47,04	6.67	30.89
	2	2.21	99.89	99.83	11.71	85.71	67,52 13.36	51.70
	1	5.06	99.89	100	33.52	96.43	96,00 33.40	84.29

Table 5 .

 5 3: Continuous reductive etherification of equilibrium solution (FF) and (DOF) in ethanol at different Pd/C percent. Reaction conditions: 70 mL of furfural (4 mmol) and DOF (10 mmol) ethanol solution; 68 °C; 0.3 MPa H2; 100 mg catalyst; 1h.

solution, 1 mL of diethyl ether or ethyl acetate was added and the organic layer was extracted 5 times. 1 H NMR (400 MHz, CDCl3) δ 9.32 (s, 1H), 2.73 (t, J = 6.5 Hz, 1H), 2.59 (t, J = 6.5 Hz, 1H), 2.17 (s, 1H). 13 C NMR (101 MHz, CDCl3) δ 206.8, 178.6, 37.7, 29.8, 27.8. Colourless oil.
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Nano-catalyst evaluation

The catalytic abilities of the obtained Pd-NPs were evaluated on three different C-C crosscoupling reactions (Suzuki-Miyaura, Sonogashira and Mizoroki-Heck reactions), on two reduction reactions chosen as model reactions (the reduction of 4-nitrophenol10,69 and the reduction of styrene)30,34,70,71 and finally on a cyclization reaction (the pentynoic acid cycloisomerization) 72 (Scheme 2.2). The three cross coupling reactions are by far the most popular C-C coupling processes often used to describe the catalytic potency of new catalysts.5 These reactions are still highly studied as they have many desirable features for largescale synthesis and are amenable for the industrial synthesis of pharmaceuticals and fine chemicals. On the other hand, nitroarenes are significantly toxic by-products produced from pesticides, herbicides and synthetic dyes and therefore their removal from the environment is of high importance. The reduction of 4nitrophenol is considered as a model reaction to evaluate the potency of NP catalysts. The cycloisomerization of pentynoic acid to the corresponding alkylidene lactones was chosen as a model reaction of cyclo-isomerization involving alkyne substrates, as it is a general process that is known to permit an atom-economical preparation of several hetero-aromatic rings.

General preparation of Pd-NPs

In a 10 mL vial, 2 mL of distilled water, 80 μL of a water solution of Na2PdCl4 (20 mM) and 180 μL of bisphosphonic acid solution in water (40 mM compounds 1-5) are mixed (for compounds 6 and 7, 360 μL of a 40 mM solution and 180 μL of a 170 mg mL-1 solution are used). Then 40 μL of a solution of sodium ascorbate (17.6 mg mL-1) were added and the mixture was heated on a microwave apparatus (Monowave 300, Anton Paar GmbH) for 30 min at 80 °C using a ruby thermometer (step 1: heat as fast as possible to 100 °C and step 2: hold at 100 °C for 30 min with the stirring speed being 1200 rpm for both steps).

2.5.3 General procedure for the Suzuki-Miyaura cross coupling reaction of 4-tolylboronic acid with 4-iodonitrobenzene with Pd-NPs

In a 10 mL MW vial, 23 μL of an aqueous solution of Pd-NPs ([Pd] = 0.02 μM) was added to 1 mL of water. 49.8 mg of 4-iodonitrobenzene (0.20 mmol), 30 mg of 4-tolylboronic acid (0.22 mmol) and 400 μL of a 0.1 M K2CO3 solution (0.4 mmol) were then added. The glass walls of the vial were rinsed with 1 mL of ethanol and a cap was fixed on the top of the vial.

The vial was heated on a microwave apparatus (Monowave 300, Anton Paar GmbH) for 30 min at 80 °C using a ruby thermometer (step 1: heat for 2 min to 80 °C and step 2: hold at 80 °C for 28 min with the stirring speed being 1200 rpm for both steps). After cooling the solution, 1 mL of diethyl ether or ethyl acetate was added and the organic layer was extracted 5 times.

