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Introduction

Chemical innovation is highly expected to reach the goals of sustainable development in the chemistry domain, not only to preserve resources, but also to improve processes in the chemical industry. Innovation may involve process intensification which is an important way to achieve safer, smaller and cleaner plants, mostly through novel design of equipment. In parallel to these efforts concerning reactor efficiency -micro and mini-reactors are on continuous improvement -another innovation way is to play on chemicals, using less hazardous or more renewable reagents and solvents, and overall, achieving less dissemination of chemicals in atmosphere and in liquid effluents or solid disposals.

Solvent loss in atmosphere is one of the most important environmental issues of chemical industry. Among the new classes of chemical solvents, ionic liquids are certainly the most attractive, leading to a tremendously growing number of scientific papers from 15 years.

The main advantage of these ionic liquids is their extremely low vapour pressure resulting in absolutely negligible loss in atmosphere. In addition the flexibility of changing either their cationic or ionic part opens a very wide spectrum of physicochemical properties and especially solvent adequateness for a given reaction medium.

Among the many potential applications of ionic liquids as new solvents, the reaction engineering group of LGC (Laboratoire de Génie Chimique de Toulouse) has special interest in multiphase homogeneous catalysis and more precisely in hydroformylation.

The successful hydroformylation of propylene by rhodium catalyst in aqueous phase, using TPPTS as a water soluble ligand, usually referred as aqueous phase catalysis, APC, cannot be extended to higher olefins due to their very limited solubility in aqueous phase.

Several attempts have to be noticed: use of co-solvents to increase olefin concentration in the aqueous catalytic phase without loosing catalyst in the organic phase, use of binding ligands to fix the catalyst at the aqueous -organic interface, use of hydrophilic porous solid to support a thin film of aqueous catalytic phase (Supported Aqueous Phase Catalysis, SAPC). Most of these research efforts have been achieved through long term collaboration with the homogeneous catalysis division of NCL Pune (India). It was then decided to jointly explore the possible use of ionic liquids as solvents for biphasic hydroformylation reaction through a joint IFCPAR (Indo-French Centre for the Promotion of Advanced Research) project.

The Homogeneous catalysis division of NCL has developed expertise on synthesis of novel metal complex catalysts and ligands, high pressure catalyst testing, kinetic modelling, isolation and characterisation of catalytic intermediates, biphasic catalysis.

Its contribution has then mainly focused on:

-Synthesis of various Ionic Liquids ( [Bmim][BF 4 ], [BuPy][BF 4 ], [BuPy][Lactate] and [Bmim][Lactate]) using new a procedure for halide free ILs based on ion exchange resins.

-Synthesis of different ligands (TPPTS, sulfoxantphos).

-Investigation of role of IL in oxo synthesis: screening of catalyst complex and IL. Role of ionic liquids as co-solvents in aqueous biphasic hydroformylation.

-Development of biphasic IL and supported IL catalysis -organic media for hydroformylation (of octene/decene).

-Kinetics of hydroformylation of 1-octene in NAIL solvent (using Rh/sulfoxantphos complex dissolved in [BuPy][BF 4 ]). Catalyst recycle studies.

Comparison of the different catalytic systems.
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Chapter 1

Introduction

Solvents have become an integral part of our daily life. A large number of manufacturing and processing industries -viz pulp and paper, chemical, mining, food, automotive -make use of highly volatile organic solvents. In addition to chemical reactions they are indeed employed in a variety of unit operations including extraction, recrystallisation and dissolution of solids to recover the desired product or remove impurities.

The role of organic solvents in chemical industries is mainly to homogenize the reacting mixture, to speed up the reaction through improved mixing and to reduce the effect of reaction exothermicity. Mostly used solvents have significant vapour pressure at room temperature which is released to atmosphere. Therefore they contribute strongly to the waste stream as a major source of VOC (volatile organic compounds) emission in the chemical industry and related economic sectors. Despite abundant safety precautions, they inevitably contaminate our air, land, and water because they are difficult to recycle and/or to contain. The main environmental issue concerning VOC is their ability to form low-level ozone and smog through free radical air oxidation processes. Moreover they can directly provoke adverse health effects. Thus the search for alternative solutions continues to be a major challenge of green chemistry.

Researchers are therefore focusing on reducing solvent use through the development of solvent-free processes and more efficient recycling protocols. However, these approaches have limitations, necessitating a pollution prevention approach and the search for environmentally benign solvent alternatives. As for the implementation of solvent alternatives, industry will increasingly choose solvents on the basis of environmental demands in the future. However, the full potential of alternative solvents will only be reached if researchers exploit the advantageous properties of such alternatives beyond their intrinsic environmental concerns.

Since last decade, ionic liquids have received worldwide academic and industrial attention as substitutes for organic solvents in catalysis. Beyond their very low vapour pressure, attractive features of ionic liquids for catalysis include: their versatility, their capacity to dissolve a wide range of inorganic and some organic materials, their ability to act both as catalyst and solvent, their tendency to suppress conventional solvation and solvolysis phenomena, resulting in increased reaction rates and better selectivity (reduction of side reactions). Their potential to reduce pollution in industrial processes has led to investigation of ionic liquids as alternative reaction media for a variety of applications that conventionally use organic solvents.

More particularly in the domain of catalysis, the quest for cleaner solutions to carry out reactions remains a real preoccupation of scientists and engineers. Using ionic liquids as a substitute for conventional solvents for catalytic processes opens up a new way for green catalysis. Among homogeneous catalytic reactions, hydroformylation is extensively studied one as being one of the most industrially relevant processes employing a homogeneous catalyst. Since the pioneering work of Chauvin et al. (1995), many research papers have thus focused on the use of ionic liquids in hydroformylation.

- 6 -In this chapter, an overview of homogeneous catalysis will be first presented. The first paragraph will focus on catalytic hydroformylation reaction that has been especially studied as a model reaction to explore catalyst heterogenization concepts. Novel developments on this particular reaction will be presented and discussed.

Finally a detailed literature survey on hydroformylation using ionic liquids as catalyst solvent will be given.

Catalysis

Catalysts are the workhorses of chemical transformations in the industry. Roughly 85-90% of the products of chemical industry are made in catalytic processes [START_REF] Chorkendorff | Concept of Modern Catalysis and Kinetics[END_REF]. Catalysts are indispensable in:

• Production of transportation fuels in oil refineries all over the world.

• Production of bulk and fine chemicals.

• Many types of environmental remediation, from vehicle emissions control systems to industrial effluent and municipal waste treatment.

The term 'Catalysis' was coined by Berzelius in 1836, when he had noticed that there are substances which increase the rate of a reaction, without themselves being consumed.

He believed that the function of such a substance was to loosen the bonds which hold the atoms in the reacting molecules together. Thus he coined the term catalysis (Greek kata = wholly and lein = to loosen). Many years later in 1895, Nobel Laureate Friedrich Wilhelm Ostwald came up with the definition: A catalyst is a substance that changes the rate of a chemical reaction without changing the equilibrium of the reaction. A catalyst offers an energetically favourable alternative mechanism to the non-catalytic reaction, thus enabling processes to be carried out under industrially feasible conditions of pressure and temperature.

Research into catalysis is a major field in applied science and involves many areas of chemistry, notably in the discipline of organometallic chemistry, surface science, solidstate chemistry, biochemistry, chemical reaction engineering and materials science.

Catalysis is relevant to many aspects of environmental science, e.g. the catalytic converter in automobiles and the dynamics of the ozone hole. Catalytic reactions are preferred in environmentally friendly green chemistry due to the reduced amount of waste generated, as opposed to stoichiometric non-catalytic reactions in which more side products are formed. Also the production of most industrially important chemicals involves catalysis [START_REF] Parshall | Homogeneous Catalysis[END_REF]. Catalysis is broadly classified into three categories depending on the number of phases involved and the physical nature of the catalyst employed [START_REF] Parshall | Homogeneous Catalysis[END_REF][START_REF] Masters | Homogeneous Transition-Metal Catalysis[END_REF]:

1. Homogeneous catalysis, for which the reactants, products and catalyst are present in the same phase. More precisely, it includes catalysts that

• are molecularly dispersed " in the same phase" or between two suitable phases,

• are unequivocally characterized chemically and spectroscopically and can be synthesized and manufactured in a simple and reproducible manner, • can be tailor-made for special purposes according to known and acknowledged principles and based upon rational design, and • permit unequivocal reaction kinetics related to each reactant catalyst molecule, in general each metal ion [Cornils and Herrmann, 2005(a)].

2. Heterogeneous catalysis that involves the use of a catalyst in a different phase from the reactants. Typical examples involve a solid catalyst, e.g. transition metal grafted on an inert solid, with the reactants as either liquids or gases.

3. Biocatalysis or enzymatic catalysis, which can be distinguished from previous ones by the use of "natural" catalysts, such as protein enzymes. It mainly involves biological and related reactions. The catalyst and the reagents are in a homogeneous phase, but the mechanism of enzymatic catalysis is similar to that of heterogeneous catalysis. [Cornils and Herrmann, 2005(a)].

Homogeneous catalysis using transition metal complexes is an area of research that has grown enormously in recent years. Many amazing discoveries have been reported by researchers both in industry and in academia [Wasserscheid, 2008(a)]. Reactions that were thought to be well understood and optimized have now been revolutionized with completely new catalysts and unprecedented product selectivities. The progress of homogeneous catalysis is also significant in the area of fine chemicals. A list of important industrial applications of homogeneous catalysis is given below in Table 1.2.

The main aim of the thesis is to investigate engineering aspects of hydroformylation reaction in detail. Hence the next paragraph will exclusively deal with this reaction.

Hydroformylation reaction and industrial applications

The hydroformylation reaction (or oxo synthesis) is a reaction where aldehydes are formed out of olefins, carbon monoxide and hydrogen. The reaction is exclusively catalyzed by a homogenous catalyst, usually a rhodium or cobalt based complex. An overview of the reaction is given in Scheme 1.1.

Scheme 1.1 Hydroformylation reaction.

The hydroformylation reaction was discovered in 1938 by Otto Roelen in the Ruhrchemie laboratories at Oberhausen (Germany) [START_REF] Roelen | Chemische Verwertungsgesellschaft mbH Oberhausen[END_REF][START_REF] Roelen | Chemische Verwertungsgesellschaft mbH Oberhausen[END_REF]. Since that day, hydroformylation has become a widely studied and interesting reaction for both academic and industrial researchers. The interest of such a reaction resides in the formation from an olefin of a new carbon-carbon bond with the introduction of a carbonyl function, which can be easily hydrogenated to alcohol or oxidized to carboxylic acid. Esterification of the alcohols with phthalic anhydride produces dialkyl phthalate plasticizers that are primarily used for polyvinyl chloride plastics -the largest single end use. Detergents and surfactants make up the next largest category, followed by solvents, lubricants and chemical intermediates.

The most important industrial application of hydroformylation is the manufacture of n-butyraldehyde from propylene and syngas. The major uses of butyraldehyde are in the production of 2-ethylhexanol and butanols, by a sequence involving an aldol condensation reaction followed by hydrogenation of the aldol product.

The world production levels of 2-ethylhexanol and normal and iso-butanols combined are presently about 2.5 million and 4.5 million tons per year respectively [Tudor and Ashley, 2007]. [Cornils and Herrmann, 2004].

Based on the continuous research and development on this reaction and its application to various industries, different hydroformylation processes have been developed, that can be divided into three main generations [START_REF] Frohning | Applied Homogeneous Catalysis with Organometallic Compounds[END_REF]. The first generation processes were phosphine-free and were mainly based on cobalt catalysts, as initially rhodium catalyzed reaction seemed too slow. With the application and development of phosphine based ligands, rhodium catalysts could be efficiently used in small concentrations and mild conditions. The thermal stability of the catalyst was also increased and the recycling could be performed by distillation with moderate rhodium losses. This led in the mid-seventies to the second generation of processes which started to replace the cobalt systems for propene and butene hydroformylation. The last breakthrough occurred with the development of two-phase aqueous systems -with water soluble rhodium complex in a separated phase from reactant and product -which makes easier (and less costly) catalyst separation. However, the process is limited to the shorter chain alkenes that have some appreciable water solubility. Alkenes higher than 1-pentene are not soluble enough in water.

Some of the important industrial processes using the above mentioned technologies are being discussed below.

Cobalt-based catalyst

The discovery of hydroformylation of alkenes by Roelen occurred in fact accidentally, while he was studying the Fischer-Tropsch reaction with a heterogeneous cobalt catalyst in the late thirties. That's why cobalt processes were first developed. They are still mostly used in the production of medium to long chain olefins, whereas rhodium catalysts only dominate the hydroformylation of propene [Beller et al., 1995].

The classical oxo process using cobalt catalyst in solution operates at very high pressure (200 to 450 bar) and at a temperature from 140 to 180°C. The active catalyst is in the form of hydridotetracarbonyl cobalt HCo(CO) 4 . High pressure of CO is required to ensure catalyst stability during hydroformylation. Typically the catalyst has to be decomposed before the reaction product can be recovered; therefore the process involves cumbersome and costly catalyst recycle.

Most of industrial cobalt based processes are pretty similar, the main difference between them concerns the separation of products and catalyst.

Exxon process

The Exxon process (previously called Kuhlmann process) is designed to convert higher alkenes. The HCo(CO) 4 catalyst reacts with syngas in the reactor under normal hydroformylation conditions. The recycling of the catalyst involves two main steps: the recovery of sodium tetracarbonylcobaltate and its regenerative conversion into cobalt tetracarbonyl hydride. After the reactor, the product mixture is treated with aqueous alkali to convert HCo(CO) 4 to water-soluble NaCo(CO) 4 , which is extracted as aqueous solution from the organic product phase. Then the catalyst is regenerated by addition of H 2 SO 4 . The elegance of this process is that the cobalt catalyst is not decomposed by oxidation but it is left in the system as tetracarbonylcobaltate [START_REF] Van Leeuwen | Homogeneous Catalysis: Understanding the Art[END_REF]. In propylene hydroformylation, the process results in about 80 wt% of butyraldehydes, with ratio of linear/branched product (n/i ratio) from 3 to 4 [START_REF] Weissermel | Industrial Organic Chemistry[END_REF].

Shell process

In the Shell process higher olefins are converted using a phosphine modified cobalt catalyst, which provides catalyst complex with higher stability and thus the process can be operated at lower pressure (25-100 bar). In this process the product mixture is distilled, the organic products leave the distillation column at the top and the catalyst is recovered at the bottom. Before re-entering the reactor the catalyst recycle is upgraded with catalyst and phosphine ligand. The drawback is that the process requires a larger reactor volume as the activity of the ligand modified catalyst is low (5 times lower than HCo(CO) 4 ) [ [START_REF] Van Leeuwen | Homogeneous Catalysis: Understanding the Art[END_REF]]. Although higher n/i ratios are obtained (equal to about 9), the selectivity to aldehydes is lower as hydrogenation side and secondary reactions occur to a greater extent giving both alkanes and alcohols [START_REF] Weissermel | Industrial Organic Chemistry[END_REF].

BASF process

The BASF hydroformylation process of propene or higher olefins occurs under high pressure. The catalyst is in the form of HCo(CO) 4 . This catalyst is separated from the liquid product by addition of oxygen and formic or acetic acid, leading to an aqueous solution which contains the cobalt mainly as formate or acetate. The organic products are withdrawn in a phase separator and the cobalt solution is concentrated afterwards and sent to the carbonyl generator. The cobalt losses are compensated. The best selectivity to linear aldehydes is claimed for low temperatures [START_REF] Frohning | Applied Homogeneous Catalysis with Organometallic Compounds[END_REF].

Rhodium-based processes

By the year 1970, the second generation processes using rhodium as the metal catalyst began to replace to some extent the high pressure Co-catalyzed hydroformylation processes. The 'Low Pressure Oxo' process (LP Oxo process) was developed and then licensed to the oxo industry in 1971 through a tri party collaboration [Tudor and Ashley, 2007]. The principal collaborators were:

• Johnson Matthey & Co. Ltd. (now Johnson Matthey PLC),

• The Power-Gas corporation Ltd. (a former name of Davy Process Technology Ltd., now a subsidiary of Johnson Matthey PLC) and,

• Union Carbide Corporation (now a subsidiary of The Dow Chemical Company).

The LP Oxo process has dominated the hydroformylation of propene since 1970 as it offers mild reaction conditions, high efficiency with much economic advantages over the established cobalt-catalyzed processes [Beller et al., 1995]. Rhodium catalysts are more expensive than cobalt catalysts but have higher activity towards linear olefins and so the LPO process was promoted by several companies (Celanese, BASF, Union Carbide, and Mitsubishi). Today about two-thirds of the world's butyraldehyde is now produced in LP Oxo plants. Separation of butyraldehyde from the reaction mixture was again the key challenge for the design and process engineers. Initially the introduction of gas recycle technology enabled a simple process scheme with overall good catalytic activity: the reaction products were stripped from the catalyst solution by the gas flow, and then condensed to separate them from the gas/vapour effluent before recycling to the reactor. Later on the concept of liquid recycle principle, where the reaction products were separated from catalyst solution outside the oxo reactor using a sequence of vapour flashing and vaporisation using a suitable external heat source, provided the plant operators to optimize reaction conditions and production capacity with more flexibility.

However with long chain olefins, solutions are still to be found. For aldehydes beyond C 7 /C 8 , the separation by distillation becomes commercially unattractive due to their high boiling point and the thermal strain results in the degradation and loss of catalyst. A far more elegant solution is the two-phase system, such as the aqueous biphasic process, where the catalyst and products are in two different immiscible phases. The main advantage of this process is that the products and catalyst can be separated easily due to the immiscibility of aqueous and organic phases. However the limited solubility of higher alkenes in aqueous solution limits again its application to short-chain reactant.

The most important industrial processes using rhodium as a metal catalyst are discussed below.

UCC process

The Union Carbide Corporation (UCC) commercially applies the LPO (Low Pressure Oxo) process for the hydroformylation of propene in a liquid-recycle process. The reaction takes place in a stainless steel reactor where the gas and propene are introduced via a feed line and a gas-recycle. The catalyst is dissolved in high-boiling aldehyde condensation products. The liquid product stream out of the reactor consists of dissolved gas, aldehydes, rhodium-phosphine catalyst complex, free phosphine ligand and the higherboiling aldehyde condensation products. In order to split all this complex mixture the product stream enters a separator and a flash evaporator, where the major part of inerts and unconverted reactants is separated overhead. The flashed-off gases are compressed and returned to the reactor, whereas the liquid stream is heated and is fed to two distillation columns in series. The vaporous aldehydes are later condensed and sent to the upgrading section.

At the bottom the catalyst solution is separated and recycled in the reactor. The whole UCC process is well described by Beller et al. (1995). The processes operated by

Celanese and Mitsubishi for butyraldehyde production resemble to the LPO process introduced by UCC.

Ruhrchemie/Rhône-Poulenc process

Following the laboratory results on several biphasic catalytic reactions (hydroformylation, hydrocyanation and diene conversion) based on the idea of E. Kuntz [START_REF] Kuntz | Rhône-Poulenc Chimie[END_REF]1987] and patented by Rhône-Poulenc, a 100 000 tons/year capacity butyraldehyde plant (now increased to 300 000 tons/year capacity) was build in Oberhausen in 1984 based on this technology.

It was the joint work of the Ruhrchemie AG (now part of Celanese AG) and Rhône-Poulenc which gave the name Ruhrchemie/Rhône-Poulenc (RCH/RP) process, an aqueous biphasic hydroformylation process. The RCH/RP unit is essentially a continuous stirred tank reactor, surmounted by a phase separator and followed by a stripping column.

Propylene with syngas is fed into the reactor containing the aqueous catalyst solution (rhodium/tri-sulfonated triphenylphosphine). After the reaction the crude aldehyde product passes into a decanter, where it is degassed and separated into the aqueous catalyst solution and the organic aldehyde phase. The heat of the aqueous phase is then used to produce steam in a heat exchanger. After separation the organic phase is passed through a stripping column, where the unreacted olefin is separated and sent back to the reactor. The product mixture is then distilled into n-and iso-butyraldehyde (linear/branched). While the n/i ratio was about 8 for the UCC, it is equal to almost 19 for the RCH/RP process [Blaser et al., 2000].

The produced steam from the reactor is used in the reboiler of the distillation unit, which is a big advantage. However the system is limited by the solubility of organic substrates in aqueous phase. Long chain alkenes (higher than butene) cannot be hydroformylated economically by the RCH/RP process because of their low solubility in water [Horvath et al., 1989].

Novel developments and research areas in hydroformylation

In this section some of the new scientific researches on catalytic hydroformylation reactions are described which might be of importance for future applications.

Currently researchers are trying to find novel techniques which lead to more sustainable processes with pollution prevention, waste minimization and cleaner production.

Although cleaner technology varies among different industries, replacement of organic solvents by alternative reaction media is one among the most focused problems for the industry. The research areas in hydroformylation reaction are mainly concerned with:

a. Realization of new biphasic systems applicable for higher olefins.

b. Good product selectivity.

c. Easy product / catalyst separation.

d. Stability of catalyst.

Researchers are working on the development of different reaction media, preferably non organic solvents, e.g. supercritical CO 2, fluorous solvents, non aqueous ionic liquids, in order to improve reaction rates and selectivity for the hydroformylation of higher olefins.

As it has been underlined in the previous sections, the key point concerns the recovery of the catalyst. The rhodium and cobalt catalysts are very expensive, so it is very important to retain the catalyst for long periods of use. The current processes can recover the catalyst, but several separation units (mostly distillation) are needed which have limitations and are energy consuming. That is why most of the industrial hydroformylation processes are concentrated on propene as starting material. More extensive research needs to be carried out for the development of new catalysts, ligands and solvents and/or new kind of processes to have better and easier catalyst recovery for higher olefins. They are thus the privileged targets of the new technologies discussed below.

Supercritical carbon dioxide (scCO 2 )

Supercritical fluids, especially supercritical carbon dioxide (scCO 2 ; T c = 31°C, P c = 73.75 bar, d c =0.468 g/ml), are receiving considerable interest as alternative reaction media [Jessop et al., 1999].

Advantages of using scCO Furthermore, the high investment and operating costs caused by the relatively high pressures required for supercritical fluids is a serious disadvantage when it comes to commercial application of low-cost aldehydes.

Rathke et al. were the first to perform a hydroformylation reaction in scCO 2 [Bourque et al., 1999 and2000;Arya et al., 2000]. They studied the hydroformylation of propene using Co 2 (CO) 8 as the catalyst. They found that the selectivity toward the linear aldehyde is slightly higher (88%) compared to that found in benzene (83%). The catalyst -product separation was also studied. By changing the pressure and temperature after the reaction they created a phase separation from which the aldehydes could be collected as a colorless liquid.

Although the scCO 2 approach is very elegant, one should keep in mind that it is a relatively expensive method. Furthermore, the low solubility of potentially interesting substrates might hamper the commercialization of scCO 2 in the fine chemical industry.

