Pr Eric 
  
M Gaigneaux 
  
  
  
  
  
Under the supervision of

Keywords: catalyseurs hétérogènes, biolubrifiant, estérification, oleo-chimie, caractérisation heterogeneous acid catalysts, biolubricant, esterification, oleochemistry, characterization

Under the supervision of Pr. Rénal Backov and Mosselman s.a., Ghlin (Industry

I would also like to thank the other members of my committee -Dr. Anne Galarneau, Pr. Jean-Francois Gohy, Pr. Pascal Van Der Voort, Pr. Damien Debecker, Pr. Serge Ravaine and Mr. Christian Pinon -for their time and brilliant advises that allowed me to improve significantly this manuscript. I appreciate the kindness of Mr. Christian Pinon who provided me an excellent opportunity to perform several catalytic tests at the Mosselman s.a. in the pilot-scale. Especial thank to Pr. Damien Debecker for his willingness to discuss the scientific difficulties and to give me the valuable advises. I am very thankful to Françoise Somers for making my stay in UCL fun and interesting thanks to the cultural events. Thank you for inviting me to discover Belgian culture and also a big thank for the little French "lessons" that undoubtedly improved my language skills .

I appreciate all the help from Nathalie Blangenois whose work allowed me to perform the research without any delays thanks to the quick and efficient delivery of chemicals. iv A big thank to Pascal Valvassori for his creativity and willingness to fabricate any possible and impossible craft that undoubtedly helped me to progress in my research.

I am very grateful to all the members of the "Cata" lab for the technical and psychological support. I thank to Victor, Gijo, Alejandro, Marc, Colas, Benjamin, Josefine, Christophe, Camila, Anna, Ludivine, Chiara, Mr. Ruiz, Ara, Irène, Inma, François, Surasa, Pauline, Najla, Antoine, Ludivine, Simeon, Charle, Katharina and Nicolas L. for all the scientific discussions that we had during our weekly seminars and during the coffee-breaks.

I am grateful to Pierre Eloy for the assistance with the GC and the XPS, to Delphine Magnin (SEM), Sabine Bebelman (Raman) and Pascale Lipnik (TEM).

I also would like to express a big thank to the master students Thomas Sneessens and Nicolas Carlier for their systematic work and critical thinking that helped me to advance with this project. I am grateful to Philippe Richetti for giving me an opportunity to perform a part of my research in the CRPP and to use all the available resources and the equipment. I also would like to acknowledge my colleagues from the CRPP and the University of Bordeaux for their kind assistance at many technical aspects. I thank to Martin Depardieu (for a kind assistance in the lab), Ahmed Bentaleb (SAXS, XRD), Alain Derré (TGA), Frédéric Louërat (assistance in the lab), Nadine Laffargue (library), Michel Couzy (Raman), Eric Lebraud (XRD), Marc Birot (porosimetry), Isabelle Ly (TEM, SEM), Miguel Comesana (assistance in the lab), Elisabeth Sellier (TEM). I am also very grateful to Natalie Touzé, Lionel Chevalier, Corinne Amengual, Simona Ungureanu and Audrey Belloc for welcoming me in the CRPP. I am grateful to the IDS-FunMat Doctoral School for providing the opportunity of having the collaboration between the two universities and the industrial partner. I also would like to thank to the IDS-FunMat coordination v board, in particular to Audrey Sidobre, Marianne Delmas, Stéphane Carlotti, Laurent Servant and Christopher Niesen for their coaching and help with the administration.

I would like to acknowledge as well all the IDS-FunMat-ers students for the great time we had during our annual spring schools in Anglet, Annecy and Spa. I hope we will keep in touch! I also appreciate the wise advises from Tetyana V. Kovalchuk who inspired me to perform this PhD.

A big thank to the Region Wallonne who provided the funding for this project.

A special thanks to my dear family -my parents and my brother -for their strong support and for the inspiration they were giving me during all my life and in particular. I would also like to acknowledge my dear friends -Karo, 

Introduction

L'estérification d'OA avec du TMP est utilisée pour la production de biolubrifiants -à savoir le triméthylolpropane trioléate. Le rendement de l'estérification, la concentration des sous-produits, l'excès de réactifs et l'enlèvement du catalyseur ont un effet dramatique sur la performance du lubrifiant final [START_REF] Gunstone | Oleochemical Manufacture and Applications[END_REF]. La recherche bibliographique a montré que l'estérification directe d'OA avec du TMP catalysée par des catalyseurs hétérogènes n'a pas été largement étudiée. Les catalyseurs hétérogènes qui ont montré de hautes performances envers l'estérification directe d'acides gras ont été principalement étudiés pour une réaction utilisant des alcools à chaines alkyles primaires, démarche qui rend le procédé plus simple en raison de la taille plus petite des produits de réaction (par rapport aux triesters volumineux de TMP) [START_REF] Foresti | [END_REF][31][32][33][34]. La majorité des études sur l'estérification de FFA sur des catalyseurs hétérogènes dans un réacteur en batch ont montré qu'après plusieurs utilisations les catalyseurs ont perdu leur activité à cause des limitations de stabilité thermique (dans le cas de lipases immobilisées), à cause du lessivage des espèces actives dans la phase liquide, du fait de l'empoisonnement en eau des sites actifs (catalyseurs acides) et / ou de la formation de coke à l'intérieur des pores des catalyseurs.

Ces problèmes rendent les applications pratiques des catalyseurs limitées.

En outre, les conditions de réaction qui ont été suggérées pour l'estérification de FFA incluent un excès de l'alcool ou de l'acide, l'utilisation -Aucune limitation de diffusion. Pour surmonter les limitations de diffusion, en premier lieu le support macroporeux Si(HIPE) a été étudié. Il était prévu que les macropores de Si(HIPE) fourniraient un transfert de masse facile des réactifs et produits pendant des réactions catalytiques. Cependant, comme les résultats ont démontré, le Si(HIPE) (qui possède également une méso-et microporosité) inhibe la réaction en raison de ses petits pores. Ces derniers ont dirigé le projet vers l'utilisation de support non poreux, précisément des nanoparticules magnétiques.

2) Optimisation de la synthèse des matériaux

Pour vérifier l'efficacité des modes opératoires de synthèse, les catalyseurs 

4) Application de catalyseurs alternatifs -résines échangeuses d'ions commerciales

Des résines échangeuses d'ions commerciales ont également été utilisées comme catalyseurs pour l'estérification d'OA avec du TMP. Les tests de dépistage ont montré leur activité et stabilité élevées dans la réaction d'intérêt qui a suggéré le grand potentiel des résines dans les applications industrielles.

xxi

5) Evaluation des catalyseurs dans des conditions industrielles

Comme la présence d'acides gras libres et des mono-et / ou diesters affectent négativement les propriétés du lubrifiant final, l'application industrielle des catalyseurs hétérogènes n'est valable que si la réaction est complète, avec presque 100% de conversion d'OA (sélectivité vis-à vis du triester étant minimum de 98%) [20,[START_REF] Gunstone | Oleochemical Manufacture and Applications[END_REF]. C'est aussi pourquoi l'estérification 

INTRODUCTION Summary

The main objective of the thesis was to find efficient acidic heterogeneous catalysts for esterification of oleic acid (OA) with trimethylolpropane (TMP)

(Figure 1). The catalysts should be active and selective, easily recoverable and recyclable, without leaching of active species into a liquid phase. In this regards, an efficient method for strong immobilization of active species of suitable concentration onto a support should be developed. Taking into account the high viscosity of the reaction mixture and bulkiness of its components (2-3 nm2 ), the diffusion limitation problems should be considered and solved. In order to make the process industrially relevant, applied catalysts should be active in mild conditions for a continuous catalytic flow. Thus, the process should include low energy consumption, solvent-free system, minimum purification steps and should be environmentally friendly. The part General Conclusions summarizes and concludes all the results obtained for different catalysts and discussed throughout the manuscript.

The manuscript ends with Perspectives of this work.

Preparation of the catalysts and the conditions of catalytic measurements are described in each respective chapter of the sections named "Experimental". The origin of used chemicals and physico-chemical characterization of the materials are specified after the Perspectives part.

Context of the thesis

This thesis aimed at developing heterogeneous catalysts for oleochemistry.

Esterification of OA with TMP was the main representative reaction for catalytic studies. The latter reaction is used in oleochemistry for the production of automotive lubricant -trimethylolpropane trioleate (TMPTO).

Oleochemistry and oleochemicals

Oleochemistry is the study of physico-chemical transformation of fats and oils from animals and vegetables into oleochemicals for different field applications: food, cosmetics, pharmaceutical and industrial [12].

Oleochemicals can be derived from, for example, soybean, sunflower, safflower, corn, peanut, palm, coco, castor oils, greases, tallow, lard, fish oil, etc.

Considering the ecology concerns, the role of oleochemistry is getting more important. This is apparent in the increase in production of oils and fats in the past decades where the production of oils and fats increased by 50% (Figure 2). Indonesia, Malaysia and China are the largest producers (data are provided for 2009, Figure 3) and major consumers of the vegetable oils, such as fatty acids and fatty alcohols, and have attracted investments from Traditionally, oleochemicals such as linseed oil and soybean oil are used as drying oils in the polymer industry. For example, epoxidized soybean oil is used as plasticizer; azelaic, sebacic and dimer acids -as base materials for polymers and lubricants; dicarboxylic acids -for polyesters or polyamides [14]. Chemical processes that are applied for natural fats and oils to produce oleochemicals can be summarized as in Figure 4. One of the applications of oleochemistry is the production of lubricants (motor oils) that is the focus of this thesis. 

Role of mineral lubricants (motor oils) on environment

Worldwide, the lubricant demand in 2010 was about 37 million metric tons [15] while one third of all lubricants are consumed in Europe (Figure 5), primarily for use as hydraulic fluids. Out of all used lubricants, about half are collected as waste. Any time when used motor oil escapes from an engine, it has the potential to pollute the environment. Used motor oil contains numerous toxic substances, including polycyclic aromatic hydrocarbons, which are known to cause cancers. Moreover, tiny pieces of metal from engine wear and tear, such as lead, zinc and arsenic, make their way into lubricants, further contributing to the polluting potential of used motor oil.

Motor oil is exposed to heat and oxygen during engine combustion, which changes its chemical makeup [START_REF] Irwin | Environmental contaminants encyclopedia. Oil, used motor oil entry[END_REF]. Because spent motor oil is heavy and Loses of hydraulic fluids are claimed to be as high as 70-80%, resulting in severe contamination of soil, groundwater and air [9]. As a result, there is an increasing demand for biodegradable lubricants, particularly in areas where they may come in contact with water, food or people. 

Oleochemicals for applications as biolubricants

Application of plant and animals oils as lubricants is an attractive alternative because they are not toxic and biodegradable. However, their direct application as such is unfavorable. Because of the presence of acyl groups, plant oils are characterized by poor oxidative and thermal stability.

Moreover, the presence of the glycerol backbone in oil gives β-hydrogen which further reduces thermal stability of the oil [7]. To use plant oil-based lubricants with special additives, chemical modifications are required.

Synthetic esters of fatty acids with polyols like trimethylolpropane (TMP), neopentyl glycol or pentaerythriol (Figure 6) are among the most common biolubricants for different applications. They contain at least one quaternary carbon atom that provides them a higher chemical stability than the esters of glycerol.

Contrary to the petroleum-based lubricants, biolubricants possess high biodegradability under aerobic and anaerobic conditions [18,19]. From Table 1 it can be seen that 90-100% of biolubricants decompose under the effect of biological organisms thus reducing to a greater extend their adverse effects to the environment. Besides being ecofriendly, biolubricants are also characterized by excellent lubricity, lower friction coefficients than mineral oils, lower volatility (up to 20% less than mineral oils), higher flashpoint (reducing the risk of fires in applications such as metal cutting), and higher viscosity indices.

Quality parameters of biolubricants

Prior being used as an automotive lubricant, freshly synthesized from the bio-oil substance undergoes several laboratory tests to meet the requirements of customers (Table 2). 4 Biodegradability of lubricant is defined as the capability of a lubricant to get degraded under the effect of biological organisms like fungi without causing any adverse effect on the environment.

For example, the standard properties of TMPTO can be summarized in Table 3. 

Definition and types of catalysis

A catalyst is a substance that increases the rate of a chemical reaction by reducing the activation energy (Figure 7) [4]), thus changing the kinetics of the reaction, but not changing the thermodynamics [START_REF] Ertl | Handbook of Heterogeneous Catalysis[END_REF]. A catalyst converts reactants into products, through a series of elementary steps, in which the catalyst participates while being regenerated to its original form at the end of each cycle during its lifetime.

Figure 7. Catalyst effect on a hypothetical chemical reaction [4]

Catalysis can be divided into two main types: heterogeneous and homogeneous. In a homogeneous reaction, the catalyst is in the same phase as the reactants, whereas in a heterogeneous one, it is in a different phase from the reactants. Typical examples of the later involve a solid catalyst with the reactants being either liquids or gases.

The main advantage of using a heterogeneous catalyst is that it is easier to separate a solid material from the gas and/or liquid reactants and products of the overall catalytic reaction. Solid catalysts involve active sites (or active centers) at the surface. This work is focused on the heterogeneous processes.

Steps in a heterogeneous catalytic reaction

During a heterogeneous catalytic reaction the reactants and the products undergo several steps over the catalyst [START_REF] Ertl | Handbook of Heterogeneous Catalysis[END_REF], including:

1) Diffusion of the reactants through a boundary layer surrounding the catalyst particle.

2)

Intraparticle diffusion of the reactants into the catalyst pores to the active sites.

3) Adsorption of the reactants onto active sites.

4)

Surface reactions involving formation or conversion of various adsorbed intermediates, possibly including surface diffusion steps.

5)

Desorption of products from catalyst sites.

6)

Intraparticle diffusion of the products through the catalyst pores.

7)

Diffusion of the products across the boundary layer surrounding the catalyst particle.

For the steps 3) -5) several models are being discussed among which are the pseudo-homogeneous model, the model of Eley-Rideal and the model of Langmuir-Hinshelwood. In the pseudo-homogeneous model, the adsorption of the reactants onto the surface is assumed to be negligible [START_REF] Helfferich | [END_REF]. Therefore, for the description of real heterogeneous processes it is rarely used. The Eley-Rideal model stipulates that during the heterogeneous processes, one reagent adsorbs on the surface whereas the second reagent passes by and interacts with the one on the surface. At the last step the formed product(s) desorb(s) from the surface. In the Langmuir-Hinshelwood model, two reactants adsorb onto the surface, diffuse across it and interact with each other when they are close enough. And finally the formed product(s) desorb(s) from the surface. Contrary to the Eley-Rideal, in the Langmuir-Hinshelwood model the reagents compete for the active sites [START_REF] Chorkendorff | Concepts of Modern Catalysis and Kinetics[END_REF].

The phenomena that may affect the rate of the overall heterogeneous process are following: i) diffusion of the reactants and products across the film (Nernst diffusion layer) surrounding the catalyst particle; ii) diffusion of the reactants and products in the interior of the catalyst particle; and iii) chemical reaction at the active sites [START_REF] Chakrabarti | [END_REF]. If film diffusion is much slower than the chemical reaction, it is the rate-controlling step since in this limiting case all reactant molecules react as soon as they reach the surface of the catalyst particle. If the chemical reaction is much slower than the diffusion processes, sorption equilibrium is established and maintained throughout the catalyst particle since diffusion is fast enough to make up for the disappearance of reactants by chemical reaction. The overall rate is thus controlled by the rate of the chemical reaction throughout the particle. If intraparticle diffusion is much slower than the actual chemical reaction, the reactant molecules will react before they have time to penetrate into the interior of the catalyst particle. In this latter limiting case, the reaction occurs only in a thin layer at the surface. If the film diffusion is sufficiently fast, the process is controlled by the chemical reaction at the surface. Intraparticle diffusion can affect the overall rate of reaction, but it is never the only rate-determining step as diffusion and chemical reaction are parallel steps, occurring simultaneously within the heterogeneous catalyst [START_REF] Chakrabarti | [END_REF].

Synthesis of biolubricants by esterification

The synthesis of polyol esters is normally achieved by esterification of oleic acid usually catalyzed by homogeneous acid catalysts according to the scheme shown in Figure 8. It is a three-step consecutive equilibrium reaction. In the first step, one mole of polyol reacts with one mole of fatty acid resulting in one mole of monoester (ME) which in the second-step reacts with another mole of fatty acid and yields a diester (DE). In the third step, DE gets converted into triester (TE). In each step, one mole of water is formed as by-product. This process (interaction of a carboxylic acid and an alcohol to produce an ester in the presence of an acidic catalyst) is called

Fischer esterification (also known as Fischer-Speier esterification).

In the homogeneous phase, the mechanism of Fischer esterification begins with the protonation of the carbonyl group of the carboxylic acid (Figure 9). This protonation greatly enhances the affinity of the carbonyl carbon for an electron pair on the oxygen atom of the alcohol. Proton transfer and subsequent release of water result in an oxonium ion intermediate. A final deprotonation step provides the ester product [26]. The equilibrium can be driven to completion by using an excess of either alcohol or carboxylic acid, or by removing the water as it forms. The mechanism of esterification in the heterogeneous phase undergoes many discussions as it involves more complex steps such as adsorption/desorption (see Section 1.5.2). Although a small amount of acid catalyst is essential to perform the Fisher esterification, the amount of this catalyst must not be too large. If too much of acid catalyst is present, then too much alcohol converts to the oxonium salt (Figure 10) thereby reducing the nucleophilic reactivity of the alcohol toward the carbonyl carbon of the carboxylic acid [START_REF] Roberts | Basic principles of organic chemistry[END_REF]. If the acid or the alcohol possesses highly branched groups, the position of the equilibrium is less favorable and the rates of esterification are slow. In general, the ease of esterification for alcohols (ROH) by the described mechanism is: primary R > secondary R > tertiary R with a given carboxylic acid [START_REF] Roberts | Basic principles of organic chemistry[END_REF].

Esterification of free fatty acids for the production of biolubricants

The esterification of OA with TMP is used for the production of biolubricants -namely trimethylolpropane trioleate. The yield of the esterification, the concentration of by-products, the excess of the reactants and the catalyst removal have dramatic effect on a final lubricant performance [START_REF] Gunstone | Oleochemical Manufacture and Applications[END_REF]. These effects can be summarized as shown in Table 4. Commercially available catalysts (homogeneous and heterogeneous). A critical review of the available catalysts for the direct esterification is given in Table 5. As it is shown, the assortment of the available catalysts is not so wide and there are many challenges that should be faced by using one or another catalyst. Although it was also shown that the thermal stability of the biocatalyst was limited and its catalytic activity was reduced after its recycling and washing prior to subsequent run [9].

Chitosan-immobilized lipases (from Candida rugosa, Pseudomonas fluorescens and Candida antarctica B) were studied by [START_REF] Foresti | [END_REF] in catalyzing the solvent-free esterification of oleic acid with ethanol [START_REF] Foresti | [END_REF].

Reaction was carried out at 35-45°C in "biphasic systems" (with up to 20 wt.

% of water) and showed a maximum 75% acid conversion within 24h (in the case of immobilized Candida antarctica B). The residual activity of this catalyst remained at 90-95% (from the initial activity) with five consecutive 24 h reuses.

Direct esterification of TMP with fatty acid in a solvent-free system, by immobilized lipase from Candida sp. 99-125 was studied by Y. Tao et al.

(2010). In the conditions of molar ratio 1:10 (TMP to acid), 40°C, about 17% of catalyst (w/w, relatively to FFA content) and 0.8 wt.% of water, the total conversion was found up to 96% (within more than 48h) and the formation of trisubstituted TMP esters reached 93% [30].

Even though the literature shows that immobilized lipases are active in the esterification of FFA, in this work they were not used. The esterification of OA with TMP requires elevated temperature because of the melting point of TMP (~ 60°C) and high viscosity of the reaction mixture that can be reduced with the temperature higher than 100°C. The application of lipases in this case is impossible as it would undoubtedly denature the biocatalyst.

Other known heterogeneous catalysts. Activated carbon derived from wood and functionalized by SO3H-groups was studied by J.R. Kastner et al. (2012) for the esterification of vegetable oils and animal fats (5-15% of FFA) with methanol. The catalyst showed high activity in the conversion of FFA (97% of conversion, 6h, 60°C, 6:1 molar ratio of alcohol to FFA). Reuse of the catalyst showed a loss of the esterification activity which was explained by water adsorption, particle attrition during agitation and strong acid site leaching [31]. acid molar ratio of 30:1). After the first reuse of the catalyst, about 64% loss of conversion was observed which was attributed to three factors: 1) mass loss of the catalyst during the regeneration process, 2) coke formation inside the pores of the catalyst and 3) leaching of the active phase [33].

Catalytic activity of tungstophosphoric acid (PW), molybdophosphoric acid (PMo) and tungstosilicic acid (SiW) immobilized on SBA-15 in the esterification of palmitic acid with methanol was studied by A.I. Cation-exchange resins show a high potential for different acid catalyzed liquid phase reactions including esterification of fatty acids [36,37]. The resins are ecofriendly, highly acidic, mechanically stable, chemically versatile and are of low cost [START_REF] Chakrabarti | [END_REF]. Resins can be often used during hundreds of catalytic cycles in well-designed processes without needing any regeneration.

The bibliographical search has shown that direct esterification of OA with TMP catalyzed by heterogeneous catalysts has not been extensively studied. The heterogeneous catalysts that showed high performance in direct esterification of fatty acids were mostly studied for the reaction with primary alkyl chain alcohols which makes the process simpler due to smaller size of the final products (compared to bulky TMP triesters) [START_REF] Foresti | [END_REF][31][32][33][34]. The majority of studies for FFA esterification over heterogeneous catalysts in a batch reactor have shown that after several reuses the catalysts were losing their activity due to thermal stability limitations (in the case of immobilized lipases), due to leaching of the active species into the liquid phase, due to water poisoning of active sites (acidic catalysts) and/or to coke formation inside the pores of the catalysts. These problems make practical applications of the catalysts limited. Moreover, the reaction conditions which have been suggested for the FFA esterification include access of alcohol or acid, use of vacuum and use of additional solvents. The proposed conditions are not suitable for industrial applications as they require high energy consumption and use of toxic solvents (e.g., toluene). Moreover, for the industrial purposes, the esterification of OA with TMP should be performed with stoichiometric amounts of reagents.

At the industrial level, only powdered metallic zinc and tin(II) oxides are the two catalysts currently available as heterogeneous catalysts at an industrially reasonable price for the preparation of polyesters of fatty acids (Table 5 and also [38]). However, only 90-95% of the catalyst could be recovered by simple filtration. Additional purification is required because the catalysts form metallic soaps of fatty acids. The latter are soluble in esters and may negatively affect the quality of the final product, in terms of its oxidative, thermal and hydrolytic stability.
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Objectives of the thesis and strategies applied

1) Synthesis of acidic heterogeneous catalysts which are active in the esterification and stable towards leaching

The esterification of oleic acid with trimethylolpropane is being performed in the liquid phase and catalyzed by acidic catalyst. The main objective of the thesis was to find active and stable catalytic materials for the later process in order to replace homogeneous catalysts by heterogeneous ones for industrial purposes. The main benefit of heterogeneous catalysts compared to the homogeneous ones lies in the practical and economic aspects where catalyst separation from the liquid medium and recyclability become much easier.

Thus, the project aimed at finding a catalyst that is:

-Heterogeneous for convenient separation and recyclability. For this purpose several different supports were used, such as mesoporous silica, macroporous Si(HIPE) foam and non-porous magnetic nanoparticles. While mesoporous silica is a powdered support that should be filtered from the liquid, Si(HIPE) is a monolith making the separation process even more convenient. Meanwhile magnetic nanoparticles can be separated from the liquid by the simple help of an external magnet.

-Active in the esterification. Several acidic phases with different acid strength were immobilized onto the chosen support to provide the materials with catalytic activity. Thus, Keggin HPA, crystalline zirconium phosphates, phosphonates and sulfonates were used as active phases. Among all chosen active phases, based on the literature reviews, the HPA are expected to be the strongest acids whereas the zirconium phosphates -the weakest.

Additionally, acidic commercial ion-exchange resins were examined as catalysts, as they are known to be highly stable and active in many industrial processes, including esterification.

-Stable-toward-leaching. To prevent leaching of active species into reaction medium, several synthetic strategies were applied to immobilize the active phases. For instance, Keggin HPA were immobilized chemically onto the supports via link of zirconia or via link of grafted amino-silane. Immobilized sulfonate and phosphonate moieties were obtained via covalent grafting of the respective silanes on the surface. Crystalline zirconium phosphates are not soluble in the oleic acid medium so the leaching is not expected. In the case of magnetic nanoparticles, they were first protected by a silica layer and a layer of aminosilane that improved the chemical stability of nanoparticles in the acidic medium.

-No diffusion limitations. To overcome diffusion limitations, at the first place the macroporous support Si(HIPE) was investigated. It was expected that macropores of the Si(HIPE) would provide easy mass transfer of the reagents and products during the catalytic reactions. However, as the results demonstrated, Si(HIPE) (that also possesses meso-and microporosity)

inhibited the reaction because of its small pores. The later pushed the project towards the use of non-porous support -precisely magnetic nanoparticles.

2) Optimization of the material synthesis

To verify the efficiency of the synthetic procedures, the studied catalysts were characterized with different physico-chemical techniques, including FTIR, NMR, XPS, N2 physisorption, NH3 chemisorption, TGA, ICP-AES, TEM, SEM, SAXS and XRD. These methods allowed estimating chemical and physical properties of the catalysts and to choose proper synthetic conditions.

3) Evaluation of catalytic activity in the esterification of OA with TMP

The studied materials were used as catalysts in the esterification of oleic acid with trimethylolpropane for the production of biolubricant. The reaction was performed without additional solvent, in the open flask to evaporate coforming water and at 120°C (unless specified otherwise). The choice of the temperature was based on the known literature information [9] as well as on the flesh point of TMP. TMP starts evaporating at 160-170°C or lower when enhanced by intensive water evaporation. Thus, the temperature was chosen high enough to evaporate water but at the same time low enough to keep TMP in the reaction flask. The later was important to perform the adequate quantification of the reaction components during the catalytic tests.

While this reaction allowed evaluating general catalytic performance in the real industrial process, other reactions, such as transesterification of methylstearate with butanol and esterification of propionic acid with butanol, provided information on the stability of the catalysts and on the possibility to reuse them under more severe conditions (more polar than oleic acid medium).

4) Application of alternative catalysts -commercial ion-exchange resins

Commercial ion-exchange resins were also applied as catalysts in the esterification of OA with TMP. The screening tests showed their high activity and high stability in the reaction of interest that suggested the big potential of the resins in the industrial applications.