The product was then isolated by evaporation and purified by simple filtration over silica when conversion was complete or purified by silica gel column chromatography using ethyl acetate hexane mixtures when starting halogenated reactants remained un-reacted. 1H NMR (CDCl3, The Arrhenius analysis of ln k on the inverse of the temperature leads to the value of true activation energy Ea (61 kJ.mol -1 ) of the true rate constant k. However, the thermodynamic parameters of the adsorption enthalpy ΔH and entropy ΔS for both reactants were determined since they depend on the temperature. Moreover, the thermodynamic parameters including, the apparent activation energy (Eaapp), pre-exponential factor A, activation of enthalpy ΔH ‡ , entropy ΔS ‡ , and Gibbs energy ΔG ‡ were obtained by conducting the reaction at various temperatures, and using Arrhenius, Eyring, and Gibbs equations. The values of these thermodynamic parameters are in agreement of what is reported in the literature [19].

The results display that to compare the catalytic performance of mNPs, the reactions conditions should be the same like using small amount of mNPs, and the ratio of sodium borohydride to 4-Nip concentration should be between 200 to 60 eq, so that apparent rate constant " kapp " remains constant and not really affected by these conditions parameters.

However, there is a crucial need of standardization of reaction conditions for a fair comparison Funding: This research received no external funding.
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Calculating the surface area of the Pd nanoparticles:

The total surface area of the catalysts used in the catalytic reaction (ST (Pd)Nano) was calculated based on the number of Pd atoms per nanoparticles and median radius (r nano) of the Pd nanoparticles.

Nanoparticles of Pd are considered as a compact sphere of radius r nano. The surface area of total nanoparticles: 

General preparation of the Pd nanoparticles:

In a 10 mL vial, 2 mL of distilled water, 80 μL of a water solution of Na2PdCl4 (20 mM) and 180 μL of bisphosphonic acid solution in water (40 mM HMBP aromatic) are mixed. Then 40 μL of a solution of sodium ascorbate (17.6 mg mL -1 ) were added and the mixture was heated on a microwave apparatus (Monowave 300, Anton Paar GmbH) for 30 min at 80 °C using a ruby thermometer (step 1: heat as fast as possible to 100 °C and step 2: hold at 100 °C for 30 min with the stirring speed being 1200 rpm for both steps).

Simulation of Langmuir-Hinshelwood equation:

The steel [28]. Moreover, they have shown better control over safety for highly limited reactions by heat and mass transfer such as exothermic and multiphase reactions [29], [30], and also over the rate of reactions compared to conventional batch reactors [31], [32]. The particular configuration of microreactors in terms of accurate process control allows them to study the catalyst screening or reaction kinetics that usually required an extensive amount of experimental data with more reliability [33], [34]. In-line reaction monitoring and high throughput data acquisition to study the kinetic or optimizing the reaction parameters need integration with optical sensors equipment such as ultraviolet spectroscopy [35], [36]. Besides, the small size of microreactors affects the flow regime which is always a laminar regime with single or multiphase slug flow [37], [38].

In this context, we propose to study the catalytic reduction of 4-Nip to 4-Amp in continuous flow in the presence of Pd NPs as catalyst and sodium borohydride as a reductant in water. The objective of using mNPs catalyst with microreactor is to get many advantages such as improvement of the reaction efficiency, and also facilitates the reaction by fast, safe, and green approaches to be consistent with the regulations of green sustainable chemistry [25], [39], [40].

On contrary to what was already described in the literature, we propose to evaluate the use of unsupported mNPs for the catalysis as it can be anticipated to reuse the catalyst by simple using further nanofiltration technologies. The theoretical output concentration and mean conversion of 4-nitrophenol at several residence times were calculated using the pseudo-first-order kinetics ongoing with our previous work.

𝐴 0 , and 𝐴 𝑛 refer to the feed and final absorbance at 400 nm for 4-nitrophenolate, respectively. The total volume in the system was supposed to remain constant during the reactions.