New solvents for biphasic catalysis

Perfluorocarbon solvents

The Fluorous Biphasic Catalysis (FBC) is another new concept of immobilizing catalyst in a different phase, which shows similarities with scCO 2 approach. The system is based on the immiscibility of fluorinated compounds with organic solvents, which is due to the polar C-F bond. It should be emphasized that the miscibility of the solvents is in fact temperature dependent. At room temperature the two phases are well separated, but at higher temperatures the fluorous biphasic system can become a homogeneous onephase system. This allows one to combine a homogeneous reaction at higher temperatures with catalyst/product separations at lower temperatures. Huang et al. (2004) investigated the fluorous biphasic hydroformylation of 1octene and the phase behaviour of perfluoromethylcyclohexane (PFMCH)/ octene/ nonanal system. They observed that the behaviour of 1-octene was more complex than if a single phase existed throughout the reaction because of the immisibility of nonanal and PFMCH. Further the same group [Perperi et al., 2004] developed a novel continuous homogeneous catalytic system that enables catalyst separation and recycling in a fluorous biphasic system using pressurised gases. A conversion of 70% and a n/i aldehyde ratio of around 12 were observed.

Up to a certain degree, the properties of fluorous solvents can be calculated and thus tuned, especially when observing the strong electron withdrawing effects of "insulating" groups between the fluorous pony tails and the basic molecule. To solubilise rhodium complexes in the fluorous phase, special fluorinated ligands have to be designed [Horvath et al., 1998;Alvey et al., 2000 andJiao et al., 2002].

So far, no industrial application of Fluorous Biphasic Catalysis is reported because of very high cost of fluorous solvents and special fluorinated ligands.

Non Aqueous Ionic Liquids

As far as biphasic catalysis system is concerned, Non Aqueous Ionic Liquids or more shortly ionic liquids are now considered as potential alternatives for multiphase reactions.

Various ionic liquid biphasic catalytic systems have been employed to circumvent problems arising from the aqueous biphasic catalytic systems. The first paper to report on rhodium-catalyzed hydroformylation in a room temperature ionic liquid was published by

Chauvin [Chauvin et al., 1995] and nearly all subsequent research activity has focused on this metal. Although promising results from biphasic aqueous catalysis with cobalt have been reported [Beller and Krauter, 1999], this metal, which is still extensively used in industrial hydroformylation, is practically absent in biphasic ionic liquid catalysis.

Today intense research activities have focused on ionic liquids as alternative solvents in transition metal-catalyzed reactions and it is clear that whatever "ionic liquids" are, there has been an explosion of interest in them. In sections 1.5 and 1.6, ionic liquids are addressed in detail with a review of the developments in room temperature ionic liquids (RTILs) as alternative solvents for homogeneous/biphasic hydroformylation. et al. (1995) came up with a new approach for enhancement of interfacial catalysis in a biphasic system using a 'promoter ligand'. This increases the local concentration of the active rhodium complex at the interface. The authors investigated the biphasic hydroformylation of 1-octene using a [Rh (COD)Cl] 2 / TPPTS catalyst system and a water insoluble ligand (PPh 3 ). The PPh 3 ligand dissolved in the organic phase has a strong affinity for the metal complex soluble in the aqueous phase, resulting in an enhancement of the interfacial concentration of the catalytic species. They observed a dramatic increase in the TOF (by a factor of 10-50) in the presence of PPh 3 as promoter ligand. They cross-checked the phenomenon by recycling the aqueous catalytic phase with fresh organic phase in absence of PPh 3 and found a lower rate comparable to that of biphasic reaction without addition of PPh 3 . Test reactions were also performed in homogeneous methanol phase with and without PPh 3 resulting in almost equal TOFs. All those confirmed that the enhancement of the reaction rate was due to interfacial phenomenon. Monflier et al. (1995) proposed the use of chemically modified cyclodextrins to improve the mass transfer between the organic and aqueous phases. They studied the biphasic hydroformylation of 1-decene with Rh(CO) 2 acac / TPPTS system and found an increase in TOF by a factor of 2 upon addition of β -cyclodextrin. Chemically modified β -cyclodextrins -being soluble in both the organic and aqueous phase -proved to be more efficient, leading to an increase in the activity by a factor of 14. However addition of the modified cyclodextrins resulted in a decrease in the selectivity and the system was found unsuitable for hydroformylation of internal alkenes.

Interfacial catalysis

Chaudhari

Another possible way to improve the solubility of organic substrates in the aqueous phase is the use of surface-active reagents that can form micelles or vesicular structures. Fell [Fell and Pagadogianakis, 1991] and Hanson [Ding et al., 1994(a), 1994(b), 1995and Hanson et al., 1998] first described the use of compounds (ligands) with amphiphilic character to form solubilizing aggregates and enhance the solubility of the substrates.

Schreuder Goedheijt et al. (2000) reported an accelerated biphasic hydroformylation of 1octene by vesicle formation of amphiphilic diphosphines. They observed a 14-fold increase in the TOF as compared to the ligands that do not form aggregates and no decrease in the activity upon catalyst recycling. Van Vyve and Renken (1999) also described hydroformylation of higher olefins (C 6 , C 8, C 10, C 12 , C 16 ) in reverse micellar systems and found high reaction rates with good selectivity for the desired aldehydes.

Supported Liquid Phase Catalysis (SLPC)

Supported Aqueous Phase Catalysis (SAPC)

Davis and Hanson [Arhancet et al., 1989] came up with a new concept of immobilizing homogeneous catalysts on a solid support known as Supported Aqueous

Phase Catalysis (SAPC), so that to overcome the possible limitation of biphasic catalysis (poor activity and/or significant catalyst loss). The conception is in adsorbing on the hydrophilic solid surface a thin film of water containing the catalyst precursor and hydrophilic ligands (Figure 1.1), which allows the catalytic reaction to take place at the water -organic interface very efficiently. Although many authors have reported several reactions employing SAPC [Cornils and Herrmann, 2005(b)], hydroformylation using rhodium complexes is one of the most studied reaction. Delmas and co-workers have worked extensively on hydroformylation of 1-octene using supported aqueous phase catalyst [Jáuregui-Haza et al., 2001[START_REF] Pagni | Ionic liquids as alternatives to traditional organic and inorganic solvents[END_REF]Benaissa et al., 2003]. Jáuregui-Haza et al. (2001) studied the influence of hydration and surface characteristics of five silica supports for the hydroformylation of 1-octene using [Rh 2 (μ-S t Bu) 2 (CO) 2 (TPPTS) 2 ] as catalyst. They observed that the size of the support pores and the water content are the determining factors contributing to SAPC. Depending on the size of pores SAPC could take place either at the surface of the pores or at the external surface of the particle when the pores are fully filled.

Later on the authors studied the kinetics of 1-octene hydroformylation with the SAPC system [Jáuregui-Haza et al., 2003]. They proposed a kinetic model, considering each cluster of supported aqueous phase catalyst as a microreactor and the reaction taking place at the aqueous / organic interface. Studying the effect of various reaction parameters they found the rate to be first-order with respect to catalyst concentration and partial order with respect to partial pressure of hydrogen. The rate showed a substrateinhibition when partial pressure of carbon monoxide and 1-octene concentration were increased.

With the reports of the high efficiency of SAPC, the concept was further expanded to other hydrophilic liquids such as glycerol and ethylene glycol [Wan and Davis, 1994].

Same concept has been applied with ionic liquids as it will be discussed in section 1.6.3.3.

Ionic Liquids

Non Aqueous Ionic Liquid Solvents are ionic compounds that are liquid at room temperature or liquid at the operating reaction temperature.

The research groups led by Chauvin and Seddon have conducted pioneering research in this area.

Progress in the use of ionic liquids for catalysis has been detailed in several extensive reviews, including: [START_REF] Holbrey | Ionic liquids[END_REF]; [START_REF] Welton | [END_REF]; [Wasserscheid and Keim, 2000]; [Sheldon, 2001]; [Gordon, 2001]; [Dupont et al., 2002]; [Olivier-Bourbigou and Magna, 2002]; [Zhao et al,. 2002]; [Wilkes, 2004]; [START_REF] Chowdhury | [END_REF]; [Lin et al., 2007]; [Haumann et Riisager, 2008]. A brief outline of the history, properties and applications of such fascinating and vibrant field is presented below.

History

The story of ionic liquids is generally regarded as beginning with the first report of the preparation of ethylammonium nitrate (mp. 12°C) by Walden [Walden, 1914]. Modern ionic liquid research started in the late 1940s with the study of low melting eutectic mixtures of N-alkylpyridinium halides with aluminum chloride or aluminum bromide for the use as low temperature, highly conductive electrolytes in batteries [Wier and Hurley, 1948;[START_REF] Gale | [END_REF]. However, the reducible nature of the N-alkylpyridinium cation led to a search for more stable cations. Wilkes and coworkers [Wilkes et al., 1982;Boon et al., 1986] reported the first example of ionic liquids based on dialkylimidazolium chloroaluminates in the early 1980s. These ionic liquids exhibit interesting chemical properties, such as superacidity. They are also excellent non-volatile catalysts for Friedel-Crafts alkylation and acylation reactions. Unfortunately, the chloroaluminate anions react with water with formation of hydrogen chloride, making these ionic liquids unstable in water and air [START_REF] Wasserscheid | Ionic Liquids in Synthesis[END_REF].

This has led to the search for water-stable anions, resulting in the discovery of tetrafluoroborate, hexafluorophosphate, nitrate, sulfate and acetate ionic liquids in 1992 [Wilkes and Zaworotko, 1992]. Since then, water-stable ionic liquids have been at the centre of interest as novel environmentally benign solvents for various applications. The range of available anions and cations has expanded tremendously and new ionic liquids are continuously found. It is estimated that there are approximately one trillion (10 18 ) accessible room temperature ionic liquids [START_REF] Holbrey | Ionic liquids[END_REF]. 

Properties of Ionic Liquids

The most important physical property of ionic liquids is that their vapour pressure is negligibly small at room temperature [Earle et al., 2006]. As a result, ionic liquids are odorless. They do not evaporate, even when exposed to vacuum, and most of them do not combust, even when exposed to an open flame. The fact that ionic liquids are non-volatile and non-flammable makes them safer and more environmentally benign solvents than the traditional volatile organic solvents [Earle and Seddon, 2000]. Other properties of ionic liquids are inherent to salts in the liquid state and include wide liquid temperature range allowing excellent kinetic control in reactions, good thermal stability, high ionic conductivity and wide electrochemical window resulting in high electrochemical stability of ionic liquids against oxidation or reduction reactions [Buzzeo et al., 2004].

Furthermore, ionic liquids are good solvents for both organic and inorganic materials, polar and non-polar, which makes them suitable for catalysis [Olivier-Bourbigou and Magna, 2002;Welton, 2004]. It is possible to tune the physical and chemical properties of ionic liquids by varying the nature of the anions and cations. In this way, ionic liquids can be made task-specific. Table 1.4 gives a compilation of some physico-chemical properties of ionic liquids with their beneficial impacts on catalysis.

Properties of Ionic Liquids Benefits for catalysis

Very Low vapour pressure

Non-flammable

Environmentally advantageous over traditional organic solvents.

Easy to handle.

Possibility of separation of reaction products by distillation.

Low melting point

Reasonable thermal stability

Large working liquid range of temperature.

High heat conductivity (higher than water)

Facilitates the management of large reactors.

Permits a very rapid removal of the heat of the reaction.

Good ionic conductivity

Wide electrochemical window Can be combined with electrochemical processes.

Can be combined with microwave irradiation.

May be nonprotic May be used with organometallic compounds.

May be protic May be used as both acidic catalyst and solvent.

Adjustable coordination

properties Ionic liquids have the potential to be polar yet weakly coordinating toward transition metal complexes; they may enhance reaction rates involving cationic electrophilic intermediates.

Can exhibit Lewis acidity

May act as both co-catalyst and solvent.

Adjustable miscibility with organic compounds (may be hydrophobic or hydrophilic)

Unique ability to dissolve polar substances in a non aqueous environment.

Good solvent for multiphase catalysis.

May provide a solution to product separation from catalyst/solvent.

High affinity for ionic intermediates Ionic metal-catalysts can be immobilized without modification.

Complementary properties

with scCO 2 scCO 2 can be used for product extractions and/or in combination with ionic liquids.

Table 1. 4 Physico-chemical properties of ionic liquids and their beneficial impacts on catalysis [Cornils and Herrmann, 2005(b)].

Applications of Ionic Liquids

During the last decade, ionic liquids were also found to be suitable solvents for chemical reactions, because they combine excellent thermal and chemical stabilities with good and tunable solubilities and catalytic properties [Olivier-Bourbigou and Magna, 2002;Welton, 2004].

Earlier, ionic liquids were developed by electrochemists for use as low temperature water-free electrolytes [START_REF] Wasserscheid | Ionic Liquids in Synthesis[END_REF]. Compared to conventional mixed electrolyte systems, ionic liquid electrolytes have similar electrochemical windows and ionic conductivities, but are safer and possess lower toxicity and flammability [Hagiwara and Ito, 2000]. Ionic liquid electrolytes can be applied in various electrochemical devices, such as battery systems [Lee et al., 2005;Sakaebe and Matsumoto, 2003], solar cells [Kuang et al., 2006] and electrochemical capacitors [McEwen et al., 1999;Ue et al., 2003;Sato et al., 2004].

Ionic liquids have been used as solvents for nucleophilic [D'Anna et al., 2005;Chiappe and Pieraccini, 2005] and electrophilic [Chiappe and Pieraccini, 2005;Ross and Xiao, 2002] reactions, including acidic catalyzed reactions, and reactions catalyzed by transition metal complexes [Wasserscheid and Keim, 2000;Dyson, 2002]. Ionic liquids are also good media for bio-catalyzed reactions [Sheldon et al., 2002;Jain et al., 2005].

Especially the use of ionic liquids as solvents for transition metal catalysis is at the centre of interest. Transition metal catalysts dissolve well in the ionic liquid, while many organic reactants and products have a very low solubility in ionic liquids. This gives rise to the possibility of a biphasic reaction procedure [Chauvin et al., 1995].

Examples of transition metal catalyzed reactions in ionic liquids are hydrogenations, hydroformylations, oxidations, Heck coupling reactions, dimerization and oligomerization reactions. It was demonstrated that the use of an ionic liquid often leads to higher reactivities and/or selectivities [START_REF] Wasserscheid | Ionic Liquids in Synthesis[END_REF]Sheldon et al., 2002].

Furthermore, ionic liquids can be used for separation and purification purposes [Brennecke and Maginn, 2001]. Ionic liquids are able to selectively extract a specific compound out of a gas mixture or a liquid mixture [Brennecke and Maginn, 2001;Anthony et al., 2004]. An example of a gas extraction is the removal of carbon dioxide and hydrogen sulfide from sour natural gas using ionic liquids [Anthony et al., 2004].

Examples of liquid extractions include the removal of organics from aqueous waste streams and the separation of aromatics from alkanes [Huddleston et al., 1998;Zhao et al., 2005]. Recently, ionic liquids were applied in supported liquid membranes for separation purposes [Fortunato et al., 2004;Matsumoto et al., 2005].

Other applications of ionic liquids include the usage as cleaning solvents, lubricants, heat-transfer fluids and storage media, for which they are suitable because of their solubility behaviour, their high thermal stability, their large liquid temperature range and their wetting behaviour [Brennecke and Maginn, 2001]. Products. Finally, various ionic liquid processes are available for licensing, after the first one, the French Petroleum Institute's Difasol® process for the dimerization of small olefins [Chauvin et al., 1997].

Ionic Liquids for transition-metal catalysis

Transition metals and their complexes are often good catalysts. Many transition metal complexes dissolve readily in ionic liquids, which enable their use as solvents for transition metal catalysis. The key accomplishments made by ionic liquid media in transition metal catalysis can be listed as:

• Immobilization of charged cationic transition metal catalyst in IL phase without need for special ligands [Olivier-Bourbigou and Magna, 2002].

• High selectivity (100%), including stereo-isomers [Wasserscheid et al., 2002].

• Enhanced activity and enhanced catalyst stability with IL because of stabilized polar transition state [Zhao et al., 2005].

• Reduced loss of expensive metal catalyst: [Bmim][BF 4 ] increases the rate of the Pd-catalyzed Suzuki reaction by several orders of magnitude, and also extends life of Pd [START_REF] Mathews | [END_REF].

• Acylation and alkylation reactions to derivatize sugars and complex carbohydrates [Moens and Khan, 2000].

• Diels-Alder cyclisations [Zulficar and Kitazume, 2000], Heck coupling reactions between aromatic halides and olefins [Kaufmann et al., 1996], hydrogenation of olefins (Rh, Ru, Co catalysts), hydrodimerization of dienes, hydroformylation (of C 8 olefins to C 9 alcohols for use in manufacturing of plasticizers) [e.g., Chauvin et al., 1996;[START_REF] Pagni | Ionic liquids as alternatives to traditional organic and inorganic solvents[END_REF]]. • Pd-catalyzed Trost-Tsuji alkylation in [Bmim][Cl]/methylcyclohexane [de Bellefon et al., 1999].

Literature survey on hydroformylation in ILs

Hydroformylation is one of the most important examples of the industrial application of homogeneous catalysis. With the industry placing more emphasis on speciality chemicals, researchers are interested in applying this versatile reaction to more sophisticated chemistry and are focusing on new approaches to overcome the limitations faced by hydroformylation in commercial scenario. One of the challenges faced by homogeneous catalysis is, as discussed before, separating the solvent and the catalyst from the products and recycling the catalyst. Ionic liquids offer new opportunities for the development of a biphasic approach.

They are found to be good solvents for a broad spectrum of inorganic, organic and polymeric materials and are immiscible with numerous organic solvents too. Thus, their application as non-aqueous polar alternatives in biphasic reactions with organic substrates is possible.

The main consideration in liquid -liquid catalysis is that one liquid should able to dissolve well the catalyst and to have a partial solubility with the substrates and low solubility with the reaction products. As ionic liquids give the possibility to tune their solubility, acidity and coordination properties by varying the nature of anions and cations, they may provide a solution to many limitations faced by aqueous biphasic catalysis. The next paragraphs illustrate the solubility properties of such media for both gaseous and liquid reactants (products) involved in hydroformylation.

Solubility of syngas in Ionic Liquids

The solubility of gaseous hydroformylation substrates (CO and H 2 ) in ionic liquids has been the subject of many papers.

As a part of their work on ionic liquid-phase asymmetric hydrogenation of (Z)-αacetamido cinnamic acid, Dupont and coworkers determined the hydrogen solubility in 1n-butyl-3-methyl imidazolium ionic liquids ( [Bmim][PF 6 ] and [Bmim][BF 4 ]) at room temperature, using the pressure-drop technique in closed vessel [Berger et al., 2001].

They reported a Henry's constant almost four times higher in [Bmim][PF 6 ] than in [Bmim][BF 4 ]. They found that both the conversion and the enantioselectivity of the reaction increased with the solubility of hydrogen, whether by changing the operating pressure or the nature of the IL.

In 2002 Anthony et al. measured the solubility of nine different gases in [Bmim][PF 6 ] (carbon dioxide, ethylene, ethane, methane, argon, oxygen, carbon monoxide, hydrogen, and nitrogen) at three different temperatures: 10, 25, 50°C. Their measurements were made using a gravimetric microbalance, but the solubility of low molecular weight gases, hydrogen, carbon monoxide and nitrogen, was found below the detection limit of the apparatus. In 2005 they completed their data base with two more solutes (benzene vapor and nitrous oxide) and five more ionic liquids ( [Bmim][BF 4 ], [Bmim][TF 2 However, carbon monoxide solubility did not follow this trend, indicating that dipole and quadrupole moments and polarizability cannot fully describe the solubility of the gases in ILs. They also concluded that the nature of the anion plays the most significant role in the gas solubility.

The group of Laurenczy used high pressure ( 1 H or 13 C) NMR spectroscopy to determine syngas solubility in ILs at room temperature [Dyson et al., 2003;Ohlin et al., 2004]. Dyson et al. measured the solubility of hydrogen in 11 ionic liquids and found that the dissolved hydrogen concentration (expressed in mol/L) is significantly lower in ionic liquids than in organic solvents (around 3.5 times), but in the same range as in water.

Contrary to Berger et al., they reported similar values for Henry's constants of H 2 in [Bmim][PF 6 ] and [Bmim][BF 4 ] and didn't found any significant influence on benzene hydrogenation TurnOver Frequency (TOF) when varying the nature of the IL. Ohlin et al. determined the solubility of carbon monoxide in 37 ionic liquids. They found the solubility of CO to be similar to or higher than that of H 2 for the ionic liquids reported in the previous work. The solubility of CO was found more dependent upon the nature of the ionic liquid than that of H 2 , likely due to the presence of a dipole moment, and higher polarizability. In case of 1-butyl-3-methylimidazolium cation, they observed that the solubility of CO increases according to the following classification of anions: N] -which corresponds to an increase in the size of the anion, and a decrease in π * interactions. For the case of [Tf 2 N] -based ionic liquids, the solubility increases with the chain length of the alkyl substituent in the pyridinium and imidazolium cation. When studying the hydroformylation of 5-hexen-2-one, they couldn't correlate TOF results with CO solubility.

[BF 4 ] -< [PF 6 ] -< [SbF 6 ] -< [CF 3 CO 2 ] -< [Tf 2
The evolution of syngas solubility as a function of temperature was reported by Kumelan et al. (2005 and2006) and Jacquemin et al. (2006). Kumelan et al. determined gas solubility over a large temperature range and for pressures up to about 9 MPa using volumetric measurements on a thermostated high-pressure cylindrical view cell. They gave values of Henry's constant in [Bmim][PF 6 ] for carbon monoxide from 293 to 373 K [Kumelan et al., 2005] and hydrogen from 313 to 373 K [Kumelan et al., 2006]. The H 2 solubility was found to increase with increase in temperature, whereas no significant temperature dependence was observed for CO solubility. Conversely Jacquemin et al. observed a maximum for H 2 solubility in [Bmim][PF 6 ] around 310 K, and a slightly decreasing trend for CO solubility when increasing temperature. They operated near atmospheric pressure, using an isochoric saturation method. From the variation of Henry's constants with temperature, they calculated thermodynamic properties of solvation and found that the enthalpy and entropy of solution do not vary significantly for carbon monoxide, in the same manner as for carbon dioxide, methane, oxygen, nitrogen, argon, which probably pointed out similar molecular mechanisms. These gases exhibited negative enthalpies of solvation corresponding to an exothermic phenomenon, the enthalpy of CO being the closest to zero. Values of entropies laid in a narrow range (from -70 to -110 J/mol/K). The case of hydrogen appeared as an exception with either positive or negative values for both enthalpy and solubility, depending on temperature. Finally the authors reported similar or slightly higher values for dissolved mole fraction of H 2 and CO in [Bmim][PF 6 ] compared to [Bmim][BF 4 ].

Recently Kumelan et al. (2007) measured the solubility of H 2 and CO in [Bmim][CH 3 SO 4 ] using their previous technique of high-pressure view cell. They observed a slightly better solubility of CO than H 2 and found an increase in gas solubility when rising temperature from 293 K to 413 K.