5) Evaluation of the catalysts under industrial conditions

As the presence of free fatty acids and mono-and/or diesters negatively affect the properties of the final lubricant, the industrial application of the heterogeneous catalysts is only valid if the reaction is complete, with nearly 100% of OA conversion (selectivity towards triester being minimum 98%) [20,[START_REF] Gunstone | Oleochemical Manufacture and Applications[END_REF]. That is also why the esterification of OA with TMP should be performed with the stoichiometric ratio of reagents to avoid an additional separation of OA. Thus, the possibility of a heterogeneous catalyst to complete the tri-esterification of OA with TMP was examined based on the resin studies that is challenged by the industrial needs (the possibility to reach > 98% of triester selectivity). These studies were partly performed at the industrial partner Mosselman s.a.

CHAPTER 1

Immobilization of HPA onto mesoporous silica

The work from this chapter was published in the Journal of Catalysis [11].

Introduction

The unique nature of heteropolyacids (HPA), i.e. the blend of high acidity and reversible redox properties, makes them very attractive catalysts for several acid and oxidation type reactions. From the big variety of HPA, the most stable and thus the most important in catalysis are Keggin heteropolyacids. They include quite rigid heteropolyanions (XM12O40

) x-8 ,
where X is the central atom (Si 4+ , P 5+ , etc.), x is its oxidation state, and M is the metal ion (e.g., Mo 6+ , W 6+ , etc.). These heteropolyanions adopt a wellknown Keggin structure, with a central tetrahedron (XO4) surrounded by twelve edge-sharing metal-oxygen octahedra (MO6) (Figure 11) [5]. In the crystal form, Keggin heteropolyanions are hydrogen-bonded to each other by hydrated protons [39]. In aqueous solutions HPAs exist as polybasic (i.e., polyprotic), strong Brönsted acids in which all the protons are hydrated and equivalent. The strong acidity of the protons is related to the large size of the polyanion and the low and delocalized surface charge density of the latter, causing a weak interaction between anion and proton. This also explains the difference between the strength of the HPA and the usual acids. The formal negative charges of the heteropolyanions PM12O40 3-and SiM12O40 4-are identical with the charges on the anions of the corresponding simple acids PO4 3-and SiO4 4-, but the charge per outer oxygen atom is 9 times smaller in the HPA than in the phosphate and silicate ions. As a consequence, H3PM12O40 and H4SiM12O40 are much stronger than H3PO4 and H4SiO4 [40].

The acidity of HPAs depends on their structure and constituent atoms.

Thermodynamic dissociation constants of some Keggin acids decrease in the following order in aqueous media (pK1 values) [41]:

H3PW12O40 (1.6) > H4SiW12O40 (2.0) ~ H3PMo12O40 (2.0) > H4SiMo12O40 (2.1)
The oxidative potential of HPA depends on the nature of both metals and central atom [40]. It decreases in the series of metal V>Mo>W. The central atom defines the charge of the heteropolyanion thereby defining their oxidation potential: the higher the charge of the anion, the lower the oxidation potential. The relation between the oxidative and acid properties of HPA is important for their use as acid catalysts: the dissociation constant of HPA diminishes when they are reduced. That is why the catalytic activity of HPA may depend on the reducing capacity of the reaction medium [40].

Solid Keggin HPAs are as well of high interest in catalysis due to their ability existing in a "pseudo-liquid phase", where the hydrogens of the heteropolyanions retain their mobility even in dehydrated HPA crystals [42].

It should be mentioned that HPA are insoluble in the medium of OA, thus the accessibility of the reagents to the active sites is low that negatively affects the catalytic performance. That is why dispersion of the HPA onto porous support would provide a better accessibility of active sites for the reagents.

To avoid the leaching of active species into the liquid phase, a proper immobilization procedure is however required. Moreover, supported HPAs on highly porous materials are of interest in the field of heterogeneous catalysis as it would allow their better separation and recyclability.

Different approaches were attempted to heterogenize HPA as for instances :

impregnation into porous supports [43][44][45], entrapment in solid matrices via sol-gel [46,[START_REF] Dosuna-Rodriguez | Proceedings Book of the 1st International Congress on Catalysis for Biorefineries[END_REF], grafting on functionalized surfaces [START_REF] Hanada | [END_REF], and so forth.

Nevertheless the preparation of stable heterogeneous HPAs that do not leach in polar media while being well dispersed in non-polar media still remains a challenge. Particularly, some studies showed that zirconia is able to interact and stabilize dispersed HPAs [49,50]. However due to the high crystallinity of ZrO2 and often its low specific surface area, the accessibility of active sites remains limited. In order to limit this drawback, the combination of ZrO2 with an amorphous support could be advantageous as the high surface area support would provide a good accessibility of the active species while the zirconia would chemically stabilize the heteropolyacids.

In this part of the work it was demonstrated an alternative approach to immobilize chemically HPAs on zirconia/silica support. The novelty of the suggested immobilization method relies on the use of zirconia as a linker between silica and HPA. For this work, silica (Merck 60) was chosen as an initial support due to its high surface area and known chemistry of the surface. Within the limit of our knowledge, the attempts to combine silica and zirconia with HPAs were done so far only by impregnation method or by solgel technique [51,52]. The difference in the HPAs immobilization may contribute positively or negatively to the catalyst texture, stability and number of active sites. Moreover the stability of the prepared materials against leaching was studied considering two reactions bearing industrial applications. First, the prepared catalysts were studied in a model reaction for biofuel production, namely the methyl stearate transesterification with nbutanol. This reaction allowed both performing screening tests and justifying the efficiency of the suggested synthetic HPAs immobilization. Second, the catalysts activity was also tested for the clean "solvent-free" synthesis of biolubricants via oleic acid esterification with trimethylolpropane.

Experimental

Synthetic procedure

Step I -silica grafting with zirconium n-butoxide: 22 g of commercial SiO2

(Merck 60, 443 m 2 /g; pre-dried in vacuum at around 200 mbar, 150°C and for 2h) was dispersed in 180 ml of toluene. 10 ml of zirconium n-butoxide (ca. 1 mmol/g of SiO2) was then added to the silica suspension under inert atmosphere and vigorous stirring. The mixture was stirred overnight (16h in total) at 105°C under reflux. Then the reaction mixture was cooled down to room temperature and the final product was washed four times with toluene.

The obtained material -denoted ZrO2/SiO2 -was stored under a layer of toluene.

Step II -immobilization of HPA on the ZrO2/SiO2: 2.5 g of corresponding Keggin HPA was dissolved in 100 ml of acetonitrile. Then 5 g of ZrO2/SiO2

(pre-dried in vacuum at 40°C for 1h) was added to the HPA solution. The mixture was stirred at 80°C for 15h. Finally, the materials were filtered and washed with acetonitrile in a Soxhlet apparatus to remove unreacted HPA.

The so-obtained catalysts were dried in air at 110°C overnight. Depending on the corresponding HPA used for the synthesis, the materials were denoted PW-ZrO2/SiO2, SiW-ZrO2/SiO2 and PMo-ZrO2/SiO2.

The materials described in this chapter can be summarized in Table 6.

Table 6. Summary of the materials described in this chapter: schematic representation, target and brief synthetic procedure. Detailed synthetic conditions are described on page 30 (Experimental part). Pentadecane was used as internal standard for the GC analysis. For sampling, 20 µl of the reaction mixture was taken at certain time intervals and extracted with 2 ml of hexane and 2 ml of water. The organic phase was analyzed by GC. The standard deviation of the detection of butyl stearate was in the range of 0.2-0.9 (%), as calculated from three parallel tests for each GC injection of kinetic measurements. All catalytic studies were compared to a "blank" test where the reaction was carried out under the same conditions as described above but without any catalyst.

Sample

Leaching tests

The leaching tests were performed similar as described elsewhere [53] with some modifications. The catalysts were treated with hot butanol (100°C, 2h, reflux). The ratio catalyst/butanol was the same as in the catalytic tests. The hot filtrated butanol was then used for the transesterification reaction as a reactant under the conditions described above but without any catalyst.

Reaction monitoring by GC analysis

The separation on the GC system was performed using the capillary column SGE HT5, 12 m × 0.53 mm, i.d. 0.15 µm. For the detection of methyl-and butyl-stearate in the reaction of transesterification, the following GC method was used: the oven temperature was set initially at 80ºC, held for 3 min, then increased at 20ºC/min to 190ºC and held for another 5min. Finally, the temperature was increased to 340°C at 20°C/min and held for another 14 min. The injector and detector (FID) temperatures were at 300 and 360ºC, respectively. Helium was used as the carrier gas at a flow rate of 20 mL/min.

1.0 µL of sample was injected into the GC system. The evolution of butyl stearate was followed and the concentration was calculated based on the calibration curve for the analytical standard of butyl stearate.

Esterification of oleic acid (OA) with trimethylolpropane (TMP)

2.1.2.1 Standard test 5.40 g of oleic acid and 0.86 g of TMP (molar ratio between OA and TMP = 3:1) were weighted into the batch reactor. In the case of MNP-catalysts, material was first sonicated with OA for 30 min, and then TMP was added.

The mixture was heated for about 1 min to melt TMP, after which the catalyst (0.10 g) was added. The start of the reaction was considered after all components were mixed and the reactor was placed in an oil bath at 120°C.

The reaction was performed under magnetic agitation at 400 rpm and in an open reactor. The "blank" test was performed under identical conditions as described above for the esterification catalytic tests but without the catalyst.

For sampling, 10 µl of the reaction mixture was taken at certain time intervals and derivatized as described below followed by gas chromatography (GC).

Derivatization of the esterification products

To improve the gas chromatography (GC) detection and separation of low volatile compounds, the sample was derivatized with BSTFA (N,Obis(trimethylsilyl) trifluoroacetamide) following the protocol [54] with some modifications. Thus, 10 µl of the reaction mixture was solubilized with 2 ml of acetonitrile. Then 500 µl of BSTFA was added and the final mixture was heated at 60°C for 30 min with vigorous agitation. After the derivatization was finished, the final products were extracted with 2 ml of hexane. The hexane extract was analyzed by GC. Standard deviations of the GC measurements were in the range of 0.04-0.20 (mmol/l) for the detection of monoester, 0.03-0.15 for diester and 0.01-0.11 for the detection of triester.

Reaction monitoring by GC

The separation on the GC system was performed using the capillary column SGE HT5, 12 m × 0.53 mm, i.d. 0.15 µm. The GC method was used the same as described in [54]. In the chromatogram, the evolution of mono-, diand triesters was followed.

Results and discussion

Efficiency of the HPA immobilization: FTIR and 31 P NMR spectroscopy

We studied the efficiency of the HPA immobilization via FTIR and 31 P NMR spectroscopies.

Table 7 depicts a summary of the main observed bands and their bond signatures. FTIR spectra in the range of 1200-600 cm -1 (Figure 12) indicate that the most crucial vibrational mode changes when grafting occurs. The spectra of supported HPAs are shown after the subtraction of the spectrum of ZrO2/SiO2.

The stretching band of ν(Si-OH) at 967 cm -1 almost disappeared after silica treatment with zirconium butoxide (Figure 12a andb) as well as the band for free terminal silanols at 3746 cm -1 (Table 7) indicating the chemical interaction of surface silanols with Zr(OC4H9)4. After further HPA immobilization (Figure 12c, d, e and Table 7) the characteristic ν(M-Ob-M) and ν(M-Od) stretching modes of the Keggin structure appear (where M is W or

Mo). Other vibrations of Keggin units, such as asymmetric νasP-O (or νasSi-O)

and νasM-Oc-M (corner-sharing oxygen connecting M3O13 units), cannot be observed from the initial IR spectra as they overlap with strong stretching modes of silica Si-O-Si (~1090 cm -1 and ~800 cm -1 ). For this reason the subtraction of the spectrum of the support from the ones of immobilized HPA was performed (Figure 12c-e). From the subtracted spectra of PW-and PMo-catalysts, the P-O bands appeared broadened which indicates a slight change of symmetry of initial Keggin anions due to the interaction with the support [50].

It should be indicated also that the symmetric and asymmetric stretching ν(C-H) vibrations at 3000 cm -1 disappeared (Table 7) after the reaction between HPA and ZrO2/SiO2. This indicates the complete hydrolysis of surface C4H9O-groups after the HPA immobilization on ZrO2/SiO2. Additional information on the structure of immobilized HPA was obtained by 31 P NMR. On Figure 13 the NMR spectra of the studied catalysts are compared to the ones of pure HPA. From Figure 13, the peak at -13.7 ppm of PW-ZrO2-SiO2 indicates that the Keggin structure is distorted due to the strong interactions with the support but the fundamental Keggin structure is preserved [START_REF] Chen | [END_REF]. Additionally, the chemical shift indicates that there is one proton directly attached to the heteropolyanion (i.e. this proton is acidic) [58].

Similarly, the 31 P NMR signal of PMo-ZrO2-SiO2 shows a strong interaction between the support and the HPA.

To sum up, FTIR and 31 P NMR data confirm the efficient immobilization of HPA onto the silica modified with zirconia porous support with preserving the initial structure of Keggin units which is crucial for their stability and catalytic performance. 

Acidic properties

The acidity of the prepared materials was measured by means of potentiometric titration with n-butylamine. This method allows measuring the total number and the strength of acid sites. In such method, the initial electrode potential (Ei) indicates the maximum acid strength of the surface sites; and the range where the plateau is reached (meq/g solid) shows the total number of acid sites. The strength can be defined according to the following ranges: very strong site, Ei > 100mV; strong site, 0 < Ei < 100 mV; weak site, -100 < Ei < 0mV and very weak site, Ei < -100 mV [59].

The titration curves of the supported HPA (Figure 14) indicate that all prepared catalysts have strong acid sites (Ei>100 mV) and present a similar behavior in the potentiometric titration. The acidity trend of the prepared materials decreases in the order SiW-ZrO2/SiO2 (Ei 370 mV) ~ PW-ZrO2/SiO2 (Ei 348 mV) > PMo-ZrO2/SiO2 (206 mV).

In the case of SiO2 the Ei is 41 mV and it is -39 mV for ZrO2/SiO2. This last value suggests an interaction of surface silanol groups of silica with zirconium butoxide and formation of butoxy-groups on the surface. The total number of acid sites was also measured by ammonia chemisorption (the data are included into the annex, Table A 1). The results are comparable to the ones obtained by the potentiometric titration. Thus, after the titration, the number of acid sites of the catalysts is in the range of 0.8-1 mmol/g whereas after the NH3 measurements it is 0.4-0.6 mmol/g.

Content and suggested immobilization scheme

Table 8 shows the content of Zr, P and W (Mo) of the catalysts obtained by ICP analysis. The elemental analysis data demonstrate that the synthetic procedure yields up to 0.6 mmol/g of Zr (ca. 5 wt.%) and 0.1 mmol/g of HPA (18-25 wt.%).

Taking into account steric hindrance of Zr(OBu)4 and HPAs, we would like to suggest the scheme of the HPA immobilization (Figure 15). For the step I (Figure 15), the Zr(OBu)4 is a very reactive molecule due to the presence of the highly electronegative C4H9O-group and has a high affinity towards surface silanols [START_REF] Brinker | The Physics and Chemistry of Sol-Gel Processing[END_REF]. The electrophilic Zr center attacks a surface silanol and thereby forms the Si-O-Zr bonds. The FTIR spectra confirmed this step (see table 1), as the bands 3746 and 967 cm -1 (for silanol groups) disappeared after the synthesis. Moreover, the TGA analysis of ZrO2/SiO2 showed a mass loss of 6% after 300°C which indicates the presence of residual chemically bonded butoxy-groups (Figure 16). Si-OH group as well as per HPA unit was taken arbitrarily.

Step I

-2 C 4 H 9 OH

2+

Step II

-2 C 4 H 9 OH Figure 16
. TGA curves of the studied materials. From the top to the bottom: SiO2,

SiW-ZrO2/SiO2, PW-ZrO2/SiO2, PMo-ZrO2/SiO2, ZrO2/SiO2.
The further reaction between the adjacent silanol and the second leaving butoxy group (formation of bipedal Zr-species) is also possible since the conformational structure of zirconium butoxide allows it (tetrahedral arrangement of butoxy groups around Zr atom). For the same reason, the reaction between the third butoxy group and the adjacent silanol (formation of tri-pedal Zr-species) would be sterically hindered. For the step II (Figure 15), due to the well-matched electronegativity of Zr 4+ and W 6+ (1.33 and 1.7 correspondingly [61]), further reaction between Keggin units and the surface Zr oxide species will go through the formation of Zr-O-W covalent bonds at the interface of the two components [52]. Similarly, for the H3PMo12O40 acid, the Zr-O-Mo bonds will form. However, in this case the difference in electronegativity between Zr 4+ and Mo 6+ is much higher (1.33 and 2.16

respectively) which will lead to a higher ionic character of Zr-O-Mo bond compared to the Zr-O-W. The higher polarizability of Zr-O-Mo bonds is not favoring their stability, especially in polar environment. And finally, the interaction between Zr-center and more than one heteropolyanion is unlikely due to the large size of HPA (ca. 1 nm vs. 0.072 nm for Zr 4+ [START_REF] Song | [END_REF]). 

Mass loss, % T, °C

To sum up, the surface Zr-species are bipedal and the two remaining butoxy groups would be replaced by one heteropolyanion. For materials based on triprotic HPAs (H3PW12O40 and H3PMo12O40), one proton per polyanion would thus remain on the surface (as shown in Figure 15, the HPA having to release two protons to gain two-negative charges as needed to neutralize the two time positively charged Zr center) whereas for the tetraprotic H4SiW12O40 -two protons would remain.

Textural characteristics

The specific surface area (SBET), mean pore diameter and pore volume are

shown in Table 9. The adsorption/desorption isotherms do not change drastically for the modified materials (Figure A7). The results show that after the silica modification with zirconium butoxide and further immobilization of HPAs, the surface area and pore volume of the materials decreased by the same extend. However, the normalized pore volume by the mass of the support (shown in parenthesis in Table 9 did not change indicating that the HPA are located mostly on the external surface of ZrO2/SiO2. In this case the decrease of SBET after the immobilization can be caused by HPA that partially blocked the smaller pores. The latter is also apparent from the pore distribution curves (Table 17), where the peak maximum is shifted toward bigger pores after the HPA immobilization. Intensity (a.u.)

Catalytic studies

Transesterification of methyl stearate with n-butanol

The control catalytic tests (Figure 19-A) showed that the supports SiO2 and ZrO2/SiO2 do not catalyze the reaction. The lower activity of the SiO2 (compared to the blank test) likely comes from internal diffusion limitations. This phenomenon can be referred to the bulky reagents which retain a decreased mobility inside the small pores of the support. The latter is not observed with ZrO2/SiO2 likely due to the moderate basicity of the surface Zr-species that helps to promote the reaction. Indeed it is known that transesterification goes more readily at the presence of base than acid [63]. The catalytic data of the immobilized HPAs showed that they are catalytically active for transesterification reaction (Figure 19-B). After 24 hours of the reaction, the yield of butyl stearate reached 22%, 30%, and 85% for PW-ZrO2/SiO2, SiW-ZrO2/SiO2 and PMo-ZrO2/SiO2 respectively. The activity of the immobilized HPAs is reversed to the known acidity of bulk HPAs as it was also observed for the homogeneous HPAs in the transesterification [64]. It is known that the acidity decreases in the order H3PW12O40 > H4SiW12O40 > H3PMo12O40. In our case, the reversed activity trend of heterogenized HPAs (compared to the acidity order) could be referred a) to a partly homogeneous character of the catalytic process; b) to a higher accessibility of the active species in the heterogeneous catalysts.

To validate the leaching scenario into the homogeneous phase, we treated the catalysts with hot butanol and used that butanol farther as a reagent in the transesterification reaction without any additional catalyst. Figure 19C demonstrates the results of leaching tests. The kinetic curves for the tests with BuOH used for the treatment of PW-ZrO2/SiO2 and SiW-ZrO2/SiO2 (curves a and b) are superimposing with the blank test (curve d) within the error range, whereas the curve for the reaction with BuOH after PMo-ZrO2/SiO2 (c curve) is above the curve d. These observations suggest that PMo-ZrO2/SiO2 showed strong leaching of corresponding HPA into the reaction medium. Additional information on the leaching was obtained by ICP analysis of the materials before and after catalytic tests. In the Table 10 the concentration of tungsten (molybdenum) within the catalysts is compared before and after the catalytic tests. It can be seen that, after the transesterification, the amount of W (Mo) decreased by 10-17 mol % of the initial amount. The obtained results indicate that all the materials partly leached into the liquid medium. The leaching is likely caused by dissolution of the corresponding HPA into the polar butanol used in excess as reagent and solvent.

Esterification of oleic acid with trimethylolpropane

The catalysts were also tested in the reaction which has industrial interestnamely the esterification of oleic acid with trimethylolpropane for the production of biolubricant. Figure 20 shows the evolution of esters in the esterification of OA.

Comparison of the catalytic performances with the control test (dash curves on Figure 20) demonstrates that the materials are catalytically active, notwithstanding that the activity is moderate and does not differ significantly The kinetic curves for the evolution of esters show that the catalysts accelerate significantly the formation of mono-and diesters.

The reaction rate for triester formation in the beginning of the test remains similar to the blank test and can be explained by steric hindrance of the diester. The bulky molecule of the diester bears the last hydroxyl-group which is less accessible for the acid to attack. It is also possible that the pores of the catalyst support are too small and the formation of triester inside the pores is not favorable. The latter hypothesis suggests that the use of a support with more suitable texture (i.e., bigger pores) would facilitate the formation of the bulky triester. The heterogeneous catalytic performance is close to the homogeneous HPAs (see Figure 26b). In the current case, the size of the reactants and products is too high and internal diffusion limitations take place, which explains the moderate activity of the supported HPAs. The later suggests again that a support with larger pores would help to avoid this penalty.

Additional studies on the leaching during the esterification were performed by elemental analyses. The content of tungsten (molybdenum) within the materials after esterification showed that PW-ZrO2/SiO2 and SiW-ZrO2/SiO2 retain the same amount of tungsten as before the catalytic test (Table 10).

Contrary, the PMo-ZrO2/SiO2 decreased the amount of molybdenum after the esterification. The results indicate that in the hydrophobic medium of oleic acid, PMo-ZrO2/SiO2 leached into the liquid which is contrary to PW-ZrO2/SiO2 and SiW-ZrO2/SiO2. The latter can be explained by the different stability of the corresponding HPAs on the surface. The hypothesis is that the reaction between the support and H3PW12O40 (or H4SiW12O40) yields strong interactions support-HPA whereas the interaction support-H3PMo12O40 is much weaker. The latter is likely due to the higher polarizability of the Zr-O-Mo bonds as a direct consequence of the difference in electronegativity between Zr and Mo (see section 3.1). It is interesting to mention that even after the materials were used in the catalytic reactions, their FTIR spectra still contain the characteristic HPA vibrations (Figure A2; for the FTIR measurements the used materials were washed first with hexane and acetone after catalytic tests and dried at room temperature). The latter suggests that immobilized HPAs retain their Keggin structure even after being treated under the conditions of catalytic measurements.

To conclude, the catalytic and elemental analysis results indicate that PMo-ZrO2/SiO2 is less stable towards leaching in the non-polar medium compared to PW-ZrO2/SiO2 and SiW-ZrO2/SiO2. All three materials showed leaching in the model reaction of transesterification induced by polar butanol. However in the industrial reaction of biolubricant production, the PW-ZrO2/SiO2 and SiW-ZrO2/SiO2 do not leach, showing thereby their potential toward industrial applications. We can conclude that the applied synthetic procedure is efficient for immobilization of H3PW12O40 and H4SiW12O40 for applications in non-polar media. It allows obtaining stable-towards-leaching catalysts that catalyze complex step-by-step reactions in the field of oleochemistry. The The results from this chapter imply that the chosen mesoporous support likely causes diffusion limitations in the esterification of OA with TMP because the catalytic activity of the prepared materials was quite low. That is why it was decided to try macroporous cellular foams Si(HIPE) as support.

Next chapter (Chapter 2) describes acidic catalysts based on Si(HIPE) for the esterification. Additionally to the HPA, other active phases were used, such as functionalized sulfonate and phosphonate and dispersed zirconium phosphates.

CHAPTER 2

Heterogeneous catalysts based on macroporous Si(HIPE) foam

General introduction

The results described in the previous chapter suggest that supports with bigger pores would be advantageous for catalytic performance of the final materials in the esterification of OA with TMP. Big pores should provide easy entry for the reagents without diffusion constrains and escape of even bigger products. For this purpose, macrocellular Si(HIPE) foam was chosen as a support.

Abbreviation Si(HIPE) stands for "Silica High Internal Phase Emulsion". It is an organo-silica-based hybrid macrocellular monolithic foam with hierarchical porous structure and high specific surface area (700-900 m 2 /g).

The preparation protocol of Si(HIPE) is quite fast and simple [65]. It includes a sol-gel method, utilization of a lyotropic phase (template) and the formation of a direct emulsion ("oil in water"). The hierarchical structure of the Si(HIPE) comes from the three constituents: oil phase provides the macroporosity of the foam ("egg-shell" structure), the template (due to the size of the micelles)

gives mesoporosity, and silica skeleton itself gives microporosity. Besides useful textural properties, Si(HIPE) provides also suitable surface chemistry (silanol OH-groups) which can be easily modified with different functionalities. Moreover, the convenient monolithic shape of the Si(HIPE) makes it beneficial for the continuous catalytic processes.

Several reports already showed the benefits of Si(HIPE) as support for different catalysts [66][67][68]. Thus, it was demonstrated, that once immobilized on the Si(HIPE), lipase accelerates the conversion of oleic acid with nbutanol by 26 times compared to the homogeneously catalyzed reaction.

Moreover, this catalyst was able to cycle for 19 runs without deactivation [67]. Nucleated Pd within previously organosilane-grafted Si(HIPE) was applied as catalyst in the Mizoroki-Heck coupling reaction where high yield, turnover and cycling performances were achieved [66]. However, leaching of Pd-species into liquid medium was observed. The latter was improved when Pd was immobilized on Si(HIPE) through the use of ionic liquids where only 0.2-0.6 mol % of leached species were detected in the Heck coupling reaction [68].

In this part of the manuscript three types of catalysts based on Si(HIPE) with different acidic functions are described: 1) immobilized Keggin heteropolyacids (HPA), 2) grafted SO3H-and PO3H2-functions, 3) colloidally dispersed crystalline zirconium phosphates. The synthesized materials were characterized with different physico-chemical methods and studied in the esterification reactions. Introduction

One of the promising approaches to perform chemical immobilization of

HPAs is to take advantage of their overall negative charge [69]. The HPA catalyst can be molecularly immobilized on a supporting material, if the supporting material has a positive charge. By grafting organic silane or metal-organic precursor onto the surface of meso-/macro-porous materials, an anchoring site for heteropolyanion is thus provided.