Hydrodynamic of Fluid Flow Through PTFE Spiral Capillary Microreactor (SCM)

All the experiments were carried out at atmospheric pressure and room temperature (20 °C) under 1 to 16 mL/min flow rates. The calculation of Reynolds (Re) number for both microreactors (SCM) shows that the flow is in the laminar regime in all cases. Reynolds number, for PTFE spiral capillary microreactor (SCM), was calculated based on internal diameter and velocity within the reactor.

𝑅𝑒 = 𝑑𝑣𝜌 𝜇 ⁄

where d, ρ, v and μ are the internal diameter of the channel, density of the fluid, velocity and viscosity of the solution mixture, respectively. Here, we take the water density (998.3 kg/m3) and viscosity at 20 °C (10-3 Pa.s). The calculated Reynolds number within the PTFE spiral capillary microreactor (SCM) with different flow rates was found between 28 to 452 revealing that the flow regime, in this case, is laminar for all the carried-out experiments.

Results and discussion

Modeling of Different Microreactor Configuration

Several researchers reported the kinetic model for the reduction of 4-nitrophenol at various conditions in the classical batch method [12], [15], [42]- [44]. A very few authors reported the kinetic model for the reduction of 4-nitrophenol in a continuous flow microreactor configuration system [4]- [6], [20]- [22]. The most important parameter in a continuous flow system where occurs a first order reaction is the residence time distribution (RTD). The residence time distribution is generally utilized to diagnose or interpret the type of mixing, bypassing, dead volume, etc., that occurs inside a real reactor that is currently on stream. Two different vessels can have identical mean residence time but very different residence time distributions, which may impact reaction conversion. In addition, for a non-first order reaction,

The conversion within the globule crossing the reactor is defined as:

And the conversion within the globule is then given versus time as:

Therefore, the mean conversion in the outflow stream is the average of all the conversions of the various globules having different residence times:

𝐸(𝑡) is the residence time distribution (RTD).

In this work, rather than to determine E(t) for the tested microreactors, the conversion obtained for each tested reactor was compared with different reactors models of which E(t) is known.

The conversions predicted by the Continuous Stirred Tank Reactor (CSTR), Plug Flow Reactor (PFR) and Laminar Tubular Reactor (LTR) models were compared with the obtained conversions with the tested microreactors.

The outlet conversion and concentration predicted by the segregation model for different ideal microreactors (PFR, CSTR, and a laminar-flow reactor (LFR)) are given below.

For a laminar-flow reactor, the RTD function E(t):

The outlet concentration:

Comparison between Microreactor Models and Real Microreactor

Several reactor models were developed and their results were compared to the experimental results. In this part, we will compare the outlet concentration predicted by the segregation model for different ideal microreactors (PFR, CSTR, and a laminar-flow reactor (LFR)) with our real microreactors.

Figure 4 shows the comparison between the experimental and theoretical outlet concentration of 4-Nip in the case of a CVM as a real reactor and CSTR, PFR, LFR as models. The calculation with the reactor models of the PFR and LFR are carried out just for comparison with the CVM, as we can expect that our experimental reactor is so far from being described by those ideal reactors. We can notice that when the volumetric flow rate is higher, the conversion is lower in all reactors because the mean residence time is lower. increased to achieve a yield of 49%. MTF remained almost constant during the 2 h on stream.

Capillary Microreactor instead of the Continuous Vessel

It should be noted that by adding the TFA in the solution that contains furfural and ethanol while keeping the rest reaction conditions unchanged, the TFEE yield could be increased from 6.5% to 49%. This result is consistent with the previous report in the literature showing that the reductive alkylation is only efficient in acidic conditions that catalyzes the reaction between furfural and ethanol to form the acetal 2-(diethoxymethyl) furan (DOF), who will continuously reduce in the second step to form furfuryl ethers.

Study of reaction mechanism:

In order to further comprehend the mechanism of this reaction different commercially purchased substrate were used as starting reactant under the same continuous flow condition (300 mg of Pd/C (5%),68 °C, 5MPa H2,0.5 mL.min -1 ). We followed the different product distribution during the reaction on stream and results are summarized in Table 5.1.