H 2 and CO solubility in several ionic liquids are reported in Table 1.5 and 1.6 respectively. In the widely studied [Bmim][PF 6 ] and [Bmim] High pressure 13 C NMR spectroscopy [Ohlin et al., 2004] Table 1. 6 Carbon monoxide solubility (expressed as Henry's constant) in various ionic liquids (from various measurement techniques).

Solubility of reactants and products in Ionic Liquids

Apart from the solubility of syngas in ionic liquids which is of direct concern to their use in hydroformylation, the knowledge of the solubility of reactants and products in ionic liquids plays a major part in envisioning them as an ideal solvent for biphasic catalysis. As stated before an ideal biphasic solvent for hydroformylation should have a partial solubility with the olefins and a rather poor solubility with the corresponding aldehydes. Considering the physical nature of olefins, the simplest alkenes, ethene, propene and butene are gases. Linear alkenes from five to sixteen carbons are liquids and higher alkenes are waxy solids.

Solubility of gaseous alkenes (ethene, propene and 1-butene) in different ionic liquids has been reported by number of authors. Anthony et al. (2002) determined the ethylene solubility in [Bmim][PF 6 ] using a gravimetric microbalance and observed a decrease of solubility with temperature from 10 to 50°C. Camper et al. (2005 and2006) gave solubility data of various gaseous hydrocarbons (ethane, ethene, propane, propene, isobutane, butane, 1-butene and 1,3-butadiene) in several ionic liquids ( [Bmim][PF 6 ], [Bmim][BF 4 ], [Emim][Tf 2 N], [Emim][CF 3 SO 3 ], and [Emim][dca]) from pressure drop measurements. They found that the solubility in ionic liquid increased as the number of carbons of the hydrocarbon increased, and for hydrocarbons with same carbon number the solubility was higher when increasing the number of carbon double bonds. The values of solubility of ethene in [Bmim][PF 6 ] was in agreement with the data reported by Anthony et al. Lee and Outcalt (2006) reported the solubility of carbon dioxide, propane, propene, butane, and 1-butene in [Bmim][Tf 2 N] as a function of pressure at temperatures between 280 K and 340 K. They also concluded for a better solubility of long-chain and unsaturated hydrocarbons, and found a decrease in solubility with an increase in temperature. et al., 2008] Table 1.7 Solubility of gaseous olefins (expressed as Henry's constant) in various ionic liquids with respective technique of measurement.

Considering now the case of liquid alkenes, the thesis work of Frédéric Favre [Favre, 2000] gives valuable data. A wide range of ionic liquids were prepared varying the nature of the cation (1,3-dialkylimidazolium, 1,2,3-trialkylimidazolium and ). To determine the olefin (1-hexene) solubility in various ionic liquids, olefin was first saturated with the respective ionic liquid at certain temperature with the help of agitation (1 hour) and the resulting biphasic mixture was left decanted for 12 hours. Further a known quantity of ionic liquid phase was taken and the dissolved olefin was extracted by successive washings with heptane. The quantity of olefin extracted was measured using gas chromatography. For a given anion, the solubility of 1-hexene was found higher when increasing the length of the alkyl chain of 1,3-dialkylimidazoliums.

Considering the same cation, e.g. 1-butyl-3-methylimidazolium, the solubility of 1hexene followed this trend when changing the anion: BF water, an increase by 100-fold could be obtained when using [Bmim][BF 4 ] instead. Thus ionic liquids are good and tunable solvents for olefins. Further Brasse et al. (2000) reported a high selectivity and catalyst activity for rhodium-catalysed biphasic hydroformylation of 1-octene in ionic liquids using phosphine-substituted cobaltocenium salts as ligands. They remarked that in contrast to aqueous biphasic systems, the ionic liquid [Bmim][PF 6 ] provides a high reaction rates due to the limited but sufficient solubility for 1-octene in [Bmim][PF 6 ]. They did not mention the procedure used for determining the solubility but cited a value of about 2.5 mol % for 1-octene in [Bmim][PF 6 ] at 298 K, thus much higher than 0.0001 mol % in water.

Stark and co-workers [Stark et al., 2006] determined the solubility of 1-octene in ionic liquids using direct gas chromatography analysis. For the same cation ([Bmim] + ) the solubility of 1-octene was found to increase in the order of [BF 4 ] -< [PF 6 ] -< [OTf] -<

[BTI] -and for a given anion ([BF 4 ] -, [BTI] -), solubility increased with an increase of the alkyl chain length. These solubility trends were in agreement with Favre (2000). More interestingly, they concluded that transition metal catalysis in ionic liquids (based on metathesis of 1-octene) is very sensitive to the impurities found in the ionic liquids (halide, water and imines impurities coming from the preparation of the ionic liquids) and not just to the substrate solubility. Aldehydes are the primary products of hydroformylation reaction of olefins and therefore during the selection of ionic liquid as solvent for biphasic approach, one should be aware of their solubility in the respective ionic liquid. Aldehydes are more polar compounds than alkenes and therefore seem to be rather soluble in the ionic liquid phase. Heintz et al. (2005 and2006) ) and they have found the same conclusions as their previous work with hydrophobic ILs [Sumartschenkowa et al., 2006].

T (K) Technique used [Reference] 1 [Bmim][BF 4 ] [Bmim][PF 6 ] [Bmim][CF 3 CO 2 ] [Bmim][CF 3 SO 3 ] [Bmim][N(CF 3 SO 2 ) 2 ] [Bmim] [NO 3 ] [Hmim] [CF 3 CO 2 ] [Hmim] [CF 3 SO 3 ] [BmPyrro][CF 3 CO 2 ] [BmPyrro][CF 3 SO 3 ] [BmPyrro][NTf 2 ] [Bdmim][NTf

Hydroformylation reaction using Ionic Liquids

Monophasic systems

Apart from their potentiality to form biphasic systems, ionic liquids can be of much interest as homogeneous reaction media, due to their properties of negligible vapour pressure and relatively high melting points, allowing an easier separation of the products.

For the homogeneous Pt-catalysed hydroformylation of methyl-3-pentenoate, the use of chlorostannate ionic liquids as solvents led to enhanced stability and selectivity compared to the identical reaction in conventional organic solvents [Wasserscheid and Waffenschmidt, 2000]. The observed result can be explained by the enhancement of catalyst lifetime in ionic liquid solvent as compared to that in organic solvents. The Rhcatalysed reaction was also studied, using either toluene or [Bmim][PF 6 ] as a solvent, and two phosphine ligands (triphenylphosphine PPh 3 and ligand 1, Figure 1.3) [Keim et al., 1999]. The authors observed a significantly improved catalyst activity with [Bmim][PF 6 ]

when 1 was used as a ligand. The regioselectivity of the reaction was found to be ligand controlled and rather independent of the solvent used. In presence of 1 the n/iso ratio was 1-1.3, whereas it dropped to 0.1 or less with PPh 3 . The catalyst stability was higher in ionic liquid compared to organic solvents (methylenechloride and toluene) during distillation of the product. With PPh 3 as a ligand and ionic liquid solvent, catalyst was active for four recycles, while with ligand 1 (thermally more stable) and ionic liquid solvent, catalyst could be recycled ten times, without significant loss of activity.

High-melting phosphonium tosylates (melting point > 70°C) have been employed

as solvents in Rh-catalysed hydroformylation of 1-hexene [Karodia et al., 1998]. The authors made use of the higher melting point of the salt to drain off the organic product from the solid catalyst medium at room temperature. Depending on the phosphonium solvent, the conversion after 4h varied from 66 to 100% and the n:i selectivity ranged from 2.5:1 (for Bu 3 PEt + OTs -) to 1:4 (for Ph 3 POc + OTs -) with no added phosphine ligand.

Upon the addition of PPh 3 , all the investigated salts gave similar catalytic results

(conversions from 95 to 100% and n:iso selectivity from 1.5:1 to 2.2:1). These results with ionic liquid solvent were proved to be very remarkable as compared to that in conventional homogeneous catalysis.

Biphasic approach

In the search for efficient biphasic systems, different solutions have been proposed to enhance the solubility of higher olefins using alternative media to water.

Organic-IL biphasic media have emerged as the solvent systems of choice for research in this domain and some examples are given below.

In 1995 Chauvin et al. described the biphasic hydroformylation of 1-pentene using [Bmim][PF 6 ] ionic liquid. Rh(CO) 2 (acac) was used as the catalyst precursor with two different phosphine based ligands: triphenylphosphine (TPP) and mono-sulfonated triphenylphosphine ligands (TPPMS). However, with none of the tested ligands it was possible to combine high activity, complete retention of the catalyst in the ionic liquid and high selectivity for the desired linear hydroformylation product. The use of TPP with [Bmim][PF 6 ] resulted in a high activity (TurnOver Frequency = 333 h -1 compared to 297 h -1 in toluene), but led to some leaching of the Rh catalyst. This could be suppressed by the application of TPPMS ligand, but a significant decrease in catalyst activity was found with this ligand (TOF = 59 h -1 ). Relatively poor selectivity to the desired linear hydroformylation product was obtained with all investigated systems (n/i ratio between 2 and 4). Also hydroformylation of 1-pentene was performed using [Rh(CO) 2 (acac)]/TPPTS system with [Emim][BF 4 ] ionic liquid, leading to a reasonable TOF of 103 h -1 . Wasserscheid and Waffenschmidt (2000) investigated the platinum-catalysed hydroformylation of 1-octene using chlorostannate ionic liquids with 1-butyl-3methylimidazolium [Bmim] + and 1-butyl-4-methylpyridinium [4-MBP] + as cations. The catalyst used was (PPh 3 ) 2 PtCl 2 . Compared to the monophasic reaction in CH 2 Cl 2 , the activity was slightly lower in biphasic chlorostannate ionic liquid system and led to more octane. The n/i selectivity was however equivalent. The undesired hydrogenation was found to depend significantly on the cation of the ionic liquid (41.7% hydrogenated product with Bmim vs. 29.4% with 4-MBP) and this result was attributed to a higher solubility of H 2 compared to CO in chlorostannate ionic liquids. ). Their results revealed a correlation between the reaction rates and the solubility of 1-hexene in ionic liquids, excepting for the case of NTf 2 -based ionic liquids. Using TPPMS as a ligand, the selectivity towards aldehydes was > 97% in all cases and the n/i ratio was not affected by the nature of the solvent. Phosphite ligands, which are unstable in an aqueous two-phase system, were also successfully used here, leading to good activity and selectivity for the linear product, with a limited loss of Rh. Dupont et al. (2001) also studied the influence of different ionic liquids on the hydroformylation of higher olefins (C 8 -C 12 ). They first optimized the reaction conditions for 1-octene hydroformylation, using Rh(CO) 2 (acac) / xantphos or sulfonated xantphos immobilized in [Bmim][PF 6 ]. Rh/xantphos complex was found to be much more active, but a large amount of rhodium complex was leached into the organic phase and the conversion dropped from 99% to 60% upon recycling. On the other hand, Rh/sulfonated xantphos complex could be recycled up to four times without loss in activity. By varying ligand/catalyst ratios and operating conditions very high n/i selectivity (ratio up to 13.1) was achieved with this complex. An optimum of selectivity was found when increasing temperature, but it always decreased when increasing total syngas pressure (from 15 to 35 atm). Finally the authors compared different solvent systems -pure [Bmim][PF 6 ]

(hydrophobic), water saturated [Bmim][PF 6 ], [Bmim][PF 6 ] with toluene as cosolvent and pure [Bmim][BF 4 ] (hydrophilic) -under similar reaction conditions. Higher linear product selectivity was observed in pure [Bmim][PF 6 ] than in the more hydrophilic or water-containing solvent systems. This behaviour was associated with changes in the structure of the ionic liquids in the presence of the co-colvents, resulting in different miscibility of alkenes and syngas. Under similar reaction conditions, the n/i selectivity was also found to be significantly dependent on the substrate used (octene, decene or dodecene), but surprisingly not the olefin conversion.

New types of ligands have been designed and investigated for the ionic liquid biphasic hydroformylation reaction. In particular, Brasse et al. (2000) successfully applied ionic phosphine ligands with cobaltocenium backbone in the biphasic Rhcatalysed hydroformylation of 1-octene using hexafluorophosphate ionic liquids as solvent for catalyst. The system showed remarkable activity (TOF = 810 h -1 ), high selectivity to the linear aldehyde (n:iso = 16.2:1) and no detectable catalyst leaching with the ligand 1,1'-bis(diphenylphosphino)cobaltocenium hexafluorophosphate. They observed a significant influence of hydrophobic / hydrophilic property of ILs and ligands on the catalytic activity. Higher reaction rates were obtained, forming a biphasic catalyst system after the reaction, with the Rh-complexes of amphiphilic phosphines 1, 2, 3 both in [Bmim][BF 4 ] and [Bmim][PF 6 ]. However the reaction rates were higher in [Bmim][BF 4 ] (TOF = 92 h -1 ) with the Rh-complexes of TPPTS or TPPDS than in [Bmim][PF 6 ] (TOF = 7 h -1 ) due to the hydrophobic nature of [Bmim][PF 6 ]. With [Bmim][n-C 12 H 25 OSO 3 ], no significant difference in catalytic activity was found whether the Rh-complexes of organic-soluble or aqueous or amphiphilic ligands were used (TOF between 148 and 173 h -1 ) and products were soluble in ionic liquid forming a single phase at the end of the reaction.

Considering the serious concern about the use of ionic liquids containing halogenated anions (AlCl 4 -, PF 6 -, BF 4 -, CF 3 SO 3 -etc) which on hydrolysis liberate significant amount of HCl or HF, several research groups have synthesized and tested halogen-free ionic liquid. Wasserscheid et al. (2002) used halogen-free ionic liquid [Bmim][n-C 8 H 17 OSO 3 ] for the rhodium-catalyzed hydroformylation of 1-octene.

[Bmim][n-C 8 H 17 OSO 3 ] showed a miscibility gap with 1-octene, but not with 1-nonanal, so that the original biphasic system became monophasic at high octene conversion. Thus the authors also used cyclohexane as additional solvent to keep a biphasic system over higher conversion range. A high catalyst activity was obtained with [Bmim][n-C 8 H 17 OSO 3 ] as compared to the classical ionic liquids [Bmim][PF 6 ] and [Bmim][BF 4 ]. It was attributed to a higher solubility of 1-octene in [Bmim] [n-C 8 H 17 OSO 3 ] than in the corresponding [PF 6 ] -and [BF 4 ] -ionic liquids. [START_REF] Kong | [END_REF] investigated the Rh-catalysed biphasic hydroformylation of 1tetradecene using ammonium salts with polyether-tail. The reactions were performed using heptane as organic solvent and different ligands. They found a good catalyst activity (TOF=95 h -1 ) with PPh 3 as a ligand, but a very significant leaching of Rh in the organic phase was observed. With TPPTS or octylpolyethyleneglycol-phenylenephosphite, the catalyst could be immobilized, and showed similar activity but lower n/i ratios. Lin et al. (2007) , which was comparable to the activity of Rh(acac)(CO) 2 /TPPTS. However they were inactive in [Bmim][BF 4 ]. Among the tested catalysts, the complexes in situ formed from Rh(acac)(CO) 2 with TPPTS or the mixture of TPPTS and TPPDS exhibited the highest activity and best chemoselectivity for aldehyde. Still for 1-hexene hydroformylation, a significant enhancement of catalyst activity was observed when replacing [Bmim][PF 6 ] (TOF = 54 h -1 ) by [Bmim][BF 4 ] or [Bmim][p-CH 3 C 6 H 4 SO 3 ] (TOF = 1748 and 2070 h -1 respectively), which was attributed to a better solubility of the TPPTS ligand in these ionic liquids. Contrarily to the conclusions of Favre et al. (2001), increasing the alkyl chain length of the imidazolium cation (with p-toluenesulfonate anion) did not result in any improvement in hydroformylation of 1-hexene. This was explained by a lower solubility of the water-soluble rhodium-phosphine complexes which compensates the effect of the better alkene solubility. From the investigations on the hydroformylation of higher olefines (1-octene, 1-decene and 1-dodecene) in these ionic liquid solvents, they found that the reaction rates were markedly accelerated when the chain-lengths of alkyl group in imidazolium ring and that of olefins were comparable. Finally, a catalyst recycle study on 1-hexene hydroformylation with [Bmim][p-CH 3 On performing hydroformylation of 1-dodecene in the above system they observed a yield of 97-98% with the optimum P:Rh molar ratio of 8. Conversion of 1-dodecene and yield of aldehyde were found to increase with increase in the total syngas pressure (P = 30 -60 bar, TOF = 137 -298 h -1 ) and reaction temperature (T = 90 -120°C, TOF = 65 -298 h -1 ). Recycle studies were efficiently performed with no loss in the activity up to 8 recycles of the Rh-TPPTS complex.

Considering the issue of solubility and phase distribution of the reaction components (substrates, products, CO, H 2 ) in the biphasic catalytic system using ionic liquids, Sieffert and Wipff (2007) performed a molecular dynamics study of the hexene/ [Bmim][PF 6 ] interface for rhodium catalyzed hydroformylation of 1-hexene. First they studied neat [Bmim][PF 6 ] (IL phase) interfaces with hexene (organic phase) and found no local intersolvent mixing, each molecule of a given liquid retaining direct connections to its bulk phase. Even after adding CO and H 2 gases, the composition of the IL phase at the interface remains identical to that of the bulk phase, as the gases are less soluble in IL phase. As the reaction proceeds, concentration of heptanal (product) increases in the organic phase. Taking the extreme case of heptanal-IL binary system, the authors observed a broadening of the interface mainly due to Bmim + ….O (heptanal) attractions.

Further simulating the phase separation of randomly mixed IL/hexene liquids with the [RhH-(CO)L 3 ] precatalyst as a solute, and comparing PPh 3 and TPPTS (3-) ligands (L) they observed that the neutral [RhH(CO)(PPh 3 ) 3 ] complex prefers the organic side of the interface whereas the charged [RhH(CO)(TPPTS) 3 ] (9-) prefers the IL phase. These observations were in accordance with the hydroformylation reaction results of Brasse et al. (2000), Wasserscheid et al. (2001) and Mehnert et al. (2004) who observed a good catalyst recycling with charged ligands and a major catalyst loss with neutral ligand.

Recently the same group [Sieffert and Wipff, 2008] presented molecular dynamics study of the phase separation of binary 1-hexene/ [Bmim][PF 6 ] mixtures containing four different phosphine ligands (PPh 3 , TPPMS (-) , Sulfoxantphos (2-) , TPPTS (3- ) ) with different charges. They observed the same trend in the affinity of the ligand for the organic or IL phase as reported in their previous article: neutral ligand PPh 3 prefers organic phase and charged ligands TPPMS (-) , Sulfoxantphos (2-) , TPPTS (3-) prefer IL phase. They also reported that the most charged ligand has the lowest surface activity and thus [RhH(CO)(TPPMS) 2 (hexene)] 2-complex was more adsorbed at the interface than [RhH(CO)(TPPTS) 2 (hexene)] 6-. They finally came up with a conclusion that an efficient phosphine ligands should be sufficiently polar and charged to avoid catalyst leaching but not too much charged, however, to avoid being trapped in the bulk ionic phase, far from the interface.

Table 1.9 gives a compilation of all the biphasic hydroformylation processes using ionic liquids with respective catalyst system.

Catalyst system Year Reaction system

Ionic Liquid

Catalyst Precursor Ligands

Reference 1995 Hydroformylation of 1-pentene.

[ 

Alternative reaction systems

Besides the homogeneous or biphasic ionic liquid systems, other approaches have been studied using ionic liquid immobilized on a solid support or using supercritical fluidionic liquid mixtures as catalyst media [Riisager et al., 2006;Lu et al., 2003]. The strategy of supported ionic liquid catalysis can be of particular interest as the high viscosity of ionic liquid can induce mass transfer limitation if the chemical reaction is fast. Moreover the ionic liquid phase remains liquid during reaction and is easy to maintain on the support due to its negligible volatility, allowing thereafter an easy separation of the solid catalyst.

This concept was first applied for hydroformylation by Mehnert at ExxonMobil [Mehnert et al., 2002]. The catalytic activity using Rh-SILP catalyst was found to be almost three times higher than that of comparable biphasic systems (TOF of 60-65 min -1 versus 22-23 min -1 ). This enhanced performance was attributed to a higher rhodium concentration at the interface and the larger interface area of the solid support as compared to the biphasic system. The aqueous biphasic hydroformylation and the conventional homogeneous reaction in toluene were also investigated under similar reaction conditions. As expected, the aqueous system was significantly less active due to the low substrate solubility in the aqueous phase, but gave high n-heptanal selectivity. The homogeneous catalyst system exhibited a very high TOF of 400 min -1 , but with the shortcoming of product separation. Rhodium leaching was found in both biphasic and supported IL systems with some depletion of the supported ionic liquid layer, as a result of the gradually increased ionic liquid solubility in the reaction mixture with increase in the aldehyde content. This could be suppressed by increasing the phosphine ligand concentration or keeping the aldehyde concentration below 50% in the reaction mixture.

Hydroformylation of 1-hexene was also carried out by Yang et al. in 2005 using the same concept of SILPC. They used Rh/TPPTS dissolved in IL ( [Bmim][BF 4 ], [Bmim][PF 6 ],

or halogen free 1,1,3,3-tetramethylguanidinium lactate -TMGL) and immobilized on mesoporous molecular sieves (MCM-41). The obtained SILPCs showed higher catalytic activity, almost independent of IL type, as compared with their ionic liquid-organic biphasic counterparts and the one with SiO 2 as carrier. The 1-hexene conversion and the 1-heptanal selectivity were influenced by the ionic liquid loading and the molar ratio of TPPTS/Rh.

Recycle study with Rh/TPPTS/IL supported on MCM-41 showed no deactivation during 6 consecutive runs.

Supported ionic liquid phase catalysts have been further studied with regard to their long-term stability in the continuous gas-phase hydroformylation of propene [Riisager et al., 2003(b)]. The supported system was prepared by direct impregnation of an unmodified silica gel with a methanol solution containing [Rh(CO) 2 (acac)], sulfoxantphos ligand, and the IL ( [Bmim][PF 6 ] or [Bmim][n-C 8 H 17 OSO 3 ]). After an initial catalyst preformation period, they observed almost constant TOFs -up to of 37 h -1 -with a selectivity for the linear product up to 96% during typically 3-4 h on stream. They also noticed that both the Ligand/Rh ratio and the ionic liquid loading had a significant effect on the catalyst activity. Catalysts with low L/Rh ratio showed a low activity and selectivity, and in particular a much lower TOF than the IL-free catalyst. The authors suggested that in this case most parts of the catalytic complexes were surface-immobilized ligand-free complexes, while the presence of the IL solvent induced severe mass-transfer limitations. Conversely, the catalysts with L/Rh ratios of 10 and 20 were all highly selective giving a n/i ratio of 16.9 for the solvent-free catalyst and up to 23.7 in presence of IL. An increased liquid loading also led here to a somewhat lower activity.