In this part, for the immobilization of HPAs, macrocellular support Si(HIPE)

was grafted in two different ways: 1) using aminosilane to produce NH2groups on the surface which were subsequently protonated to NH3 + and 2) using Zr-organic precursor aiming at creating Zr n+ basic centers on the surface. The first approach (through aminosilane) is already known for the immobilization of HPAs [70,71] and allows obtaining finely and chemically immobilized heteropolyacids. The second approach was suggested based on the knowledge that Zr-O-Zr linkage, bridging and non-bridging hydroxyl groups provide the ability to strongly interact with and stabilize the dispersed Keggin anions [49]. Moreover, the second approach was successfully used for the immobilization of HPA onto mesoporous silica (see Chapter 1 and also [11]).

Experimental

2.1 Synthetic procedure

Synthesis of the macroporous Si(HIPE)

Macroporous support Si(HIPE) was synthesized by using the protocol [65] via "one-pot" sol-gel process (with tetraethoxysilane as a precursor), direct concentrated emulsion (dodecane as an oil fraction) and lyotropic mesophases (TTAB as templating agents). 16 g of TTAB (Tetradecyltrimethylammonium bromide) was mixed with 5 ml of 37% HCl.

After the mixture was agitated for few min, 5 g of TEOS was added and additionally agitated until the mixture became a clear solution. Then the emulsion was prepared by hand in a mortar by adding 35 g of dodecane drop-by-drop in the as-prepared aqueous phase. This final emulsion was then transferred into a plastic tube and left in this state for a one-week period. The resulting material was washed with THF/acetone (1:1) followed by slow drying (RT) and calcination afterwards for 6h (650 °C, heating rate of 2°C/min with a first ramp at 200 °C for 2 h) in order to remove the template and to improve the mechanical properties of the final material.

Immobilization of HPA onto the macroporous Si(HIPE) through the link of ZrO2

The approach of HPA immobilization onto the mesoporous silica through the link of zirconia (page 30) was applied for the Si(HIPE). Due to the textural properties of Si(HIPE) and some technical restrictions, certain changes were applied in the synthetic procedure.

Step I -Si(HIPE) grafting with zirconium n-butoxide: 3.3 g of Si(HIPE) fragments were dispersed in 150 ml of dry toluene containing 0.6 ml of triethylamine. Then vacuum was applied to remove the air from the support and to force the solvent entering inside the pores. Then 3.8 ml of the solution of zirconium butoxide was added dropwise to the suspension. The reaction was carried out at room temperature, atmospheric pressure and under vigorous shaking. The obtained ZrO2@Si(HIPE) material was washed with toluene (4 times) by decantation and stored under a layer of toluene for further synthesis.

Step II -immobilization of HPA on the ZrO2@Si(HIPE): solution of corresponding HPA in acetonitrile (50 wt.% relatively to the mass of support) was infiltrated into the support under vacuum and at room temperature overnight. After the synthesis, so-obtained catalysts have been filtered, washed in Soxhlet with ethanol overnight and dried on air. The names of the three obtained catalysts were denoted as PW@ZrO2@Si(HIPE), SiW@ZrO2@Si(HIPE) and PMo@ZrO2@Si(HIPE) corresponding to each HPA.

Immobilization of HPA onto the macroporous Si(HIPE) through aminosilane (APTES)

Step I -Si(HIPE) grafting with APTES: 0.5 g of Si(HIPE) was grafted with 0.01M 3-aminopropyl-triethoxysilane (APTES) in chloroform (total volume of 50 ml) under vacuum and ambient temperature [72]. The obtained g3amino@Si(HIPE) was protonated with 0.1M HCl in a solution of water/ethanol (1:1) overnight followed by drying in air (the denoted name of the obtained material is g3ammonium@Si(HIPE), "g" standing for "grafting").

Step II -immobilization of HPA on the g3ammonium@Si(HIPE): HPAs were immobilized on Si(HIPE) performing an exchange reaction between chloride and Keggin anions by infiltration of the 50% (wt.) of HPA solution in ethanol/water (1:1) into the support (under vacuum at RT). After the synthesis all materials have been filtered and washed with ethanol at least three times each. Based on the three series of Keggin HPAs (H3PW12O40, H4SiW12O40 and H3PMo12O40), the names of the prepared materials were denoted as PW@g3ammonium@Si(HIPE), SiW@g3ammonium@Si(HIPE)

and PMo@g3ammonium@Si(HIPE) correspondingly. SiW@ZrO2@Si(HIPE)

2+

Chemically immobilized HPA

The same as previous but with

H4SiW12O40

PMo@ZrO2@Si(HIPE)

2+

Chemically immobilized HPA

The same as previous but with H3PMo12O40 60

Catalytic measurements

The materials described in this part were studied in the esterification of OA with TMP. The conditions were the same as described in Section 2.1.2 (p. 33). The size of the Si(HIPE) fragments used for the catalytic measurements was 2-5 mm.

PW@g3ammonium@ Si(HIPE) Chemically immobilized HPA 1) Si(HIPE) + APTES (in chloroform, RT, vacuum); 2) protonation by HCl; 3) ionic exchange with H3PW12O40

SiW@g3ammonium@ Si(HIPE) Chemically immobilized HPA

The same as previous but with

H4SiW12O40

PMo@g3ammonium@ Si(HIPE) Chemically immobilized HPA

The same as previous but with were observed [55,73]. For the samples such as PMo@ZrO2@Si(HIPE) and PMo@g3ammonium@Si(HIPE) the presence of lacunar phase (PMo11O39) 7- was detected (FTIR bands at 788 and 904 cm -1 ). The formation of lacunar phase (partly decomposed HPA) in the PMo-based materials is in agreement with the stability of H3PMo12O40 which is the most unstable acid from the series of Keggin HPAs (H3PW12O40 > H4SiW12O40 > H3PMo12O40). SiW@g3ammonium@ Si(HIPE) 882 (W-Ob-W) 963 (W-Od)

PMo@g3ammonium@ Si(HIPE) 964 (Mo-Od), 904

(lacunar phase (PMo11O39) 7-) 869, 926

Solid-state 31 P NMR

Additional information on the HPA structure was obtained by 31 P MAS NMR (Figure 21a). For the HPW-based materials the chemical shift of phosphorous (-15,0 ppm and -15,7 ppm for PW@ZrO2@Si(HIPE) and PW@g3ammonium@Si(HIPE) respectively) did not significantly change when compared to the corresponding HPA (-15,2 ppm). The latter indicates that the structure and symmetry of the Keggin unit of HPW did not change after the interaction of this HPA with the support. However for PW@g3ammonium@Si(HIPE) material (Figure 21b) another weak peak was observed at -11,6 ppm that may indicate a partial decomposition of the HPA [74].

Contrary to the HPW-based catalysts, the 31 P NMR spectra of HPMomaterials have distinct differences if compared to the pure corresponding HPA (Figure 21d-f). The broader signal of PMo@ZrO2@Si(HIPE) (at around -6 ppm) likely indicates a partial decomposition of (PMo12O40) 3-. The peak shift for PMo@g3ammonium@Si(HIPE) (from -4,1 ppm for the initial HPMo PW@g3ammonium@Si(HIPE), d) pure H3PMo12O40, e) PMo@ZrO2@SiO2, f)

PMo@g3ammonium@Si(HIPE)

Table 13. Organic phase, Zr, P and W (Mo) contents (TGA and ICP data).

X-Ray diffraction analysis

X-Ray diffraction (XRD) analysis allowed analyzing the presence/absence of crystalline phase after the HPA immobilization. For all the Si(HIPE)-based catalysts (except PW@ZrO2@Si(HIPE)) no crystalline phase was detected.

Figure 22 compares XRD diffractograms of the control sample, of Si(HIPE), of PW@g3ammonium@Si(HIPE) and of PW@ZrO2@Si(HIPE). The absence of crystalline phase for PW@g3ammonium@Si(HIPE) indicates that the corresponding HPA was well dispersed within the support in a noncrystalline form or that crystallites are very small. Contrary, the diffractogram of PW@ZrO2@Si(HIPE) displays several peaks of crystalline phase suggesting that HPW is present in the form of agglomerates. The XRD profiles of SiW@g3ammonium@Si(HIPE), PMo@g3ammonium@Si(HIPE), SiW@ZrO2@Si(HIPE and PMo@ZrO2@Si(HIPE) look similar to the one of PW@g3ammonium@Si(HIPE) (amorphous phase, data not shown). Si(HIPE) and for PW@g3ammonium@Si(HIPE) as an example).

Sample

N2 physisorption and SAXS analysis

N2 physisorption data (Table 14) indicate that the materials are microporous.

After the HPA immobilization on the Si(HIPE), the SBET decreased by about 40% when compared to the pure inorganic Si(HIPE) foams. The surface area of SiW@g3ammonium@Si(HIPE) and PMo@g3ammonium@Si(HIPE) surprisingly decreased to 80 and 90% correspondingly. At this stage it is difficult to explain this phenomenon. The N2 adsorption/desorption isotherms for all samples do not have hysteresis indicating that the pores are not open from two sides (Figure 24, shown examples for Si(HIPE) and for PW@g3ammonium@Si(HIPE)). The isotherm of PW@g3ammonium@Si(HIPE) belongs to a type I, whereas the isotherm of Si(HIPE) is a quasi-type I as the adsorbed volume of N2 keeps increasing.

The unconventional shape of the isotherm of Si(HIPE) may come from the a) b)

Figure 23. SEM images of: a) Si(HIPE), b) PW@g3ammonium@Si(HIPE)

"roughness" of the material surface due to which the volume of adsorbed nitrogen increases at high pressure. It can be concluded that the samples are mainly microporous.

By using SAXS technique it is possible to measure the wall-to-wall distance of the porous materials (in the meso-scale) by applying the formula d=2π/q, where d is a wall-to-wall distance and q is the wave vector. From the SAXS profile of Si(HIPE) and PW@g3ammonium@Si(HIPE), the wall-to-wall distance after the HPA immobilization remained unchanged and is equal to 3.2 nm (Figure 25; the SAXS profiles of other Si(HIPE)-catalysts look the same, data not shown). ZrO2@Si(HIPE) 502 PW@ZrO2@Si(HIPE) 530

SiW@ZrO2@Si(HIPE) 568

PMo@ZrO2@Si(HIPE) 626

PW@g3ammonium@Si(HIPE) 404

SiW@g3ammonium@Si(HIPE) 190

PMo@g3ammonium@Si(HIPE) 71 q (Å -1 ) Intensity (a.u.)

a)

The catalytic activity of HPA/Si(HIPE)-based catalysts was measured in the esterification of OA with TMP in a solvent-free medium. Figure 27 compares the evolution of the esters with time over the catalysts with the blank test (test without any catalyst). Based on the kinetic curves shown on Figure 27 (and analyzing the initial rate of the reaction), the catalytic activity of the HPA/Si(HIPE)-catalysts can also be summarized as shown in Table 15. When compared to the blank test, it can be seen that only PW@g3ammonium@Si(HIPE) and PMo@g3ammonium@Si(HIPE) improve the synthesis of monoesters whereas none of the materials catalytically improve the formation of the triester (the product of interest). Moreover, the materials such as PW@ZrO2@Si(HIPE), PMo@ZrO2@Si(HIPE) and PMo@g3ammonium@Si(HIPE) inhibit the formation of the triester (and the diester in the case of PW (PMo) @ZrO2@Si(HIPE)) (Figure 27a,c,f). At this stage it is difficult to specify the reason for the low activity of these materials as their catalytic results do not correlate with the specific surface area or amount of the active phase (Table 13 and Table 14). However, to better understand the obtained results additional studies were performed (discussed in the part D of this chapter). hydrolyze the PO(OEt)2-group, 2.9 g of PO(OEt)2@Si(HIPE) was treated with 6M HCl at 50°C for 5h. The final material (PO3H2@Si(HIPE)) was filtered and dried in air.

Table 16 summarizes the materials described in this part. 

Catalytic measurements

The materials described in this part were studied in the esterification of OA with TMP. The conditions were the same as described in Section 2.1.2 (p.

33)

.

Results and discussions

3.1 Solid-state 29 Si NMR

The efficiency of the grafting was examined by 29 Si NMR spectroscopy. This technique allows identifying the percentage of free and grafted silanol units (Qn and Tn structural units). The Q4 units belong to (SiO)4Si, the Q3 to (SiO)3SiOH, the Q2 to (SiO)2Si(OH)2, the T3 to (SiO)3Si-R, and the T2 to (SiO)2Si(OH)-R (where R is a functional grafted group) [75]. Figure 28 compares the 29 Si NMR spectra of Si(HIPE), SO3H@Si(HIPE) and PO3H2@Si(HIPE). The spectra demonstrate that after grafting, for the SO3H@Si(HIPE), the amount of grafted silanols is very low (no Tn units were detected). Contrary, for the PO3H2@Si(HIPE) about 13% of Tn units were observed. 

FTIR and Raman spectroscopies

Additional information on the grafting efficiency was obtained by FTIR and Raman spectroscopies.

FTIR-ATR. On Figure 29 the FTIR spectra of grafted materials are compared to the Si(HIPE) support. After the grafting of Si(HIPE) with the CSES, two new bands at 1354 and 691 cm -1 appear (Figure 29b) which can be referred to S=O and C-S vibrations correspondingly [START_REF] Coates | Encyclopedia of Analytical Chemistry Chichester[END_REF]. After the sample was treated with EtOH/H2O solution, these bands disappeared (Figure 29c). The latter is likely due to the complete hydrolysis of the silane ("washing-out" from the surface) or severe decrease of its amount (which could be also the reason of the absence of Tn units in the 29 Si NMR spectra, see Figure 28b).

For the material PO(OEt)2@Si(HIPE), new bands at 1391, 1363 and 967 cm - 1 appeared (Figure 29d) which belong to ν(P=O) and ν(P-O) vibrations. After the material was treated with 6M HCl, the ν(P=O) and ν(P-O) bands diminished in intensity (Figure 29e). The latter suggests that there is a strong interaction between the support and the corresponding silane. Moreover, contrary to the SO2Cl@Si(HIPE) and SO3H@Si(HIPE), for both PO(OEt)2@Si(HIPE) and PO3H2@Si(HIPE) the C-H vibrations were observed.

Raman. The Raman spectra of SO2Cl@Si(HIPE) and SO3H@Si(HIPE) were of a very low resolution making that no information could be taken from them. In the spectrum of PO(OEt)2@Si(HIPE), the intensive C-H band was observed (Figure 30a) which decreased for the hydrolyzed material (PO3H2@Si(HIPE)). Moreover, in the latter, an intense band at ~3400 cm -1 (Figure 30b) appeared, confirming the successful hydrolysis of PO(OEt)2groups. 17. The amount of sulfur in SO3H@Si(HIPE) appeared very low which is in agreement with the 29 Si NMR data where no Tn units were detected. 

NH3 chemisorption

NH3 chemisorption was performed in order to measure the acidity of the grafted materials (as for the esterification reaction, an acid catalyst is required). For the SO3H@Si(HIPE), the number of acid sites was 0.881 mmol NH3/g. For PO3H2@Si(HIPE), it was 0.601 mmol NH3/g. For comparison, for the Si(HIPE) the population of acid sites was 0.161 mmol NH3/g.

SEM imaging

SEM images showed that after the immobilization step, the macroporous texture of the materials does not change. SEM images of the synthesized materials look similar to the SEM of Si(HIPE) (Figure 31). 

N2 physisorption and SAXS analysis

The surface area measured for SO3H@Si(HIPE) and PO3H2@Si(HIPE) is 670 and 2.8 m 2 /g respectively (Table 18). These results suggest that SO3H@Si(HIPE) has a microporous texture (Figure 32a), whereas PO3H2@Si(HIPE) is non-porous (Figure 32b). Indeed, the adsorption isotherm of PO3H2@Si(HIPE) belongs to the type III isotherm (an increase of adsorbed N2 volume in the P/P0 range of 0-0.15 is negligible) confirming thereby the non-porous texture of this material. Low surface area of PO3H2@Si(HIPE) is likely due to pore "blocking" by high amount of grafted organic silane (DEPS) whereas much less silane in SO3H@Si(HIPE) was attached. Indeed, when the elemental and the TGA analyses (Table 17) are compered for SO3H@Si(HIPE) and PO3H2@Si(HIPE), the fraction of grafted silane is much higher for the latter material. This result can be referred to the possible olygomerization of the terminal PO(OH)2-groups in the acidic medium which causes thereby the pore "blocking". Indeed, during the last stage of the synthesis, the material was treated by 6M HCl for 5 h at 50°C to convert PO(EtO)2-to PO(OH)2-surface moieties. In these conditions the formed PO3H2-groups become more reactive [START_REF] Savignac | Modern Phosphonate Chemistry[END_REF] and can co-olygomerize with the residual physisorbed silane present on the surface (forming P-O-P or P-O-Si groups). Contrary, we did not observe similar phenomena for SO3H@Si(HIPE) material as the final SO3H-groups cannot react further. PO3H2@Si(HIPE) 3

SAXS profiles for the sulfonate-and phosphonate-materials did not change compared to the Si(HIPE), i.e. wall-to-wall distance remained the same after grafting (Figure 33).

Catalytic studies

The catalytic tests of the esterification of OA with TMP showed that SO3H@Si(HIPE) and PO3H2@Si(HIPE) slightly improve the formation of the monoester. However, from Figure 34 it is apparent that the catalysts inhibit the reaction when compared to the blank test, similar to the HPA/Si(HIPE) materials). The inhibition effect is less pronounced for PO3H2@Si(HIPE) (the kinetic curves are almost overlapping with the curves of the blank test, Figure 34b). This suggests that one of the reasons for the inhibition could be an internal diffusion limitation. PO3H2@Si(HIPE) appeared to be non-porous (with "blocked" micropores) and thus it showed a less "negative" catalytic effect. Additional discussion about the inhibition is described in the part D of this chapter. The direct silanization of Si(HIPE) was successfully performed with sulphonato-and phosphonato-derivatives. The latter was confirmed by the solid NMR, FTIR and Raman that proved the presence of grafted species.

However, the catalytic activity of the materials was quite low: both catalysts slightly improve the production of monoesters only. The reason for the low catalytic activity is likely due to the textural properties of the final catalysts which causes diffusion limitations and a low accessibility of the active species.

C. Colloidally dispersed zirconium phosphates within the Si(HIPE) 1 Introduction

Both crystalline α-and γ-zirconium phosphates (ZrP) have lamellar structure and have general formulas as Zr(HPO4)2 . H2O and ZrPO4(HPO4) . 2H2O correspondingly (Figure 35 [6]). The γ-ZrP contains two different kinds of phosphates: one internal which bears the integrity of the layers by being bonded to four different zirconium atoms through each of its four oxygen atoms, and another in the lamellae surface pointing to the interlayer region and using only two oxygen atoms to bond two zirconium atoms. The α-ZrP contains only one kind of phosphorus which bonds to three different metal atoms through three oxygen atoms (Figure 35).

From the literature it is known that zirconium phosphates exhibit high proton conductivity and ion exchange capability, and adsorption properties [START_REF] Trobajo | [END_REF]79].

Moreover, they are important solid acid catalysts with high thermal stability, high water tolerance and easy sedimentation [80][81][82]. One of the problems of using layered zirconium phosphates as catalysts is their low specific surface (typically 0.5-26 m 2 /g). A possible solution for this problem could be the In this part of the work, both α-and γ-ZrP were dispersed on the macrocellular Si(HIPE) support by the colloidal infiltration method (Table 19)

to obtain heterogeneous catalysts. As ZrP are insoluble in water and in organic solvents, there should not be a leaching into liquid phase. The catalytic performance of the immobilized zirconium phosphates was investigated in the esterification of OA with TMP.

Experimental

Synthetic procedure

Two catalysts based on the macroporous foam Si(HIPE) and zirconium phosphates (α-and γcrystalline forms) have been prepared. First, two different anisotropic crystalline forms for zirconium phosphate have been obtained: α-zirconium phosphate (α-ZrP) and γ-zirconium phosphate (γ-ZrP)

were prepared by reflux method in a highly acidic medium via the optimized procedures, reported in the literature [79,83]. For the α-ZrP, 13.1 ml of 1M

ZrOCl2 was added drop by drop to 100 ml of 8.4M H3PO4 under stirring. The mixture was left for 45h for reflux under stirring (to complete the crystallization). After the crystallization was finished, the white solid was filtered and washed with 2% H3PO4 and H2O, and dried in air at RT. For the synthesis of γ-ZrP, 1.38 g of NaH2PO4 . H2O was mixed with 50 ml of 2M H3PO4. The mixture was heated under stirring until the NaH2PO4 . H2O was completely dissolved. Then 0.5 ml of 1M ZrOCl2 was added drop by drop to the solution and the final mixture was refluxed for 1 week under stirring. After the reaction, the white solid was filtered and washed with 2M HCl, 2% H3PO4, H2O, and dried in air at RT.

For the ZrP/Si(HIPE) materials, the aqueous suspensions of α-and γ-ZrP (50% molar nominal loading) were infiltrated into Si(HIPE) fragments under vacuum (at RT) for 3 days. After the infiltration, the ZrP/Si(HIPE)s were separated from not-infiltrated ZrPs ("leftovers") by using a ceramic filter with few mm pores and washed several times by distilled water. Two new catalysts were obtained: α-ZrP@Si(HIPE) and γ-ZrP@Si(HIPE) correspondingly. Table 19 summarizes the materials described in this part.

Table 19. Schematic representation, target and brief synthetic procedure of the described in this part ZrP-materials.

Catalytic measurements

The materials described in this part were studied in the esterification of OA with TMP. The conditions were the same as described in Section 2.1.2 (p. are crystalline (Figure 36). Calculated d-spacing for the α-ZrP@Si(HIPE) material corresponds to the α-anisotropic crystalline form [START_REF] Trobajo | [END_REF], whereas the d-spacing for the γ-ZrP@Si(HIPE) is shifted compared to the γ-form [79].

33).

Sample

The XRD data for the γ-ZrP@Si(HIPE) suggest that the material contains mixture of phases instead of one γ-phase (in order to avoid further confusions, the names γ-ZrP for the fresh-synthesized γ-ZrP and ZrP@Si(HIPE) are kept). 

N2 physisorption and SAXS analysis

Measured by N2 physisorption, specific areas of α-ZrP@Si(HIPE) and γ-ZrP@Si(HIPE) are 673 and 676 m 2 /g respectively. They are lower than for initial Si(HIPE) which was 982 m 2 /g. From the adsorption/desorption isotherms (Figure 37), the materials are still microporous as native Si(HIPE),

showing a typical type I shape. The decrease of SBET can be explained by the higher density of the composite materials. Pure zirconium phosphates possess SBET around 26 m 2 /g. As they are embedded within the porous Si(HIPE), the density of the composite ZrP@Si(HIPE) increased, thereby decreasing the specific surface area. 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0, 9 The SAXS profile of the ZrP/Si(HIPE)-materials did not change compared to the initial Si(HIPE) (Figure 25). The latter was expected because the size of the ZrP crystallites (agglomerates) is much bigger than the meso-and micropores of Si(HIPE), and thus cannot enter the pores (which would have induced a modification of their size).

SEM images

SEM micrographs demonstrate that both α-and γ-ZrP are located on the surface of the macropores (Figure 39). In the new composites α-ZrP has much smaller crystallite size compared to the γ-form and it is located between the Si(HIPE) "egg-shells" whereas γ-ZrP is on the surface of the shells.

0,08 0,10 0,12 0,14 0,16 0,18 0,20 0,22 q (Å -1 ) Intensity (a.u.) q (Å -1 )

Figure 38. SAXS profile of α-ZrP@Si(HIPE). For γ-ZrP@Si(HIPE) it is identical (not shown).

Elemental analysis

The content of zirconium and phosphorous within the composite materials was obtained by ICP analysis (Table 20). For both samples, the amount of Zr is similar, i.e., 2.6 and 2.5 wt. % for α-ZrP@Si(HIPE) and γ-ZrP@Si(HIPE) respectively (with P/Zr molar ratio of 2.2 and 2.3). Table 20. Zirconium and phosphorous content, ICP data

NH3 chemisorption

NH3 chemisorption results indicate that compared to the initial Si(HIPE), the number of acid sites (0.161 mmol/g) increased for α-ZrP@Si(HIPE) and γ-ZrP@Si(HIPE) (0.528 and 0.346 mmol/g respectively). Having a high number of acid sites is important for catalytic performance of the materials, because the more numerous the active sites per gram of catalyst the higher is expected to be the catalyst productivity.

Catalytic studies

Before studying the catalytic performance of dispersed ZrP on the Si(HIPE), it was important to verify if the pure phases of α-and γ-ZrP possess catalytic activity in the esterification of OA with TMP. Figure 40 shows the evolution of the esterification with pure α-ZrP (a) and pure γ-ZrP (b) compared to the blank test (dash curves on the figure). Both α-and γ-ZrP show comparable catalytic performance. It is expected that colloidally dispersed α-and γ-ZrP onto the porous support would have higher activity compared to the corresponding phases because such dispersion should provide a better accessibility of active sites for the reagents. Moreover, the "heterogenization" of ZrP with Si(HIPE) is advantageous from the practical point of view, as the final material is easier to operate due to the convenient shape of the support. However, the catalytic tests of α-ZrP@Si(HIPE) and γ-ZrP@Si(HIPE)

Material

showed much lower activity compared to the pure corresponding zirconium phosphates (Figure 41). α-ZrP@Si(HIPE) accelerates only the formation of monoester (Figure 41a) whereas γ-ZrP@Si(HIPE) does not catalytically improve the formation of any ester (Figure 41b) when compared to the blank test. Possible reasons of the low activity of the dispersed zirconium phosphates could be an insufficient amount, or the low accessibility of active species, diffusion limitations, etc. More detailed studies on the low catalytic activity are discussed in the part D of this chapter. ZrP@Si(HIPE). The macroporous texture of the support remained the same after the dispersion. The first catalytic measurements showed that only α-ZrP@Si(HIPE) accelerates the formation of monoester (but not di-and triesters) and that γ-ZrP@Si(HIPE) is totally inactive in the esterification of OA with TMP.

D. Additional studies on the origin of the low activity of

Si(HIPE)-based catalysts a. Diffusion limitations studies

As it was shown previously, the materials based on Si(HIPE) (described in this chapter, parts A-C) have very low catalytic or even inhibiting effect on the esterification of OA with TMP. Catalytic results of immobilized HPA and ZrP onto Si(HIPE) fairly correlate with textural properties and amount of active phases of these materials. Mostly all studied materials from the mentioned chapters inhibit the formation of at least one reaction product.

The inhibition is less pronounced for non-porous PO3H2@Si(HIPE) (see Section 3.7 of the Chapter 2B). The latter suggests that one of the possible reasons for the inhibition is internal diffusion limitations caused by micropores. When the micropores are not available as in the case of PO3H2@Si(HIPE), the inhibition effect is almost not observed.