Table 5.1: Conversion and product yield of different starting reactant over 45 min continuous flow hydrogenation at 68°C, and 5 MPa H2 pressure, with a flow rate of 0.5 mL.min-1 using 300 mg of Pd/C (5%).

We started the reaction with DOF to verify if it is the precursor to form furfuryl ethers (FEE) and (TFEE). As shown in Table 5.1 the predominant products were TFEE and MTF in both cases (entry 1 and 2). When starting from FEE the result was similar. Both these results demonstrate that the TFEE is formed by the hydrogenolysis of DOF towards FEE in a first stage, which is coherent with the prior reports as noticed in the synthesis of other ethers [17,18]. In second stage ring hydrogenation of FEE to obtain TFFE which continues towards MTF via over hydrogenation.

In the case of FA as starting reacting (entry 3), no TFEE was formed we get only two main products THFA and MTF with a yield of 53%, 39% respectively. When THFA is used as reactant in the same conditions no conversion was achieved. 1 167 Accordingly, we can conclude that as it was previously reported two different and competitive routes are possible for the hydrogenation of furfural (Scheme 5-1). One leading to FA and THFA with a production of MTF from FA. The second leading to TFEE via the consecutive formation of DOF and FEE. This mechanism shows the importance of in situ formation of DOF via acetalization of furfural with ethanol for the production of furfuryl ethers (FEE) and (TFEE).

One of the possibilities to improve the production of the ethers would be therefore to conduct the reaction directly on the DOF acetal. Therefore, we decided to evaluate its formation from FA and ethanol.

Scheme 5-1: Reductive etherification mechanism of furfural with ethanol under continuous flow condition using Pd/C catalysts.

Study the acetalization of FF with ethanol by TFA:

Acetalization is one of the most effective methods for the protection of aldehydes, which are widely come across in organic synthesis [19][20]. The acetals are generally produced by combining aldehydes with alcohols in the presence of classical acid catalysts such as ptoluenesulfonic acid, H2SO4, TFA, and dry HCl [21,22]. Mikhail Yu group reported the preparation of furfural diethyl acetal by direct interaction of the FF with a slight excess of ethanol in the presence of сalcium oxide (CaO) at room temperature [6]. ethanol should be used in comparison to the FF up to 50-100 times more than the stoichiometry ratio (molar ratio EtOH:FF= 100:1) [24]. So, to produce DOF in the higher quantity from FF we study the kinetics of acetalization of furfural with ethanol using different TFA loading at ambient temperature. We first verify that after 90 min of reaction reach an equilibrium in DOF/FF concentration and that without TFA in this time length the production of DOF was negligible (data not shown). The of the screening of TFA loading on the obtained DOF/FF ratio is summarized in Table 5.2. It appears that the maximum ratio of 2.83 is obtained for a TFA loading of 0.01%, further increase of the TFA amount doesn't improve the ratio. Thus to further study our production of ethers in ethanol we decided to feed our continuous flow with a pre-acetalized solution consisting in a mixture of DOF and FF.

Before studying the variation of the condition of the reaction we evaluate the variation of TFA quantity on the TFEE production by feeding with the DOF/FF mixture. TFA presence is still necessary in the media to improve the TFEE yield and decrease the formation of THFA. Adding more TFA than the initial 0.01% did not contribute to improve the yield. It is worth noting that the only other major compound found was the MTF. When the reaction was conducted at higher temperature (110 °C) with the same H2 pressure (0.2 MPa), the yield of TFEE remains constant at 39 %. For all cases of H2 pressure, when the temperature increased from 40 °C to 110 °C, FF and DOF were completely converted and the yield of TFEE increased gradually to reach a maximum yield of 45% at the range of temperatures (68 -70°C) and decreased gradually up to 110 °C. This result demonstrated that the optimum range of temperature to obtain a maximum TFEE yield is 68 -70°C.

Effects of catalyst mass on the reductive etherification activity of Pd/C.