The change of the ionic liquid had no significant effect, suggesting that the IL operated only as a solvent. This opinion is questionable as a solvent in multiphase process has a major importance in providing high reagent concentration; on the contrary this non IL dependent behaviour might be interpreted as a simple effect of immobilizing the catalyst at the interface, directly accessible for the reagents in organic phase.

In another paper [Riisager et al., 2003(a)], they reported the same reaction using SILP catalysts made by immobilizing on silica Rh complexes formed with two other ligands (1 an The reaction showed steady state TOFs up to 88 h -1 with n/i ratios up to 2.8 during typically 4-5 h. The highest catalytic activity was observed with the ionic liquid-free catalysts. They explained those better results by the catalysts being heterogeneous and free of mass-transfer limitations caused by poor solubilities of the gaseous reactants in the ionic liquid solvent.

They found an optimum for the L/Rh ratio with respect to catalyst activity, the Rh/2 complex being much more active than Rh/1. The Rh/2 catalysts proved to have similar activity as analogous Rh/sulfoxantphos catalysts but lower selectivity, indicating the importance of the multidentate character of the phosphine ligand. In the same paper, the concept of continuousflow SILP hydroformylation was extended from gas flow to gas saturated liquid flow by investigating the continuous hydroformylation of 1-octene with Rh/2/ [Bmim][PF 6 ] immobilized on silica. It led to a steady state TOF of 44 h -1 with n/i ratio of around 2.6, reached after 3-4 hours on stream and maintained for at least an additional 3h. ICP analysis of the outlet sample detected negligible rhodium metal leaching (<0.7%) during the course of the reaction.

Kinetic study of propene hydroformylation using a Rh/sulphoxantphos SILP catalyst was reported by Riisager et al. in 2005. They studied the effect of temperature, total syngas pressure, syngas composition, propene partial pressure, and residence time. The reaction, performed in the temperature range of 65 to 140°C, showed almost a classical Arrhenius temperature dependence with activation energy equal to 63.3 +/-2.1 kJ mol -1 . The reaction rate was found to be first order with respect to propene partial pressure. From partial and total pressure variations the reaction order with respect to total syngas pressure was determined to be fractional 0.4, while the reaction order with respect to carbon monoxide to be negative (-0.4). The selectivity for the desired linear aldehyde was influenced by temperature and also by H 2 /CO ratio especially at low temperature (65°C). Long-term stability studies were performed showing a decrease of 17% in the activity within 180 hours on stream due to the formation of high boiling side-products.

Objectives and organization of the thesis

After this comprehensive introduction from the history to the present status of the hydroformylation reaction, it is clear that the hydroformylation of higher alkenes is still a challenge and thus an important subject of research for chemical engineers and chemists.

The utilization of ionic liquids showed promising results, but so far the many works reported on hydroformylation using ionic liquids (homogeneous, biphasic and supported systems) haven't investigate reaction engineering aspects in details. Moreover no industrial application has been successfully established yet. Thus it is believed that a better knowledge of thermodynamics, kinetics and mass transfer in those media is of considerable importance for selecting appropriate ILs and their mixtures in different applications of chemical engineering.

This thesis deals with the newly developed techniques for heterogenization of homogeneous catalyst using non volatile ionic liquids. It aims at investigating all the reaction engineering aspects of the process along with its performance. 1-octene hydroformylation has been chosen as a relevant reaction for such study as it has already been widely studied at LGC using water as catalyst solvent, but with some limitations.

For such a multi-phase reaction it is important to have a multidisciplinary approach from the chemistry involved to the thermodynamic and mass transfer aspects that might affect the reaction yield and selectivity. As explained in the introduction, this thesis is actually an outcome of a collaboration project between NCL, Pune (India) and LGC, Toulouse (France)

which have developed complementary expertise on those fields.

According to the literature available when the project started ( 2005), [Bmim][PF 6 ] was selected as ionic liquid for this study, as it was widely studied, commercially available and gave interesting results. Greener and more stable ILs have been since then synthesized, but more generally the results of the present work will give useful information for characterizing and designing improved catalyst systems.

This ionic liquid will be first characterized for key physical properties and equilibrium data with reagents and products (Chapter 2). As decane will be used as organic solvent to investigate the kinetics of biphasic hydroformylation, partition coefficients of octene and nonanal in between the two phases ( [Bmim][PF 6 ] / decane) will be also examined, as required for the interpretation and modelling of the rate data.

Mass transfer effect is also an important issue in this study, ILs being viscous solvents. In Chapter 3, mass transfer coefficients of CO and H 2 will be evaluated so that to predict the performance of the reaction in mass transfer limiting conditions. In particular, the effect of organic to ionic phase hold-up ratio for the biphasic system will be investigated here. Such results are not available in the open literature.

Finally, in Chapters 4 and 5, the hydroformylation reaction in ILs will be investigated in details, using two of the main heterogeneization concepts already developed for aqueous phase systems: biphasic and supported liquid phase catalysis. The influence of operating parameters on the kinetics of reaction will be fully interpreted and the performance of the two catalytic systems compared. As discussed before, solubility of long-chain olefins like hexene, octene and higher homologues is very poor in water and it results in low reaction rates for the aqueous biphasic hydroformylation. There are several reports concerned with enhancing the solubility of the substrates in water or ensuring a better contact between the catalyst and the substrates, by use of co-solvents [Wachsen et al., 1998], supercritical CO 2 [Bourque et al., 1999], surfactants and micelle forming reagents [Chen et al., 1999], supported aqueous-phase catalysis [Arhancet et al., 1989], or interfacial catalysis [Chaudhari et al., 1995]. A detailed survey of all those methods is given in chapter 1 (section 1.4).

The use of ionic liquid in biphasic hydroformylation of 1-octene has already been mentioned in earlier works. In 2000, Brasse et al. observed high catalyst activity, high selectivity to the linear aldehyde and no catalyst leaching for rhodium catalysed hydroformylation of 1-octene using [Bmim][PF 6 ]. Other publications from Wasserscheid's group also reported high reaction rates for hydroformylation of 1-octene using different ionic liquids and catalytic complexes [Wasserscheid and Waffenschmidt, 2000;Wasserscheid et al., 2002]. However, so far no research paper has investigated the kinetics of biphasic hydroformylation of higher olefins using ionic liquid as catalyst phase.

The main objective of this work was to carry out such kinetic study, taking 1-octene as model substrate and [Bmim][PF 6 ] as IL phase, and to develop a rate model. Biphasic IL hydroformylation is an example of gas-liquid-liquid (G-L-L) reaction, in which two gases (hydrogen and carbon monoxide) react simultaneously with a liquid olefin, after being transferred to the ionic liquid phase containing the catalytic complex.

In order to investigate the effect of olefin concentration, decane was used as organic solvent owing to its non-volatility, non-toxic and non-reactive nature. To determine intrinsic kinetics, the concentration of the dissolved gases and organic substrates in the ionic catalytic phase has to be known. The physical properties of [Bmim][PF 6 ] have been determined, followed by the solubility of H 2 and CO, as well as the solubility and partition coefficient of 1-octene and nnonanal in [Bmim][PF 6 ]. Corresponding results are presented in this chapter.

Physical properties of [Bmim][PF 6 ]

Multiphase catalysis is often influenced by the solvent properties. In case of ionic liquids, the physical and chemical properties are dependent upon the nature of both the cation and anion. In particular, density, viscosity, thermal stability, surface tension and melting point are affected by the change in the alkyl chain length of the imidazolium cation and by the nature of the anion [Huddleston et al., 2001]. Moreover, for a given ionic liquid, impurities present in the sample (especially water) can significantly modify the intrinsic properties and the interactions with solutes [Berthod and Carda-Broch, 2004;Jacquemin et al., 2006].

In our case, [Bmim][PF 6 ] was purchased from Solvionic with 99% purity and was used without further purification. Before measuring gas and liquid solubility and performing mass transfer and kinetic experiments, the physicochemical properties of this [Bmim][PF 6 ] lot were thus determined in LGC (Service Analyse et Procédés, SAP) and compared with literature data.

Purity

High purity of ionic liquid is essential for its application as a solvent for any process.

The major sources of IL impurities come from the substrates and the by-products of reactions involved in their preparation. Mostly, anion exchange reactions are applied for the formation of ILs, such as direct reaction of halide salts with Lewis acid or anion metathesis using silver salts [Wasserscheid and Welton, 2008]. For water-immiscible ILs, like [Bmim][PF 6 ], the most common procedure involves the preparation of an aqueous solution of a halide salt of the desired cation. Ion exchange is then carried out using either the free acid of the appropriate anion, or a metal or ammonium salt.

Subsequent washing of the IL with water removes most of the undesired halide ions, which are known to deactivate transition metal-based catalysts. Vacuum drying achieves the purification.

Solvionic employs similar methods for the preparation of their ionic liquids, so as to provide

ILs uncontaminated with unwanted anions or cations.

The [Bmim][PF 6 ] 99% was delivered with the following specifications: water content less than 0.1% and halide content less than 0.005%. From Karl Fisher titration of the samples, a mean water content of 0.03% was measured. Thermogravimetric analysis (performed at 423 K) showed around 0.15% of volatile compounds. From headspace GC/MS analysis, bromobutane, used for the synthesis of [Bmim] + salt from 1-methylimidazole, was found as the major volatile impurity.

Physical properties

All relevant physical properties of [Bmim][PF 6 ] (MW = 284.2 g/mol) were measured between 293 and 373 K and are given in Table 2.1. The data were found to be in good agreement with the literature values.

Density

To measure the density of [Bmim][PF 6 ], an oscillating U-tube densimeter (Anton Paar DMA 38) was employed. Density was measured at different temperatures (293-333 K) and could be described as a linearly decreasing function of temperature (eq. 2.1):

( )

T m kg 85 . 0 3 . 1621 / 3 - = ρ (2.1)
where temperature T is in Kelvin.

Viscosity

Rheometer measurements (TA Instruments CSL2 500) showed that [Bmim][PF 6 ] has a Newtonian behaviour. The viscosity was measured between 293 to 370 K with an incertitude of 5% (cf. Table 2.1). Viscosity was found to be strongly dependent on temperature, and varied according to the following relation (eq. 2.2):

( ) ⎟ ⎠ ⎞ ⎜ ⎝ ⎛ + - = T s Pa 4 . 4042 945 . 14 exp . μ (T in K) (2.2)

Surface tension

The surface tension of [Bmim][PF 6 ] was experimentally determined using Wilhelmy plate method (GBX 3S tensiometer). Table 2.1 gives the values of surface tension at three different temperatures (293, 315 and 320 K), and it can also be expressed as a linearly decreasing function of temperature (eq. 2.

3):

( ) ( ) -Broch et al., 2003 ;b-Huddleston et al., 2001 ;c-Chun et al., 2001 ;d-Zhao et al., 2004 ;e-Fadeev and Meagher, 2001;f-Wang et al., 2005;g-Dzyuba and Bartsch, 2002;h-Suarez et al., 1998;i-Okoturo and VanderNoot, 2004;j-Baker et al., 2001.
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Table 2.1 Physical properties of [Bmim][PF 6 ] measured between 293 and 373 K and comparison with the literature data.

Diffusivity of H 2 and CO in [Bmim][PF 6 ]

Diffusion coefficient of gases in ionic liquids is an important parameter to be known when ionic liquids are used as solvent for gas-liquid(-liquid) reactions. Due to the high viscosity of ionic liquids, those reactions may be hindered by mass transfer limitation caused by the slow diffusion of gases into the ionic liquid.

Diffusivity measurements of hydrogen and carbon monoxide in [Bmim][PF 6 ] were first tried in autoclave reactor using a similar technique as for k L a (see chapter 3, section 3.2.2), but at zero stirring speed, leaving the gas-liquid system undisturbed and monitoring the pressure drop. Unfortunately, such method resulted in a very poor repeatability of the experimental data and the results were not significant (calculated values were much higher compared to the usual liquid diffusivity range). Such trouble may have come from some free convection in the liquid.

Thus the diffusivity of hydrogen and carbon monoxide in [Bmim][PF 6 ] was estimated using the correlation proposed by Morgan et al. (2005). The authors have measured the diffusivity of carbon dioxide, ethylene, propylene, 1-butene and 1,3-butadiene in six different ionic liquids, including [Bmim][PF 6 ], at 303 K using a lag-time technique applied to an immobilized liquid membrane (thus eliminating free convection). They have found diffusivity values much greater than those predicted by Stokes-Einstein or Wilke-Chang equations (after fitting the solvent association coefficient to an unusual value of 0.15). So they have proposed the following correlation which accounts for the molar volume ( 1 V in cm 3 /mol) of the solute 1, the viscosity (in cP) and density (in g/mL) of imidazolium ionic liquid 2:

1 . 0 0 . 2 2 ) 07 . 0 0 . 1 ( 1 02 . 0 59 . 0 2 7 m V 1 10 7 . 3 D ± ± ± - × = ρ μ (2.4)
where molecular diffusivity D m is in m 2 /s. This correlation was used without further modification to estimate diffusivities in the investigated range of temperature (293-373 K).

In equation 2.4, 1

V is the liquid molar volume of the solute at its normal boiling point. For empirical correlations, it is obtained either from the experimental properties of the solute or from the estimations of Le [START_REF] Bas | The Molecular Volumes of Liquid Chemical Compounds[END_REF]. Both values are rather similar for the most of the gases (for instance for CO, ( )

exp V 1
= 35.0 cm 3 /mol, while ( ) = 14.3 cm 3 /mol (Himmelblau, 1964).

Surprisingly, the value of 14.3 cm 3 /mol is usually reported and recommended [START_REF] Wild | Techniques de l'ingénieur[END_REF]. It also leads to a better fitting of the experimental hydrogen diffusivity in water using correlations of Scheibel (1954) or [START_REF] Wilke | [END_REF].

The values of diffusion coefficients calculated with the experimental molar volumes and the ones estimated from Le Bas are given in Tables 2.2 and2 

H 2 and CO solubility in [Bmim][PF 6 ]

Solubility of H 2 and CO in [Bmim][PF 6 ] is one of the important thermodynamic properties to be determined to analyze hydroformylation rates. Previous reports on the solubility of H 2 and CO in ionic liquids are cited in Chapter 1 (section 1.6.1).

Before performing the solubility experiments, the free reactor volume (subtracting internals and stirrer volumes) was determined precisely by filling it with nitrogen from known volume ballast and measuring pressure variations. The free volume of the reactor (V R ) was found to be 615 ±3 mL, after three consecutive measurements at various initial pressures. Later this calculated volume was also verified by determining the Henry's constant for a well known system (N 2 -water at room temperature).

Solubility of H 2 and CO in [Bmim][PF 6 ] was subsequently measured at three different temperatures, 293, 323 and 373 K.

Measurement technique

The experimental technique used to measure the solubility and hence Henry's constant involved batch absorption of a single gas at a given temperature and pressure, and measuring of the total gas pressure variation corresponding to the dissolved gas amount in equilibrium with final pressure. A high precision pressure transducer (Keller PR33X, uncertainty of less than 0.015 bar) as well as a large pressure range (up to 25 bar) were used to ensure the accuracy of pressure variation measurement. Several experiments were performed with H 2 - [Bmim][PF 6 ] and CO - [Bmim][PF 6 ] systems to check for the repeatability of the results (estimated at less than 5%).

A stepwise procedure was adopted for the solubility measurement:

1. The reactor was filled with 300 mL of [Bmim][PF 6 ] and heated when required (under stirring) to the desired temperature. The experiment started when the reactor temperature had remained constant for at least 30 minutes.

2. Ballast was filled up with the required gas (H 2 or CO) and flushed into the reactor headspace 2-3 times to remove residual air or nitrogen. The ballast was kept at the same temperature as the reactor using a heater strip.

3. [Bmim][PF 6 ] was saturated at low pressure (P 0 =P atm ) using high stirring rate (1200 rpm) for about 15 minutes. Then the stirring was stopped and the gas solute pressure was rapidly increased in the reactor (to P m ).

4. At t = t 0 , the stirrer was started again (ω =1200 rpm) and the pressure was recorded as a function of time till it remained constant to a new equilibrium pressure (P f ). Figure 2.1 shows a typical pressure variation. Before performing a new solubility measurement, the liquid was again degassed to atmospheric pressure (step 3). 5. Using initial and final pressures, the number of moles of solute at equilibrium (n) was calculated and further converted to mole fraction (x). A sequential procedure was used to estimate the initial number of moles of solute present in the liquid saturated at P 0 (n 0 , eq. 5) and to correct it till no more variation was found for calculated value of Henry's constant H.

For this calculation, the values of compressibility factor were assumed to be unity (ideal gas law behaviour), since they are very close to 1 for both gases (Table 2.4 For P=P 0 , the number of moles of gas solute present in the liquid at equilibrium is:

⎥ ⎥ ⎥ ⎥ ⎦ ⎤ ⎢ ⎢ ⎢ ⎢ ⎣ ⎡ ⎟ ⎠ ⎞ ⎜ ⎝ ⎛ - ⎟ ⎠ ⎞ ⎜ ⎝ ⎛ × = H P H P M V n IL T . R , IL IL 0 0 0 1 ρ (2.5)
For P=P f , the number of moles of solute at equilibrium is:

( ) 0 G 5 f m n T R V 10 P P n + ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ × × ⋅ - = (2.6)
with pressures in bar and other parameters in SI units resulting in solute mole fraction

⎟ ⎟ ⎟ ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ ⎛ × + = IL RT , IL IL M V n n x ρ (2.7) with
V IL = volume of ionic liquid introduced at room temperature.

V R = free reactor volume. ρ IL,RT = density of ionic liquid at room temperature.

ρ IL,T = density of ionic liquid at working temperature (T).

M IL = molecular weight of ionic liquid.

V G = volume of gas at working temperature (T):

T , IL RT , IL IL R G V V V ρ ρ - =
Varying initial headspace pressure P m , the plot of final pressure P f as a function of corresponding solute mole fraction x gave Henry's constant H as a slope (when linear). 

Henry's constants

Henry's law states that the solubility of a gas in a liquid at a given temperature is proportional to the partial pressure of that gas above the liquid. It is however a limiting law that only applies for sufficiently dilute solutions, which means for limited pressure. As discussed above, if the law applies, the plot of partial pressure of the solute as a function of dissolved concentration is linear and Henry's constant can be obtained from the corresponding slope. Table 2.5 gives the solubility values of H 2 and CO in [Bmim][PF 6 ] in terms of Henry's constant at three different temperatures (293, 323 and 373 K). From these values, the enthalpy of solvation of H 2 can be roughly estimated as 3.0 kJ/mol between 293 and 323 K and -0.60 kJ/mol between 323 and 373 K, while for CO a constant value of -3.8 kJ/mol can be considered on the whole temperature range.

Temperature (K)

Henry's constant 

Comparison with literature data

As discussed in Chapter 1, solubility of H up to about 9 MPa by volumetric measurements using a thermostated high-pressure cylindrical view cell. After completely dissolving a known amount of gas in ionic liquid and waiting for equilibration, very small quantities of the liquid mixture are withdrawn stepwise from the cell until the first gas bubbles appear. The pressure inside the cell is then the equilibrium pressure required to dissolve the charged amount of the gas in the remaining amount of solvent at the preset temperature. Jacquemin et al. (2006) have also investigated the solubility of the two gases as a function of temperature, but near atmospheric pressure, using an isochoric saturation method. In this technique, a known quantity of gaseous solute is put in contact with a precisely determined quantity of degassed solvent at a constant temperature inside an accurately known volume. The solubility is calculated from pVT measurements before G-L contacting and after thermodynamic equilibrium is attained. The Henry's constants the authors have reported are systematically lower when compared to the data of this work, with a mean deviation close to 100% both for H 2 and CO. Berger et al. (2001) and Dyson et al. (2003) have also measured the solubility of hydrogen in [Bmim] The largest deviation was thus found with the results obtained using either high pressure spectroscopy methods [Dyson et al., 2003;Ohlin et al., 2004] or pressure measurements close to atmospheric pressure [Jacquemin et al., 2006]. In the first case, Henry's law may not apply up to 100 atm, leading to a higher value of apparent Henry's constant. In the second case, much care should be given to liquid degassing which otherwise may result in a lower measured solubility; however Jacquemin et al. have found higher values of solubility than in the present work. One other possible reason for observed deviation in solubility values can be tied to the impurities present in the investigated ILs. However it is rather difficult to make any correlation as Dyson et al. and Ohlin et al. haven't given the detailed specifications of the ionic liquids used, while Jacquemin et al. have used a 99.9% pure [Bmim][PF 6 ] (from Solvionic) after additional drying, leading to a water content of about 150 ppm (thus not so different compared to the IL used in this study).

In addition to the comparison of solubility values, the trend as a function of temperature can also be evaluated as Kumelan et al. (2005 and2006) and Jacquemin et al. (2006) have investigated the evolution of Henry's constant over a similar temperature range. Figures 2.4 in the investigated range (minimum of Henry's constant) and decrease of CO solubility with increasing temperature; however, conversely to those authors, the temperature effect is found here much more significant for CO than for H 2. On the other hand Kumelan and co-workers have observed an increase of H 2 solubility when increasing temperature and a rather constant solubility in case of CO. As there is a large discrepancy between the reported values of solubility of hydrogen and carbon monoxide in [Bmim][PF 6 ], it is difficult to compare our data with the literature values. The observed variation is because of different techniques used for solubility determination and also difference in purity of the ionic liquids. For gases having low solubility, measurement method used must be sensitive enough and needs special attention. The error estimation for the present values gives an uncertainty of less than 5%.

Solubility and partition coefficient of 1-octene and n-nonanal in [Bmim][PF 6 ]

Olefin and Aldehyde are the respective reactant and product of hydroformylation. To model the intrinsic rate of the biphasic reaction, estimation of their concentration in the catalytic phase is also required. Only few authors have reported the solubility or activity coefficient of liquid olefins and aldehydes in ionic liquids, as discussed in Chapter 1 (Section 1.6.2). In the present work, the organic phase is initially made of a mixture of n-decane (inert solvent) and 1-octene (liquid olefin), the later being transformed in n-nonanal during the course of reaction, but also in some by-products like iso-octenes and iso-aldehydes.

[Bmim][PF 6 ] constitutes the catalyst phase in which olefins will transfer to react with syngas on the catalytic sites and from which aldehydes will partition in the two liquid phases.

Solubility and partition coefficient of the theoretical main reactant and product (1-octene and n-nonanal) are given in this section, along with the description of employed measurement techniques.

Measurement techniques

Since [Bmim] The solubility of octene in IL, though larger than in water, is not very high and the metrology should be sensitive enough, making spectroscopic methods like routine NMR unsuitable.