To verify the hypothesis of diffusion limitations we tried to "block" the small pores of the Si(HIPE) with silica (with TEOS as a precursor) and run the catalytic test in the presence of "blocked" Si(HIPE)-B (see below). We also immobilized H3PW12O40 onto Si(HIPE)-B through aminosilane and checked the final PW@g3ammonium@Si(HIPE)-B in the esterification of OA with TMP. The later should reveal if the small pores of the support cause internal diffusion limitations during the catalytic test.

a.1. Experimental

Pore "blocking" of Si(HIPE): 1 g of Si(HIPE) was dispersed in 10 vol.% solution of TEOS in toluene and left in vacuum overnight. The next day, the material (denoted Si(HIPE)-B, "B" standing for "blocked") was washed with acetone and dried at 110°C overnight. After drying, the material was calcined at 500°C for 5h. PW@g3ammonium@Si(HIPE)-B in the esterification of OA with TMP was compared to the blank test (Figure 43). Figure 43a shows the evolution of products in the esterification of oleic acid reaction in the presence of the native Si(HIPE). The formation of diester and triester is slower in the presence of Si(HIPE) compared to the blank test. This observation suggests that the native Si(HIPE) inhibits the reaction (Figure 43a, the curves for diand triesters in the case of Si(HIPE) are below those in the case of the blank test). The latter is referred to internal diffusion limitations caused by micropores of Si(HIPE). The molecules of di-and triesters are too bulky (their estimated size is 2-3 nm) and thus their formation inside the small meso-and micropores (< 3nm) of the Si(HIPE) is inhibited. It is also possible that the reagents and/or products get stuck inside the pores of Si(HIPE) which result in slowing down the reaction in the presence of the support.

To check the later hypotheses, the pores of the Si(HIPE) were filled with SiO2 to obtain Si(HIPE)-B (by TEOS as a precursor, see Section a.1, page 107). The latter was then tested as a catalyst in the esterification of OA with TMP (the same conditions as described in Section 2.1.2, p. 33). On Figure 43b it can be seen that the rate for the formation of monoester increased compared to the blank test and the test with Si(HIPE). The obtained results

suggest that when little pores of Si(HIPE)-B are blocked (or partially blocked), the diffusion problems diminished (the kinetic curves of Si(HIPE)-B are above or overlap with the corresponding ones of the blank test).

Si(HIPE)-B favors the formation of monoesters that is likely being performed in the macropores. The catalytic test of immobilized HPW onto the Si(HIPE)-B (Figure 43c) showed that this material favors the formation mono-, di-and triesters (slightly). All the observed results indicate that the initial support Si(HIPE) causes internal diffusion limitations and likely traps the reagents and/or the products thereby inhibiting the esterification of OA with TMP.

These observations explain the low activity of all prepared catalysts discussed in Chapter 2 (parts A-C). However, at this stage it is difficult to conclude why some Si(HIPE)-catalysts are catalyzing only the formation of monoesters, some both mono-and diesters and some totally inhibit the formation of the esters (see Table 15). At this stage it is difficult to specify the reason for the low activity of these materials as their catalytic results do not correlate with the specific surface area or amount of the active phase (Table 13 and Table 14). To better understand the obtained results, additional studies were performed (discussed in the part D of this chapter). 

Conclusions

Based on the results discussed in this section, it was understood that the initial support Si(HIPE) causes huge internal diffusion limitations by the small pores, which leads to the inhibition of the esterification of OA with TMP.

When the pores are partly blocked, the inhibition effect diminishes. It becomes clear that different supports should be used for this reaction. To avoid internal diffusion limitation problems, suitable supports should not have micro-or even small mesopores.

Even though the diffusion limitation effect of the support in the esterification of OA with TMP is obvious, it is also important to verify if the prepared catalysts are suitable for esterification (if not considering the support). The latter is addressed in the next section.

b. Verification of whether the prepared catalysts are suitable for the reaction of OA esterification with TMP

To study other possible reasons of low activity (e.g., if the materials are compatible with the reaction of interest), we tested the catalytic performance of the prepared Si(HIPE)-based materials in the "simple" model reaction:

esterification of propionic acid (PA) with n-butanol (BuOH). The reactants as well as the product of this reaction are much smaller from those in the case of OA esterification, and the reaction medium is not viscous. Thus, the problem of diffusion limitation should be largely diminished if not totally avoided.

b.1 Experimental

b.1.1 Esterification of PA with BuOH

Standard test. 18.375 ml of BuOH and 0.05 g of catalyst (unless specified otherwise) and 1.875 ml of o-xylene (internal standard for the GC analysis)

were placed into the batch reactor equipped with a reflux. The mixture was heated at 80°C under reflux for 5 min. Then 3 ml of PA was added and the reaction started (80°C, PA:BuOH=1:5 (mol)). Before each catalytic test the materials were dried at 80°C for 1h under vacuum. All catalytic studies were compared to a "blank" test where the reaction was carried out under the same conditions as described above but without any catalyst.

Leaching tests. The leaching test was performed to investigate the stability of the catalysts over time, and the possibility of washing out of homogeneous species into reaction medium. For this purpose, the catalyst was removed from the reaction medium after 2 hours (2:30 in some cases) from the beginning of the reaction. This time was set short enough to ascertain that the reactants were not consumed yet completely.

Recyclability. The recyclability test was identical to the one explained above (Standard test), except that the catalyst has already been used in one (or more) catalytic test(s) for 24 hours. The catalyst was directly reused after the first use without cleaning/drying or further treatments.

Reaction monitoring by GC analysis. The GC separation was performed on capillary fused silica WCOT column (30 m x 0,32 mm × 1 µm) with the BR-5.

Nitrogen was used as carrier gas (at a flow rate of 25 ml/min). The temperature of the detector (FID) and the injector was held at 260°C. The flow rate of air was set as 300 ml/min. On the chromatogram, the evolution of butylpropionate was followed and concentration was calculated relatively to the o-xylene (internal standard) based on the calibration curve.

b.2 Results and discussions

First of all we verified if the initial support Si(HIPE) has any effect on the esterification of PA with BuOH. Figure 44a compares the evolution of butyl propionate (BP) in the presence of Si(HIPE) with the blank test (no catalyst).

The curves for Si(HIPE) and the blank test overlap indicating that Si(HIPE) does neither inhibit this reaction nor catalyzes it. The latter suggests that the esterification of PA with BuOH is a good choice as a model reaction that allows excluding diffusion limitation problems.

Immobilized Keggin HPA onto Si(HIPE).

From the series of HPA/Si(HIPE)based materials, PW@ZrO2@Si(HIPE) and PW@g3ammonium@Si(HIPE)

were investigated in the esterification of PA. and BuOH despite of the little activity that was observed in the esterification of OA in the case of PW@g3ammonium@Si(HIPE). These results could be referred to an insufficient amount or a low accessibility of active sites.

Catalysts based on grafted sulfonic and phosphonic functions onto

Si(HIPE). Catalytic studies showed that PO3H2@Si(HIPE) was slightly active in the esterification of PA with BuOH (compared to the blank test, Figure 45a). Low activity of PO3H2@Si(HIPE) is referred to a low accessibility of active species due to the low surface area of the material (see part B of this chapter).

The first catalytic test with SO3H@Si(HIPE) showed that the reaction goes faster in the presence of the catalyst (Figure 45a). However, the leaching test showed partly homogeneous catalytic character (Figure 45b, kinetic curve after 2 hours when the catalyst was removed). The recyclability tests (Figure 45b) showed that SO3H@Si(HIPE) loses its activity but not completely. The obtained results may be referred to a strong leaching of active phase and/or a poisoning of the active species during the reaction. The absence of activity for γ-ZrP/Si(HIPE) may be attributed to the same reasons as for previously described catalysts, that is to say low accessibility and/or amount of the active species due to the synthesis of the catalysts. -ZrP@Si(HIPE)

b.3 Conclusions

The studied Si(HIPE)-materials are ineffective in the esterification likely due to a low amount of active phases, due to a low accessibility of active sites and due to strong leaching (case of SO3H@Si(HIPE). Thus other catalysts should be found.

Moreover, this part of the chapter described the diffusion limitation studies and the compatibility of the prepared Si(HIPE)-catalysts with reaction of esterification. The results confirmed that Si(HIPE) causes huge internal diffusion limitations via its small pores. When the pores are partly blocked, the inhibition effect diminishes. Additionally, it was observed that the studied Si(HIPE)-based materials were ineffective in the esterification. The latter could be also due to the small pores of the support and thus the inaccessibility of the active sites.

To overcome the observed problems, another type of support/catalyst should be used. Thus, non-porous support or support with big pores (>> 20 nm) would be advantageous in terms of diffusion phenomena. Introduction

The results discussed in the previous chapters (Chapters 1 and 2) showed that highly porous catalysts are unfavorable for the esterification of oleic acid with trimethylolpropane because of huge internal diffusion limitations caused by the little pores and bulky reaction components. That is why the application of a nonporous support or a support without small micro-and small mesopores would be an asset. Thus, as an alternative, magnetic nanoparticles (MNP) could be used as support for heterogeneous catalysts.

In this case internal diffusion limitations can be avoided because all of the available surface area of nonporous MNP is external. In addition, their magnetic nature allows easy separation from the liquid media by applying an external magnet.

In this work, magnetite (Fe3O4) was chosen as magnetic support. This choice was based on the easy and fast preparation protocol of Fe3O4 [84].

Moreover, the small size of magnetite particles (10-20 nm) provides superparamagnetism to this material 5 [START_REF] Morrish | The physical principles of magnetism[END_REF]. However, because magnetite is a basic oxide, it is unstable in the acidic reaction conditions and should be protected from the dissolution. That is why in this work Fe3O4 nanoparticles were first coated with silica that should increase their stability at low pH.

Then silica-coated-MNP were grafted with amino-silane and functionalized with chlorosulfonic acid to provide chemically attached sulfonic moieties on the surface. 5 Superparamagnetism is defined as the property due to which in the some materials magnetic moments change their direction at nano scale and behave like a paramagnet even below curie temperature when no magnetic field is applied and at the same time they show high magnetic susceptibility like ferromagnets.

Silica coating

It is known that silica coating provides high stability to MNP [START_REF] Correa-Duarte | [END_REF][87][88] and facilitates their functionalization ability by increasing the number of surface silanols [88,89]. In general, the SiO2 coating on the iron oxide is a quite simple process as silica easily binds to the surface through the OH surface groups. Moreover, silica layer provides stable aqueous suspensions of coated MNP [90].

There are different known methods to coat silica on the metal oxide surface; each of them yields a material with different physical and chemical features.

Co-precipitation of sodium silicate in the presence of HCl often yields in a dispersion of iron oxide nanoparticles in an amorphous silica matrix [89,91].

If the procedure of coating is repeated for several times, various silica sphere diameters can be obtained. This method strongly relies on the pH of the reaction medium and is not very well controllable.

Another method that was introduced quite recently for the core-shell nanoparticles is flame spray pyrolysis [92]. This method allows obtaining materials with well-defined core-shell structure. Other advantages of the method are tight control of particle morphologies within a single step synthesis and the scalability of the process. However, for this method, special equipment is required, such as a flame spray pyrolysis (FSP) reactor [93].

Microemulsion technique is also used for silica coating of MNP [94][95][96]. For example, reverse microemulsion technique combined with templating strategy allowed to synthesize homogeneous silica-coated Fe2O3 nanoparticles with controlled silica thickness (1.8-30 nm) [97].

Stöber and sol-gel processes with TEOS are the principal methods used for coating MNP with silica [88,89,97]. The latter can yield well defined coreshell structures [89]. It results in particles that are three to four times smaller than the ones obtained by the sodium silicate route. Such core-shell particles are better defined, smaller and less porous. Interesting method for silica coating was suggested in the report [98], where poly(vinylpyrrolidone)

(PVP) was used as a coupling agent. PVP easily adsorbs onto metal oxides thereby stabilizing colloidal particles in aqueous and many nonaqueous solvents. The latter allowed performing an easy transfer of the particles to a solution of ammonia in ethanol and direct silica coating. The suggested approach yields smooth and homogeneous silica shells of variable thickness by addition of TEOS in a seed growth process. However, the limitations of this method are the time needed to perform the complete process (2-3 days in total) and the yield of the final particles (less than 50-100 mg per one batch). The latter does not allow using this method in the preparation of heterogeneous catalysts. Even though, the direct sol-gel process of TEOS onto MNP (without the stabilization step) [89] may yield not completely separated particles and formation of small MNP agglomerates (few particles per one agglomerate), this method seems to be the most practical for the applications in heterogeneous catalysis. Thus, the direct sol-gel was used in this work for silica coating.

One of the reasons to use MNP as support for heterogeneous catalysts in this work was to avoid high porosity of the final materials. The latter should be considered during the silica coating step, where the risk of microporosity formation by silica is quite high.

Grafting of (3-aminopropyl)triethoxysilane (APTES)

APTES is widely used as a coupling agent between the support and the active functionalities for different applications. There are many works dedicated to the optimization of the APTES grafting (silylation) onto the OHcontaining surface (e.g., silica, titania, zirconia, etc.) because the procedure is extremely sensitive to the different conditions which define properties of the final material [99][100][101][102][103]. Thus, depending on the applied conditions, APTES grafting can yield physisorbed or chemisorbed silane, cross-linked or not, and mono-or polylayer of the silane deposit. The effects of some synthetic parameters as well as of the mechanism of silylation are discussed below.

APTES grafting reactions [100]. The reaction between APTES and surface hydroxyls goes through the SN2 exchange of the silane ethoxy groups (EtO-)

for the silanol oxygen, with loss of ethanol. The reaction is self-catalyzed by the amino-groups of APTES, however the external base catalysts accelerates the reaction. Polymers and multilayers are forming when the EtO-groups from two APTES molecules are displaced, and a siloxane bond is formed between them. Formation of siloxane bonds is possible between two surface-bound APTES or when an APTES in solution reacts with a surface-attached APTES. Polymerization also may occur in liquid. Water catalyzes polymer formation since it hydrolyzes APTES ethoxy groups, creating reactive silanols.

Effect of H2O. Some works reported that for covalent APTES grafting the synthesis should be carried out in dry condition [99,100,103]. That is because when water is present during the APTES grafting, amine-moieties are positively charged whereas silica surface is charged negatively. In this case APTES molecules interact with the surface by electrostatic interaction (between positively charged protonated NH2 groups from APTES and negatively charged deprotonated OH from the surface) rather than by covalent binding. Additional reason for non-covalent interactions between silane and surface in water-containing medium is mentioned in the report [104]. Water forms thick layer on the support surface where silane molecules might condense without covalent attachment to the surface. Unattached silanes that are formed in the water-layer could be removed by the solvent or could temporarily remain on the surface preventing accessibility and subsequent covalent attachment by other silanes.

Thus, the presence of water gives rather negative effect on the covalent APTES grafting. However, if the crosslinking between attached APTES molecules is aimed, some traces of water are required to catalyze the hydrolysis of EtO-groups and thus to form siloxane bonds [103]. An excess of water will result in excessive polymerization in the solvent phase while a deficiency of water will result in the formation of an incomplete grafted monolayer [105].

Effect of base catalyst. There are reports showing that silylation is a selfcatalyzed process by the amino-moieties of APTES [106]. There are also reports showing that grafting of APTES goes more quickly in the presence of base catalyst (e.g., triethylamine) [100]. In the latter case, the base replaces one ethoxy-group from APTES, and a pentacoordinate silane intermediate is formed when surface hydroxyl group displaces the base [107]. When there is a competition between the primary amine function of the aminosilane and triethylamine (Et3N), Et3N still exerts a catalytic effect on the sililtion reaction, especially on wet silica [99]. The presence of base reduces the extend of surface interactions between the amino-moieties and surface silanols. It promotes cross-linking and/or surface siloxane bond formation (Sisilica-O-Sisilane) both of which leaves the amino-moiety in the free form and thus oriented out of the surface (contrary as it is in the case of water effect) [99].

Thus, application of a base as a catalyst during silylation increases chances for covalent grafting of APTES on the surface even if the surface is wet.

Effect of temperature and time. Number of studies performed the silylation under reflux conditions and for several hours (for example, [91,[108][109][110]).

However there are reports showing that low temperature of the silylation decreases solubility of silane molecules, thus increasing accordingly the kinetics of silane adsorption step and so the grafting [101]. The later study implies that a lower temperature does not necessarily imply a longer reaction time to achieve grafted monolayer. Thus, a monolayer of octadecyltrichlorosilane was achieved in 2 min at 18°C while 24h reaction time did not lead to satisfactory result at 30°C. Another work [111] showed that short duration and room temperature of the silylation lead to monolayer whereas if the reaction is refluxed it leads to poly-layer grafted species. It was also demonstrated that in toluene APTES binds covalently to the support quickly in the first seconds (forming a chemisorbed monolayer) and then more slowly as observed by formation of macroscopic APTES aggregates of irregular shapes (due to physisorbed layer) [100]. Thus, depending on the goals for the final grafted layer, the temperature and time of the silylation should be considered as well.

Effect of post-treatment. Post-treatment of the silylated samples also defines the properties of the final materials. For instance, curing at 150°C or higher in the presence of surface water increases the number of siloxane bonds in APTES films [112]. APTES binds with one or two siloxane bonds to the surface after air drying and with three after additional curing [106]. During heat curing, silanes condense very rapidly to siloxanes [113]. In the report [100], it was shown that storage of the grafted sample in air (for 24h) yields thick APTES grafted layer whereas storage in oven at 200°C yields thin grafted layer. The air humidity promotes partial APTES crosslinking (formation of siloxanes) whereas the high temperature initiates evaporation of loosely attached APTES. For the same samples, upon exposure to water, about 40% of the APTES was lost from the air-treated samples but no APTES loss was observed for the oven-treated samples. Overall, cured APTES layers were covalently attached to the surface and polymerized. To achieve a monolayer APTES film, the latter report [100] advises to perform silylation in dry organic conditions followed by mild curing (i.e., storage on air for 24h after the silylation) and incubation in water.

Effect of APTES concentration. In general, when operating in excess of APTES, the quantity of grafted silane is directly related to the amount of silanol groups of the support because they are primarily involved in the grafting process [114]. The latter is valid when the synthesis is performed under dry conditions and without post-treatment. In this case the excess of silane results in a monolayer of covalently grafted species and some physisorbed APTES (as it was used in excess). However, if the reaction medium is humid or post-treatment is applied for the silylated samples, surface silane polymerizes and forms poly-layers via formation of siloxane 129 bonds for the reasons explained above (see water effect and post-treatment effect).

In this part of the work, based on the available information, certain conditions were chosen to synthesize "mono-" and "poly-" layered APTES-grafted MNP, in order to evaluate the efficiency of chosen conditions and stability of the prepared MNP at low pH (because the objective was to use these materials at pH=3-4). Additionally, the attempt to tune hydrophobicity was performed by incorporating the hydrophobic octyl-groups (OTES) into the APTES thin layer network. There is a report showing that capping of free surface silanols with octyl chains increases acid strength of already immobilized sulfonic acid groups by inhibiting their interaction with the surface and promoting lateral interactions between adjacent groups [115]. Moreover, additional surface octyl-groups increase hydrophobicity of the support which may improve the materials resistance in aggressive media.

Thus, the APTES/OTES-grafted MNP were functionalized with chlorosulfonic acid to obtain final catalysts. These materials were studied in the esterification of propionic acid with n-butanol as a model reaction. The latter reaction medium is polar with low pH (~3) that allowed studying stability of the prepared catalysts. The use of functionalized MNP as catalysts was already demonstrated in some reports, however the leaching effect was not explored [108,109]. Contrary, in our work, additional post-catalytic characterizations allowed studying in depth the stability of the functionalized MNP toward leaching and the efficiency of grafting. Moreover, the behavior of MNP-based catalysts was also explored in the industrial process, namely the esterification of OA with TMP.

Experimental

Synthetic procedure

Magnetic nanoparticles based on magnetite (Fe3O4) were synthesized by coprecipitation method as described in [84]. To increase the MNPs stability and to facilitate the grafting procedure, the native MNPs were first coated with "thin" and "thick" layers of silica followed by functionalization steps.

Coating of nanoparticles with silica

Coating with thin layer of silica [87]. 16 ml of distilled water, 80 mL of isopropanol and 281 mg of Fe3O4 were mixed in 250 ml flask and sonicated for 30 min. Then 3 mL of 30% NH4OH was added to the mixture under mechanical stirring (260 rpm). After that, 43 µl of TEOS were added at once and the reaction was hold for three hours at room temperature. The obtained material was separated by centrifugation (10000 rpm for 10 min), washed 5

times with technical ethanol with the help of ultrasound and centrifugation.

After washing, it was dried at 30°C under vacuum (~ 150 mbar) for 24 hours.

The obtained material was denoted as SiO2(-)MNP. The symbol "-" in the denoted name after SiO2 is used to specify "thin" layer of silica.

Coating with "thick" layer of silica. To obtain "thick" layer of silica on the MNPs, the amount of added TEOS was increased by 5 times (215 µl instead of 43 µl). Other parameters were the same as in the previous protocol. The name for this material was chosen as SiO2(+)MNP. The symbol "+" in the denoted name after SiO2 stands for "thick" layer of silica.

Grafting with organosilanes

Grafting with monolayer of APTES. To obtain monolayer of APTES on the surface of MNPs, the volume of added APTES was calculated by using formula (1) and data shown in Table 22: The grafting protocol was based on several studies reported in [99,100,102]. The chosen conditions were as following: 100 ml of toluene (extra dry, 99.85%) and 1g of support (SiO2(-)MNP or SiO2(+)MNP) were placed into a round-bottom flask (250 ml) and sonicated for 15 min. After sonication the mixture was placed under a flow of nitrogen and mechanical stirring at room temperature where 2 mL of triethylamine and 257.2 µl of APTES were added. Then the mixture was left to react for one hour. After the synthesis, the particles were recovered by external magnet and washed four times with toluene.

𝑉 = 𝑆 𝐵𝐸𝑇 ×𝑧×𝑀 𝑤 𝑣×𝑁 𝐴𝑣 ×𝜌 (1) 
After the grafting, the particles were placed into a desiccator for 24h. After this, they were put into 50 ml of distilled water for 24h. Then the particles were washed three times with distilled water and dried at 30 °C under vacuum (~ 150 mbar) for 24h. The denoted name for this series of materials are NH2(-)/SiO2(-)MNP and NH2(-)/SiO2(+)MNP. The symbol "-" in the denoted name after NH2 is used to specify "monolayer" of grafted APTES.

Grafting with poly-layer of APTES. For the polylayer of APTES, the protocol used was the same as described for the grafting with monolayer of APTES, except that the added volume of APTES was 5.144 ml (which is equal to 20 layers); and that during the post-treatment the particles were not placed into a desiccator but were left in air for 24 hours. The denoted name for this series of samples are NH2(+)/SiO2(-)MNP and NH2(+)/SiO2(+)MNP. The Table 23. Summary of the studied MNP-based materials: schematic representation, target and brief synthetic procedure.

# Sample Schematic representation

Target Short synthetic procedure

1 Fe3O4
Magnetic support Co-precipitation method [84] 2 SiO2(-)/MNP ~2 nm of silica layer; no or low porosity 

HSO3-NH2(+)/SiO2(-)/MNP

The same as for # 6 NH2(+)/SiO2(-)/MNP + HSO3Cl (slowly) in CH2Cl2 (vortex)

Catalytic measurements

MNP-catalysts were studied in the esterification of propionic acid with nbutanol under conditions described in Section b.1.1 (p. 115) and in the esterification of oleic acid with trimethylolpropane (see Section 2.1.2, p. 33).

Recyclability tests in the esterification of OA with TMP

Re-using in the catalytic tests was applied to the MNP without any additional treatment.

After 24 hours of the first catalytic test, the hot reaction medium was first removed immediately (unless specified otherwise) from the reactor with syringe. The catalyst was left in the same reactor and was not washed or dried after the first catalytic test. Then fresh OA, TMP and internal standard (pentadecane) were placed into the reactor. The reaction was started with the same conditions as in the standard catalytic test. This procedure was repeated several cycles (24 hours each). Table 24 shows the positions of the main XRD peaks and the hkl indexes The particle size of the synthesized nanoparticles was calculated from the full width at half maximum (FWHM) of the peaks of the corresponding diffractograms (according to the Scherrer equation). The distance between the (311) family of planes was calculated by using Bragg's law. Both mentioned parameters were calculated from the most intense peak (the peak (311)). The data are summarized in Table 25. The obtained d311 value is in agreement with theoretical value of magnetite. To distinguish magnetite from maghemite by XRD profile is complicated because their diffraction patterns look similar. The additional diffraction peaks of maghemite at 2θ = 23.8 and 26.1° are of low intensity which makes it difficult to observe them.

However, the distance between the family of d311 planes is slightly different:

for magnetite d311 = 0.2532 nm and for maghemite d311 = 0.2518 nm. In this case the resolution of the measurements does not allow distinguishing the magnetite from maghemite. The particle size of the synthesized materials varies between 11 and 13 nm. Overall, the synthesis of magnetic nanoparticles was successful considering the results obtained by XRD and the magnetic properties of the particles (the synthesized MNP interact with external magnet, Figure 48). interacting with an external magnet

Transmission electron microscopy (TEM)

Transmission electron microscopy was performed to study the topography of 

142

TEM grid deposits onto the sample (which looks like additional layer around the particles) which can be confused with the layer of silica.

Elemental analysis by ICP-AES

Elemental analysis was performed to measure the amounts of 

Textural properties (by N2 physisorption)

Textural characteristics of the MNP-materials were measured by nitrogen physisorption. Table 27 shows the results obtained from nitrogen adsorption isotherms. Calculated by BJH method average pore diameter (10 nm) is referred to the pores created within the aggregates of the nanoparticles which is in agreement with the TEM results discussed in previous section. The MNP-materials have type III isotherm plots (Figure 51, example is shown for SiO2(+)MNP) that confirms the absence of mesopores). Observed hysteresis can be explained by "pseudo-porosity" created within the aggregates of the nanoparticles.

Sample

The SBET of SiO2(-)/MNP (sample 2) did almost not change compared to the native support (sample 1) indicating the very low impact of the surface silica on the textural properties. However, the SBET decreased by 15 % for the NH2-(samples 3 and 4) and OTES-grafted samples (sample 5) and by 60-90% for the samples functionalized with chlorsulfonic acid (samples 6-8).

The decrease of SBET after the silica coating is likely due to the MNP agglomeration that happened during the drying processes.

The SBET increased by 40% after silica coating (SiO2(+)/MNP, sample 9) and by 90-105% after farther NH2-grafting (sample 10) and SO3Hfunctionalization (sample 11). The latter indicates that the surface silica as well as the grafted aminosilane create microporosity onto the particles.

These observations are also in agreement with the volume of micropores that increased drastically after the support modification.

The changes of the texture of the materials suggest successful support modification with silica, silanes and farther functionalization with chlorosulfonic acid. a Samples were analyzed by Micrometrics ASAP 2010.

Infrared spectroscopy

FTIR-ATR was used to investigate chemical changes after the support was modified. Figure 52 shows the IR spectra of Fe3O4, SiO2(-)MNP, NH2(-)/SiO2(-)MNP and HSO3-NH2(-)/SiO2(-)MNP showing each step of the support modification. The most important changes were observed in the regions 1100-500 and 3200-3000 cm -1 . Summary of the IR bands observed for all the MNP-based materials is shown in Table 28.