In this part, we investigated the effect of Pd/C catalyst mass in terms of product distribution on stream. The reactions were operated under two different cartridges, a small one (length 30 mm, internal diameter 4 mm, internal volume 0.38 mL), and a bigger one (length 70 mm, internal diameter 4 mm, internal volume 0.88 mL) filled with 90 mg, and 270 mg Pd/C (5%) catalyst powder, respectively. The reaction conditions were set at 68 °C and 1 MPa H2 pressure with a 0.5 ml/min of flow rate. For each experiment, a pure ethanol solution was pumped through a cartridge. When the pressure and temperature were stabilized, the feed was switched to a balanced solution containing furfural and DOF with 0.01 % Trifluoroacetic acid.

All samples were taken from the output of the reactor and were analyzed by GC. As observed on Figure 5-5 we obtained the same product distribution for these two different mass loading and the level of product yield was not clearly different. The small cartridges were chosen to optimize the H2 pressure because it showed the same yield of product distribution. We conclude that by increasing the catalyst percent under these mild reaction conditions we increase the formation of second ether TFEE by over hydrogenation of the furan ring.

Conclusion and Perspective

The objectives of this PhD work were the development of new Pd NPs (nanocatalysts) by green methods and their application on continuous flow to valorisation of biomass derivatives.

We first developed the synthesis of nanocatalysts made up of Pd NPs, which are stabilized with oxygen-based ligands, the family of hydroxyl methylene bisphosphonic acid (HMBP).

These molecules have enabled us to keep the solutions of Pd NPs stable in water and under aerobic conditions at 4 °C for a period of time more than 6 months after their preparation without any loss in catalytic activity.

These solutions of Pd NPs were able to catalyse up to 6 different organic reactions in an aqueous medium under benign conditions, such as the reduction of 4-nitrophenol.

The Pd NPs, show high catalytic efficiency for catalytic reduction of 4-nitrophenol by utilizing sodium borohydride as the reducer in contrast to numerous different mNPs catalysts.

The complete kinetics of the reduction procedure has been examined by changing a particular factor each time, as the quantity of Pd NPs, NaBH4 concentration, and initial 4-nitrophenol at several experimental circumstances.

The assessment of diffusion control was shown by the counting of second Damköhler number. The theoretical values obtained from the Langmuir-Hinshelwood equation were successfully fitted to the experimental data.

The present thesis work evaluated an alternative approach to maximize the accessibility of catalytic sites and prevent Pd leaching by the use of unsupported Pd NPs in a microreactor.

This study was done by using different microreactors configurations such as PTFE spiral capillary microreactor (SCM) and their applications on the benchmark reaction model of 4nitrophenol reduction.

Briefly, in terms of furfuryl ethyl ether synthesis, we tested different heterogeneous catalysts in continuous flow reactor. The reductive etherification of furfural was done over various metals supported on activated carbon.

Due to the best furfuryl ethyl ether selectively, the commercial Pd/C catalyst that contains NPs of Pd was the chosen one. we used a commercial packed-bed reactor (H-cub) over a commercial Pd/C catalyst that contains NPs of Pd. The Pd/C catalyst was kept in a cartridge that is placed in the reactor module, through which the solvent with reagents is passed.

In all studies, the optimization processes was focused on several key points such as temperature, percentage of TFA acid and Pd/C catalysts.

Regardless of the study's promising results and advantages, numerous possibilities can be recommended to proceed with the work commenced in this PhD. Thus, additional research can be done to discover alternative nanocatalysts, ideally heterogeneous ones when utilizing continuous flow.

Certainly, flow microreactors change to more effective reagent-catalyst interactions and will extremely decrease the quantity of nanoparticle use compared to batch reactor. However, the significance of the nanocatalyst lifetime and its reuse and recovery should be highlighted.

In addition, from the economy observation, non-noble metal catalysts must be created. As well, multi-step reactions must also be tested in continuous flow by couple of multifunctional catalysts. In such manner, bimetallic nanocatalysts can bring about huge benefits.