In addition, liquid-liquid equilibria have to be measured at reaction temperature (up to 353 K). If the sample is then analysed at room temperature, a subsequent dilution with IL or some solvent may be required to keep it homogeneous phase, lowering again the solute concentrations. Multiple extractions with a non-miscible solvent can be used [Favre, 2000], but this method is indirect and quite laborious as it usually requires to remove nearly the whole amount of solute from the IL. Moreover the solute will be even more diluted in the organic solvent than in the original sample. A quite original method has been chosen instead, consisting in multiple headspace gas chromatography in which the liquid sample is heated and only the vapour phase is injected in GC and analysed. If this injection was reproduced an infinity of times (after re-equilibration), all the volatile compounds solubilised in the IL would be removed and quantified by GC analysis. Actually this is not required as the successive peak areas follow a decreasing exponential variation, and after 3-4 extractions the area corresponding to the total amount of solute can be calculated.

To assess this method, thermogravimetry analysis (TGA) has also been performed at SAP. As

ILs have a negligible vapour pressure at boiling points of organic reactant and product, the weight loss observed around those temperatures can be attributed to the dissolved organic compounds. If the concentration of the solute is much higher than the IL impurities, such simple method can be thus used to determine its solubility.

The experimental set-up and the analytical procedures are detailed below.

Liquid-liquid equilibrium set-up

Prior to those analyses, the ionic liquid phase has to be saturated with olefin and/or aldehyde.

A small set-up has been built to get equilibrium data at reaction temperature (Figure 2.6). It consists of a multi-position magnetic stirrer and a thermostated bath to equilibrate different mixtures of organic and IL phases at the same time.

To ensure liquid-liquid equilibrium was reached, the emulsions prepared with 10 mL IL and 15 mL organic substrate were kept overnight under stirring and inert atmosphere at the desired temperature. However, for nonanal solubility measurements at 353 K, contacting time with IL was reduced to a few hours, as IL decomposition seemed to occur after an inducing period: it resulted in the formation of HF and the conversion of nonanal into a blackish compound. Such result was quite unexpected as during the course of hydroformylation reaction, no degradation compound was detected in the organic phase by GC analysis. There are very few reports on such a behavior with this reaction system [Sellin et al., 2001] and usually [Bmim][PF 6 ] is recycled after hydroformylation reaction without any trouble. When nonanal was dissolved in decane (around 15 wt %), decomposition of IL was not observed after one night of contacting.

After equilibration, the two phases were separated in a jacketed settler (set at same temperature) before analysis: the heavier IL phase rapidly settled to the bottom of the vessel and effective separation could be achieved within one hour. The samples were analyzed by TGA immediately after sampling to prevent solute vaporization. Prior to MHS-GC analysis, they were diluted with a known amount of IL (calculated according to TGA results) so that they could be handled at room temperature while remaining homogeneous. was subtracted from the total weight loss recorded with the saturated IL, assuming thus that the impurities were not transferred to the organic phase. Nevertheless this amount of impurities was checked to be much less than the amount of solute for a reliable measurement (not more than 0.15 % of the total weight loss). TGA profiles of [Bmim][PF 6 ], pure and after saturation with 1-octene and n-nonanal at 353 K, are shown in Figure 2.8. Note that for nonanal, the sample was diluted prior to analysis (dilution factor of 1.71). 

Multiple headspace extraction GC-MS analysis

Principle of the MHS extraction technique

Static headspace gas chromatography (GC) is a technique used for the analysis of volatile organic compounds inside a complex mixture. Those components are extracted from the non-volatile sample components and isolated in the headspace or vapor portion of a sample vial. An aliquot of the vapor in the headspace is then delivered to a GC system for separation of all volatile components. For quantitative analysis with HS-GC, different techniques can be used, such as internal or external standard method, or standard addition.

The standard addition technique uses known amounts of the compounds of interest and adds it to the existing sample. Thus it can't be easily applied to quantify the solubility of a compound (i.e. its maximum concentration). Internal standard method requires the choice of a compound whose chemical properties are closed to the solute of interest (to compensate for matrix differences in between the sample and the synthetic mixture prepared for calibration) and that can be easily separated from it. In the case of external standard method, the sample matrix has to be reproduced, which may not be easy for the investigation of L-L partition coefficients in complex mixtures: for instance the presence of aldehyde in IL may influence the distribution of octene between the sample phase and the gas phase.

The multiple headspace extraction provides the solution of this problem: it is an absolute quantitative method where the determination is independent of the sample matrix. In this method repeated extractions are performed, eventually till total depletion of the volatile solute. By extracting the whole amount of solute -or more precisely doing like so by extrapolation -any effect of sample matrix is eliminated and the quantitative determination of the total amount depends only on the relationship between the solute amount and its peak area, or in other words its response factor, like for classical GC measurement. MHS extractions are carried out stepwise and establishing equilibrium conditions in each step. After sampling, the headspace gas is venting and re-quilibration is performed for next extraction step. More details, and in particular the mathematical development of the technique, are given in the publications of Kolb and Ettre (1982, 1991, and 2006).

In summary, the consecutive extractions result in a geometric progression of the peak areas of the solute (cf. Figure 2.8): The total amount of solute is then given by:

1 1 1 1 1 - - = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ + + = i i i Q A K K A A β ρ β (2.
f n i i e A Q A A - ∞ → = - = - = ∑ 1 1 1 1 1 (2.9)
Practically, 3-4 successive extractions are performed and the exponent f which describes the exponential decline of the peak areas can be obtained by plotting the logarithm of the peak area as a function of the number of extractions (Figure 2.9):

Ln A i = -f (i-1) + ln A 1
For calibration, external standard method can be used by applying the same MHS extraction procedure to a vial containing only a very small amount of the solute, but compensating the missing sample volume by some inert material. The gas valve is opened to allow an inert gas (helium) to flush the vial for an amount of time

Hole for venting

Glass vial

Injection head specified by the operator. Once the gas flushing period is completed, the gas valve is closed and the venting tool put back in its original position.

Stage 5: Re-equilibration: The sample is let under agitation at the equilibration temperature during the period of time defined in step 1, before a new headspace sampling.

Headspace parameters

As described above, the multiple headspace procedure requires to set different parameters:

volume of the (liquid) sample: lower values for β (i.e. larger sample volume) will yield higher responses for volatile compounds; -temperature of equilibration: the higher it is, the lower the sample-gas partition coefficient K will be (due to a higher vapor pressure), leading thus to a higher amount of solute extracted and a higher response; First, the linearity domain of the detector was determined for 1-octene and n-nonanal in terms of peak area by performing a classical GC analysis using a mixture of the solutes dissolved in heptane.

Then preliminary tests were conducted to set the above parameters so that the response was high enough to have a good sensitivity (but within the linearity domain of the detector) and the extraction of the solute was significant enough (but without depletion before the end of the consecutive steps).

Three more degrees of freedom were given by the dilution factor of the sample (using pure IL), the sampling volume, and the split ratio (ratio of the total sample/carrier gas mixture flowrate arriving in the injection chamber to what is actually swept into the column).

For 1-octene analysis, the following conditions were applied: liquid volume in the vial (V L ) = 800 µL, equilibration temperature = 40°C, equilibration time = 100 min, flushing time = 10 s (renewal of 3 times the headspace volume), sampling volume = 500 µL, split ratio = 100:1, total dilution factor (including preliminary dilution to keep the sample homogeneous after saturation at high temperature) = from 4 to 100.

For n-nonanal analysis, the following conditions were applied: liquid volume in the vial (V L ) = 100 µL, equilibration temperature = 60°C, equilibration time = 100 min, flushing time = 10 s (renewal of 3 times the headspace volume), sampling volume = 500 µL, split ratio = 100:1, total dilution factor (including preliminary dilution to keep the sample homogeneous after saturation at high temperature) = from 4 to 50.

An example of the multiple headspace plot is given for 1-octene and n-nonanal in Figure 2.11. 

Conditions of the GC analysis and detection

A polar capillary column (Varian VF-23ms, 30m × 0.25 mm, 0.25 µm film thickness with a stationary phase of cyanopropyl) was used for separation. The injector was set at 240°C and the ionization source at 200°C. The carrier gas flow (helium) was 1 mL/min in the column.

The temperature program of the column oven is given in With those conditions, the retention time of 1-octene was 1.97 min and that of n-nonanal 14.75 min.

The MS detector consisted in an ion trap system. Principle and schematic diagram of ion trap is detailed in Annex 2.1.

The mode of operation was Full scan in order to get full m/z (mass-to-charge ratio) spectra on the whole chromatogram.

Other conditions of the detector are the following ones: solvent delay (starting time for filament ignition) =1.5 min and 10 min for octene and nonanal analysis respectively.

Calibration

Due to specificity of the system investigated (and corresponding MHS parameters), the calibration was here made by applying the MHS procedure to standards prepared by dissolving different amounts of 1-octene or n-nonanal in [Bmim][PF 6 ] (much below their solubility). The corresponding calibration curves are given in Annex 2.2.

It was checked that those curves could be applied to quantify the corresponding amounts of 1octene and n-nonanal when decane is also present in the sample.

Solubility results

Solubility of 1-octene and n-nonanal in [Bmim][PF 6 ] was determined at three different temperatures (298 K, 323 K and 353 K) using the both TGA and MHS-GC/MS techniques. As expected, the solubility of n-nonanal is much higher than that of 1-octene due to its higher polarity.

Surprisingly, solubility values obtained by both techniques (Table 2.9) show a very good agreement in case of 1-octene (less soluble), but the deviation is larger for n-nonanal (around 30% difference at 298 K). It seems thus not to be tied to the precision of the techniques, but more likely to some specific behavior of the compound with IL. From molecular dynamic studies, Sieffert and Wipff (2007) have reported that the neat [Bmim][PF 6 ] interface with olefin is molecularly sharp, while the interface with heptanal is broader mainly due to Bmim + ….O (heptanal) attractions. Effective phase separation may be in fact more delicate with this compound.

Regarding the evolution of solubility with respect to temperature, it is rather small for both compounds.

Partition coefficients of 1-octene and n-nonanal ([Bmim][PF 6 ] / decane system)

Partition coefficient is a measure of the distribution of a compound between two immiscible solvents and is defined as the ratio of concentrations of that compound in between the two phases at equilibrium. In the present study, there are two immiscible phases, i.e. organic phase (decane) and catalytic phase ( [Bmim][PF 6 ]). During the course of reaction, 1octene is preferably converted in 1-nonanal when the reaction is highly selective. Assuming only this main reaction occurs, five different organic mixtures were prepared to investigate the evolution of the partition coefficients of 1-octene and 1-nonanal in between [Bmim] This partition coefficient is defined as the ratio of the mass % of solute in IL phase to the mass % of solute in organic phase at equilibrium. All measurements were performed twice and analyzed with MHS-GC/MC as several solutes were present in the IL samples. Due to the very low solubility of decane (0.13% at 353 K) compared to nonanal, an estimation could however be made from TGA analysis in case of mixture 5. Due to its very low solubility in [Bmim][PF 6 ], the presence of decane in the organic phase doesn't modify the partition coefficient of 1-octene or n-nonanal to the IL phase.

Sample

Conversely, when the organic mixture is enriched in n-nonanal, the partition coefficient of noctene to the IL phase seems to be higher.

Comparison with literature data

Solubility of 1-octene in [Bmim][PF 6 ] was reported by Stark et al. (2006) in their work on metathesis of 1-octene in ionic liquids. They measured it using classical gas chromatography and found a value of 2.0 mol %, i.e. 0.80 mass %, at 298 K. Brasse et al.

(2000) also reported a value of about 2.5 mol % (1.0 mass %) at 298 K. Those values are in a quite good agreement with the one of 0.64 mass % measured in the present study.

Conclusions

Solubility of CO and H 2 in [Bmim][PF 6 ] at different temperatures and pressures up to 25 bar has been measured with a good precision by a pressure-drop technique. Carbon monoxide shows a higher solubility than hydrogen in [Bmim][PF 6 ] in the investigated range of temperature. The solubility (per volume) of those gases in [Bmim][PF 6 ] is rather low compared to that in usual organic solvents (around 3 times lower), but comparable to that in water (H H2 = 900 and 1250 bar.L/mol -1 and H CO = 450 and 1000 bar.L/mol -1 in [Bmim][PF 6 ]

and water respectively at 293 K).

Solubility and partition coefficents have also been determined for 1-octene and nnonanal in [Bmim][PF 6 ] at different temperatures using TGA and MHS-GC/MS techniques.

N-nonanal is found to be much more soluble than 1-octene in [Bmim][PF 6 ] due to its polar nature. The influence of temperature is quite low for those solutes. As expected, solubility of 1-octene is incomparably higher in [Bmim][PF 6 ] (around 2 mol %) than in water (0.0001 mol %). The presence of decane does not modify the partition of octene or nonanal between organic and IL phases, while n-nonanal seems to somewhat enhance the affinity of 1-octene for IL phase.

The knowledge of solubility data for CO, H 2 , 1-octene and n-nonanal in the catalytic phase ( [Bmim][PF 6 ]) will help to derive a true kinetic model (Chapter 4) for the hydroformylation reaction by providing the respective compositions in the reaction phase.

Chapter 3

Introduction

In multiphase catalytic reactions, mass transfer of the gaseous reactant to the liquid phase often plays an important role. For a gas-liquid-liquid reaction system, where the homogeneous catalyst and the organic substrate are in two immiscible liquid phases, the overall rate may depend not only on the intrinsic kinetic rate of the reaction, but also on gasliquid and liquid-liquid mass transfer rates. For a better productivity of the process, it is thus important to ensure that those mass transfer rates are fast compared to the intrinsic reaction rate. Usually, liquid-liquid mass transfer rates are told to be higher than gas-liquid mass transfer rates as droplets are much smaller than bubbles.

A schematic diagram of a gas-liquid-liquid reaction is shown in Figure 3.1: for the investigated system, A and B stand for H 2 and CO, 1-octene and nonanal are respectively the substrate and product transferring between the organic medium (decane) and the catalytic phase ( [Bmim][PF 6 ]) containing the Rh-TPPTS complex. The transport of H 2 and CO to the catalytic phase occurs either directly or through the organic phase, depending on the respective volumes of the liquid phases (i.e. which phase is dispersed) as well as the interfacial properties of the dispersed liquid (e.g. its ability to spread over the bubbles).

Gas phase

Liquid Phase 1 (Organic) For a simple gas-liquid system as shown in Figure 3.2, the transport of gaseous solute A from gas to liquid phase is controlled by serial resistances in both phases.

Liquid Phase 2 (Catalytic)

The molar flux of species A per unit volume can be written as:

N A = k G a(P A -P AI ) or N A =k L a(C AI -C A )
where k L and k G are called local mass transfer coefficients in the liquid phase and gas phase respectively, a is the specific interfacial gas-liquid area.

Partial pressure (P A ) and concentration (C A ) in both the bulk-gas and bulk-liquid phase are assumed to be uniform. P AI and C AI are in thermodynamic equilibrium at the interface.

The terms (P A -P AI ) and (C AI -C A ) represent the driving forces in each phase.

Defining K L as

G L L Hk k K 1 1 1 + =
(with H the Henry's constant: P AI = H⋅C AI ), N A can be also expressed as:

N A = K L a (P A /H-C A ).
When the Henry's constant is large (low soluble gases), the liquid phase resistance typically controls the mass transfer process and K L ≈ k L .

Distance from interface

Gas Phase Liquid Phase

Gas film Liquid film interface Penetration theory: Higbie (1935) emphasized by penetration theory that the time of exposure of a fluid to mass transfer is short in many situations, so the steady state concentration gradient which is considered in the two-film theory cannot be assumed. The mass transfer is pictured as molecular diffusion in unsteady-state conditions at the boundary of the fluid, where t L is the time of contact between gas and liquid. In this case, the liquid film coefficient is given by k L =2(D m /πt L ) 0.5 with k L proportional to D m 0.5 .

Surface-renewal theory: [START_REF] Danckwerts | [END_REF] pointed out that the Higbie's penetration theory with its constant time of exposure of the liquid eddies at the surface is a special case of what may be a more realistic picture. Therefore surface-renewal theory extends the penetration theory by expressing the time of contact not as a constant but a statistical function. The gas-liquid interface is then a mosaic of surface elements of different exposure times. Hence, a mean surface renewal factor, s =1/t is introduced, where t is the average residence time at the interface. In this case, k L is given by k L =(sD m ) 0.5 .

In this chapter, G-L mass transfer is evaluated for H 2 and CO, first in the pure ionic liquid ( [Bmim][PF 6 ]), then the volumetric mass transfer coefficent is calculated for emulsions of decane and ionic liquid which mimic the G-L-L reaction system. In the first case the temperature has been varied in order to investigate the influence of the liquid viscosity which is particularly high in such media. In the second case, the volume ratio of the two phases has been varied. The experimental setup and the procedure adopted are detailed, and an interpretation of the mass transfer results in pure IL is proposed in terms of dimensionless correlations. 

Measurement of gas

Measurement technique

The experimental technique used to measure the gas -liquid mass transfer coefficient (k L a) is similar to the measurement technique employed for solubility experiments discussed in Chapter 2 (section 2.4.1). The only difference is that the dynamics of the pressure variation of the gas phase is recorded at shorter time intervals (frequency of 5 Hz with respect to 1 Hz in case of solubility experiments) as the absorption proceeds. This technique is well known as the dynamic pressure -step method [Teramoto et al., 1974;[START_REF] Ledakowicz | [END_REF]Chaudhari et al., 1987].

The stepwise procedure adopted for k L a measurement was thus the same as reported in section 2.4.1 of Chapter 2, but it is the initial part of the pressure vs. time curve that was here analysed.

After the desired liquid temperature was reached, the reactor headspace was flushed with the gas solute and the liquid was saturated at low pressure (P 0 =P atm ). Then the stirring was stopped and the gas solute pressure was rapidly increased in the reactor (to P m ≈ 15 bar). At t = t 0 , the stirrer was started again and the pressure was recorded as a function of time till it remained constant (new equilibrium pressure P f ). Integration between t=t 0 (P=P m ) and t of the mass balances in gas and liquid phases (perfectly stirred) led to:

( ) ( ) 
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In Figure 3.4, the evolution of the left-hand member of equation (1) as a function of time is superimposed on the corresponding pressure variation recording: a k L value can be determined from the slope of the resulting line. The main question about this technique concerns the part of the pressure curve to be used as the stirrer speed cannot be instantaneously varied from zero to the desired speed. The best choice is to select the portion which best fits the exponential pressure variation which corresponds to the linear variation of the logarithmic pressure difference ratio, from about 20 to 70% of the total pressure variation. 

Gas-liquid mass transfer coefficients of H 2 and CO in [Bmim][PF 6 ]

Critical stirrer speed and gas induction

The critical impeller speed N cr at which the onset of gas induction occurs may be considered as the first step in the design of the reactor. Joshi and Sharma (1977) have proposed a correlation by measuring the critical impeller speed for pipe and flattened cylindrical impellers and haven't found any dependence on liquid property:

K gH d N l st cr 2 2 2 2 π - = (3.2)
According to Bernoulli equation and based on the assumption of same velocity for the liquid and the paddle, K = -1, while experimental value of K lies in the range of -0.9 to -1.3.

Sawant and Joshi (1979) The values calculated previously were found consistent with observations made using a glass beaker of nearly same diameter and heated from the bottom, but it was also seen that gas induction did not proceed the same way at different temperatures (Figure 3.5). At 293 K bubbles were not released continuously and most of the gas hold up was trapped around the stirrer blades over a large range of stirrer speed (Figure 3.5(a)), while at 373 K gas was dispersed in the whole liquid in form of small bubbles above critical speed (Figure 3.5 (c)). 

Experimental values of k L a

Experiments were carried out to determine the gas-liquid mass transfer coefficient for hydrogen and carbon monoxide in [Bmim][PF 6 ] at three different temperatures (293, 323 and 373 K). They were performed using the dynamic pressure step method discussed in section 3.2.2.

In Figure 3.6 (a,b), the corresponding values of the volumetric mass transfer coefficient k L a are plotted versus the stirrer speed at the three different temperatures. Each point is a mean of 3 to 4 measurements with standard deviation less than 10%.

It can be observed that k L a increases with increasing N (rotation speed) and also with temperature. The temperature effect on k L a (both for H 2 and CO) is much higher for ionic liquid than for aqueous solutions, probably due to a much higher decrease of viscosity with temperature and to the very peculiar change in gas dispersion as shown in Figure 3.5.

As expected by the higher values of diffusivity coefficients (cf. Tables 2.2 and 2.3, Chapter 2), k L a is higher for hydrogen than for carbon monoxide. According to the penetration theory, the k L a ratios measured in between the two species are more consistent with the diffusivity values given in Table 2.3 and thus those values will be used for further calculations. 

Gas-liquid mass transfer correlations

Bibliography survey

It is usually agreed that mass transfer coefficients can be nicely correlated as a function of power consumption [Zieverink et al., 2006;Poncin et al., 2002, andDietrich et al., 1992].

An alternative approach when this parameter cannot be evaluated is to describe the effect of different operating parameters on k L a using a dimensionless correlation of the form: Sh = f(Re, Fr, Sc, We …). This section refers to such models. Dietrich et al. (1992) have measured the gas-liquid mass transfer in non-electrolytic liquids (distilled water, ethanol and reaction mixtures involved in adiponitrile hydrogenation) using a gas-inducing stirrer of Rushton type and proposed the following correlation: where a was found to be a function of the ratio between liquid height and tank diameter.

As this equation does not account for the critical impeller speed N cr , it will fail near the onset of gas induction and thus it is only suitable for stirrer speeds N >> N cr . Poncin et al. (2002) have also characterized mass transfer performance of a gas-liquid stirred tank provided with a radial gas-inducing turbine and they have proposed an empirical correlation for air-water system: This correlation shows that k L a strongly increases with N above N cr ; the asymptotic value at high Fr does not correspond to usual stirring conditions.

Recently Zieverink et al. (2006) have studied the gas-liquid mass transfer characteristics of a laboratory autoclave equipped with a gas-inducing Rushton stirrer using different organic liquids (sunflower oil, toluene, acetone, n-hexadecane) with a viscosity range from 0.4 to 60 mPa.s. After evaluating many dimensionless correlations, they have found that

( ) d c cr b Sc Fr Fr Sh - ∝ Re
best fitted their data. As the organic liquids used in their study were very similar in surface tension and density, they omitted the Weber number effect.

Modelling of k L a in ionic liquid

In the present work, the values of the volumetric gas-liquid mass transfer coefficient k L a for hydrogen and carbon monoxide in [Bmim][PF 6 ] obtained by dynamic absorption technique are modelled using different correlations based on Sh, Sc, Re and (or) Fr as relevant dimensionless groups. Previous parametric study indeed underlined the influence of stirrer speed, viscosity (through temperature effect) and gas diffusivity (changing gas nature) on k L a.

Some of the proposed correlations also include modified Reynolds or Froude numbers to account for the critical impeller speed. All the selected model equations and fitted parameters with 95% confidence interval are listed in Table 3.1.