The presence of silica for the samples 2-11 (see Table 28) was confirmed by the appearance of the stretching of ν(Si-O-Si) (~1050 and 1150 cm -1 ) and ν(Si-O-Fe) (~950 cm -1 ). The bands of ν(C-H) (asym/sym) and ν(N-H) (~2980/2920 and ~3200 cm -1 correspondingly) appeared for the 2-11 samples, indicating the presence of grafted APTES (samples 3-8, 10 and 11), or the presence of residual unhydrolyzed ethoxy-groups 6 (sample 2 and 9), or ammonia contamination 7 .

For the HSO3-materials (marked in Table 28 as samples 6-8, 11), the S=O (1250 cm -1 ) band overlaps with the bands ν(Si-O-Si) and ν(Si-C) in the region 1250-1000 cm -1 that makes them difficult to distinguish. To demonstrate the presence of S=O vibrations (that are normally very intensive) the ratio between the most intense band in the 1250-1000 cm -1 region and the band 6 Coming from the precursor TEOS that was used for silica coating. 9 NH4OH was used during the synthesis of the MNP despite the excessive washing afterward. (ν(S=O) region that overlaps with ν(Si-O-Si) and ν(Si-C)) and at 750-400 cm -1 (reference band). From these data we can conclude that FTIR confirms the presence of grafted silane and immobilized sulfonic acid.

Sample

Total number of acid sites (by NH3 chemisorption)

The number of acid sites was measured by ammonia chemisorption. The data are summarized in Table 30. The results demonstrate that all final catalysts (HSO3-functionalized) had their population of acid sites increased by several times compared to the initial support. The highest number of acid sites (per gram of catalyst) is obtained for HSO3-NH2(+)/SiO2(+)/MNP. 

X-ray photoelectron spectroscopy (XPS)

The chemical compositions of the material surface were addressed by XPS.

Atomic concentrations (%) for Fe, O, N, C, S and Si are shown on Table 31.

All the materials including SiO2(-)/MNP and SiO2(+)/MNP contain nitrogen.

The presence of nitrogen within SiO2(-)/MNP and SiO2(+)/MNP is likely due to a contamination by ammonia that was used during the synthesis of nanoparticles. From the XPS data, the material SiO2(+)/MNP (marked in Table 31 as sample 8) contains 3.4 times higher amount of Si than SiO2(-)/MNP (sample 1) which is in agreement with the ICP results (Section 3.3).

Consequently, higher amount of Si is detected for samples 9 and 10 compared to their homologues 3 and 6. Moreover, the concentration of Si increased after the grafting with APTES (samples 2, 3, 9 compared to the samples 1 and 8).

The elevated concentration of carbon within OTES/SiO2(-)/MNP (sample 4) can be referred to the presence of octyl-silane.

Sulfur (in the form +VI) was detected for all the HSO3-functionalized materials (Table 31) The lowest concentration of sulfur was observed for HSO3-NH2(+)/SiO2(+)MNP which is likely due to the high microporosity of the corresponding support NH2(+)/SiO2(+)MNP (Table 27) and thus due to longer time required for HSO3Cl to diffuse into the pores and to react with NH2-groups. a For the specified samples Nitrogen was not analyzed but was observed in general XPS spectra (calculation is based on the general spectra as well)

Table 32 summarizes the experimental and theoretical ratios between S/N, S/Si and N/Si. The ratio N/Si provides information about the contamination of the samples by nitrogen-containing species (ammonia or triethylamine). The 33. Nitrogen can exist in different forms, such as non-protonated amine (with binding energy between 398-400 eV) and protonated or attached by hydrogen bond amine (400-402 eV) and others [100]. To estimate the efficiency of covalent grafting of APTES, the ratio between non-protonated nitrogen (NI) and the total nitrogen (Ntotal) is also shown in Table 33. It is known that if the aminogroups exist only in protonated form, it means that the APTES molecules are oriented by NH2-moieties toward the surface and interact with the surface silanols by hydrogen bonding [99][100][101]. The latter From Table 33, for the NH2(-or +)/SiO2(-or +)MNP samples (# 1, 2 and 7) a part of aminogroups exists in the protonated form which suggests that 43-59% of APTES is physisorbed on the surface. Taking into account the latter results, the partial leaching of such weakly bonded silanes into the liquid medium should be expected during the catalytic tests. Contrary, all the aminogroups of OTES/SiO2(-)/MNP exist in a non-protonated form.

However, from the results depicted in Table 32 the latter sample presents a high level of nitrogen contamination which does not allow evaluating precisely the efficiency of the covalent grafting.

For the HSO3-functionalized samples the ratio NI/Ntotal decreased compared to their "parent" NH2-containing supports (compare samples 1 with 4; 2 with 5; 3 with 6; 7 with 8, Table 33). As chlorine atom was not detected for any sample, the decrease of NI/Ntotal ratio can be referred to the interaction of aminogroups with chlorosulfonic acid. Thus, overall, additionally to the chemisorbed APTES and sulfonic acid, there is also likely physisorbed APTES on the surface that may contribute to the leaching during the catalytic tests.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis was used to quantify the fraction of organic species strongly attached to the surface.

Table 34 summarizes the TGA results for the initial support and the supports modified with silica and the organosilanes. Mass loss in the range of 25-140°C was assigned to the physisorbed water and solvents (data are not shown), whereas in 140-600°C -to the loss of organic fraction strongly attached to the support. The results show that the obtained mass loss for the grafted MNPs after 140°C is higher than for the initial supports Fe3O4 and SiO2(-or +)MNP which confirms the presence of a grafted fraction of APTES. The obtained results are inferior to the expected values of organic fraction loss (which could reach up to 50 wt.% if presuming that all the used silane reacted during the synthesis). The latter indicates that large part of silanes did not react with the support which could be due to the lack of water needed for the hydrolysis of the ethoxy-groups. Indeed some studies reported that water is required for the formation of crosslinking within the grafted silane network [99,102]. However, there are reports that showed that the excess of water during the APTES grafting leads to physisorption of this silane rather than to chemisorption [100,103]. Thus, the control of the optimal water content during the silane grafting still remains challenging.

Table 34. Data obtained by TGA analysis in the range of 140-600°C

pH stability tests (by UV-Vis)

The stability tests for the MNPs covered with silica and then grafted with silanes were performed at pH=3 that corresponds to the pH of the reaction medium of catalytic test (without the catalyst). Results show (Figure 54) that the mass of dissolved iron decreased with increasing the layer of silica or amount of silanes. The stability increased at each step of the support modification thanks to silica-or/and silane-protecting layers and also to the increased hydrophobicity of the silane-containing materials. High stability of the materials at low pH is important for catalytic measurements which are carried out at pH 3 and it is undesirable that the catalyst dissolves during the catalytic reaction. However, as it can be seen from Figure 54, the material with the highest amount of silica (SiO2(+)MNP) is still partly dissolved at pH 3. It can be expected that thicker than 5 nm layer of silica on the surface would exclude the possibility of Fe to dissolve in these conditions. However, the thicker the concentration of silica, the higher generated porosity and so the issues of internal diffusion limitations during the catalytic tests. 

Sample

NH2(+)/SiO2(+)MNP 3.0 a) b) c) d) e) f)
Dissolved Fe (wt.%) ** NH3 chemisorption was not performed for the catalysts after they were used in the catalytic reaction. Thus, initial rate normalized by the number of acid sites cannot be calculated for the catalysts during the second use. Table 36 summarizes the atomic concentrations of Fe, N, S and Si obtained by XPS. Compared to the results before the catalytic tests, concentrations of sulfur and silicium decreased for all the three samples after being used in the esterification. Moreover, the ratios S/N and S/Si decreased whereas the N/Si remained stable. As it was mentioned before, one of the reasons for leaching could be the scission of the Si-O, N-S or C-N bonds. However, the XPS results show high ratio S/Si (>>1) before the catalytic test and much lower ratio S/Si after the catalytic test (Table 36) which indicates that the leaching is not caused by the scission of Si-O bonds (or not only). On The leaching of physisorbed HSO3Cl could be avoided probably by intensive washing of the catalysts in the Soxhlet apparatus prior the catalytic tests.

The leaching of HSO3-functionalized silanes should be more investigated.

Precisely, it would be useful to understand, if this leaching happens due to catalytic tests are possible in this case to evaluate the general performance and reusability.

Among all prepared MNP-catalysts, HSO3-NH2(+)/SiO2(-)MNP and HSO3-OTES/SiO2(-)MNP were chosen as investigated catalysts in the esterification of OA with TMP. The choice was based on the previous catalytic results (in esterification of PA with BuOH), where compared to other materials, HSO3-NH2(+)/SiO2(-)MNP and HSO3-OTES/SiO2(-)MNP remained higher catalytic activity after being used once (see Table 35). An interesting catalytic performance result was obtained for HSO3-OTES/SiO2(-)MNP in the esterification of OA (Figure 58). During the first use of this catalyst, it did not show any activity (Figure 58-a) whereas it became active during second and third uses. The latter can be explained by strong particles agglomeration of HSO3-OTES/SiO2(-)MNP with consecutive inaccessibility of active sites inducing non-activity for the first use. While this material was reused, its dispersion in the reaction medium was improving due to the repeated sonication (prior each recyclability test) and probably due to hot oleic acid medium that initiates better dispersion with time.

Indeed, compared to other MNP-catalysts, initially the agglomerates of HSO3-OTES/SiO2(-)MNP visually looked bigger and more difficult to disperse in OA prior to the first catalytic test (it was observed that after the sonication there were still some agglomerates in the reaction medium).

happens due to 1) the physically adsorbed chlorosulfonic acid, 2) the HSO3functionalized silane (physi-or chemisorbed), and 3) partial dissolution of the support (Fe3O4).

Catalytic tests of esterification of OA with TMP showed that MNP-based materials are active and recyclable in the reaction. The leaching though could not be justified.

Overall, because of low resistance of the MNP-catalysts toward leaching (at least in polar media), their application in the industrial processes (such as esterification of OA with TMP) is unfavorable and different types of catalysts should be found. Next chapter describes the investigation of commercial ionexchange resins, as they are known to be stable in aggressive media and active for esterification processes. Introduction

Ion exchange resins are insoluble polymeric matrixes containing labile ions able to exchange with other ions in the surrounding medium without major physical change of their structure [START_REF] Chakrabarti | [END_REF]. The concerned resins typically contain sulfonic acid cation exchangers in the hydrogen form or quaternary ammonium anion exchangers in the hydroxide form.

Two different types of resins are known: gel-type and macro-reticular type.

The main difference between gel-and macro-reticular types of resins is their textural properties due to their different divinylbenzene content (crosslinking degree). As a consequence of different crosslinking degrees, gel and macroreticular resins possess differences in terms of catalytic behavior, thermal and mechanical stability, and ion-exchange capability. Gel type resins are characterized by homogeneous matrix with low crosslinking (normally, <12%) and without discontinuities [10,[START_REF] Chakrabarti | [END_REF]. In the dry state, gel resins have very low surface area and low accessibility of active sites. But when they are brought into contact with polar solvents, their polymeric matrix absorbs the solvent thereby increasing its volume and surface area. As a consequence gel resins swell. Swelling provides a better access to the polymer network for reactant molecules and thus often higher catalytic performance (Figure 59). When dry gel-type resins are used as catalysts, a polar solvent is required in order to induce the resin swelling. Otherwise wet form of resins should be used. Contrary to gel resins, macro-reticular resins have high degree of crosslinking and thus possess a more rigid matrix with a lower ability to swelling. Macro-reticular resins can be described as agglomerates of very small microspheres that provide higher surface area. The microsphere interstices can be regarded as permanent macropores. Macroreticular resins do not need to be swollen as they have fixed size of pores and rigid texture that provides the access to their interior. Even though they can swell to some little extend [131] (depending on the crosslinking degree), their swelling is often negligible compared to the gel resins (see Figure 59).

In this chapter the catalytic performance of commercial acidic ion-exchange resins is discussed in the esterification of OA with TMP. One gel-type resin (Dowex 50wx2) and three macroreticular resins (Amberlyst 36, Purolite CT482 and Purolite CT275DR) were used as heterogeneous catalysts.

Because no additional solvent was used in the reaction, the advantage of an and macroporous resins [1], [10] alternative pre-swelling procedure was explored prior to the catalytic test for the resins. Moreover, the catalytic properties of the chosen resins are discussed on the basis of their respective texture.

Catalytic measurements

The commercial ion-exchange resins were studied in the esterification of OA with TMP. Before each catalytic test all the resins were dried at 105°C under vacuum for 24 hours.

Catalytic test with pre-swelling step

The catalytic tests with pre-swelling were performed for the ion-exchange resins.

In order to induce resin swelling before the catalytic test, the resin was first placed into TMP and heated at 120°C for 90 minutes. Then OA was added to this mixture and the catalytic test started (at 120°C, 400 rpm, open reactor). Before the reaction started, the known amount of internal standard (pentadecane) was added to the mixture to facilitate quantification. The quantities of OA, TMP and resin were the same as in the test without preswelling.

Catalytic test without pre-swelling step

The same procedure as in the standard test (Section 2.1.2, p. 33).

Recyclability tests

Re-using in the catalytic tests was applied to the ion-exchange resins without any additional treatment.

After 24 hours of the first catalytic test, the hot reaction medium was first removed immediately (unless specified otherwise) from the reactor with syringe. The catalyst was left in the same reactor and was not washed or dried after the first catalytic test. Then fresh OA, TMP and internal standard (pentadecane) were placed into the reactor. The reaction was started with the same conditions as in the standard catalytic test (for MNPs) or in the test with pre-swelling step (for the resins, Section 2.1.2). This procedure was repeated several cycles (24 hours each).

Catalytic tests under conditions close to industrial (for the part B of this chapter)

100 g of OA was mixed with 15.9 g of TMP (3:1 molar ratio) into a roundbottom flask equipped with a condenser and distillation apparatus (to separate the co-forming water). The mixture was heated for few min to melt TMP. Reaction was started at 140°C (for Amberlyst 36) or at 180°C (for Purolite CT482 and Purolite CT275DR) under the flow of N2 and with mechanical agitation and performed for 6.5h without catalyst. The coproduced water was continuously removed from the mixture by help of N2 flow and distillation equipment. After 6.5h from the reaction beginning, 1.6 wt.% of catalyst was added. Blank test ("Blank-ind"8 ) was performed under the same conditions but no catalyst was used. From the reaction beginning, the conversion of OA was followed by acid-base titration. content not communicated by the supplier). Dwx and Pur482 belong to conventional sulfonated type of resins (concentration of -SO3H groups is at the limit of one group per benzene ring) whereas Amb and Pur275 to the oversulfonated ones (the concentration of -SO3H groups is above the usual limit of one group per benzene ring) [132]. Among the chosen resins, Pur482 possesses the highest thermal stability thanks to the stabilizing halogen atoms in the polymeric chain. Pur275 has big permanent pores (up to 70 nm) that can be beneficial for mass transfer during the catalytic reactions.

The acidic properties of the resins were obtained by acid-base titration. Ionexchange capacity of the resins (number of protons per mass of resin) increases in the order: Pur482< Dwx < Amb < Pur275 (Table 39). The stability test towards leaching in DMF showed that in general the leaching of sulfur-species is in a range between 0.5-3.3% (relatively to the initial amount of S). The most and the least stable towards leaching resins are Pur482 and Pur275 correspondingly (Table 39). The difference between gel-and macro-reticular type textures can be observed by SEM imaging of the resin beads of Dwx and Amb (Figure 60).

The gel-type resin in dry state does not exhibit pores (Figure 60a). While contacted with water or other polar solvents, flexible gel resins swell as seen on the SEM image of the swollen bead of Dwx (Figure 60b). The wet bead of Dwx has rough surface due to the cavities (pores) which the resin develops during the swelling. Contrary to Dwx, wet Amb reveals a smooth surface whatever it is in the dry or wet state (Figure 60c) because of its high degree of crosslinking and rigid texture (surface of dry beads of Amb looks smooth as the wet beads of Amb, image not shown). The absence of solvent in this system is attractive as this reaction mixture can be considered as eco-friendly and does not need additional separation from the solvent at the end. However, as it was mentioned, gel-type resins need to be operated in a polar medium in order to induce their swelling and provide a good accessibility to their active sites.

In an attempt to find an alternative way for the resin swelling in the absence of polar solvent we verified the possibility of resin swelling with one of the reagents -trimethylolpropane. Thus, two kinds of catalytic tests were performed: with resins that were not pre-swollen and with resins that were pre-swollen with TMP prior to the catalytic measurements (tests with preswelling step). For the tests without pre-swelling the dried resins were used as such (see p. 175). For the tests with pre-swelling, resins were first heated with TMP in order to enhance the opening of resin cavities (pores) and improve the accessibility to their active sites. Figure 61 (a-d) shows the evolution of the product formation for the reaction in the presence of resins (pre-swollen and not). The control test (reaction without any catalyst -"blank" test is shown in the Annex (Figure A4).

From the kinetic curves, all the resins are active in the esterification of OA with TMP when compared to the "blank" test where no catalyst was used (Figure 61-a and Figure A4). The evolution of the esters for Dwx (Figure 61a) indicates that with the pre-swelling step the catalytic activity increases drastically. This is because in a dry state the active sites of Dwx are "hidden" due to the matrix shrinkage and the corresponding small size of the pores that prohibits diffusion of the reactants inside the polymer matrix. Similarly to the swelling that happens thanks to the resin interaction with polar solvents

[131], here the reagent TMP, provides swelling and thereby increases both the pore sizes and the active sites accessibility.

A different behavior can be observed with Amb (Figure 61-b) which has a higher degree of crosslinking (12%). When the pre-swelling step is applied, only the formation of mono-and di-esters becomes slightly faster compared to the Amb without pre-swelling step. The catalytic activity did not change much with the pre-swelling step because of the rigid texture of Amb. Due to the high degree of crosslinking of its matrix, Amb has a quite permanent pore size and swells to a very low extend. This explains the only little improvement in the formation of mono-and diesters).

The effect of a very high crosslinking degree (>12%) and thus a high rigidity of the texture was also observed for Pur482 and Pur275. From Figure 61 (cd), no significant change with the pre-swelling step was observed for the latter resins. A very high crosslinking degree does not allow the resins expanding their matrix making that the reaction occurs mainly on the resin surface.

From all four studied resins, the highest concentration of triester formed after 24h of reaction was reached in the presence of Dwx in the pre-swollen state, and Pur275 (pre-swelling was not required, Figure 61d). The elevated activity of pre-swollen Dwx is related to the better accessibility of its active species.

The higher activity of Pur275 could be referred to the bigger size of its permanent pores (distances between the microspheres) and its higher number of active sites compared to other resins. It should be mentioned that Pur275 and Dwx showed the highest degree of leaching in the DMF (3.3 and 2.3% of leached sulfur correspondingly) which could be evoked to induce the elevated activity. However, the mixture of OA, TMP and the reaction products is far less polar than DMF, suggesting that less leaching can be expected in the reaction medium. Unfortunately, the ICP analysis to measure leached S-species in the oily reaction mixture is impossible thus not allowing ascertaining this hypothesis.

As an alternative to do so, we checked if the resins can be reused further.

For this purpose, pre-swollen with TMP resins were used without any additional post-treatment (no washing and drying). On Figure 62, the kinetic curves of the triester formation are shown for the resins from the first to the fourth uses (the graphs are focused on the catalytic tests during the first hours of reaction). These tests were not performed for Pur482 as this resin does not catalytically improve the formation of the triester (the product of interest) under the chosen conditions when compared to the "blank" test (see Figure 61c, and Annex-Figure A4). The results of the recyclability tests demonstrate that Dwx, Amb and Pur275 had their activity decreased after the first use (Figure 62a-c), but still remain it higher than in the blank test.

Contribution to the activity decay after the first use could correspond to the observed leaching of active species into the liquid medium. The latter likely takes place in the case of Pur275 as the decrease of its activity after the first use is more important than in the case of Dwx or Amb. These results are in agreement with the leaching test in DMF, where Pur275 loses more Sspecies compared to the other resins.

The decay of activity of the resins after the first use can also be explained by the partial deactivation of resins by water molecules that are co-produced along with the esters during the reaction. Indeed, water molecules compete with the reactants for the active sites and strongly adsorb on the sulfonic acid groups. One water molecule attaches itself to four sulfonic groups leading to a reduction in the number of available active sites and thus a decrease of the reaction rate [START_REF] Zundel | [END_REF]. Even though the activity drops for the three resins after the first use, during the next uses (second to fourth), the resins retain a stable activity for triester production. After the first use, there is likely an equilibrium being reached between "blocked-by-water" and free active centers that provided unchanged further activity. The results discussed in the previous chapter demonstrated the high potential of the commercial ion-exchange resins in the esterification of OA with TMP for the industrial applications. To our knowledge, the available studies related to the esterification of OA with TMP over heterogeneous catalysts are focused mainly on the comparative investigation of the catalyst activity and selectivity [9,30,139,140]. Even though these reports often claim that the catalysts have high selectivity towards triester (50-90%), an evaluation of the real possibilities to use heterogeneous catalysts in industrial conditions for the synthesis of TMPTO is missing. As the presence of free fatty acids and mono-and/or diesters negatively affect the properties of the final lubricant, the industrial application of these catalysts is valid only if the reaction is complete, with nearly 100% of OA conversion and the selectivity towards triester being minimum 98% [20]. That is also why the esterification of OA with TMP should be performed with the stoichiometric ratio of reagents to avoid additional separation of OA.

Thus, in this part, we examine the possibility of acidic macroporous ionexchange resins to complete the tri-esterification of OA with TMP which is challenged by the industrial needs (the possibility to reach > 98% of triester selectivity).

As it was shown in the part A of this chapter, the pre-swelling of resins is beneficial for their catalytic activity (case for Dwx and little for Amb).

However, the additional steps prior to catalytic reaction are unfavorable for Reaction conditions: 3:1 molar ratio of OA:TMP, 1.6% wt. of catalyst, 120°C, 400 rpm, 24h, open batch reactor. The test with H2SO4 is performed in the same conditions (evolution of the esters is shown in Figure 26a). "Blank" test is performed in the same conditions but without any catalyst.

The conversion of OA over Amb reaches around 65% after 1500 min of reaction (Annex, Figure A5) whereas the obtained conversion of OA in identical conditions is nearly 100% over H2SO4 after the same time. Despite its lower catalytic productivity, Amb is promising, and its industrial application for the production of biolubricant could be worthy if the final cost of the heterogeneous process is lower than of the homogeneous one. An indispensable requisite for this is that the triester remains the main and ideally only product of the reaction.

In this chapter we discuss the possibility of ion-exchange resins to complete the tri-esterification of OA with TMP under conditions close to the industrial ones (stoichiometric amounts of reagents and continuous removal of water to shift the equilibrium towards the products). For this purpose we run the reaction with Amb for 450 min after which we removed the Amb and continued following the kinetics. The latter test was compared to the reaction where Amb was present continuously. The results are shown on Figure 65.

The kinetic curves of the formation of esters after the catalyst was removed (test B) superpose with the curves where the catalyst was present continuously (test A). This scenario indicates that the catalyst either lost its activity or was leached in the liquid reaction medium. However, ICP analysis of the dimethylformamide medium (DMF) after interacting with Amb (leaching test) revealed the presence of not more than 1.2 mol % of Sspecies relatively to the total amount of S within the resin (see part A of this chapter, Table 39). Furthermore, the reaction medium of OA esterification is far less polar than DMF making that even a smaller degree of leaching can be considered in the real reaction. To address the possibility of deactivation caused by water that may block the active centers of the resin, we added fresh Amb to the reaction mixture after 1350 min from the start of the test (Figure 65; test B, where the catalyst was removed previously). The results

show that even after insertion of the fresh catalyst the activity does not change compared to the test A. Shortly speaking, after several hours of reaction the kinetics does not depend on the presence or absence of the heterogeneous catalyst. The latter observation means that the lack of activity after several hours of catalytic test is not due to the poisoning of active centers. To explore the behavior of the system at a higher temperature 9 we performed some tests with Purolite CT482 (Pur482) and Purolite CT275DR 9 The reaction conditions under Pur482 and Pur275 were close to the industrial ones. Please refer to the Experimental part (page 174). 

Insertion of fresh Amb (test B) Removal of Amb (test B)

Product concentration (mmol/l) Monoester Diester Triester (Pur275) bearing a higher thermal stability than Amb. Moreover, Pur275 has bigger permanent pores (up to 70 nm) that could be beneficial in the intraparticle mass transfer. For the test with Purolites (at 180°C) we first started the reaction without the catalysts to be able distinguishing the "pure" heterogeneous catalysis from homogeneous one. Esterification is indeed homogeneously catalyzing thanks to free fatty acid. After the concentration of OA decreased (to around 15% from the initial amount) we added the resins and continued following the OA conversion. Figure 66a shows the curves of OA conversion as a function of time for the "Blank-ind" test and the test with Pur482. We noticed that the curves for both tests superimpose, showing that at 180° the presence of Pur482 does not improve the reaction kinetics. Interestingly, although Pur275 has a higher number of active sites (4.7 eqH+/g) and bigger pores (40-70 nm) compared to Pur482 (3.2 eqH + /g and 27 nm correspondingly), the behavior of Pur275 at the end of the reaction does not differ from that of Pur482 (Figure 66 b). The latter suggests that the inefficiency of the resins at the end of the reaction does not come from the internal diffusion limitations caused by small pores. Even though in these conditions we reached almost 100% of OA conversion, it took more than 30 hours to reach this value (which is quite too long for the industrial purpose). Moreover, it is clear that none of the Purolites catalyze the end of the reaction and that it is an excursion to high temperature instead that helps to accelerate the third esterification.

It should be noticed that when used in the beginning of the reaction, both Pur482 and Pur275 accelerate the formation of the esters as Amb did as well (Figure 61 c,d). Pur275 showed to be more active in this case compared to Pur482 and Amb. 

GENERAL CONCLUSIONS

The main objective of this thesis was to develop active, stable and recyclable heterogeneous catalysts for the esterification of oleic acid with trimethylolpropane to produce biolubricant. This reaction possesses technical and scientific difficulties, including the high viscosity of the reaction mixture and bulkiness of the reaction components that are difficult to analyze analytically. Besides, the mass transfer and diffusion limitations slow down the catalytic process. That is probably why the number of scientific reports dedicated to the esterification of OA with TMP is limited. However, this reaction is very attractive for the industry and finding a good heterogeneous catalyst for this process would allow solving some economic and ecological issues.

Several different supports and active phases were investigated as catalysts for the esterification of OA with TMP. Mesoporous silica and Si(HIPE) are not suitable as catalyst supports for the reaction because of their small pores. Moreover, Si(HIPE) inhibits the reaction by blocking the reagents and intermediate products inside its pores. It was also demonstrated that when the small meso-and micropores of Si(HIPE) are partly blocked by silica precursor, this inhibition diminished.

Contrary, magnetic nanoparticles were promising as support in terms of their non-porosity and easy recovery from the liquid medium. Moreover, when coated with silica and organic silanes, the chemical stability of MNP drastically increases (less iron dissolves under acidic conditions) compared to the uncoated particles. However, the leaching tests showed that MNP still leach into polar and acidic medium of propionic acid with butanol (additional reaction that was used for stability studies) despite of the coating.

Meanwhile, it is complicated to verify leaching in the OA medium and so to say if the MNP were totally resistant toward leaching in that case.

As regards to the active phases, the Keggin HPA immobilized onto mesoporous silica through the link of zirconia showed to be stable in OA medium. This immobilization method (via forming HPA-zirconia-silica bonds) seems to be promising for obtaining stable catalysts in non-polar media. This was however in the case of HPW and HSiW that form strong bonds with zirconia on the contrary of HPMo.

The role of different active phases (HPA, ZrP, grafted SO3H-, PO3H2-) on the catalytic performance of the final catalyst is difficult to estimate as in the case of the porous Si(HIPE), there was a strong inhibition caused by the support. Meanwhile, the activity of pure phases in the esterification of OA (case for HPA and ZrP) was quite low due to the low surface area and the corresponding low accessibility of active centers.

Commercial ion-exchange resins were the most active among all catalysts that were studied in this work. A pre-swelling step was required for the gel resin (Dowex 50wx2) to gain high activity whereas the macroporous resins (Amberlyst 36, Purolite CT482 and Purolite CT275DR) kept the same activity with and without the pre-swelling. Purolite CT275DR was the most active resin but likely due to partial leaching of the active phase. Overall, the resins were successfully recycled for several times in the esterification of OA even though their activity dropped slightly after the first use but remained stable during further reuses. It was also noticed that the used resins should not be stored in the reaction medium to avoid further decrease in activity that likely happens due to the water adsorption on the active sites.

Ion-exchange resins were used to evaluate their potential in the real industrial applications, i.e. esterification of OA with TMP to synthesize biolubricant (trimethylolpropane trioleate). Under used conditions (at both 120 and 180°C, with continuous water removal), it was demonstrated that ion-exchange resins (and likely any other conventional catalyst) accelerate the formation of mono-and di-esters whereas the formation of triester is being performed thanks to the residual acidity of oleic acid. The later observations were explained by steric hindrance of the bulky di-and triesters that likely complicated the adsorption/desorption phenomena. Thus, under the investigated conditions it was impossible to obtain high selectivity towards the triester. The latter makes problematical the application of heterogeneous catalyst for the production of biolubricant without additional separation of unconverted OA or mono-and diesters from the final product.

However, the complementarity between heterogeneous and homogeneous processes in the tri-esterification (that was pointed out in Chapter 4B) allows imagining the industrial reaction starting with ion-exchange resins at lower temperature and completing it without the resin but at higher temperature to convert unreacted diester to triester.

functionality can be obtained for the final IL, including Brönsted and Lewis acid sites [141]. There are known reports of ILs applied as thermally reversible solvents. For example, siloxylated amines with weak Lewis acid functionality behave as a liquid at 120°C and transforms to the solid IL during the exposure to CO2 ( Figure 67) [142]. This new switchable solvent system was applied to recover alkanes from heavy crude oil. For the described example, a mixture containing 50 wt% of crude oil in the IL was used. The single-phase homogeneous system was obtained and then transformed by CO2 bubbling. The viscosity increased as the carbamate ionic liquid formed. Centrifugation was applied to separate the ''purified crude oil'' (top phase) from the IL containing the oil's impurities (bottom phase). Heating the IL phase up to 120 °C regenerated this IL to its neutral form, which can then be recycled.

Another interesting report showed the application of ILs as solvents for the hydroformylation of 1-dodecene catalyzed by "Rh/TPPTS" (organometallic complex of Rh) [8]. This IL was derived from quaternary ammonium alkylsulfonates with polyether chain (preparation scheme is shown on Figure 68). When the hydroformylation of 1-dodecene was conducted in ILPEG750, n-heptane and toluene, the phase containing ''Rh/TPPTS'' complex was immiscible with the upper organic phase at room temperature but was miscible at 108 °C. While heating the reaction mixture above 108°C, the system was monophasic and the reaction proceeded homogeneously. The conversion of 1-dodecene increased sharply if compared to reactions performed at 100 °C. The system could be switched back to two phases on (Liquid) (Solid) Other promising ILs biphasic systems that behave as homogeneous catalysts at high temperature and biphasic ones at low temperature were reported. For example, ionic liquid-water system for hydrogenation of but-2yne-1, 4-diol [143], fluorous-containing ionic liquid for hydrosilylation of alkenes [144] and the ionic liquid-acetonitrile-fatty acid ester ternary system for Diels-Alder reaction [145]. However, these systems are based on imidazolium salt ionic liquids whose toxicities are still questioned.

Some Brønsted acidic ILs (based on Keggin HPA and imidazole or pyridine or triethylamine) were used in some esterification reactions and then removed by simple filtration after the reaction. Those ILs possessed high melting points (some above 100 °C) and their solubility in the reaction mixture varied greatly with small-scale changes in temperature. Such ILs served as homogeneous catalysts to catalyze efficiently reactions at higher temperatures and as heterogeneous solid catalysts at lower temperatures thereby simplifying the isolation of ILs by filtration [146].

The above mentioned approaches look very promising for the esterification of OA with TMP especially considering that homogeneous catalytic process is required to complete the reaction but easy separation of the catalyst at the end would be advantageous as well. For the materials based on magnetic nanoparticles the content of Fe, Si and S was measured within the catalyst also by ICP AES. Additionally, the reaction mixture after some catalytic tests was also analyzed.

Leaching test in DMF for the ion-exchange resins. 0.20 g of dry resin was placed into 10 ml of DMF and refluxed at 120°C with agitation for 19h. The amount of leached sulfur was measured in the filtered solution by ICP AES.

Acidity measurements

For the HPA/SiO2-materials the acidity of the prepared materials was measured by potentiometric titration with n-butylamine as described elsewhere [147]. A known mass of solid was suspended in acetonitrile and was stirred for 3 h. The suspension was than titrated with a 0.05N solution of n-butylamine in acetonitrile at 0.05 cm 3 /min flow. The electrode potential variation (mV) was measured in a digital pH meter with an Ag/AgCl electrode.

Additional measurements (for some heteropolyacid-, zirconium phosphate-, sulfonate-and phosphonate-Si(HIPE) based materials and magnetic nanoparticles) were performed with Ammonia chemisorption. The analysis was run at 50 °C in a Micrometrics ASAP 2010C apparatus (static volumetric adsorption analyzer). For the pre-treatment, samples were dried at 120 °C for 2 hours under a helium flow of 30 ml/min. The volume of adsorbed ammonia was measured at pressures between 6.6×10 -4 and 1 atm. The first isotherm was recorded to evaluate the volume of physisorbed and chemisorbed NH3 at different pressures. After evacuation (at 50°C) of the physisorbed NH3 during 1 hour, the second isotherm was obtained. The amount of chemisorbed ammonia at 50°C was calculated after subtracting the first and the second isotherms.

Acidity of ion-exchange resins (ion-exchange capacity) was measured by acid-base titration: 1 g of resin was placed into 50 ml of 0,1N KOH. The mixture was agitated overnight at room temperature. Then 10 ml of filtered solution was titrated with 0,1N HNO3. The ion-exchange capacity was calculated by using the equation (2), where CNaOH is a concentration of NaOH (eq/l), VHNO3 is a volume of HNO3 (l), mresin is a mass of resin (g). The coefficient 5 is derived from the 1/5 volume aliquot that was used for the titration:

Ion exchange capacity, (meq/g) = C NaOH ×(50-5×V HNO3 ) m resin

Fourier Transform Infrared (FTIR) and Raman spectroscopies

FTIR spectra were recorded in transmission mode using an IFS55 Equinox spectrometer (Bruker) equipped with a DTGS detector. The spectra were recorded with 100 scans between 400 and 4400 cm -1 with a resolution of 4 cm -1 . The samples were analyzed after dilution in KBr (Janssens Chimica 99%) by a weight factor of 50.

For some samples ATR-FTIR was used. The measurements were performed on the Single reflection horizontal ATR accessory from Bruker, diamond crystal plate equipped with high pressure QuickLock.

Raman spectra were recorded at room temperature on a LabRam confocal micro-Raman instrument (Jobin-Yvon) using backscattering geometry and typical resolution of 2-3 cm -1 .The system consisted of a holographic notch filter for Rayleigh rejection, a microscope equipped with 10x, 50x, and 100x objectives (the latter allowing a spatial resolution of less than 2 μm), and a charge-coupled device (CCD) detector. The 514.5 nm emission line of an argon laser was used for excitation with an incident power not exceeding 1mWatt, to avoid any damage of the sample surface.

2.4

NMR spectroscopy 29 Si and 31 P Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) were performed at 5kHz in a 7mm zirconia rotor. 90° single pulse experiments were used with a recycling delay of 150s. For 29 Si NMR analysis, spectra were referenced to tetramethylsilane (TMS) and

(2)

Thermogravimetric analysis (TGA)

TGA was carried out with StearamTAG-1750 thermogravimetric analyzer under an oxygen flow (5 cm 3 /min). Approximately 10 mg of sample was placed onto aluminum crucible of 70 µl. This crucible was positioned on the microbalance that allowed following the mass evolution during the 25-1000°C analysis with the heating rate of 5°C/min.

X-Ray photoelectron spectroscopy (XPS)

The analyses were performed on a SSX 100/206 photoelectron spectrometer from Surface Science Instruments (USA) equipped with a monochromatized micro focused Al X-ray source (powered at 20 mA and 10 kV). The samples powder pressed in small stainless steel troughs of 4 mm diameter were placed on an aluminum conductive carousel. The pressure in the analysis chamber was around 10 

  principal de la thèse consiste à trouver des catalyseurs hétérogènes acides efficaces pour l'estérification de l'acide oléique (OA) avec du triméthylolpropane (TMP) (Figure 1). Les catalyseurs doivent être actifs et sélectifs, facilement récupérables et recyclables, sans lessivage des espèces actives dans une phase liquide. À ce sujet, une méthode efficace pour une forte immobilisation d'espèces actives de concentration appropriée sur un support devrait être élaborée. Compte tenu de la viscosité élevée du mélange réactionnel et de l'encombrement de ses composants (2-3 nm 1 ), les problèmes de limitation de diffusion doivent être pris en considération et résolus. Afin de rendre le procédé plus utile pour l'industrie, les catalyseurs appliqués devraient être actifs dans des conditions douces et permettant d'assoir un flux catalytique en continu. Ainsi, le procédé doit inclure une faible consommation d'énergie, un système sans solvant, des étapes de purification minimales et doit être respectueux de l'environnement.
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 1 Figure 1. L'estérification d'acide oléique (OA) avec du triméthylolpropane (TMP) pour produire le triméthylolpropane trioléate (TMPTO).

Objectifs de la thèse et les stratégies appliquées 1 )

 1 d'un vide et une utilisation de solvants supplémentaires. Les conditions proposées ne sont pas appropriées pour des applications industrielles car elles nécessitent une forte consommation d'énergie et une utilisation de solvants toxiques (par exemple, le toluène). En outre, pour des fins industrielles, l'estérification d'OA avec du TMP doit être effectuée avec des quantités stoechiométriques de réactifs. Au niveau industriel, seul le zinc métallique en poudre et les oxydes d'étain (II) sont les deux catalyseurs hétérogènes disponibles à un prix xvii industriellement raisonnable pour la préparation de polyesters d'acides gras (Tableau 5 et aussi [38]). Cependant, seulement 90 à 95% du catalyseur employé peut être récupéré par simple filtration. Une purification supplémentaire est nécessaire car les catalyseurs forment des savons métalliques d'acides gras. Ces derniers sont solubles dans les esters et peuvent nuire à la qualité du produit final, en termes de stabilité oxydative, hydrolytique et thermique. xviii Synthèse de catalyseurs hétérogènes acides qui sont actifs dans l'estérification et stables vis-à-vis du lessivage L'estérification de l'acide oléique avec du triméthylolpropane est effectuée en phase liquide et catalysée par un catalyseur acide. L'objectif principal de la thèse consiste à trouver de nouveaux matériaux catalytiques actifs et stables pour le procédé ultérieur afin de remplacer les catalyseurs homogènes par ceux hétérogènes pour des fins industrielles. Le principal avantage des catalyseurs hétérogènes par rapport à ceux homogènes réside dans les aspects pratiques et économiques où la séparation du catalyseur du milieu liquide et le recyclage deviennent beaucoup plus faciles. Ainsi, le projet vise à trouver un catalyseur qui soit: -Hétérogène pour une séparation et un recyclage appropriés. Pour cet objectif, plusieurs supports différents ont été utilisés, telle que de la silice mésoporeuse, des mousses de Si(HIPE) macroporeuse et des nanoparticules magnétiques non poreuses. La silice mésoporeuse est un support en poudre qui doit être filtré à partir du liquide, le Si(HIPE) est un monolithe qui rend le procédé de séparation plus pratique. Les nanoparticules magnétiques, quant à elles, peuvent être séparées du bain réactionel à l'aide d'un aimant externe. -Actif dans l'estérification. Plusieurs phases acides avec différentes forces acides ont été immobilisées sur le support choisi pour fournir des matériaux avec une activité catalytique. Ainsi, les HPA de Keggin, les phosphates de zirconium cristallins, les phosphonates et les sulfonates sont utilisés comme phases actives. Parmi toutes les phases actives choisies, sur la base des revues de la littérature, les HPA devraient être les acides les plus forts alors que les phosphates de zirconium sont les plus faibles. En outre, les résines acides échangeuses d'ions commerciales ont été examinées en tant que xix catalyseurs, car connues comme étant très stables et actives dans de nombreux procédés industriels, y compris l'estérification. -Stable vis-à-vis du lessivage. Pour prévenir le lessivage des espèces actives dans le milieu réactionnel, plusieurs stratégies de synthèse ont été appliquées pour immobiliser les phases actives. Par exemple, les HPA de Keggin ont été immobilisés chimiquement sur le support par des liaisons de types zircone ou des amino-silanes greffés. Les groupements sulfonates et phosphonates immobilisés ont été obtenus par greffage covalent des silanes respectifs sur la surface. Les phosphates de zirconium cristallins ne sont pas solubles dans l'acide oléique donc le lessivage n'est pas une problématique ici. Dans le cas des nanoparticules magnétiques, elles ont d'abord été protégées par une couche de silice et une couche d'aminosilane qui ont amélioré la stabilité chimique des nanoparticules dans le milieu acide.

  étudiés ont été caractérisés par différentes techniques physico-chimiques, y compris FTIR, RMN, XPS, physisorption d'azote, chimisorption d'ammoniac, TGA, ICP-AES, TEM, SEM, XRD et SAXS. Ces méthodes ont permis l'estimation des propriétés chimiques et physiques des catalyseurs et le choix des conditions synthétiques appropriées. xx 3) Evaluation de l'activité catalytique dans l'estérification d'OA avec du TMP Les matériaux étudiés ont été utilisés comme catalyseurs dans l'estérification d'acide oléique avec le triméthylolpropane pour la production de biolubrifiant. La réaction a été effectuée sans solvant supplémentaire, dans un flacon ouvert pour évaporer l'eau conformée et à 120 ° C (sauf indication contraire). Le choix de la température a été basé sur les informations connues de la littérature [9], ainsi que sur le point d'éclair du TMP. Le TMP commencent à s'évaporer à 160 -170 ° C ou moins lorsqu'il est amélioré par une évaporation intensive de l'eau. Ainsi, la température a été choisie suffisamment élevée pour évaporer l'eau, mais en même temps suffisamment faible pour maintenir le TMP dans le flacon de réaction. Cette dernière a été importante pour effectuer la quantification adéquate des composants de la réaction pendant les tests catalytiques. Bien que cette réaction ai permis d'évaluer la performance catalytique générale dans le procédé industriel réel, d'autres réactions, comme la transestérification de méthylstéarate avec le butanol et l'estérification d'acide propionique avec le butanol, fournissent des informations sur la stabilité des catalyseurs et sur la possibilité de les réutiliser dans des conditions plus sévères (plus polaires que le milieu d'acide oléique).

  d'OA avec du TMP doit être effectuée avec le rapport stoechiométrique des réactifs pour éviter une séparation supplémentaire d'OA. Ainsi, la possibilité d'un catalyseur hétérogène pour terminer la triestérification de TMP avec l'OA a été examinée sur la base des études de résine qui est contestée par les besoins industriels (la possibilité d'atteindre > 98% de sélectivité de triester). Ces études ont été partiellement effectuées au partenaire industriel Mosselman s.a. xxii CONCLUSIONS GÉNÉRALES L'objectif principal de cette thèse consiste à développer des catalyseurs hétérogènes actifs, stables et recyclables pour l'estérification de l'acide oléique avec le triméthylolpropane pour produire un biolubrifiant. Cette réaction possède des difficultés techniques et scientifiques, y compris la viscosité élevée du mélange réactionnel et l'encombrement des composants de la réaction qui sont difficiles d'être analysés. De plus, les limitations de transfert de masse et de diffusion ralentit le processus catalytique. C'est probablement pourquoi le nombre de rapports scientifiques consacrés à l'estérification d'OA avec du TMP sont limités. Cependant, cette réaction est très intéressante pour l'industrie et trouver un bon catalyseur hétérogène pour cette réaction permettrait de résoudre certains problèmes économiques et écologiques. Plusieurs supports différents et phases actives et ont été étudiés comme catalyseurs pour l'estérification d'OA avec du TMP. La Silice mésoporeuse et le Si(HIPE) ne sont pas probants comme supports de catalyseur pour la réaction du fait de leur porosité interne inadaptée. En outre, le Si(HIPE) inhibe la réaction en bloquant les réactifs et les produits intermédiaires à l'intérieur de ses pores. Il a également été démontré que, lorsque les petits méso et micropores de Si(HIPE) sont partiellement bloqués par un précurseur de silice, cette inhibition a diminué. Bien au contraire, les nanoparticules magnétiques ont été prometteuses comme support en termes de leur non porosité et de la récupération aisée par aimantation. En outre, lorsque les nanoparticules magnétiques sont recouvertes de silice et de silanes organiques, la stabilité chimique des MNP augmente considérablement (moins de fer se dissout dans des conditions acides) par rapport à celle des particules non recouvertes. Cependant, les tests de lessivage ont montré que les MNP restent infiltrées dans le milieu polaire (l'acide propionique et butanol). Des réaction supplémentaires ont été mises en oeuvre pour les études de stabilité, sans succès quelque soit le revêtement utilisé. xxiii Cependant, il est compliqué de vérifier le lessivage dans le milieu OA et donc de dire si les MNP étaient totalement résistantes au lessivage dans ce cas. En ce qui concerne les phases actives, les HPA de Keggin immobilisées sur de la silice mésoporeuse via une liaison de zircone sont stables dans le milieu OA. Cette méthode d'immobilisation (par formation de liaisons HPA-zircone-silice) semble être prometteuse pour l'obtention de catalyseurs stables dans des milieux non-polaires. Ceci était cependant dans le cas de HPW et HSiW qui forment des liaisons solides avec le zircone contrairement aux HPMo. L'effet des différentes phases actives (HPA, ZRP, greffé SO3H-, PO3H2-) sur la performance catalytique du catalyseur final est assez difficile à estimer car dans le cas de Si(HIPE) poreux, il demeure forte inhibition provoquée par le support. En outre, l'activité des phases pures dans l'estérification d'OA (cas de HPA et ZrP) était assez faible du fait de la faible surface et de la faible accessibilité des centres actifs correspondants. Les résines échangeuses d'ions commerciales sont les plus actives parmi les catalyseurs étudiés. Une étape de pré-gonflement a été nécessaire pour le gel de résine (Dowex 50WX2) et atteindre une activité élevée alors que les résines macroporeuses (Amberlyst 36, Purolite CT482 et Purolite CT275DR) ont gardé la même activité avec ou sans pré-gonflement. La Purolite CT275DR est la résine la plus active, mais son activité est induite par un lessivage partiel de la phase active. Dans l'ensemble, les résines ont été recyclées plusieurs fois avec succès lors de l'estérification d'OA. Même si leur activité a légèrement baissé après la première utilisation, cette dernière est restée stable au cours d'autres réutilisations. Il a également été remarqué que les résines utilisées ne doivent pas être stockées dans le milieu réactionnel pour éviter une diminution d'activité additionnelle se produisant probablement à cause de l'adsorption de l'eau sur les sites actifs. Les résines échangeuses d'ions ont été utilisées pour évaluer leur potentiel dans les applications industrielles réelles, par exemple l'estérification d'OA avec du TMP pour synthétiser le biolubrifiant xxiv (triméthylolpropane trioléate). Dans les conditions utilisées (à la fois à 120 et 180 °C, avec élimination continue d'eau), il a été démontré que les résines échangeuses d'ions (et probablement tout autre catalyseur classique) accélèrent la cinétique de formation de mono-et di-esters, alors que la formation de triester est effective grâce à l'acidité résiduelle de l'acide oléique. Les observations ultérieures ont été expliquées par l'encombrement stérique des di-et triesters volumineux qui a probablement compliqué les phénomènes d'adsorption/désorption. Ainsi, dans les conditions étudiées, il était impossible d'obtenir une haute sélectivité vis-à-vis du triester. Cette dernière met en jeu un catalyseur hétérogène pour la production de biolubrifiant sans séparation additionnelle d'OA non converti ou des monoet diesters à partir du produit final en question. Cependant, la complémentarité entre les procédés hétérogène et homogène dans la triestérification permet d'imaginer la réaction industrielle commençant avec des résines échangeuses d'ions à basse température et de la compléter sans la résine mais à plus haute température pour convertir le diester n'ayant pas réagi au triester.
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 1 Figure 1. Esterification of oleic acid (OA) with trimethylolpropane (TMP) to produce trimethylolpropane trioleate (TMPTO)
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 2 Figure 2. Evolution of the global production of oils and fats 1993-2009 (1000 T) [3]
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 3 Figure 3. Major producers of oils and fats in 2009 (1000 T) [3]
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 4 Figure 4. Building blocks for oleochemical-based natural oils [7]

Figure 5 .

 5 Figure 5. Worldwide consumption of lubricants[7] 

Figure 6 .

 6 Figure 6. Structural formula of a) trimethylolpropane, b) neopentyl glycol, c) pentaerythritol

Figure 8 .

 8 Figure 8. Schematic representation of the esterification reaction between trimethylolpropane (TMP) and a carboxylic acid[9] 

Figure 9 .Figure 10 .

 910 Figure 9. Mechanism of the Fisher esterification (image taken from [2])

Figure 11 .

 11 Figure 11. The Keggin structure of the α-(XM12O40) x-8 anion: terminal (O 1 ), edge-bridging (O 2) and corner-bridging (O 3 ) oxygen atoms[5] 

1

 1 Transesterification of methyl stearate (MS) with n-butanol (BuOH)2.1.1.1 Standard testPreviously pre-dried catalyst (0.1 g) was weighed into the reactor. Then nbutanol (3 ml) and methyl stearate (0.5 g) were added. The start of the reaction was considered after all components were mixed and the reactor placed into an oil bath at 100°C. The reaction was performed under magnetic agitation (400 rpm) in a batch closed reactor connected to a reflux.

Figure 12 .Table 7 .Material Bands, ν cm - 1

 1271 Figure12. FTIR spectra in the range 1200-600 cm -1 of: a) SiO2, b) ZrO2/SiO2, c) PW-ZrO2/SiO2 d) SiW-ZrO2/SiO2, e) PMo-ZrO2/SiO2, f) H3PW12O40, g) H4SiW12O40, h) H3PMo12O40. For shown c)-e) spectra, the spectrum of ZrO2/SiO2 was subtracted.

Figure 13 .

 13 Figure 13. 31 P NMR of PW-ZrO2/SiO2 and PMo-ZrO2/SiO2 compared to the ones of pure HPA

Figure 14 .

 14 Figure 14. Potentiometric titration curves of the studied materials

Figure 15 .

 15 Figure 15. Hypothetical model of the reaction between silica and zirconium butoxide and further HPA interaction with the modified support. The number of Zr atoms per

Figure 17 .

 17 Figure 17. Pore size distribution of the HPA-ZrO2/SiO2 materials

Figure 18 .

 18 Figure 18. XRD patterns for PW-ZrO2/SiO2 (a), SiO2 (b), ZrO2/SiO2 (c), Control sample -SiO2 mixed with 25% w/w H3PW12O40, (d).

Figure 19 .

 19 Figure 19. A)-Transesterification of MS with BuOH: a) Test of SiO2 as catalyst; b) Blank; c) Test with ZrO2/SiO2. B) Kinetic curves of the transesterification of MS catalyzed by: a) PW-ZrO2/SiO2; b) SiW-ZrO2/SiO2; c) PMo-ZrO2/SiO2. C) Leaching tests: reaction is performed with BuOH used for the catalyst treatment. a) Test after SiW-ZrO2/SiO2 treatment; b) Test after PW-ZrO2/SiO2 treatment; c) Test after PMo-ZrO2/SiO2 treatment; d) Blank test. On each graph (e) dot curves show the maximal product yield determined from the catalytic test with homogeneous HPA (see Annex,Figure A1).

  Product concentration (mol/l) Reaction time (min) C)

Figure 20 .

 20 Figure 20. Evolution of mono-, di-and triesters concentration in the esterification of oleic acid with trimethylolpropane. Upper figure: (•)-Test with PW-ZrO2/SiO2; (■) -Test with SiW-ZrO2/SiO2; (▲)-Test with PMo-ZrO2/SiO2. Dash curves show the evolution of the products in the blank test. Lower figure is the same as the upper one but focused in the shorter reaction time.

  benefit of heterogenized heteropolyacids compared to the homogeneous ones lies in the higher dispersion of the active species and in the practical and economic aspects where separation and recyclability of immobilized HPAs become much easier from the liquid medium.Summary and conclusionsIn this study a new method was proposed for chemical immobilization of Keggin HPAs on silica through the link of zirconia. The method yields up to 25% wt. of immobilized HPA and an increased density of acid sites compared with the silica-based initial supports. The reaction between silica and zirconium butoxide likely leads to bipedal zirconium species on the surface and 0.2 molar ratio of HPA/Zr. The catalytic tests demonstrate that the synthesized materials are active for both transesterification and esterification reactions of bulky molecules. On one hand, three catalysts show partly a homogeneous catalytic behavior in the transesterification reaction due to the leaching of active species into the liquid phase. On another hand, in the oleic acid esterification, immobilized H3PW12O40 and H4SiW12O40 exhibit a clear resistance to leaching contrary to PMo-ZrO2/SiO2 that leaches even in non-polar medium. The latter is explained by the difference in the interaction strength between the HPAs and the zirconiamodified silica support. The stronger interaction between the support and H3PW12O40 (or H4SiW12O40) is explained by the lower difference of electronegativity between Zr and W that minimizes polarizability of the bonds Zr-O-W when compared with the Zr-O-Mo ones.