In accordance with penetration theory models I to IV and VII set the exponent of Schmidt number to 0.5, while in equations V and VI it is let free in the fit. The parameters of those correlations have been optimized using Levenberg-Marquardt method (DataFit software) after linearization of the equations. To compare the quality of prediction of the different models, the root mean square value between the experimental and predicted k L a has been also calculated as:

∑ = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - = N i i L calc i L i L a k a k a k N RMS 1 2 exp , , exp , 1 .
Figure 3.7 presents the parity plots of predicted vs. experimental values of mass transfer coefficients. Values at 800 rpm, close to critical speed and maybe too sensitive to any hydrodynamic disturbance, were excluded for the optimization but accounted for in the calculation of the criteria and the plot of parity diagrams.

The fitted parameters and parity diagrams corresponding to the diffusivity values of Table 2.2 (Chapter 2) are given in Annex 3.

*RMS is the root mean square value between the experimental and predicted k L a, given as:

∑ = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - = N i i L calc i L i L a k a k a k N RMS 1 2 exp ,
, exp , 1 Table 3.1 Model equations and estimated parameters for gas-liquid mass transfer with gas-inducing stirrer (with 95% confidence intervals). 

Model

Discussion of the different models

Correlations giving Sh as a function of Sc 0.5 and Fr c (or (Fr-Fr cr ) c ) fail to predict the data over the temperature range as they underestimate the effect of viscosity. Letting the exponent of Sc free results thus for this parameter to negative values which have no physical significance. It was also observed by Zieverink et al. (2006) when trying to correlate the k L a values obtained for different liquids.

If in equation III or IV no constraint is put on the Sc exponent, then the optimization leads again to unrealistic low values for this parameter (around 0.2), along with very large confidence intervals, showing that too many free parameters are involved in fitting our data set.

From analysis of selected models (Table 3.1), following conclusions can be brought about:

-as expected taking into account the critical stirrer speed through modified Reynolds number results in much lower RMS criteria (0.89 for model II against 

Checking the influence of geometrical parameters

After solubility and gas-liquid mass transfer experiments, the reactor configuration was changed, placing a reduced volume reactor (V R = 289.8 cm 3 ) inside the actual one (V R = 615 cm 3 ) to decrease amounts of IL, catalyst and ligand for reaction experiments. The internal fittings and stirrer were also replaced accordingly (d st = 2.6 x10 -2 m). To validate the mass transfer correlations derived with the large reactor, absorption experiments were also performed in this reactor. It can be thus concluded that the effect of geometrical parameters is reasonably well described by the correlations.

Gas-liquid mass transfer coefficients of H 2 and CO in [Bmim][PF 6 ]/decane emulsions

Finally the gas-liquid mass transfer coefficient was measured in [Bmim][PF 6 ]decane mixtures at 373 K, using different volume ratios of the two phases, in order to mimic conditions of biphasic hydroformylation. First it is noteworthy that the mass transfer coefficients in ionic liquid phase are about ten times smaller than in organic phase. As solubility (per volume) is also lower this mass transfer limitation may become important even for moderately fast reactions. It can also be noticed that ratio of k L a values for H 2 and CO are smaller in decane than in ionic liquid, which is consistent with the observations of Morgan et al. (2005) for diffusivity. [START_REF] Wilke | [END_REF] found diffusivity in common liquid systems to be inversely proportional to the molar volume of the solute to the 0.6 power, while Morgan et al.

observed that the diffusivity in ionic liquids is inversely proportional to molar volume to the power of 1.

In the reaction mixture, k L a increases with increasing decane volume fraction due to lowering of emulsion viscosity. A larger increase in k L a is found around phase inversion (cf. Figure 3.10). These results are very important as possible industrial reaction will be carried out in such two liquid phase media where gas-liquid mass transfer is clearly better than in pure ionic liquid phase due to both the average viscosity reduction and to the very fast liquid-liquid mass transfer as compared to gas-liquid mass transfer [Lekhal et al., 1999;[START_REF] Dumont | [END_REF]. In this two phase liquid systems with ionic liquid as the dispersed phase, gas is fast transferred to the organic phase due to high k L a, then faster transferred to the ionic liquid phase due to much higher interfacial area, droplets being much smaller than gas bubbles. and CO (b) in [Bmim][PF 6 ] ( ), decane (•) and [Bmim][PF 6 ] -decane mixtures (2/3-1/3 vol. ratio ; 1/3-2/3 vol. ratio Δ) at 373 K.

Conclusions

This chapter has reported experimental results on gas-liquid mass transfer in ionic liquid, showing a very strong effect of both temperature and stirrer speed. Correlations .

In [Bmim][PF 6 ]-decane mixtures, a large increase of k L a is found near phase inversion while increasing decane fraction. Thus from an engineering point of view, biphasic hydroformylation using ionic liquids should be preferentially conducted with a continuous organic phase in order to reduce the effect of gas-liquid mass transfer limitations.

Investigation of gas-liquid mass transfer coefficient helps to determine the limiting step for the whole process of multiphase reaction. In the next chapter, kinetic study of hydroformylation reaction is carried out under chemical controlled regime to optimize rate models and under mass transfer regime to confirm the effect of the dispersed phase.

Biphasic hydroformylation of 1-octene using ionic liquid Chapter 4

This chapter is devoted to the IL biphasic hydroformylation of 1-octene catalyzed by rhodium complexes, mainly with triphenylphosphine trisulfonate (TPPTS) ligand. The reactions were carried out at constant syngas pressure in an autoclave reactor equipped with a gas-inducing stirrer. The kinetics of the reaction was investigated in the chemical regime, and models for hydroformylation rate as a function of operating parameters were optimized and compared. Several complementary aspects were also studied: catalyst stability or reusability, reaction rate in mass transfer limiting conditions, use of other lipophobic ligand, reaction under ultrasound emission.

Introduction

Application of biphasic catalytic systems is supported by the advantage of easy separation of catalyst and products. Since the establishment of biphasic catalysis in the 1970s [START_REF] Kuntz | Rhône-Poulenc Chimie[END_REF], a continuous development and research has been known for around 30 years. In the case of hydroformylation reaction, several modifications of the original (aqueous) biphasic system have been proposed to overcome the low reaction rates observed due to the poor solubility of reactants: use of fluorous solvents [Horvath and Rábai, 1994], co-solvents [Hablot et al., 1992;Deshpande et al., 1996], supercritical CO 2 [Bhanage et al., 1999], surfactants and micelle-forming reagents [Chen et al., 1999], "promoter agents" [Chaudhari et al., 1995] and now ionic liquids [Chauvin et al., 1996].

A detailed description of all above processes can be found in Chapter 1 (section 1.4).

Biphasic hydroformylation of 1-octene using [Bmim][PF 6 ] is an example of a gasliquid-liquid catalytic system in which two gaseous reactants (carbon monoxide and hydrogen) react with an organic reagent (olefin) after partial solubilisation in a ionic liquid phase containing the catalyst. The reaction of dissolved gases and olefin occurs in the catalytic phase (bulk) or at the organic-ionic liquid interface. The overall rate of reaction in such a multiphase catalytic system is governed by many factors, viz: solubility of CO and H 2 in ionic liquid phase, liquid-liquid partition of olefin, gas-liquid mass transfer and intrinsic kinetics of the reaction in the ionic liquid phase. Solubility and gas-liquid mass transfer of CO and H 2 in [Bmim][PF 6 ] have been investigated and presented in Chapters 2 and 3 respectively. To study the intrinsic kinetics of such reaction, the former and principal step is to ensure that the experimental data are obtained in the kinetic regime and not influenced by any interfacial mass transfer or diffusion.

Experimental Procedure

All the hydroformylation experiments were carried out in a high pressure autoclave. A reduced volume vessel (made of Hastelloy C276) was placed inside the original reactor and equipped with a six-bladed gas-inducing stirrer (d st = 26 mm). The experimental setup is illustrated in Figure 3.3 (Chapter 3).

Materials

Rh(CO) 2 (acac) was purchased from Sigma-Aldrich. TPPTS (more than 90% purity with < 10% oxide) and sulphoxantphos (> 98% purity) ligands were prepared at NCL, Pune (India). [Bmim][PF 6 ] with 99% purity was purchased from Solvionic (more detailed information on its impurities is given in Chapter 2 (section 2.2.1)).

Carbon monoxide and hydrogen were supplied by Linde gas s.a. 1-octene, decane and GC standards / solvent (n-nonanal, anisole / toluene) were purchased from Sigma Aldrich with a purity > 98%.

Reaction procedure

As for the larger reactor, the free volume of the small reactor (subtracting all fittings and stirrer volumes) was determined precisely by filling it with nitrogen from the known volume ballast and measuring pressure variations. The corresponding volume was found to be 289.8 ± 0.5 mL, after repetitive measurements. It was also verified by measuring the known Henry's constant for N 2 -water system at room temperature.

In a typical experiment with identical partial pressures of H 2 and CO, Rh(CO) 2 (acac) (catalyst precursor) and TPPTS (ligand) were mixed in the desired ratio with 40 mL of [Bmim][PF 6 ] inside the autoclave reactor. The autoclave was then flushed 3 to 4 times with syngas (H 2 :CO=1:1), pressurized to 10 bar and heated at 80ºC under slow stirring (300-400 rpm) till the temperature was attained. Thereafter, the autoclave was pressurized to 20 bar and left under stirring at 1000 rpm for 3 hours for catalyst preparation. Further the reactor was cooled down to room temperature and depressurized.

It was also flushed slowly with nitrogen without stirring to remove syngas from the headspace before opening (for safety reason) while limiting absorption of nitrogen in the catalyst phase. It was checked that the catalyst solution was homogeneous, showing a light brown colour. The reactor was immediately loaded with the organic phase comprising olefin and decane (60 mL) in the desired ratio. The contents were flushed again twice with syngas and pressurized up to 10 bar with the equimolar gas mixture.

The reactor was then heated to attain the desired reaction temperature (60, 70 or 80°C) with a stirring speed of 300 rpm, well under gas induction. When the desired temperature was attained, the stirrer was stopped and syngas was introduced from the ballast into the reactor up to the desired pressure (40 bar). A first sample of organic phase was withdrawn to evaluate the amount of products eventually formed during the heating period. Data acquisition and stirring at 1200 rpm were simultaneously started (zero time of reaction). The valve between the reactor and ballast controlled the syngas feed in order to maintain a constant reactor pressure. N.B.: when the effect of different partial pressures of H 2 and CO was studied, the reactor was filled before heating with the corresponding partial pressures of H 2 and CO (accounting for liquid vaporization and expansion), then fed by the stoichiometric syngas -H 2 :CO (1:1) -as the reaction proceeded. As the hydrogenation reaction was negligible, the initial ratio was thus kept constant during the reaction.

The data acquisition program (DASYLab) recorded continuously the temperature and pressure of both the reactor and the ballast. The reaction was left at constant stirring and temperature for 6 hours and samples (0.5-1 mL) were withdrawn (after purging) at specific time intervals: 1 hour, 3 hours and 6 hours. When taking samples, the stirring was stopped for about 1 min so that only organic phase sample was withdrawn.

At the end of the run, the ballast was disconnected (valve closed) and the reactor was cooled to room temperature at a stirring speed of 200 rpm to ensure that no more reaction could occur. It was then purged 2-3 times with nitrogen before opening. The final sample was taken directly from the reactor after cooling, providing a larger sample amount to confirm observed trends. All liquid samples were taken for analysis. The reactor was then emptied and cleaned using acetone.

Following the above procedure, the effect of catalyst and olefin concentrations, partial pressures of H 2 and CO, and temperature on the rate of hydroformylation was studied.

Analytical method

The organic phase was analysed using a Varian 3800 gas chromatograph (GC) with flame ionization detector (FID). The temperature of the injector and detector was set to 200°C and 280°C respectively. A CP Wax 52 column (30 m × 0.32 mm × 0.25 μm film) was used for separation with helium as carrier gas. The quantitative analysis of the products was carried out by means of an internal standard method (Annex 4.1), using anisole as internal standard and toluene as solvent. A standard GC method was developed using conditions mentioned in Table 4.1. Prior to the analytical tests, standard solutions were prepared in the range of investigated concentrations of reactant (1-octene) and product (n-nonanal), and calibration curves were plotted for quantification (Annex 4.1). It was assumed that the response factor is the same for isomers as linear compounds. The identification of compounds was confirmed by GC-MS analysis. 

Injector

Ballast pressure measurement

Apart from analysis of liquid samples, the consumption of syngas in the ballast was also recorded during the reaction. As from the stoichiometry of the hydroformylation reaction one mole of aldehyde (product) is formed by consumption of one mole of H 2 and 1 mole of CO, the initial rate of aldehyde formation can also be obtained from the plot of syngas consumption (in moles) versus time (initial slope divided by a factor 2). The rate of reaction can be then expressed in a convenient unit by dividing it by the catalyst phase volume.

A mole balance can also be performed by comparing consumption of syngas and amount of adehyde formed throughout the course of the reaction.

Reaction characteristics: reaction rate, TurnOver Frequency, yield and selectivity

Based on chromatography data

The initial rate of reaction, TurnOver Frequency (TOF), yield and selectivity towards linear aldehyde were calculated using the following formulae:

Initial rate of hydroformylation (kmol/m 3 IL /s) (based on polynomial regression of data) =

⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ ⎛ × ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ = IL 0 t aldehyde V 3600 dt dn (4.1)
A third order polynomial was used to fit the number of moles of aldehyde formed as a function of time according to GC analysis and its derivative was calculated at t=0. N.B. n aldehyde,0 was usually found negligible.

TurnOver frequency (TOF) (h

-1 ) = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ × - t n n n Rh 0 , aldehyde aldehyde (4.2) Yield towards linear aldehyde (%) = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - - - - 0 ,

Based on ballast pressure measurement

Assuming the pressure regulator between the reactor and ballast to be highly precise, as well as the pressure transducer, the rate of reaction was also calculated from consumption of syngas in the ballast at the beginning of reaction using the formula:

Initial rate of hydroformylation (kmol/m 3 IL /s) (based on syngas consumption) = ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ ⎛ × × ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - = IL min 30 0 t gas V 3600 2 dt dn (t in h, n in kmol, V IL in m 3 ) (4.5)
Indeed the actual pressure recording often showed non smoothed pressure variations.

When it occurred during the very first minutes, the rate was calculated from a smoothing of the signal based on the first 30 minutes of the curve.

The values of initial reaction rates given in the following paragraphs correspond to equation 4.5. Only for conditions where the reaction was very slow (with sulfoxanthphos ligand) and the pressure response less accurate or for US experiments (cf. § 4.8), the reaction rate was calculated from the initial derivative of a polynomial regression based on liquid sample analysis (eq. 4.1).

Both calculations of initial reaction rates (based on syngas consumption or polynomial regression of liquid sample data) are also given in Annex 4.2 for the conditions investigated in the kinetic study.

For all experiments it was checked that the mole balance between syngas consumption and amount of aldehyde products (n-nonanal and iso-aldehyde) formed in the organic phase was nearly fulfilled throughout the reaction for the initial ratio of IL to organic phase used (V IL = 40 mL, V org = 60 mL), as shown for instance in the figure below. The small difference can be attributed to the amount of aldehyde dissolved in the ionic liquid phase. Indeed formation of octane was found negligible in all cases. (1)

Reaction conditions: Rh(CO) 2 (acac): 6.97×10 -3 kmol/m 3 IL , TPPTS (without 10% oxide): 2.09×10 -2 kmol/m 3 IL (P:Rh=3:1), 1-octene: 0.973 kmol/m 3 org , T: 353 K, P T : 40 bar (H 2 :CO = 1:1), total liquid volume: 100×10 -6 m 3 (organic:IL = 60:40 v/v) , agitation speed : 1200 rpm.

The calculation of the conversion of 1-octene and the production of all derivatives (aldehydes, octane and isomers) helped to make a complete mole balance in the organic phase (cf. Annex 4.2).

Analysis of rhodium leaching to the organic phase was also performed using inductively coupled plasma with atomic emission spectroscopy (ICP-AES Ultima 2 from Jobin Yvon). Results are analysed in section 4.6.

Kinetic study in chemical regime

Verification of chemical regime: theoretical considerations and effect of stirrer speed

The validation of the kinetic regime was first made using the criteria proposed by [START_REF] Doraiswamy | Heterogeneous Reactions, Analysis, Examples and Design[END_REF] and it was also verified that the reaction rate was not modified when changing agitation speed.

Theoretical considerations

According to Doraiswamy and Sharma, gas-liquid(-liquid) The condition for a reaction to be kinetically controlled is:

1 . 0 A a k R * L A 〈 ⋅ (4.6)
where A R is the observed rate of reaction of species A (kmol/m 3 IL /s here), a k L is the gas-liquid mass transfer coefficient (s -1 ), and A * is the concentration of dissolved gas A in the IL phase at equilibrium (kmol/m 3 IL ). This criterion was checked for hydrogen taking the conditions where the reaction rate was expected to be among the highest in the investigated range: T = 353 K, total syngas pressure P T = 40 bar (with H 2 :CO = 1:1), 1-octene concentration of 0.973 kmol/m 3 org , catalyst concentration of 6.97×10 -3 kmol/m 3 IL (with P:Rh = 3:1), volume fraction of IL phase (relative to total liquid phase) = 0.4. , where ε IL is the volume fraction of the IL phase (ε IL = 0.4) and m A is the distribution coefficient of dissolved gas A between organic and IL phases:

Under these conditions

IL , H org , H A C C m 2 2 =
(assuming instantaneous liquid-liquid equilibrium). According to Tables 2.5 and2.6, m A is equal to 2.84 m 3 IL /m 3 org at 373 K and this value was taken for calculations at 353 K.

The values of mass transfer coefficient ( a k L ) of H 2 in the emulsion and corresponding corrected term of eq. 4.6 are given in Table 4.2 for various rotation speeds. Assuming instantaneous liquid-liquid equilibrium, values of criterion for hydrogen are always less than 0.1 in the investigated range of stirrer speed (N ≥ 500 rpm).

N (rpm) a k L (s -1 ) ( ) ( ) A IL IL IL * L A m A a k R ε ε ε - + ⋅ 1 (-) 500 800 1000 1200 1500 1.80×10 -2 2.58×10 -2 3.94×10 -2 1.89×10 -1 5.03×10 -1 6.7×10 -2 4.7×10 -2 3.1×10 -2 6.4×10 -3 2.4×10 -3

Experimental verification

Before performing kinetic study, some preliminary reactions were carried out to check the reproducibility of the experiments. In order to verify the assumption of chemical regime, two experiments were performed under above conditions, changing only the stirrer speed (1200 and 1500 rpm) and keeping the other parameters the same.

The initial reaction rate was found nearly equal at 1200 and 1500 rpm, the difference of about 10% lying in the range of reproducibility deviation. This result confirms that above 1200 rpm both gas-liquid and liquid-liquid mass transfer resistance can be neglected. Therefore, all reactions for the kinetic study were carried out at an agitation speed of 1200 rpm high enough to ensure that the reaction occurred in the kinetic regime (1500 rpm being the maximum advised by the autoclave supplier).

Typical concentration-time profiles

The typical concentration-time profiles of the reactant and products are shown in Figure 4.2 for the conditions given in 4.3.1 (these will be further referred as standard conditions).

It can be observed that the consumption of 1-octene resulted into both n-nonanal and branched aldehydes (3 isomers) as hydroformylation products. All branched aldehydes were clubbed together and termed as "iso-aldehyde".

Isomerisation of 1-octene was observed as a side reaction, leading to the formation of internal octenes (3 isomers), clubbed together and termed as "iso-octene".

The rate of isomerisation of 1-octene was significant during the first hour of reaction;

afterwards the hydroformylation of iso-octene was predominant. It is noteworthy that nnonanal was formed much faster than iso-aldehyde at the beginning. This result suggests that the direct formation of the branched aldehyde from 1-octene might be rather low.

Because of isomerisation reaction, concentration of iso-octene was maximum after 1 hour, leading to formation of iso-aldehyde, becoming major product at the end.

As shown in Figure 4.2, the hydrogenation of octene was found to be negligible.

Thus, as mentioned above it was verified that the quantity of syngas consumed was consistent with the amount of aldehyde products (n-nonanal + iso-aldehyde) formed as per the stoichiometry. Material balance in the organic phase was also checked for each experiment during the course of the reaction and was found to be around 95% for all points with respect to the mother solution. It should be mentioned that the first sample always showed a small decrease of 1-octene (about 5%), while much less aldehyde was yet detected in the organic phase. Amount of 1-octene vaporised was rather low in standard conditions (estimated less than 1%), as well as the amount solubilised in the IL phase (about 1%). Thus the reaction might have started in a small extent in the catalytic phase, the very low stirring during the heating period limiting the transfer of the accumulated product to the organic phase. 1-octene iso-octene total octene n-nonanal iso-aldehyde total aldehyde octane 

Range of operating conditions

The kinetics of the hydroformylation of 1-octene was investigated by varying the concentrations of catalyst and 1-octene, the partial pressures of hydrogen and carbon monoxide and the reaction temperature. The corresponding ranges of operating parameters are given in Table 4.3 As discussed in the previous section, initial rates of hydroformylation were calculated from the plots of syngas consumption as a function of time.

Effect of catalyst concentration

The effect of the catalyst concentration [Rh(CO) 2 (acac)] on the rate of biphasic hydroformylation of 1-octene was studied at 353 K, keeping other parameters constant according to standard conditions. The range of catalyst loading used for the kinetic study in the present work was 2.0×10 -3 -6.97×10 -3 kmol/m 3 in [Bmim][PF 6 ] (catalytic phase). This trend is very common and reported for instance for the aqueous biphasic or homogenous hydroformylation: of ethylene [Deshpande et al., 1998;Kiss et al., 1999], 1hexene [Rosales et al., 2008], 1-octene [Purwanto and Delmas, 1995;Deshpande et al., 1996] and 1-dodecene [Bhanage et al., 1997], all authors using rhodium complexes with phosphine based ligands. It proves that all rhodium atoms are working as catalyst at the same TOF whatever the catalyst loading and that no mass transfer limitation is occurring. kmol/m 3 IL , the yield towards n-nonanal after 6 hours shows a slight increase from 35.4% to 37.1%, but conversely the n/i ratio decreases (from 1.11 to 0.76), as hydroformylation of iso-octene becomes major reaction at high olefin conversion.

When comparing the concentration profiles as a function of t×m cat (where m cat is the weight of Rh(CO) 2 (acac)), they in fact appear very similar: the maximum of iso-octene is found at the same location and the evolution of the n/i aldehyde ratio follows also the same trend, decreasing as the reaction proceeds and being equal to 1 for t × m cat of about 10 min.g.

The hydrogenation of 1-octene was negligible in each case (corresponding to a maximum yield towards octane of 0.04% after 6 hours). (2)

Reaction Conditions: TPPTS (without 10% oxide): 6.00×10 -3 -2.09×10 -2 kmol/m 3 IL (P:Rh=3:1), 1-octene: 0.973 kmol/m 3 org , T: 353 K, P T = 40 bar (H 2 :CO = 1:1), total liquid volume: 100×10 -6 m 3 (organic:IL = 60:40 v/v), agitation speed: 1200 rpm.