  The presence of Keggin units within the materials was confirmed by FTIR and Raman spectroscopies. Table12 summarizesthe observed FTIR and Raman vibrations for Keggin-based materials. In parentheses some assignments corresponding to the M3O6 ligand vibrations are shown. For all HPA-based samples the characteristic vibrations of Keggin structure M-O-M

Figure 21 .

 21 Figure 21. 31 P MAS NMR of a) pure H3PW12O40, b) PW@ZrO2@SiO2, c)

Figure 22 .

 22 Figure 22. XRD profiles of a) control sample (SiO2 mixed with 25% w/w H3PW12O40; b)Si(HIPE); c) PW@g3ammonium @Si(HIPE); d) PW@ZrO2@Si(HIPE)

Figure 24 .

 24 Figure 24. N2 adsorption/desorption isotherms of Si(HIPE) (a) and PW@g3ammonium@Si(HIPE) (b)

Figure 25 .

 25 Figure 25. SAXS profiles of a) Si(HIPE), b) PW@g3ammonium@Si(HIPE)

Figure 26 .

 26 Figure 26. Evolution of mono-, di-and triesters in the esterification of OA with TMP under a) H2SO4 (1.6 wt.% in reaction medium) and b) H3PW12O40 (0.25 wt.%). 3:1 molar ratio of OA:TMP, 120°C, 400 rpm, open batch reactor.

Figure 27 .

 27 Figure 27. Evolution of mono-, di-and triesters for the HPA/Si(HIPE)-based materials compared to the blank test.Reaction conditions: 3:1 molar ratio of OA:TMP, 1.6 % wt. of catalyst (except the "blank"), 120°C, 400 rpm, open batch reactor. "Blank" test was performed without any catalyst under the same conditions.

Figure 28 .

 28 Figure 28. 29 Si NMR spectra of a) Si(HIPE), b) SO3H@Si(HIPE) and c) PO3H2@Si(HIPE)

Figure 29 .

 29 Figure 29. FTIR-ATR spectra of a) Si(HIPE), b) SO2Cl@Si(HIPE), c) SO3H@Si(HIPE), d) PO(OEt)2@Si(HIPE), e) PO3H2@Si(HIPE). The spectra on the right are focused on the 1600-400 cm -1 region

Figure 30 .

 30 Figure 30. Raman spectra of a) PO(OEt)2@Si(HIPE) and b) PO3H2@SI(HIPE)

Figure 31 .

 31 Figure 31. SEM images of SO3H@Si(HIPE) and PO3H2@Si(HIPE)

Figure 32 .0

 32 Figure 32. Adsorption-desorption isotherms of a) SO3H@Si(HIPE) and b) PO3H2@Si(HIPE) measured by physisorption of N2

Figure 33 .Figure 34 .

 3334 Figure 33. SAXS profile the a) Si(HIPE) and b) PO3H2@Si(HIPE) (for the SO3H@Si(HIPE) the same SAXS result was obtained, data not shown).

Figure 35 .

 35 Figure 35. Schematic views of α-and γ-ZrP showing the different coordinations of the phosphates to Zr [6].

  XRD analysis showed that embedded zirconium phosphates within Si(HIPE)

Figure 36 .

 36 Figure 36. (A) XRD profiles of (a) α-ZrP@Si(HIPE) and (b) freshly synthesized α-ZrP. (B) XRD profiles of (a) γ-ZrP@Si(HIPE) and (b) freshly synthesized γ-ZrP.

Figure 37 .

 37 Figure 37. N2 adsorption/desorption isotherms of α-ZrP@Si(HIPE). The isotherms of γ-ZrP@Si(HIPE) are identical (not shown).

Figure 39 .

 39 Figure 39. SEM micrographs for α-ZrP@Si(HIPE) (a and b) and for γ-ZrP@Si(HIPE) (c and d)

Figure 40 .Figure 41 .

 4041 Figure 40. Evolution of mono-, di-and triesters for the pure phases of α-and γ-ZrP compared to the blank test. Reaction conditions: 3:1 molar ratio of OA:TMP, 1.6 % wt. of catalyst (except the "blank"), 120°C, 400 rpm, open batch reactor. "Blank" test was performed without any catalyst under the same conditions.

Figure 42 .

 42 Figure 42. N2 adsorption/desorption isotherms of a) Si(HIPE) and b) Si(HIPE)-B

Figure 43 .

 43 Figure 43. Evolution of mono-, di-and triesters for the Si(HIPE), Si(HIPE)-B and PW@g3ammonium@Si(HIPE)-B compared to the blank test. The size of the used particles was between 500-800 µm mesh in each case. Reaction conditions: 3:1 molar ratio of OA:TMP, 1.6 % wt. of catalyst (except the "blank"), 120°C, 400 rpm, open batch reactor. "Blank" test was performed without any catalyst under the same conditions.

Figure 44 .

 44 Figure 44. Evolution of butyl propionate in the esterification of propionic acid with nbutanol. a) reaction is run in the presence of Si(HIPE),compared to the blank test; b) performance of PW@ZrO2@Si(HIPE) and PW@g3ammonium@Si(HIPE) is compared to the blank test. Reaction conditions: PA:BuOH (mol) = 1:5, total volume = 21.375 ml, 80°C, reflux, 200 rpm, 0.05 g of catalyst

Figure 45 .

 45 Figure 45. Evolution of butyl propionate in the esterification of propionic acid with n-butanol. a) performance of SO3H@Si(HIPE) and PO3H2@Si(HIPE), compared to the blank test; b) recyclability and leaching tests of SO3H@Si(HIPE) compared to the blank test. For the leaching test the catalyst was removed after two hours from the reaction start. Reaction conditions: PA:BuOH (mol) = 1:5, total volume = 21.375 ml, 80°C, reflux, 200 rpm, 0.05 g of catalyst

Figure 46 .

 46 Figure 46. Evolution of butyl propionate in the esterification of propionic acid with n-butanol over α-and γ-ZrP@Si(HIPE) compared to the blank test. Reaction conditions: PA:BuOH (mol) = 1:5, total volume = 21.375 ml, 80°C, reflux, 200 rpm, 0.05 g of catalyst

Fe3O4

  

  The diffractograms of magnetite (Fe3O4), of Fe3O4 covered with silica (SiO2(-)MNP) and of an example of final catalyst (on the figure: HSO3-NH2(+)/SiO2(-)MNP) are shown on Figure 47. The XRD patterns of all the MNP-materials have crystalline structure as their parential Fe3O4 (the diffractograms of the other samples are similar to those presented).

[ 116 ]

 116 of these samples. The magnetite (JCPDS-ICDD, 19-0629, Ref. Fe3O4 a ) and the maghemite (JCPDS-ICDD, 39-1346, Ref. γ-Fe2O3 b ) corresponding positions are also given for comparison.

Figure 47 .

 47 Figure 47. XRD profiles of a) Fe3O4 (native MNP), b) SiO2(-)MNP, c) HSO3-NH2(+)/SiO2(-)MNP

Table 25 .*

 25 Data for d311 distance and particle size calculation Estimated error for d311 determination is + 0.01 nm.

Figure 48 .

 48 Figure 48. Photo image: SiO2(+)MNP (right) and HSO3-NH2(+)/SiO2(+)MNP (left)

Fe3O4Figure 49 .

 49 Figure 49. a) TEM image of native Fe3O4 (scale bar is 10 nm). Black arrows show separated nanoparticles of magnetite. b) Zoomed image of one nanoparticle demonstrates the d111 plane.

Figure 50 .

 50 Figure 50. TEM images of a) SiO2(-)MNP and SiO2(+)MNP. Black arrows show native nanoparticles (Fe3O4), white arrows -layer of silica; dashed arrow -presence of pores created within the nanoparticles agglomerates. Scale bar is 20 nm.

Figure 51 .

 51 Figure 51. N2 adsorption/desorption isotherms of SiO2(+)MNP. The isotherms of other MNP-materials look similar

Figure 52 .Table 28 .

 5228 Figure 52. FTIR-ATR spectra: a) Fe3O4, b) SiO2(-)MNP, c) NH2(-)/SiO2(-)MNP, d) HSO3-NH2(-)/SiO2(-)MNP.

  The peak N 1s was analyzed for each APTES-containing sample (samples 2-7, 9 and 10). The decomposition of the peak N 1s of the representative sample HSO3-OTES/SiO2(-)/MNP led to use three components (NI, NII, NIII) as shown on Figure 53. The data for each sample are summarized in Table

Figure 53 .

 53 Figure 53. Deconvolution of the peak of N 1s obtained by XPS for HSO3-OTES/SiO2(-)/MNP

Figure 54 .

 54 Figure 54. Amount of dissolved iron at pH=3. a) Fe3O4, b) SiO2(-)MNP, c) NH2(-)/SiO2(-)MNP, d) OTES/SiO2(-)MNP, e) NH2(+)/SiO2(-)/MNP, f) SiO2(+)MNP

Figure 55 shows

 55 Figure55shows the yield of butyl propionate as a function of time in the esterification of PA with BuOH. After 24 hours of reaction the yield for four catalysts (HSO3-NH2(-)/SiO2(-)MNP, HSO3-NH2(+)/SiO2(-)MNP, HSO3-OTES/SiO2(-)MNP and HSO3-NH2(+)/SiO2(+)MNP) reached comparable value (75-83 %). However, the leaching tests showed that after the catalysts were removed from the reaction medium, the yield of BP was continuingly rising. For the last three materials (Figure55 b, c, d) the yield of BP was evolving faster after the catalysts were removed (leaching test) compared to the tests where the catalysts were present continuously (first use). Moreover, when the catalysts were re-used for the second time their activity was decreased drastically. The third reuse of HSO3-NH2(+)/SiO2(+)MNP showed that this catalyst became almost inactive (Figure55 d). The results shown on Figure55mean that all the materials strongly leach into the liquid medium during the catalytic tests. The loss of activity after the first use is also likely due to the leaching. In this case leaching may have several reasons. First, the presence of homogeneous species in the reaction medium could be a consequence of physisorbed chlorosulfonic acid that would detach easily

Figure 56 .

 56 Figure 56. Resonance structure of the terminal SO3H-N function of the surface silane

Figure 57 -

 57 Figure 57-a compares the evolution of the esters considering the esterification of OA with TMP over HSO3-NH2(+)/SiO2(-)MNP and in the blank test (where no catalyst was used). The results demonstrate that HSO3-NH2(+)/SiO2(-)MNP is active in the reaction. Even though the activity is not very high compared to the blank test, this activity remains stable during second and third uses of this catalyst (Figure 57 b). The latter may indicate that in the OA medium HSO3-NH2(+)/SiO2(-)MNP leaches to a very low degree (or does not leach at all).

Figure 59 .

 59 Figure 59. Schematic representation of the micro-and nanoscale morphology of gel

Figure 60 .

 60 Figure 60. SEM micrographs of beads of: a) dry Dwx, b) wet Dwx and c) wet Amb

Figure 61 .

 61 Figure 61. Evolution of mono-, di-and triesters over the studied resins. The curves for the blank test are shown in the Annex (Figure A4) and for the test with H2SO4on Figure 26a. Reaction conditions: 3:1 molar ratio of OA:TMP, 1.6 % wt. of catalyst (except the "blank"), 120°C, 400 rpm, open batch reactor. "Blank" test was performed without any catalyst under the same conditions.

Figure 62 (

 62 Figure 62 (a, b). Kinetic curves of the production of triester under: a) Dwx, b) Amb and c) Pur275 (next page) during their 1st-4th uses compared to the "blank" test. The graphs are focused on the catalytic test during the first few hours of reaction. Before each use the resins were pre-swollen with TMP. Reaction conditions: 3:1 molar ratio of OA:TMP, 1.6% wt. of catalyst, 120°C, 400 rpm, open batch reactor. The full kinetic curves for all the products (mono-, di-and triesters during 24h of the reaction) can be found in Annex

Figure 65 .

 65 Figure 65. Evolution of mono-, di-and triesters concentration in the esterification of oleic acid with trimethylolpropane. Test A (•): presence of Amb continuously; Tests B (□): removal of Amb after 450 minutes from the beginning of the reaction and new insertion of fresh Amb after 1320 minutes. Reaction conditions: 3:1 molar ratio of OA:TMP, 1.6% wt. of catalyst, 120°C, 400 rpm, open batch reactor.

Figure 66 .

 66 Figure 66. Conversion of OA with TMP. Reaction conditions: 3:1 molar ratio of OA:TMP, 1.6 % wt. of catalyst (except "Blank-ind" test), 180°C, 400 rpm, continuous flow of N2 (closed batch reactor connected to distillation apparatus). a) ▲-"Blank-ind"test (no catalyst, same conditions); ○-Reaction started as "Blank-ind" (no catalyst), then after 340 min Pur482 was added; b) ▲-"Blank-ind"; ○-Reaction started as "Blank-ind" (then after 340 min Pur275 was added).

Figure 67 .

 67 Figure 67. Example of switchable solvent system

Figure 68 .

 68 Figure68. Synthesis of thermoregulated ionic liquid for catalytic olefin hydroformylation[8] 

  -6 Pa. The angle between the surface normal and the axis of the analyzer lens was 55°. The analyzed area was approximately 1.4 mm 2 and the pass energy was set at 150 eV. In these conditions, the full width at half maximum (FWHM) of the Au 4f7/2 peak of a clean gold standard sample was about 1.6 eV. A flood gun set at 8 eV and a Ni grid placed 3 mm above the sample surface were used for charge stabilization. The C-(C,H) component of the C1s peak of carbon has been fixed to 284.8 eV to set the binding energy scale. Data treatment was performed with the CasaXPS program (Casa Software Ltd, UK), some spectra were decomposed with the least squares fitting routine provided by the software with a Gaussian/Lorentzian (85/15) product function and after subtraction of Shirley type baseline. Molar fractions were calculated using peak areas normalized on the basis of acquisition parameters and sensitivity factors provided by the manufacturer.

Figure A3 . 1 . 69 Figure A4 .Figure A6 .

 A3169A4A6 Figure A3. Esterification of oleic acid with trimethylolpropane trioleate catalyzed by dissolved HPAs (0.25% wt. in reaction medium). Reaction conditions: 3:1 molar ratio of OA:TMP, 120°C, 400 rpm, open batch reactor. Please consider the Y axis with the mmol/l units (instead of mol/l)

Figure A5 .Figure A7 .

 A5A7 Figure A5. Conversion of OA with TMP catalyzed by Amberlyst 36. Reaction conditions: 3:1 molar ratio of OA:TMP, 1.6 % wt. of catalyst, 120°C, 400 rpm, open batch reactor.
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Table 1 .

 1 Biodegradability 4 of petroleum-based lubricants and lubricants from

	alternative sources [19]	
	Lubricant	Biodegradability, %
	Petroleum-based	20-30
	Lubricants from alternative sources	90-100

Table 2 .

 2 Properties of lubricants as determined by the most common standardized laboratory methods[20] 

	Acidity/alkalinity	Hydrolytic stability
	Ageing	Oil compatibility a
	Aniline	Pour point
	Ash	Refractive index
	Cloud	Structural analysis
	Corrosion	Surface phenomena b
	Density	Viscosity
	Flash point	Water content
	Iodine value	
	Saponification number	

a With seal materials b Air release, water separation and demulsibility,foaming characteristics

Table 3 .

 3 Standard properties of TMPTO for the application as automotive lubricant[21] 

	Parameter	Value
	Kinematic viscosity at 40°C, mm 2 /s	46
	Acid value, mg KOH/g	max. 1
	Saponification value, mg KOH/g	178-187
	Cloud point, °C	PP max -40
	Colour		Gardner max. 5
	Flash point, °C	> 300
	1.5	Catalysis: general remarks

Table 4 .

 4 Correlations between chemical parameters of the final product after the

	synthesis of the lubricant and its behavior [28]	
	Parameter	Negative effect
	Acidity	Corrosion properties, cold
		stability, hydrolytic stability,
		resistance, thermal stability
	Partial esters	Cold stability, thermal stability,
		corrosion	properties,
		demulsivity, hydrolytic stability
	Free polyalcohol	Formation of insolubles
	Free monoalcohol	Flash point
	Catalyst residue	Soaps formation, insoluble,
		hydrolytic stability, thermal
		stability, oxidation stability

Table 5 .

 5 Critical review of available catalysts for the esterification of FFA[START_REF] Gunstone | Oleochemical Manufacture and Applications[END_REF] 

	Catalyst			Advantages		Disadvantages
	Sulfuric acid (homogeneous)		High catalytic activity,	Corrosion, possible
				low price, easy to	reaction	with
				remove		after	double bonds, dark
				neutralization		color	of	final
							product
	p-Toluene	sulfonic	acid	Medium		catalytic	Difficult to remove
	(homogeneous)			activity,	no	side	from	reaction
				reactions with double	mixture,	highly
				bonds,	reasonable	hygroscopic
				price, acceptable color	powder
				of final product	
	Hydrochloric acid (homogeneous)	Very low price, easy to	Only	useful	as
				remove		after	solution of gaseous
				neutralization		HCl in alcohol,
							corrosion problems,
							dangerous storage
							and gas handling

Table 8 .

 8 Elemental analysis (ICP AES data)

	Material	Zr,	P,	W (Mo),	HPA,	HPA/Zr a	HPA,
		mmol	mmol	mmol/g	mmol/g a		wt. % a
		/g	/g				
	SiO2	-	-	-	-	-	-
	ZrO2/SiO2	0.58	-	-	-	-	-
	PW-ZrO2/SiO2	0.54	0.10	1.03	0.09	0.17	25
	SiW-ZrO2/SiO2	0.54	-	0.97	0.08	0.15	23
	PMo-ZrO2/SiO2	0.57	0.10	1.16	0.10	0.18	18

a Calculated from the ICP data

Table 9 .

 9 Textural

	Material	SBET, m 2 /g	ØBJH, Å	Vp(BJH), cm 3 /g
	SiO2	443	50	0.76
	ZrO2/SiO2	332	50	0.60 (0.63)
	PW-ZrO2/SiO2	230	56	0.41 (0.59)
	SiW-ZrO2/SiO2	216	55	0.38 (0.53)
	PMo-ZrO2/SiO2	256	58	0.46 (0.60)

properties of the prepared materials (N2 physisorption data). In the parenthesis Vp was normalized by mass of silica.

Table 10 .

 10 Concentration of tungsten (molybdenum) within the catalysts before and after catalytic tests (ICP AES data).

		W (Mo), mmol/g	
	Material	Before	After	After
		catalytic test	transestrerification	esterification
	PW-ZrO2/SiO2	1.03	0.85	1.03
	SiW-ZrO2/SiO2	0.97	0.87	0.98
	PMo-ZrO2/SiO2	1.16	1.00	0.97

Table 11

 11 summarizes all the catalysts described in this part.

Table 11 .

 11 Summary of the studied HPA/Si(HIPE)-based materials: schematic representation, target and brief synthetic procedure.

	Sample	Schematic representation	Target	Short synthetic procedure
	Si(HIPE)		Macrocellular	Sol-gel + lyotropic phase as a
			porous support	template + direct emulsion
	PW@ZrO2@Si(HIPE)		Chemically	Si(HIPE) + Zr(OC4H9)4 (RT, dry
		2+	immobilized HPA	toluene); + H3PW12O40 in
				acetonitrile (RT, vacuum)

Table 12 .

 12 FTIR and Raman data for HPA-based materials. The interpreted vibrations are in parentheses[55,73] 

Table 14 .

 14 BET surface area of the Si(HIPE)-based materials

	Sample

Table 16 .

 16 Schematic representation, target and brief synthetic procedure of the described in this part of the Chapter 2 materials.

	Sample	Schematic	Target		Short	synthetic
		representation			procedure
	Si(HIPE)		Macrocellular		Sol-gel + lyotropic
			porous support	phase as a template +
					direct emulsion
	SO3H@Si(HIPE)		Chemically		1) Si(HIPE) + 2-(4-
			attached SO3H-	Chlorosulfonyl(phenyl)-
			moieties	for	ethyltrimethoxysilane
			catalytic activity	(in acetone), vac., RT;
					2) hydrolysis of SO2Cl-
					groups in EtOH/H2O
	PO3H2@Si(HIPE)		Chemically		1)	Si(HIPE)	+
			attached PO3H2-	Diethylphosphato-
			moieties	for	ethyltriethoxysilane (in
			catalytic activity	acetone), vac., RT; 2)
					+ 6M HCl (50°C)

Table 17 .

 17 Summary of elemental and TGA analyses for SO3H@Si(HIPE) and

	PO3H2@Si(HIPE) materials			
		Organic	Content of S (P) b
	Sample	mass loss a , wt. %	wt. %	mmol/g
	SO3H@Si(HIPE)	5	<0.05	<0.02
	PO3H2@Si(HIPE)	15	3.99	1.3

a Determined from the TGA analysis; b Measured by elemental analysis

Table 18 .

 18 BET surface area of the Si(HIPE)-based materials measured by N2

	physisorption
	Sample

Table 21 .

 21 Specific surface area and pore volume of the initial support Si(HIPE), of

	the support with "blocked" pores Si(HIPE)-B and of the immobilized H3PW12O40 onto
	Si(HIPE)-B (PW@g3ammonium@Si(HIPE)-B)		
	Sample			SBET, m 2 /g	Pore volume, cm 3 /g
	Si(HIPE)			982	0.41	
	Si(HIPE)-B			762	0.34	
	PW@g3ammonium@Si(HIPE)-B		648	0.28	
	Catalytic	performance	of	Si(HIPE),	Si(HIPE)-B	and

Table 22 .

 22 Data for the calculation of APTES volume needed for one layer

	Parameter	Value	Unit
	Specific surface area of the support a , SBET	104	m²/g
	Thickness of the APTES monolayer [100], z	8×10 -9	m
	Volume of one grafted APTES molecule b , v	1.2631×10 -28	m³
	Avogadro number, NAV	6.022×10 23	mol -1
	Volumetric mass of APTES, ρ	0.946	g/ml
	Molar mass of APTES, Mw	221.37	g/mol
	a Measured by N2 physisorption (see Section 2.6, p. 212)	
	b Taken from the website chemicalize.org (from 03/02/2014)	

Table 24 .

 24 Summary of the XRD peak positions of the materials shown on Figure47and compared to magnetite a and maghemite b

	h,k,l indexes	(220) (311) (400) (422) (511) (440)
	Fe3O4	30.0	35.6	43.1	54.0	57.2	62.8
	SiO2(-)/MNP	30.1	35.7	43.2	53.7	57.3	63.1
	HSO3-NH2(+)/SiO2(-)MNP	30.1	35.4	43.3	53.6	57.1	62.7
	Ref. Fe3O4 a	30.1	35.4	43.1	53.4	56.9	62.5
	Ref. γ-Fe2O3 b	30.3	35.7	43.3	53.8	57.3	63.0
	Ref.=references of minerals for magnetite (JCPDS-ICDD, 19-0629 a ) and for the
	maghemite (JCPDS-ICDD, 39-1346 b )					

Table 26 .

 26 Calculated amounts of Fe3O4 and SiO2 within SiO2(-)MNP and

	SiO2(+)MNP (based on ICP-AES data)

Table 27 .

 27 Specific surface area (SBET), pore volume (Vp), pore diameter (ØBJH) and

	volume of micropores (Vmp) measured by N2 physisorption		
	#	Sample	SBET	Vp	ØBJH	Vmp
			(m²/g)	(cm³/g)	(nm)	(mm 3 /g)
	1)	Fe3O4	108	0,31	10	0
	2)	SiO2(-)/MNP	104	0,38	14	8
	3)	NH2(-)/SiO2(-)/MNP	95	0,29	10	2
	4)	NH2(+)/SiO2(-)/MNP	91	0,30	11	0
	5)	OTES/SiO2(-)/MNP	95	0,29	11	2
	6)	HSO3-NH2(-)/SiO2(-)/MNP	29	0,13	13	4
	7)	HSO3-NH2(+)/SiO2(-)/MNP	43	0,17	13	3
	8)	HSO3-OTES/SiO2(-)/MNP	13	0,05	11	2
	9)	SiO2(+)/MNP a	147	0,29	7	56
	10)	NH2(+)/SiO2(+)/MNP a	260	0,37	6	71
	11)	HSO3-NH2(+)/SiO2(+)/MNP a	203	0,34	7	55

Table 29 .

 29 Calculated ratio between the areas of the two IR bands at 1250-1000 cm-1 

	3)	as previous	1030		1150	1210	2980	3200
	4)	as previous	(800)		1150	1210	2980	3200
			1030					
	5)	as previous	1030		1150	1210	2980	3200
	6)	as previous	(800)	(1000)	1100	1200	2980	3180
			1070					
	7)	as previous	(800)			1200	2980	3180
			1070					
	8)	as previous	(800)			1200	2980	3150

Table 30 .

 30 Total number of acid sites measured by NH3 chemisorption

	Sample	Density of acid sites (mmol/g)
	Fe3O4	0.119
	HSO3-NH2(-)/SiO2(-)MNP	0.206
	HSO3-NH2(+)/SiO2(-)MNP	0.386
	HSO3-OTES/SiO2(-)MNP	0.352
	HSO3-NH2(+)/SiO2(+)MNP	0.570

Table 31 .

 31 Atomic concentration (%) of the elements within MNP-based materials

	measured by XPS				
			Elements (in %)	
	#	Sample				
			Fe	O	N	C	S	Si
	1	SiO2(-)MNP	4.8	40.6 9.8 a 42.0	2.8
	2	NH2(-)/SiO2(-)MNP	9.8	56.6 2.1	23.6	7.9
	3	NH2(+)/SiO2(-)MNP	12.6 62.3 2.7	14.7	7.7
	4	OTES/SiO2(-)MNP	1.7	33.7 8.2	48.1	8.2
	5	HSO3-NH2(-)/SiO2(-)MNP	3.9	52.0 3.5	17.9 16.3 6.3
	6	HSO3-NH2(+)/SiO2(-)MNP	4.7	54.1 2.9	14.4 17.5 6.5
	7	HSO3-OTES/SiO2(-)MNP	2.4	41.0 3.5	43.3 7.8	1.9
	8	SiO2(+)MNP	3.0	51.5 1.7 a 34.4	9.4
	9	NH2(+)/SiO2(+)MNP	4.8	62.4 2.1	13.8	16.9
	10 HSO3-NH2(+)/SiO2(+)MNP	2.5	59.9 2.5	13.1 5.5	16.5

Table 33 .

 33 Atomic

		concentration and chemical shift (binding energy) of N 1s for each
	analyzed sample measured by XPS. NI -non-protonated nitrogen, NII, NIII -
	protonated or attached by hydrogen bond nitrogen, Ntotal -total concentration of
	nitrogen on the surface.					
	#	Sample	NIII		NII		NI	Ratio
			a	b	a	b	a	b	NI/Ntotal
	1	NH2(-)/SiO2(-)MNP	402.0 1.2 -	-	399.2 0.9 44 %
	2	NH2(+)/SiO2(-)MNP	401.6 1.6 -	-	399.4 1.1 41 %
	3	OTES/SiO2(-)MNP	-	-	-	-	398.2 8.2 100 %
	4	HSO3-NH2(-)/SiO2(-)MNP	401.8 2.2 -	-	397.9 1.3 37 %
	5	HSO3-NH2(+)/SiO2(-)MNP	401.9 2.6 -	-	399.8 0.3 11 %

Table 35 .

 35 Initial rates of the PA esterification with BuOH over MNP-catalysts ** * For the first use, the initial rate was normalized by the number of acid sites measured by NH3 chemisorption (shown in the parenthesis; units: M×min -1 × mmol -1 ×g). Δr demonstrates the decrease of the initial reaction rate (in %) during the second use compared to the first one. Reaction conditions: PA:BuOH (mol) = 1:5, total volume -21.375 ml, 80°C, reflux, 200 rpm, 0,05 g of catalyst.

Table 37

 37 shows atomic concentration of N 1s for the samples before and after the catalytic tests. The results demonstrate that the total concentration of nitrogen did not change a lot after catalytic tests. However, the ratio NI/Ntotal increased suggesting that the part of APTES (physisorbed and attached by H-bonds) leached into the reaction medium.

Table 36 .

 36 Atomic concentrations (%) of Fe, N, S and Si obtained by XPS for the materials before the catalytic tests, after the leaching (after being in the reaction medium ~2 hours) and after the second use (after being in the reaction medium for 24 or 48 hours for HSO3-NH2(+)/SiO2(+)MNP).

			Elements (in %)	Ratios
	Sample				
			Fe	N	S	Si	S/N S/Si N/Si
		Before cat. test	3.9 3.5 16.3 6.3 4.6 2.6	0.6
		After			
	HSO3-NH2(-)/SiO2(-)MNP	leaching	3.2 2.9 5.9 5.4 2.0 1.1	0.5
		test			
		After 2 nd use	3.5 12.5 3.9 3.5 0.3 1.1	3.6
		Before cat. test	4.7 2.9 17.5 6.5 6.1 2.7	0.4
		After			
	HSO3-NH2(+)/SiO2(-)MNP	leaching	4.5 2.9 9.0 7.4 3.1 1.2	0.4
		test			
		After 2 nd use	6.4 2.6 10.4 4.5 4.0 2.3	0.6

Table 37 .

 37 Atomic concentrations and chemical shift (binding energy) of N 1s for the samples before the catalytic tests, after the leaching (after being in the reaction medium ~2 hours) and after the second use (after being in the reaction medium for

	24 or 48 hours for HSO3-NH2(+)/SiO2(+)MNP). NI -non-protonated nitrogen, NII, NIII -
	protonated or attached by hydrogen bond nitrogen.			
	Sample		NII or NIII a	b	NI a	b	Ratio NI/Ntotal
		Before cat. test	401.8 2.2	397.9 1.3	37 %
		After				
	HSO3-NH2(-)/SiO2(-)MNP	leaching	401.5 1.3	398.1 1.6	54 %
		test				
		After 2 nd use	-	-	398.0 12.5 100 %
		Before cat. test	401.9 2.6	399.8 0.3	11 %
		After				
	HSO3-NH2(+)/SiO2(-)MNP	leaching	402.0 2.2	399.8 0.7	23 %
		test				
		After 2 nd use	401.6 1.7	398.5 0.9	36 %
	HSO3-NH2(+)/SiO2(+)MNP	Before cat. test	401.7 1.9	399.6 0.5	22 %

Table 38 .

 38 Concentrations of Fe, Si and S after catalytic tests measured by ICP-AES and concentration of Fe measured by UV-Vis. The contact time of the catalysts with

	reaction medium: 1 st use -24 hours; the leaching test ~2 hours); 2 nd use -24 hours
	after the 1 st use; 3 rd use -24 hours after the 1 st and 2 nd uses (for HSO3-
	NH2(+)/SiO2(+)MNP). Relative standard deviation (ICP-OES) for Fe = 5%, for S = 10
	%.				
			Concentration, mg/l
	Sample			ICP-OES	UV-Vis
			Fe	Si	S	Fe
		After 1 st use	2.4	<0.05	10.3	2.3
	HSO3-NH2(-)/SiO2(-)MNP	After leaching test 7.1	<0.05	12.4	3.1
		After 2 nd use	47.6 0.10	11.1	38.0
		After 1 st use	10.0 <0.05	19.2	11.0
	HSO3-NH2(+)/SiO2(-)MNP	After leaching test 6.1	<0.05	12.9	3.6
		After 2 nd use	14.3 0.14	12.3	15.8
		After 1 st use	7.6	<0.05	29.1	7.2
	HSO3-OTES/SiO2(-)MNP	After leaching test 6.3	0.08	22.4	3.6
		After 2 nd use	19.4 <0.05	11.8	20.3
		After 1 st use	5.6	<0.05	9.9	7.3
		After leaching test 4.4	0.36	11.4	1.7
	HSO3-NH2(+)/SiO2(+)MNP				
		After 2 nd use	19.2 0.07	7.7	22.8
		After 3 rd use	8.0	0.19	3.9	9.4

Table 39 .

 39 Properties of the studied resins

	Resin	Type	Max. oper.	Crosslinking,	Sulfo-nation d	Median pore	Ion-exchange	Leaching in DMF c ,
			temp., °C	%		diameter e , nm	capacity b , meq H + /g	mol % of sulfur
	Dwx	Gel	150 [133]	2 [134]	C	-	3.9	2.3
	Amb	Macro-reticular 150 [133]	12 [134]	O	27 [135]	4.4	1.2
	Pur482 Macro-reticular 190 a	>12 a	C	26.8 [136]	3.2	0.5
	Pur275 Macro-reticular 180 a	>12 a	O	40-70 a	4.7	3.3

a Data provided by the commercial supplier; b Calculated from the acid-base titration of dry resins (see materials and methods section); c Relative to the initial amount of S. Calculated from the ICP data (see materials and methods section); d Conventionally sulfonated (C), oversulfonated (O)

[135,[START_REF] Guilera | PhD thesis, Ethyl octyl ether synthesis from 1-octanol and ethanol or diethyl carbonate on acidic ion-exchange resins[END_REF]

; e For dried resins.

Estimated with the help of chemicalize.org from 20.05.13

/g) Pore size (nm) SiW-ZrO 2 /SiO 2 PMo-ZrO 2 /SiO 2 ZrO 2 /SiO 2 SiO 2

/g Desorption

/g Desorption b)

"Blank-ind" stands for the blank test under industrial conditions.

The acidic solutions were prepared using 0.1M HNO3; the basic solutions were prepared with 0.1M KOH in distilled water.

This thesis work was performed in the International Doctoral School in Functional Materials (IDS-FunMat)

This work was performed in the framework of the IDS-FunMat Doctoral School under the co-supervisions of Pr. Eric M. Gaigneaux (

A.

Immobilized Keggin heteropolyacids onto macroporous Si(HIPE) to +1,7 ppm for the final catalyst) could indicate a strong interaction of the HPA with the support.

Elemental and TGA analyses

Elemental (ICP) and TGA analyses were used to determine the concentrations of HPA and grafted organic functions. Table 13 shows the content of organic phase (for HPA@3gammonium@Si(HIPE) catalysts), Zr (for HPA@ZrO2@Si(HIPE)) and the content of HPAs. The results show that for Si(HIPE)-based catalysts, the amount of HPAs is very low (within the range of 1.8 -8.8 wt.%). For the ZrO2@Si(HIPE)-materials (first three samples in Table 13), the concentration of Zr is comparable to the HPA-ZrO2/SiO2 catalysts described in Chapter 1 (see Table 8). The latter implies that the suggested modified protocol for the grafting of Zr-precursor onto the Si(HIPE) is as suitable as it was for mesoporous silica. Nonetheless the concentration of immobilized HPA within Si(HIPE) is much lower when compared to the analogous HPA-ZrO2/SiO2. This shows the low efficiency of the HPA immobilization method in the case of Si(HIPE) materials. In the case of Si(HIPE)-catalysts during the HPA-immobilization, room temperature and vacuum were applied. Contrary, in the case of HPA-ZrO2/SiO2, at the same stage, the mixture was heated and refluxed. Difference in the synthetic conditions could explain the obtained results for the HPA concentration. An additional reason for the low concentration of HPA within Si(HIPE) could be the microporous texture of the Si(HIPE) materials that prohibited HPAs from entering the small pores (page 67).

At this stage it is difficult to specify the reason for the low activity of these materials as their catalytic results do not correlate with the specific surface area or amount of the active phase (Table 13 and Table 14). However, to better understand the obtained results additional studies were performed (discussed in the part D of this chapter).

Table 15. Summary of catalytic activity of the HPA/Si(HIPE)-based catalysts in the esterification of OA with TMP (compared initial activity with the blank test). "N/a"catalyst does not catalytically improve the product formation; "Inh" -catalyst inhibits the product formation; "A"catalyst is active in the product formation. The parenthesis mean very low activity. Reaction conditions: 3:1 molar ratio of OA:TMP, 120°C, 400 rpm, open batch reactor, 1.6 wt.% of catalyst. Blank test: the same conditions but no catalyst was added.

Sample Catalytic improvement

Monoester Diester Triester

PW@ZrO2@Si(HIPE) N/a Inh Inh SiW@ZrO2@Si(HIPE) (A) (A) N/a PMo@ZrO2@Si(HIPE) (A) Inh Inh PW@g3ammonium@Si(HIPE) A N/a N/a SiW@g3ammonium@Si(HIPE) (A) (A) N/a PMo@g3ammonium@Si(HIPE) A N/a Inh

Conclusions

Three Keggin HPAs (H3PW12O40, H4SiW12O40 and H3PMo12O40) were immobilized on the macroporous Si(HIPE) foam. For the immobilization two approaches were applied: a) immobilization through the link of zirconia (grafting through the organic derivative of Zr) and b) through the link of grafted aminosilane. Prepared catalysts were analyzed by FTIR, Raman, solid 31 and even in some cases (PW and PMo@ZrO2@Si(HIPE) and PMo@g3ammonium@Si(HIPE)) they inhibit its production. The reasons for the low activity of HPA/Si(HIPE)-catalysts is discussed in the part D of this chapter.

B. Grafting of macroporous Si(HIPE) with sulfonic and phosphonic functions 1 Introduction

Two more acidic catalysts based on Si(HIPE) and organically grafted sulfonic-/phosphonic organosilanes were investigated in this work. The choice for SO3H-/PO3H2-functionalized Si(HIPE) is based on the expectations that covalently attached active phases would provide stabletowards-leaching heterogeneous catalysts. The applied synthetic method (see below) was the first attempt of the direct salinization by sulfonic-/phosphonic groups on the Si(HIPE).

Experimental

Synthetic procedure

Preparation of SO3H@Si(HIPE): 2 g of Si(HIPE) was dispersed in a 0.5 M solution of 2-(4-Chlorosulfonylphenyl)ethyltrimethoxysilane (CSPS; 19.65 g) in acetone. The mixture was left to react overnight under vacuum at room temperature. After the synthesis, the obtained material (denoted as SO2Cl@Si(HIPE)) was washed with acetone and dried in air. Then 3 g of SO2Cl@ Si(HIPE) was dispersed in 50 ml of EtOH/H2O solution (1 :1, vol.)

and left for 72h to hydrolyze the sulfonyl group (vacuum, RT). During the hydrolysis the EtOH/H2O solution was changed for a fresh one three times.

The final material (SO3H@Si(HIPE)) was filtered and dried in air.

Preparation of PO3H2@Si(HIPE). 4.9 g of Si(HIPE) was dispersed in a 0.7M solution of Diethylphosphatoethyltriethoxysilane (DEPS; 4.93 g) in acetone. The mixture was left to react overnight under vacuum at room temperature. After the synthesis, the obtained material (denoted as PO(OEt)2@Si(HIPE)) was washed with acetone and dried in air. To Immobilization of HPA onto the Si(HIPE)-B: The further steps for grafting with APTES and for HPA immobilizing (H3PW12O40) were performed under identical conditions as described in the session 2.1.3, page 57. The denoted name for the obtained catalyst is PW@g3ammonium@Si(HIPE)-B.

a.2. Results and discussion

Table 21 compares some textural properties of the support Si(HIPE), the support with "blocked" pores Si(HIPE)-B and immobilized HPW onto Si(HIPE)-B. After the pore blockage the SBET and the pore volume decreased by ~20% for Si(HIPE)-B. The latter parameters also decreased after Si(HIPE)-B was grafted with APTES followed by HPW immobilization (Table 21). These results suggest that indeed some porosity of the initial support was blocked by TEOS (during the pore "blocking" procedure) and by APTES or/and HPW. However the materials still remain microporous (the adsorption/desorption isotherms do not have hysteresis and look similar to the ones of Si(HIPE), see Figure 42).

symbol "+" in the denoted name after NH2 is used to specify "poly-layer" of grafted APTES.

Grafting with OTES. To increase the hydrophobicity of the particles, the support functionalized with a monolayer of APTES (NH2(-)/SiO2(-)MNP) was additionally grafted with octyltriethoxysilane (OTES). The same protocol as for the monolayer of APTES was applied (207.1 µl of OTES per gram of NH2(-)/SiO2(-)MNP was used).

Functionalization of the amino-groups with chlorsulfonic acid

To convert amino-groups into sulfamic acid functionalities, 600 mg of aminofunctionalized MNPs were placed into a flask containing 3 ml of CH2Cl2. The mixture was sonicated for 15 minutes. Then 810 µl of chlorosulfonic acid (97%) was slowly added to the solution (with a rate of 27 µl/min). The mixture was vortexed each 5 minutes. After the reaction, the particles were collected with the help of an external magnet and washed 8 times with ethanol. At the end, the particles were dried at 30°C under vacuum (~150 mbar) for 24h [84].

Table 23 summarizes all studied materials in this chapter, their schematic representation, the short description of their synthesis and targets of preparation. The fact that the S/N and S/Si ratios are superior than one (Table 32) likely indicate that some of chlorsulfonic acid is physisorbed on the surface (presuming that 1 mol of the surface aminosilane reacts with one mol of chlorsulfonic acid). 

HSO3-OTES

Catalytic tests

The materials based on MNP were used as catalysts for two reactions: 1) model reaction esterification of propionic acid (PA) with n-butanol (BuOH)

and 2) industrial reaction esterification of oleic acid with trimethylolpropane.

For the first reaction, three different tests were performed: general catalytic activity (standard test), leaching test and recyclability test. For the second reaction, only standard test and the recyclability test were performed.

Additionally, materials were characterized with different physico-chemical techniques after being used in the esterification of PA with BuOH.

Esterification of PA with BuOH

Based on the initial rates (normalized by the number of acid sites) toward the esterification of PA with BuOH over MNP-catalysts (Table 35), it can be concluded that HSO3-NH2(-)/SiO2(-)MNP displays the highest initial activity whereas HSO3-NH2(+)/SiO2(+)MNP -the lowest. However when compared with the residual activity (initial rate of the reaction during the second catalyst use, Table 35) and the degree of the rate drop (Δr), both mentioned The ICP-AES and UV-Vis result (Table 38) showed that the concentration of Fe increased with the increase of contact time between the catalyst and the reaction medium confirming that the dissolution of the support is one of the reasons for the leaching of catalytic species. Contrary, the detected concentration of S in the reaction medium varies to a lower degree with the contact time (an exception is HSO3-OTES/SiO2(-)MNP). The latter may indicate that the surface S-containing species leach more rapidly compared to the Fe-species. When the concentration of surface S-species decreased, the Fe-ones started leaching more actively. The latter is possible in the case when not just physisorbed HSO3Cl went away into reaction medium, but also when HSO3-silane (which initially brought a shielding role for Fe3O4) leached ("degrafting"). This hypothesis is justified by the presence of Si in the reaction medium after the catalytic tests (detected by ICP-AES; Table 38).

However, with the available techniques it is difficult to justify if the "degrafting" happens during or prior the catalytic tests.

the chemisorbed silanes ("degrafting") or just due to the physisorbed ones (or both). The occurrence of the first option would indicate that these kinds of catalysts (grafted-functionalized-MNP) are not suitable for the esterification.

Considering the results of the stability tests (Figure 54), the dissolution of Fe3O4 in the reaction medium could be decreased by choosing the proper parameters for the final materials. The thickness of silica and silane layers could indeed be optimized to reach a proper protection of the support.

However, the control of other parameters (for instance, avoiding the high porosity and forming the aggregates) should be considered as well.

Esterification of OA with TMP

Catalytic measurements of the MNP-based materials toward the esterification of PA with BuOH showed that these materials strongly leach.

However, the leaching could be also a consequence of the low pH and high polarity of the reaction medium. That is why it was also important to check the behavior of these materials in a less polar medium containing weaker acid, precisely for esterification of oleic acid with trimethylolpropane. Indeed, the pKa (in water) of PA and OA are 4.87 and 9.85 respectively [START_REF] Kanicky | [END_REF]; and the dielectric constants are 3.3 for PA [START_REF] Wohlfarth | SpringerMaterials -The Landolt-Börnstein Database[END_REF] and 2.5 for OA [129]. The latter allows expecting that the OA reaction medium would be less aggressive than the PA medium towards the MNP-materials which would lead to a less pronounced leaching.

However, because of very low volatility of the reaction components in esterification of OA with TMP, it is complicated to perform the elemental analysis (ICP) of the medium to detect homogeneous catalytic species. For the same reason, the XPS analysis of the samples after the catalytic test is not feasible (as the catalysts are highly contaminated by non-volatile OA, TMP and the esters). Moreover, because of the consecutive character of the tri-esterification, the leaching test (as it was performed for the esterification of PA with BuOH) is not applicable. Thus, the only standard and recyclability The work from this chapter was published in the Journal of Applied Catalysis A [START_REF] Kuzminska | [END_REF].

While running recyclability tests, we observed some interesting behavior of the recycled resins. Actually when reused quasi-immediately, that is to say after 24 hours after the first use (while removing the hot reaction mixture and adding fresh reactants), the resins show higher activity compared to the recyclability tests performed after few days from the first use (Figure 63).

These results confirm the detrimental effect of water on the activity of ionexchange resins. When the resins are stored in cold reaction mixture (in the closed flask), the residual water, which was formed during the first reaction and which did not evaporate completely, adsorbs more easily on the sulfonic groups of the resins thereby reducing the resin activity. But when the hot reaction mixture is removed immediately after the first reaction, less water molecules are available to "block" the sulfonic groups and more active sites are preserved for the next use. That is the reason of the enhanced activity of difference of behavior is referred to the different crosslinking degree that dictates the ability of the resins to swell or not with a resulting impact on the accessibility of the active site (swollen resins) or not (not swollen). The recyclability tests showed that the resins partly lose their activity after the first use but remain active during further uses which makes them promising in the industrial applications. Reuse is however more efficient provided that the reaction medium is removed immediately after the first use to avoid a strong poisoning of active sites by water.

Used resins seem to be promising in the esterification of OA with TMP. They are active, easy to operate and recyclable. However, their catalytic performance should be investigated in real industrial conditions. The latter would be possible if nearly 100% of oleic acid is reached (with >98% selectivity towards the triester). The next sub-chapter describes the possibility of the studied resins to complete the esterification for industrial applications.

B. Commercial ion-exchange resins: towards industrial applications in the esterification of OA with TMP

The work from this chapter was published in Catalysis Communications [138].

the industrial applications. That is why in this part of the chapter we performed the tests for resins without pre-swelling (see p. 175). Thus, all catalytic tests described here were performed for Amberlyst 36, Purolite CT482 and Purolite CT275DR.

Results and discussions

Catalytic results for the Amberlyst 36 without pre-swelling step showed that this resin accelerates the production of esters compared to the blank test (Chapter 4A, Figure 61b and Annex-Figure A4). For the convenience, the evolution of esters with Amb (without pre-swelling) and without any catalyst (blank test) are shown on one graph (Figure 64). The maximal reached level of the triester over H2SO4 working as homogeneous catalyst under the same conditions is shown with the arrow (Figure 64). In the laboratory conditions, if compared to the homogeneous test with H2SO4, the concentration of the triester after 1500 min is 8 times lower when catalyzed by Amb (evolution of the esters with time with H2SO4 are shown in Figure 26a). Heterogeneous catalyst in this case becomes inefficient due to the difficulties in adsorption/desorption and diffusion processes of bulky components (di-and triesters) on its surface and/or in its structure.

Summary and conclusions

Amberlyst 36, Purolite CT482 and Purolite CT275DR were studied in the industrial process for the tri-esterification of oleic acid with trimethylolpropane. This study showed that Amb, Pur482 and Pur275 catalyze only the conversion of OA to monoester and of monoester to diester and do not catalyze the conversion of diester to triester. The reason for the latter is the steric hindrance of the di-and tri-esters that complicates their adsorption/desorption and diffusion on the catalyst surface and in its structure. On the one hand, these penalties make impossible to complete the esterification of OA with TMP over heterogeneous catalyst. On the other hand it was shown that the final diester to triester conversion is induced exclusively through homogeneous catalysis. This complementarity between homogeneous and heterogeneous catalysis is of primary importance as it contributes first toward the understanding of complex sequential catalytic reactions. Secondly, it provides key information for the design of advanced heterogeneous catalysts capable, for instance, of bearing endeavor for partial solubilization/reprecipitation where homogeneous catalysis would proceed.

PERSPECTIVES

From the studies outlined in this thesis it can be concluded that for complex processes such as the esterification of OA, the texture of the heterogeneous catalyst should be considered very carefully. To avoid the diffusion limitations, it is crucial for a catalyst to be either non-porous or to have only big mesopores (≥ 20 nm and no smaller pores). Thus, a support possessing suitable texture would be an asset.

Based on the results obtained for non-porous magnetic nanoparticles (MNP), these seem to be promising but their synthesis should be optimized:

the thickness of the protecting silica layer should be optimized as well as of the grafted silane (which should be chemically attached to the MNP and not physisorbed). The silica coating procedure should be strictly controlled in order to avoid formation of the pores around MNP. Moreover, the immobilization method for the chlorosulfonic acid should be improved in order to obtain chemically attached HSO3-groups. As an alternative, another organosilane can be chosen, e.g. mercaptopropyl silane that can be further oxidized toward the surface SO3H-. However, grafting of this silane requires more strict conditions than in the case of APTES that may complicate the grafting procedure even more.

The most important results obtained in this work demonstrate that conventional heterogeneous catalyst does not convert diester to triester as these components are too bulky. These results bring strategic information for the design of another type of catalysts for this complicated process. For example, the design of thermally reversible catalysts seems to be very promising (the catalyst behaves as homogeneous at high temperature and is insoluble at room temperature). The later approach could be probably possible by using ionic liquids (ILs) as co-solvents or even as catalysts.

Especially because the latest developments in this field showed increasing amount of the different IL types and by varying different ligands, desired deconvoluted using the DMFIT program. 29 Si sites are labeled with the conventional Tn and Qn notation. T refers to functional (R)SiO3-units and Q to SiO4-units, and n is the number of bridging oxygen atoms surrounding the silicon. For the 31 P NMR measurements, the chemical shift was referenced with respect to external 85% H3PO4.

X-Ray diffraction (XRD)

XRD was used to check the crystallinity and dispersion of the active phase in the synthesized catalysts. Measurements were performed with a Siemens D5000 diffractometer equipped with a 1.6 kW source and using the Kα radiation of Cu (λ = 1.54 Å). The 2θ range was scanned between 5° and 75° at a rate of 0.02°/s.

The particle size can be calculated from the Scherrer equation (3):

Where K is the Scherrer constant and equal 0.9, λ is the wave length of the X-Ray beam, B is the peak full width at half maximum, and ϴ is the angle of Bragg radiation.

N2 physisorption

Specific surface area and pore size were obtained through nitrogen adsorption-desorption experiments in the Micromeritics Tristar 3000 or Micromeritics ASAP 2000. Before analysis, the samples were degassed overnight under vacuum (0.67 Pa) at 150 °C. The measurements were performed at -196 °C and with relative pressures in the range of 0.01-1.00 (P/P0). The specific surface area was calculated from the adsorption isotherm in the P/P0 range of 0.05-0.30 using BET method, and denoted afterwards SBET. The pore size distribution, mean pore diameter and pore volume were calculated by the BJH method (Barrett, Joyner and Halenda) using the desorption data.

Scanning electron microscopy (SEM)

SEM observations were performed with 1) Hitachi TM-1000 scanning

electron microscope operating at 15kV with a current at 10 µA and/or with 2)

Jeol 6700F scanning electron microscope with a field emission gun were also used. The microscope was operating at 5 kV and a 10µA current. The metallization of the samples was done by plasma sputtering of Au/Pd target.

Transmission electron microscopy (TEM)

The samples were first dispersed in ethanol by sonication. Approximately 1 mg of particles was diluted into 1 mL of ethanol. Then a drop of this suspension was deposited onto a copper grid coated with a carbon film.

Once the ethanol evaporated, the grid was analyzed by TEM. For the imaging, Field Emission Electron Microscope JEOL JEM 2200 FS (UB1, Bordeaux) was used operating at 200 kV equipped with an ORIUS GATAN (11MPX) camera.

Small angle X-ray scattering (SAXS)

SAXS technique was used in order to measure average size of mesopores (wall-to-wall distance). The experiment was carried out with 18 kW rotating anode X-ray source (Rigaku-200) with use of Ge ( 111) crystal as monochromator. The scattered radiation was collected on a two-dimensional detector (Imaging Plate system from Mar Research, Hamburg) with the sample-detector distance 500mm.

Ultraviolet-visible spectrophotometry (UV-Vis) or pH stability tests

The UV-Vis spectrophotometry was used to determine iron in the solutions after the pH stability tests of the magnetic nanoparticles-based catalysts.

The pH stability tests were performed to evaluate the effect of coating with silica and the effect of various grafting on the stability of magnetite. It was also used to measure iron in the reaction medium after the catalytic tests.

The pH stability test. 50 mg of particles were placed in a 100 ml flask containing 23.25 ml of acidic (or basic) solution at certain pH 10 . The mixture was refluxed for three hours at 80°C under mechanic agitation with a propeller (160 rpm). Then the suspension was cooled for 5 minutes under running water and the particles were separated by use of external magnet.

The solution was analyzed by UV-Vis to determine dissolved iron. Amount of iron in the reaction mixture after catalytic test by UV-Vis. For each stability test, 3 drops of reagent (Spectroquant ® , Merck Millipore, for the detetection of iron) was added to 5 mL of tested solution. After 3 min, the solution was transferred to a cuvette which was placed afterward to the UV-Vis spectrophotometer (Thermo Scientific, Genesys screw 10S). Each measurement was made three times. The calculation of dissolved iron was performed on the basis of the calibration curve which was obtained from the standard aqueous solutions of FeCl3.6H2O. To calculate iron in the reaction mixture which contained around 80% of butanol, the calibration curve was obtained in the butanol solutions of FeCl3.6H2O. 
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