Effect of the initial concentration of 1-octene

The initial concentration of 1-octene was varied from 0.325 to 0.973 kmol/m 3 org (decreasing the weight percentage of decane in the organic mixture accordingly) while keeping the other parameters the same. From Figure 4.5, the rate of hydroformylation follows a quasi first order dependence with respect to the olefin concentration, or more precisely a fractional order of 0.75. The variation of TOF (calculated after 6 hours of reaction), Figure 4.7 (a), is also consistent, showing a quasi linear increase with 1-octene concentration. .5 Effect of the initial concentration of 1-octene on the initial rate of hydroformylation (3) .

(3)

Reaction Conditions: Rh(CO) 2 (acac): 6.97×10 -3 kmol/m 3 IL , TPPTS (without 10% oxide): 2.09×10 -2 kmol/m 3 IL (P:Rh=3:1), T: 353 K, P T = 40 bar (H 2 :CO = 1:1), total liquid volume: 100×10 -6 m 3 (organic:IL = 60:40 v/v), agitation speed: 1200 rpm.

A first order kinetics is expected from the mechanism proposed by Deshpande et al. (1996) for aqueous biphasic hydroformylation of 1-octene using [Rh(COD)Cl] 2 /TPPTS complex: an increase in the olefin concentration causes an increase of the addition of olefin to the active catalyst species to form the acyl complex and therefore an enhancement in the rate of the hydroformylation is observed (cf. [Deshpande et al., 1996].

However the addition of olefin to catalytic species C 3 is an equilibrium reaction and at higher concentration of olefin the effect of reverse reaction may increase reducing the apparent order with respect to olefin. Such behaviour was observed in homogeneous system with Rh/PPh 3 catalyst by Bhanage et al. (1997) for 1-dodecene, and by Kiss et al. (1999) for ethene. Some authors have even reported a substrate inhibition beyond a certain olefin concentration, which was explained by the possible formation of alkyl olefinic complexes, resulting in a lowered concentration of active catalytic species for hydroformylation [Deshpande et al., 1988] or by a shift in the rate-determining step [Rosales et al., 2008].

As can be observed from Figure 4.7 (b), the yield towards n-nonanal (38.2%-37.1%) and the n/i aldehyde ratio (0.79-0.76) obtained after 6 hours of reaction remain approximately unaffected by the change in the 1-octene concentration from 0.32 to 0.97 kmol/m 3 . Hydrogenation of 1-octene was negligible in each case as usual. nonanal (bars) and n/i aldehyde ratio ( ) calculated after 6 hours of reaction (3) .

Finally Figure 4.8 shows the concentration-time profiles of all species formed for the lowest concentrations of 1-octene. The followed trends appear not to be dependent on the initial olefin concentration. 

Effect of H 2 and CO partial pressures

To study the effect of hydrogen and carbon monoxide partial pressures, the cylinder of syngas (H 2 :CO=1:1) was replaced by separate feeds of CO and H 2 . Prior to the reaction, the ballast was filled up with the desired ratio of H 2 :CO so that to feed the reactor up to the required total pressure with that gas composition. The ballast was then emptied and filled up with the equimolar mixture of H 2 /CO to maintain the desired ratio in the reactor throughout the reaction. This operation mode is based on the hypothesis that hydrogenation of 1-octene is negligible compared to hydroformylation under reaction conditions, so that the gas is consumed in a 1:1 ratio of CO and H 2. As the gas feed coming from the ballast is also in stoichiometric amount, the initial H 2 /CO ratio is thus kept in the reactor.

While studying the effect of the partial pressure of a given gas, the partial pressure of the other was kept constant at 20 bar. Other operating parameters corresponded to standard conditions.

Partial pressure of H 2

Figure 4.9 shows the positive effect of H 2 partial pressure on the initial rate of hydroformylation with nevertheless an order lower than one (0.46). Such a non linear effect of H 2 pressure is typical for biphasic hydroformylation and was previously observed by Deshpande et al. (1996) and Purwanto et al. (1995) during the aqueous biphasic hydroformylation of 1-octene using ethanol as co-solvent. The reason behind this trend is not very clear as the usual mechanism of hydroformylation proposed by Brown and Wilkinson (1970) states that the addition of hydrogen to the acyl complex (step 5 of Figure 4.6) is the rate-determining step of the catalytic cycle, which thus should lead to first-order behaviour. If the addition of olefin to catalytic species (step 4) is considered instead as rate controlling, then the rate equation predicts an overall partial order with respect to hydrogen concentration [Deshpande et al., 1996]. .9 Effect of the partial pressure of hydrogen on the initial rate of hydroformylation of 1-octene (4) . Comparing the behaviour of side reactions with an increase in the partial pressure of hydrogen from 5 to 20 bar (Figure 4.10), it can be observed that the maximum amount of iso-octene formed is less with increasing P H2 : while hydroformylation is positively influenced by P H2 , the rate of isomerisation is not expected to be influenced by a change in P H2 . 

Partial pressure of CO

The effect of CO partial pressure on the initial rate of hydroformylation was studied at 353 K keeping the partial pressure of H 2 constant at 20 bar. As shown in Figure 4.11 the reaction rate first increases with rising carbon monoxide partial pressure up to about 20 bar and then decreases with further increase in CO pressure, exhibiting a clear maximum. This observation is again very typical of hydroformylation reactions, observed for both homogeneous and biphasic systems catalyzed by rhodium complex with PPh 3 or TPPTS [Deshpande et al., 1988;Deshpande et al., 1998;Kiss et al., 1999]. This CO inhibited kinetics at high P CO has been explained by Deshpande et al. (1996Deshpande et al. ( , 1998) ) using for instance the mechanism proposed in Figure 4.6 for biphasic aqueous system. The increase in P CO enhances step 3 of the reaction cycle, but at the same time it leads to the formation of acyl rhodium di-and tricarbonyl species which are inactive for hydroformylation reaction. Thus, a positive order with respect to CO is only found at low CO pressure while inhibition becomes more and more severe with increasing CO pressure. The location of that maximum appears to depend both on the hydroformylation chemistry and the thermodynamics of the system. Kiss et al. (1999) reported that the maximum rate of ethylene hydroformylation in tetraglyme was shifted towards higher P CO values for higher PPh 3 concentrations. Deshpande et al. (1998) only found a negative order dependence on P CO for the same reaction in toluene solvent, whereas with water as a catalyst phase the negative slope was only observed beyond 4 bar of P CO under similar reaction conditions. This difference in the trends observed in water versus those in toluene was probably mainly due to the poor solubility of carbon monoxide in water as compared to that in toluene. When studying the biphasic hydroformylation of 1-octene using a mixture of water and ethanol (4:6 v/v) as the catalytic phase (Rh/TPPTS), the same authors found a maximum in rate corresponding to P CO = 5 bar. In the present case using [Bmim][PF 6 ] (catalytic phase), the maximum is obtained between 15-20 bar, which may be due to the much lower solubility of CO in [Bmim][PF 6 ] as compared to the ethanol-water mixtures or organic solvents (despite a low P:Rh ratio has been used here).

Henry's constants of both gases (hydrogen and carbon monoxide) in different solvents (water, toluene, ethanol-water mixtures and [Bmim] [PF 6 ]) are compared in Table 4 et al., 1998;b-Purwanto et al., 1996;c-Purwanto, 1994;d-Deshpande et al., 1996;e-present work. Concentration profiles as a function of conversion of all octene derivatives (1octene and isomers) exhibit similar trends at P CO = 5 and 30 bar. When compared to P CO = 20 bar (Figure 4.10 (b)), it can also be seen that the maximum concentration of isooctene is higher at the lowest partial pressure of CO. As for H 2 , CO has a beneficial 127 influence on the hydroformylation rate in a P CO range of 5-20 bar, while probably no effect on the isomerisation rate. 

Effect of temperature

The effect of temperature on the rate of biphasic hydroformylation of 1-octene was studied between 333 K and 353 K, keeping the other conditions constant (standard conditions). As expected, the rate was found to increase with temperature according to Arrhenius equation trend. Figure 4.13 shows the plot of the logarithm of the rate vs. the inverse of temperature (K), leading to an activation energy E = 107.9 kJ/mol (25.8 kcal/mol).

Regarding the magnitude of activation energy for hydroformylation reactions, literature data give the following values:

For homogeneous organic systems:

-E = 18.2-22.5 kcal/mol for ethylene [Kiss et al., 1999;Deshpande et al., 1998],

-E = 19-20.6 kcal/mol for propylene [d'Oro et al., 1982;Hershman et al., 1969],

128 -E = 10.2-28 kcal/mol for 1-hexene [Deshpande et al., 1988;Srivastava et al., 2005],

-E = 11.8 kcal/mol for 1-decene [Divekar et al., 1993],

-E = 13.7 kcal/mol for 1-dodecene [Bhanage et al., 1997].

For biphasic aqueous systems: .13 Effect of temperature on the rate of hydroformylation of 1-octene (6) .

(6)

Reaction Conditions: Rh(CO) 2 (acac): 6.97×10 -3 kmol/m 3 IL , TPPTS (without 10% oxide): 2.09×10 -2 kmol/m 3 IL (P:Rh=3:1), 1-octene: 0.973 kmol/m 3 org , P T = 40 bar (H 2 :CO = 1:1), total liquid volume: 100×10 -6 m 3 (organic:IL = 60:40 v/v), agitation speed: 1200 rpm.

There is thus a wide scattering for values of activation energy in the literature, and the present one lies within the range of reported data. Some of the unusual low values given (< 15 kcal/mol) may come from a fitting of the experimental data by some empirical models, which may result in model dependent activation energy.

Ligand effect (sulfoxantphos vs. TPPTS)

The use of ligand can dramatically influence the activity and selectivity of the catalytic reaction. Several ligands have been tested in the biphasic hydroformylation of olefins using ionic liquids. Chauvin et al. (1996) compared both TPP and TPPMS ligands and found that TPPMS was able to retain the catalyst in the ionic liquid phase but with significant decrease in the activity. Brasse et al. (2000) synthesized ionic phosphine ligands with a cobaltocenium backbone and tested them for Rh-catalysed hydroformylation of 1-octene. They found that the ligand (1,1'bis(diphenylphosphino)cobaltcenium hexafluorophosphate) showed high activity and exceptionally higher selectivity as compare to TPP, TPPTS, dppe and dppf ligands with Rh leaching < 0.2%. They attributed the high selectivity observed to the electron withdrawing effect of the cobaltcenium fragment, which allowed improved back-bonding from the metal centre. Favre et al. (2001) synthesized a few phosphine and also phosphite ligands modified with cationic (guanidinium or pyridinium) or anionic (sufonate) groups.

They showed that such modification of neutral ligands with ionic groups can minimize Rh leaching. Dupont et al. (2001) reported the use of xantphos and sulphoxantphos ligands for the Rh-catalysed hydroformylation of heavy olefins in different ILs. Catalytic system formed by Rh(CO) 2 (acac) /xantphos (1 : 1 molar ratio) in [Bmim][PF 6 ] was highly active giving TOF up to 245 h -1 , but resulted in leaching of Rh to the organic phase. On the other hand, Rh/sulfonated xantphos formed a recyclable catalytic system, with little isomerisation. Silva et al. (2003) monitored the hydroformylation of 1-octene catalysed by Rh-sulphoxantphos complex immobilised in [Bmim][PF 6 ] by in situ high pressure IR and NMR spectroscopy. They observed that the coordination mode of the bidentate ligand to the metal is in good accordance with the high n/i ratio obtained.

Wassercheid et al. ( 2001) synthesized guanidinium-modified diphosphine ligands with a xanthene backbone that showed high activity and high regioselectivity in the biphasic hydroformylation of 1-octene using [Bmim][PF 6 ]. Recently, Peng et al. (2007) proposed the use of amphiphilic phosphine ligands for biphasic hydroformylation using ionic liquid systems.

After this literature survey it was concluded that among commercially available ligands the sodium salt of the trisulfonated triphenylphosphine [TPPTS] allowed a good immobilization of Rh catalyst as compared to TPP, although resulting in lower rates [Brasse et al., 2000;Wasserscheid et al., 2001]. Sulphonated xantphos also allowed a good immobilization of the metal, while providing a better solubility in [Bmim][PF 6 ] and very little isomerisation. This ligand, not commercially available, was synthesized and studied at NCL, Pune.

Thus, in the present study, the effect of ligand was studied by testing sulphoxantphos (Figure 4.14) under the same reaction conditions as for TPPTS, but with a higher P:Rh ratio (10 instead of 3) allowed by the better solubility, and at two temperatures: 353 K and 373 K. Figure 4.15a compares the TOF obtained with both ligands after 1, 3 and 6 hours of reaction, while Figure 4.15b gives the yield and selectivity towards linear aldehyde (eq. 4.3 and 4.4a respectively). From the bar graphs, it can be observed that although reaction using sulphoxantphos ligand leads to much lower hydroformylation rates (TOF up to 23 times less than with TPPTS at 353 K), the selectivity towards nnonanal is indeed much higher: 100% (no isomers detected) as compare to that of 73 % with TPPTS for similar yield towards n-nonanal (around 27 %).

From the experiments performed at the two temperatures, the activation energy with sulphoxantphos can be roughly estimated at 21.2 kcal/mol, comparable to that obtained with TPPTS. 

TPPTS Sulphoxantphos

Reaction Conditions: Rh(CO) 2 (acac): 6.97×10 -3 kmol/m 3 IL , TPPTS (without 10% oxide) or sulphoxantphos 2.09×10 -2 -3.49×10 -2 kmol/m 3 IL (P:Rh=3:1 or 10:1), 1-octene: 0.973 kmol/m 3 org , T: 353-373 K, P T = 40 bar (H 2 :CO = 1:1), total liquid volume: 100×10 -6 m 3 (organic:IL = 60:40 v/v), agitation speed: 1200 rpm.

Modelling of initial reaction rates

After examining all the reaction parameters in the kinetic regime, kinetic modelling of the initial rate data -based on syngas consumption -was performed using different rate models and optimization techniques. Subsequent section presents all investigated models and the procedure used to choose the best model fitting the experimental rate data.

Investigated models

Rate equations proposed by Deshpande et al. (1996) for biphasic hydroformylation of 1-octene were investigated so that to model the kinetic data. They consist in both empirical (models 1-8) and mechanistic models (9-10). All the empirical rate models (except model 5) describe the inhibition by CO pressure; models 3 to 5 add the non linear effect of H 2 pressure, while models 7 and 8 also account for the non linear effect of octene concentration. In models 3-4 and 7-8, the influence of each parameter is described in separate term.

Regarding mechanistic models, model 9 considers that step 4 of Figure 4.6, i.e. the addition of the olefin to the species C 3 , is the rate limiting step. Model 10 assumes that the addition of hydrogen to the acyl rhodium carbonyl species (C 4 ) (step 5) is the rate

determining step. Model 1: 2 1 ) B K ( kABCD R b + = Model 6: 2 1 ) B K A K ( kABCD R b a + + = Model 2: 3 1 ) B K ( kABCD R b + = Model 7: ( ) D K ) B K )( A K ( kABCD R d b a + + + = 1 1 1 2 Model 3: 2 1 1 ) B K )( A K ( kABCD R b a + + = Model 8: ( ) D K ) B K )( A K ( kABCD R d b a + + + = 1 1 1 3 Model 4: 3 1 1 ) B K )( A K ( kABCD R b a + + = Model 9: ) B K AB K A K ( kABCD R c b a 2 1 + + + = Model 5: ) B K A K ( kABCD R b a + + = 1
Model 10:

) DB K DB K DB K B K ( kABCD R d c b a 3 2 1 + + + + =
A, B, C and D refer to the concentrations of respectively dissolved H 2 , dissolved CO, catalyst and dissolved olefin in the IL phase. R is the total hydroformylation rate (based on syngas consumption). Table 4.5 Rate models examined to fit experimental data on hydroformylation of 1octene using [Bmim][PF 6 ]: empirical models (1-8) and mechanistic models (9-10).

Optimization strategy

The parameter fitting was made considering the data at 353K. The optimization strategy consisted in the following steps: 1) Calculation of initial guesses for parameter values by considering only a part of the data (for instance only data for which CO pressure has been varied for models 1 and 2 to get initial values of k and K b );

2) Optimization of all the models using Auto2Fit software which allows to test different numerical methods for data regression:

• genetic algorithm (GA)

• particle swarm optimization (PSO)

• differential evolution (DE)

• maximum inherit optimization (MIO)

• simulated annealing (SA)

• simplex method (SM)

• global Levenberg-Marquardt (GLM)

• global Quasi-Newton (GBFGS)

• self-organizing migrating algorithms (SOMA)

• conjugate-gradient method (CGM)

• Powell optimization (PO).

3) Evaluation of the (final) models using DataFit software which gives confidence intervals.

The aim of such systematic procedure was to check for parameter identifiability (the different algorithms must not converge to disparate sets of parameters while displaying rather similar criteria) and to give more chance for a global minimum to be found. In case reliable parameters could not be found, the models were simplified (models 5, 6, 9 and 10) according to the trends given by the best sets of parameters. It was also checked that the fitting performance was not degraded by model simplification.

When required (models 1, 3, 5, 6, 7, 9 and 10), constraint of positive value was also imposed to some parameters in the fitting.

The criterion for selecting the best model was based on the Sum of Square Error (SSE)

between the calculated and experimental rates: (initial rates R 0 given in kmol/m 3 IL /s) For models 5, 6, 9 and 10, the numerical methods giving the lowest criteria converged to either very high or very low values for some of the fitted parameters. So those models were simplified by reducing their number of parameters according to those trends:

( ) ∑ = - = n i i i calc R R SSE
-Models 5 and 6: the values of the estimated parameters K a and K b were found to largely depend on the optimization methods despite similar criteria. As they were all very high (10 4 -10 19 ), it could be assumed that K a A & K b B >> 1 (A and B being about 2⋅10 -2 and 3⋅10 -2 kmol/m 3 IL under standard conditions). Thus modified models were derived:

model 5b: ) ( ' KB A ABCD k R + =
and model 6b:

2 ) KB A ( ABCD ' k R + =
for which optimization led to same minimum SSE as original model, but with same values of k' and K given by all numerical methods.

-Model 9: similar considerations for K a and K c and a very low value found for K b led to assume that

K a A & K c B 2 >> 1 and K a A & K c B 2 >> K b AB . Thus the model was simplified according to model 9b: ) ( ' 2 KB A ABCD k R + =
giving same fitting as original model, but with more reliable parameters.

-Model 10: it was observed that values of K a , K b and K c were different for all the numerical techniques, but always negligible with respect to the others terms. From this model was thus derived model 10b:

) 1 ( 3 DB K kABCD R d + =
. The minimum SSE was unchanged from this simplification.

Final optimization results

All resulting models were finally evaluated using DataFit software in order to get confidence intervals.

Corresponding estimated parameters (along with 95% confidence intervals) are given in the following table.

Model Fitted parameters (T = 353K)

SSE

(eq. 4.7) 1:

2 1 ) B K ( kABCD R b + = k = 8406 (± 10501) (m 3 IL /kmol) 3 /s K b = 36.9 (± 45.3) m 3 IL /kmol 9986 2: 3 1 ) B K ( kABCD R b + = k = 7835 (± 7831) (m 3 IL /kmol) 3 /s K b = 19.8 (± 18.1) m 3 IL /kmol 9100 135 3: 2 1 1 ) B K )( A K ( kABCD R b a + + = k = 38430 (± 108065) (m 3
IL /kmol) 3 /s K a = 152.5 (± 484.9) m 3 IL /kmol K b = 38.3 (± 43.8) m 3 IL /kmol 4:

3 1 1 ) B K )( A K ( kABCD R b a + + = k = 33966 (± 83961) (m 3
IL /kmol) 3 /s K a = 143.4 (± 420.5) m 3 IL /kmol K b = 20.5 (± 17.1) m 3 IL /kmol 5b:

) KB A ( ABCD ' k R + = k' = 222.1 (± 574.7) (m 3 IL /kmol) 2 /s K = 3.27 (± 10.63) 11688 6b: 2 ) KB A ( ABCD ' k R + = k' = 4.59 (± 4.05) (m 3
IL /kmol)/s K = 0.89 (± 0.70) 7:

( ) 

D K ) B K )( A K ( kABCD R d b a + + + = 1 1 1 2 k = 165042 (± 789677) (m 3 IL /kmol) 3 /s K a = 205.8 (± 719.8) m 3 IL /kmol K b = 41.1 (± 47.5) m 3 IL /kmol K d = 153.9 (± 619.2) m 3 IL /kmol 8: ( ) D K ) B K )( A K ( kABCD R d b a + + + = 1 1 1 3 k = 136265 (± 569414) (m 3 IL /kmol) 3 /s K a =
) KB A ( ABCD ' k R 2 + = k' = 111.9 (± 71.2) (m 3 IL /kmol) 2 /s K = 35.8 (± 38.4) m 3
IL /kmol 10b:

) DB K ( kABCD R d 3 1 + = k = 4064 (± 1659) (m 3 IL /kmol) 3 /s K d = 2323308 (± 2043443) (m 3 IL /kmol) 4
Table 4.6 Rate models with respective values of fitted parameters, 95% confidence intervals and SSE criteria.

• Models 1, 2 and 5b were discarded as they gave the highest SSE criteria.

• Models 3-4 and 7-8 led to too large confidence intervals for k and Ka (K d ).

Models 3-4 and 7-8 were thus not considered. Nevertheless model 8 giving the lowest SSE criteria could be used for simulation purpose without any significance of individual parameters. • Models 9b and 10b derived from mechanistic models 9 and 10 appeared to be the most adequate to represent the kinetic data, providing low SSE and reasonable confidence intervals. However none of them is able to account for both non linearity of hydrogen and 1-octene effect. Finally model 10b, despite predicting H 2 first order, seems to be the best model to describe the complete reaction runs with 1-octene time variation. However it is difficult to conclude definitively on which mechanism really takes place.

Modelling of concentration-time profiles

The concentration-time profiles of all species were also simulated using as basis model 10b with previously optimized parameters. First only the main reaction was considered (1-octene → n-nonanal), then isomerisation of 1-octene and subsequent formation of iso-aldehyde were taken into account.

Predictions for main hydroformylation reaction

Model 10b (without further modification) was initially applied to predict the time evolution of the concentrations of 1-octene and n-nonanal in standard conditions in case no isomerisation would occur.

Corresponding mass balances can be written:

IL org , oct 1 org IL woct 3 IL , CO d IL , cat IL , CO IL , 2 H org , oct 1 org IL woct org , oct 1 org IL woct IL org V C K C K 1 C C C C K k dt dC K V V ρ ρ ρ ρ ρ ρ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅ - = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ + (4.8) IL org , oct 1 org IL woct 3 IL , CO d IL , cat IL , CO IL , 2 H org , oct 1 org IL woct org , nnon org IL wnon IL org V C K C K 1 C C C C K k dt dC K V V ρ ρ ρ ρ ρ ρ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅ = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ + (4.9)
They thus assume that both gas-liquid and liquid-liquid equilibria are instantaneous, with K woct and K wnon the partition coefficients of respectively 1-octene and n-nonanal, defined as the ratio of the mass % of solute in IL phase to the mass % of solute in organic phase at equilibrium (cf. Chapter 2).
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V org and V IL are the volumes of organic and IL phases, ρ org and ρ IL their densities. C 1oct,org and C nnon,org stand for the concentrations of 1-octene and n-nonanal in the organic phase.

C H2,IL , C CO,IL and C cat,IL refer to concentrations of respectively dissolved H 2 , dissolved CO and catalyst in the IL phase.

These equations were solved using ReactOp Pro software. The likely variation of the partition coefficient of 1-octene with time (as more aldehyde is formed, cf. Chapter 2, § 2.5.3) was not accounted for.

Figure 4.17 compares these modelled profiles to the experimental data of 1-octene, nnonanal and lumped alkene and aldehyde species. Figure 4.17 Concentration-time profiles for the main hydroformylation reaction in standard conditions (1) . Experimental: 1-octene ( ), total octene ( ), n-nonanal ( ) and total aldehyde ( ). Modelling: 1-octene (----) and n-nonanal ( ).

It is not surprising that the model better matches the experimental profiles of total aldehyde and total octene than those of n-nonanal and 1-octene respectively, as it was optimized considering the global rate of hydroformylation at time t=0 (based on syngas consumption).

The good predictions obtained for these global concentrations throughout the reaction suggest that the model correctly accounts for the dependence of the hydroformylation rate upon 1-octene concentration and that n-nonanal and iso-aldehyde should be formed with similar rates.

It can be also noticed that according to the simulation, the material balance in the organic phase is about 90% due to the amount of aldehyde solubilised in the IL phase. It is thus a little bit lower than what is observed experimentally.

Predictions when accounting for isomerisation

Reaction scheme

The following lumped reaction scheme was considered:

aldehyde iso octene iso octene iso octene 1 nonanal n octene 1 3 2 1 R R R - ⎯→ ⎯ - - ⎯→ ⎯ - - ⎯→ ⎯ -
It assumed that the direct formation of iso-aldehyde from 1-octene is negligible.

Isomerisation was modelled as an irreversible reaction.

Rate equations

Same rate model was used to describe R 1 and R 3 :

org , oct 1 org IL woct 3 IL , CO 1 d IL , cat IL , CO IL , 2 H org , oct 1 org IL woct 1 1 C K C K 1 C C C C K k R ρ ρ ρ ρ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅ = (4.10) org , ioct org IL woct 3 IL , CO 2 d IL , cat IL , CO IL , 2 H org , ioct org IL woct 2 3 C K C K 1 C C C C K k R ρ ρ ρ ρ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅ = (4.11)
where C ioct,org stands for the concentrations of octene isomers in the organic phase.

Partition coefficients of octene / aldehyde isomers were supposed to be equal to those of 1-octene and n-nonanal respectively.

Isomerisation reaction was assumed to be first order with respect to both catalyst and 1octene concentrations and independent of hydrogen and carbon monoxide partial pressures:

IL , cat org , oct 1 org IL woct io 2 C C K k R ⋅ ⋅ = ρ ρ (4.12)

Mass balances

The following mass balances then applied:

( ) IL 2 1 org , oct 1 org IL woct IL org V R R dt dC K V V + - = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ + ρ ρ (4.13) IL 1 org , nnon org IL wnon IL org V R dt dC K V V = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ + ρ ρ (4.14) ( ) IL 3 2 org , ioct org IL woct IL org V R R dt dC K V V - = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ + ρ ρ (4.15) IL 3 org , iald org IL wnon IL org V R dt dC K V V = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ + ρ ρ (4.16)
with C iald,org the concentration of aldehyde isomers in the organic phase.

Parameter optimization

The kinetic parameters k 1 , k 2 , K d1 , K d2 and k io were optimized from experimental concentration-time profiles using ReactOp Pro software for following initial guesses: 4 ; k io = 0 (m 3 IL /kmol)/s. Only the experiments for which the initial reaction rate matches with the value given by model 10b were considered for optimization.

k 1 = k 2 = 4064 (m 3 IL /kmol) 3 /s; K d1 = K d2 = 2323308 (m 3 IL /kmol)
First, the two series investigating the effects of initial concentration of 1-octene and catalyst concentration were used as database.

Corresponding estimated parameters are given in Table 4.7 and comparison between experimental and predicted profiles is shown in Figure 4.18. The concentration profiles of all species could be quite well described by the model (cf.

k 1 (m 3 IL /kmol) 3 /s 4396 (σ = 1196) K d1 (m 3 IL /kmol) 4 1.023×10 6 (σ = 1.395×10 6 ) k 2 (m 3 IL /kmol) 3 /s 3624 (σ = 768.7) K d2 (m 3 IL /kmol) 4 0 (σ = 1.778×10 6 ) k io (m 3 IL /kmol)/s 3.947 (σ = 0.2625) (a) Parameter k 1 K d1 k io k 2 K d2 k 1 K d1 k io k 2 K d2 +1 - - - - +0,9637 +1 - - - +0,
Figure 4.18), but it appeared that the applied rate model might not be so adequate to describe the hydroformylation of iso-octene (R 3 ) as the optimization software converged towards the lowest bound of the searching interval for K d2 (K d2 ≥ 0). Actually it was found that the regression criteria and optimized profiles were not much sensible to the values of K d1 and K d2 as confirmed by the large standard deviations obtained for those parameters.

When adding data obtained at different P CO (P CO = 5 and 10 bar), the minimum residual was still obtained for K d2 = 0 and the optimized model showed larger discrepancies with respect to the concentration-time profiles of iso-aldehyde. Corresponding fitted parameters and simulations are given in Annex 4.3.

Further work is thus required to better understand the full reaction mechanism. More rate models will have to be tested and probably complementary experiments will also have to be performed (for instance varying simultaneously P H2 and P CO ). 

Recycling of catalyst

Stability of the catalyst is an important issue towards the process development of any catalytic reaction. The catalyst should maintain its activity without leaching to the organic phase. To know the catalyst evolution, recycle experiments were performed by separating the ionic liquid catalyst phase from the organic phase at the end of reaction, and adding to it fresh organic phase in the same ratio as used in mother reaction. The recycle tests were made with a different lot of IL as used in previous experiments, showing some difference in terms of catalyst activity. Figure 4.19 indicates the results of such recycle study, for which the first reactions were conducted at 80°C, and the last one at 100°C. It was observed that the catalyst activity remained quite similar between mother reaction and first recycle, but a large deactivation was seen afterwards. The n/i ratio was found to increase with recycle which is simply connected to the lower conversion, as it has been seen that this ratio always decreases along the reaction time.

The analysis by ICP-AES of the organic phase separated after first reaction showed a very small leaching of rhodium (1% of the initial Rh content) from the IL phase. In a separate experiment, organic phase after reaction was tested for hydroformylation activity after only adding 1-octene to it (no catalytic phase present). No activity was observed, which indicates that the small amount of Rh catalyst leaching out to organic phase had no significant contribution to the reaction observed in biphasic medium. The loss of activity observed was more probably due to a deactivation of the Rh species within the ionic liquid phase than to a leaching to the organic phase. It could be the result of the slow hydrolysis of the [Bmim][PF 6 ] in presence of aldehyde, as put into evidence when performing L-L mass transfer experiments.

However it should be also mentioned that our equipment is not well suited to this type of recycling experiments as the catalyst is very sensitive to CO pressure breakdown. The catalyst deactivation in the third experiment may be then due to this lack of CO, more than to its deactivation during reaction. .19 Effect of the number of catalyst recycles on TOF ( ) and n/i aldehyde ratio ( ) calculated after 6 hours of reaction (8) .

(8)

Reaction conditions: Rh(CO) 2 (acac): 6.97×10 -3 kmol/m 3 IL , TPPTS (without 10% oxide): 2.09×10 -2 kmol/m 3 IL (P:Rh=3:1), 1-octene: 0.973 kmol/m 3 org , T: 353 K (except last reaction: 373 K), P T : 40 bar (H 2 :CO = 1:1), total liquid volume: 200×10 -6 m 3 (organic:IL = 120:80 v/v), agitation speed : 1200 rpm.

Reaction rate in mass transfer limiting regime

As discussed before, for a gas-liquid-liquid reaction system, the overall rate depends on gas-liquid and liquid-liquid mass transfer and on the intrinsic kinetics of the reaction in the catalytic phase. The hydroformylation reaction was also performed at low stirring speed (500 rpm) for two different liquid phase ratios (organic:IL = 60:40 and 40:60 v/v) to analyse those aspects.

First the reaction was carried out at 1200 rpm with the 40:60 organic:IL volume ratio. Figure 4.20 shows a large difference between gas consumption and aldehyde production in organic phase. This difference corresponds to the amount of aldehyde solubilised in the IL phase which is no longer negligible as the volume ratio of IL to organic phase has been increased by more than a factor two. ) and GC analysis of organic liquid samples ( ) for V IL / V org = 1.5 (9) . is similar for both systems at 1200 rpm as expected from kinetic regime, it can be observed that at 500 rpm the rate decreases with an increase in the ionic liquid phase hold up. It suggests different mass transfer performance in the two conditions, probably due to lower k L a value (as well as lower driving force) after phase inversion with organic phase dispersed in continuous ionic liquid phase.

In other words, in the case where the reaction occurs essentially at liquid-liquid interface, the aldehyde production rate (in mol/s) would depend on the liquid-liquid interfacial area, which is governed by both agitation speed and hold up of the dispersed phase. If the reaction occurs in the bulk catalyst phase, as it is expected here, it will depend upon the amount of catalyst (and dissolved concentrations) only. Thus in kinetic regime, the reaction rate expressed per unit volume of catalytic phase volume should remain constant when changing the catalytic phase hold up (while keeping Rh concentration the same). .21 Effect of the catalyst to organic phase ratio on the initial rate of hydroformylation of 1-octene at 1200 rpm ( ) and 500 rpm ( ) (10) .

(10)

Reaction conditions: Rh(CO) 2 (acac): 6.97×10 -3 kmol/m 3 IL , TPPTS (without 10% oxide): 2.09×10 -2 kmol/m 3 IL (P:Rh=3:1), 1-octene: 0.973 kmol/m 3 org , T: 353 K, P T : 40 bar (H 2 :CO = 1:1), total liquid volume: 100×10 -6 m 3 .

To further evaluate mass transfer resistance, gas-liquid mass transfer coefficient of H 2 was measured in the same small reactor at 353 K for the two considered emulsions, giving (k L a) H2 = 1.8 × 10 -2 s -1 when decane:IL = 60:40 v/v and (k L a) H2 = 8.8 × 10 -3 s -1 when decane:IL = 40:60 v/v. Using the kinetic model optimized in § 4.4, mass balances for both gases in the emulsion can be written according to:

( ) ( ) ( ) ( ) ( ) 0 1 1 2 3 2 2 2 2 2 = - + + + - - H IL IL IL IL , CO IL , oct d IL , oct IL , cat IL , CO IL , H IL , H * IL , H H L IL , H m C C K C C C kC C C a k dt dC ε ε ε (4.17) ( ) ( ) ( ) ( ) (
)

0 1 1 3 2 = - + + + - - CO IL IL IL IL , CO IL , oct d IL , oct IL , cat IL , CO IL , H IL , CO * IL , CO CO L IL , CO m C C K C C C kC C C a k dt dC ε ε ε (4.18)
with at t = 0, C C (assuming that the very low amount of gas transferred during the heating period is fully consumed by the reaction).

0 2 = = IL , H IL , CO
ε IL is the volume fraction of the IL phase, m H2 and m CO are the distribution coefficients of respectively H 2 and CO between organic and IL phases: -liquid-liquid equilibrium is instantaneous, -solubility of H 2 and CO in each liquid phase is constant, -mass transfer rate is not enhanced by the reaction.

Further assuming that steady state concentrations of H 2 and CO in the IL phase are reached before consumption of octene is significant, the corresponding concentrationtime profiles can be calculated from integration of 4.17 (1.22 × 10 -4 and 0.88 × 10 -4 kmol/m 3 IL /s respectively) are lower than calculated ones, maybe as a consequence of significant liquid-liquid mass transfer limitations in those conditions.

Effect of ultrasound on reaction rate

In past decades, power ultrasound has been employed in various chemical transformations with considerable enhancement in rate and yield. In several cases it makes possible at ambient conditions organic substrate transformations which would otherwise require drastic conditions of temperature and pressure [Luche, 1992;Ruo et al., 1997;Ambulgekar et al., 2005;Bose et al., 1997]. The driving energy is provided by cavitation, the formation and collapse of bubbles, which liberates considerable energy in short time leading to both free radical formation and high local liquid velocity improving mass transfer.

Those effects depend upon ultrasonic frequency: chemical effects, involving free radical radical formation, are usually observed at high frequency (200-1000 kHz), while at 20 kHz US effect is mainly physical.

Recently, the ultrasonic acceleration of various chemical reactions has been studied using ionic liquids as solvents, even at quite low frequency (40-50 kHz) [Rajagopal and Srinivasan, 2003;Bravo et al., 2006;Hua et al., 2008]. It is indeed well known that the rates of sonochemical reactions can be increased, at least within some limits, by lowering the vapour pressure of the solvent [De Souza Barboza et al., 1988]. Since ILs are usually more viscous and denser than other organic solvents, cavitation should be more difficult to produce under such conditions where cohesive forces are large. However, once cavitation is reached, such low volatile solvents will be devoid of the common limitation of solvents with high vapour pressure, for which more vapor enters the cavitation bubble during its formation and the collapse is cushioned and less violent [Bravo et al., 2006]. All reactions were performed at 353 K with a total liquid volume of 300 mL and an ionic liquid to organic phase ratio equal to that of previous experiments (2:3). The other conditions were: 1-octene concentration of 0.973 kmol/m 3 in decane, catalyst concentration of 6.97×10 -3 kmol/m 3 in [Bmim][PF 6 ] (P:Rh = 3:1), total syngas pressure of 10 bar (H 2 :CO = 1:1) and stirring speed of 650 rpm. According to the results of Laugier et al. (2008), gas induction was observed beyond 700 rpm with 700 g water (height above stirrer = 9.9 cm). According to eq. 3.3, with 300 mL of liquid (height above stirrer = 3.1 cm), the critical impeller speed may be estimated at 400 rpm, which is well under the selected speed of 650 rpm. Figure 4.25 and Table 4.9 give the initial rate of hydroformylation calculated from eq. 4.1, as well as the yield towards n-nonanal and n/i aldehyde ratio after 6 hours, for the different modes investigated: no US, 50% US power and 100% US power.

From Figure 4.25 it can be concluded that ultrasound has a rather limited effect on initial reaction rates (less than 25%). In addition there is only a very small improvement in the initial rate of reaction by switching the ultrasound to 50% power (corresponding to a power input of 100 W) and then to 100% power (200 W). Reaction conditions: Rh(CO) 2 (acac): 6.97×10 -3 kmol/m 3 IL , TPPTS (without 10% oxide): 2.09×10 -2 kmol/m 3 IL (P:Rh=3:1), 1-octene: 0.973 kmol/m 3 org , T: 353 K, P T : 10 bar (H 2 :CO = 1:1), total liquid volume: 300×10 -6 m 3 (organic:IL = 180:120 v/v) , agitation speed : 650 rpm.

These results may first appear contradictory to the data of Laugier et al. (2008) on mass transfer enhancement, but can be qualitatively explained as follows.

Based on Laugier et al. study, the gas-liquid volumetric mass transfer coefficient k L a should be increased by about 4 to 6 fold under ultrasound when the rotation speed is about 1.6 times the critical speed, as in our conditions. Such a large increase of mass transfer coefficient due to ultrasound with only a small effect on reaction rate observed here (less than 25%) means that the reaction was probably rather close to chemical regime. In these conditions even a large variation of mass transfer coefficient has only a marginal effect on reaction rate, as observed by Laugier (2007) on liquid-liquid reaction under ultrasound. Furthermore the quasi stability of reaction rate when switching US power from 100 to 200W, while k L a should be approximately doubled, confirms that under ultrasound chemical regime was probably achieved.

A similar analysis as in section 4.7 is no longer accurate as the reaction conditions under ultrasound do not range in the experimental domain investigated for the kinetic study: the total pressure is here much lower (10 bar) and extrapolating the reaction rates estimated by the kinetic study results in very different reaction rates depending on the selected equation. Such a calculation is reported in (11) .

It must be also noted that after 6 hours of reaction, the amount of aldehyde formed was even lower for the maximum US power (Table 4.9), which could result from some catalyst degradation by ultrasound. The n/i aldehyde ratio was found to be not much changed by sonication.

To observe potentially higher beneficial effects of ultrasound, one should select lower stirring speed (below the critical aeration speed) where k L a in silent conditions is extremely reduced, resulting in severe mass transfer limitations, while ultrasound would lead to much higher k L, a then clearly enhanced reaction rates. 4.9 Influence of ultrasound (20 kHz ultrasonic frequency, 200 W maximum power input) on biphasic hydroformylation of 1-octene using [Bmim][PF 6 ] (11) : yield towards nnonanal and n/i aldehyde ratio after 6 hours of reaction.

Conclusion

The kinetics of biphasic hydroformylation of 1-octene was studied using Rh/TPPTS as catalyst complex and [Bmim][PF 6 ] as catalyst solvent. The detailed investigation of mass transfer effects showed that the reaction operates in kinetic regime above 1200 rpm.

The rate of hydroformylation was found to be first order with respect to catalyst concentration and partial order with respect to both olefin concentration (0.75) and hydrogen partial pressure (0.43). Its evolution versus CO concentration exhibited a maximum, indicating an inhibition at higher pressures. The activation energy was calculated and found to be 25.8 kcal/mol. The kinetic data could be represented by a simplified rate equation derived from a classical mechanistic model, excepting the observed trend with respect to hydrogen. A first simulation attempt of the concentrationtime profiles was also proposed.

As n/i aldehyde ratio was quite low with this catalytic system, sulphoxantphos ligand was as well tested: it resulted into 100% n-nonanal selectivity, but with a significant loss in the rate of hydroformylation.

Effect of low-frequency ultrasound on the hydroformylation reaction using [Bmim][PF 6 ] was also studied, but no significant difference was observed with or without US for the reaction operated too close to the chemical regime.

The recycle study with TPPTS ligand show a large deactivation of the catalyst after the first recycle, which confirms the difficulty to carry out stabilized and reproducible reactions with [Bmim][PF 6 ], compromising thus the application of such a reaction system.

As in addition a main issue concerns the still limited solubility of the olefin in the catalytic IL phase, leading to limited TOF, it was decided to carry out reaction with supported IL catalytic phase in order to improve the contact between rhodium complex and the reactants. This is presented in the last chapter.

liquid phase catalysis where ionic liquid is used to immobilize the organometallic complex on a solid support. A schematic diagram of Supported Ionic Liquid Phase (SILP) catalyst is shown in Figure 5.1.

For ILs this strategy can be of particular interest as the IL phase remains liquid during reaction and is easy to maintain on the support due to its negligible volatility.

Furthermore, because of the ease of separation and the possibility of using a fixed-bed reactor, a solid catalyst can be highly advantageous for the industrial production of aldehydes. Another advantage over biphasic ionic liquid-organic systems is the very low amount of expensive ionic liquid involved in SILPC. In addition, SILPC is a better alternative for the biphasic reaction taking place only within the narrow layer of adsorbed IL and not in the bulk of the viscous ionic liquid catalyst in which organic reagents are poorly soluble -inducing then mass transfer limitations if the chemical reaction is fast. This concept was first applied in a batch mode by Mehnert et al. (2002) for the hydroformylation of 1-hexene and later extended to a continuous fixed-bed process by Riisager et al. (2003) for the hydroformylation of 1-propene. A more detailed survey of steps followed for preparation of SILP catalyst (based on 1gm silica gel) are listed below:

1. Silica gel was first calcinated at 450°C under nitrogen for 24 hours.

2. Distilled water and dichloromethane (DCM) were degassed under inert gas (N 2 or argon) for 1 hour.

3. Rh(CO) 2 (acac) (5.0 mg, 0.0194 mmol) and TPPTS (0.0734 g of raw TPPTS, thus 0.116 mmol) (P:Rh=6:1) were dissolved in 10 mL of a degassed distilled water/DCM two-phase mixture (50:50 v/v), then left reacting for 3 hours under vigorous stirring until complete decolouring of the organic phase, which indicates that the Rh complex has been totally transferred to the aqueous phase.

4. Subsequently, 1 g of activated silica gel and [Bmim][PF 6 ] (about 0.2 g)

were added to the mixture and left under stirring for 2 more hours.

5. Finally the light-yellow paste formed was dried in a rotavapor (0.1 mbar, 60°C) to remove all volatile solvents and obtain a free flowing powder (after approx. 5 hours).

6. The SILP catalyst was stored in vacuum desicator over P 4 O 10 prior to use.

This preparation resulted in 1.23 g of SILP catalyst, loaded with 0.4 wt% of Rh(CO) 2 (acac) and 16.3 wt% of [Bmim][PF 6 ].

The pore filling of the support with the ionic liquid (defined as volume of IL / porous volume of support) was 19.5%. If the IL was anchored on the solid as a monolayer, its depth would be 3 Å, which is too small as compared to the molecular size of HRh(CO)(TPPTS) 3 complex (which occupies a sphere of 8 Å radius [Ding and Hanson, 1995]). Thus the deposit layer should not be continuous.

Characterisation of the SILP catalyst was performed by determining its solid state 31 

EDX analysis

EDX analysis was performed on 6 different particles of fresh and used SILP catalyst. The area of interest was about 60 × 40 µm 2 , for a penetration depth in the order of micrometer.

In addition to silicon and oxygen, the EDX spectrum of the SILP catalyst, Figure 5.3, confirms the presence of fluorine (due to [Bmim][PF 6 ]), sodium and sulphur (due to TPPTS), carbon and phosphorus (due to both IL and ligand). The amount of rhodium is too close to the detection limit of the EDX detector (given as 0.1 to 1 wt %) to be quantified.

The amount of F detected varies from 8 to 10 wt % on the different sites of interest, which is comparable to what is expected from the loading of [Bmim][PF 6 ] on SILP catalyst (6.5 %wt). Thus the IL should be homogeneously distributed on the inner and outer silica surface. 

P{ 1 H} NMR analysis

Phosphorus-31 NMR chemical shifts are reported relative to 85% H 3 PO 4 .

HRh(CO)(TPPTS) 3 complex was also synthesized based on literature procedure [Arhancet et al., 1990] for comparison purpose. In Figure 5.4a, the solid state 31 P NMR spectrum of this prepared complex exhibits three peaks at 43.3, 32.0 and 28.9 ppm, flanked by weak spinning sidebands around 200, 120, -45 and -125 ppm. The largest peak at 43.3 ppm can be attributed to the characteristic doublet of HRh(CO)(TPPTS) 3 as previously found by Arhancet et al. (1990) (δP = 43.7 ppm with J Rh-P = 156 Hz). The peak at 32.0 ppm seems to be a singlet and could be due to TPPTS oxide (δP = 35.2 ppm [Yuan et al., 2002]). The last signal at 28.9 ppm seems to be a doublet and might be assigned to another species formed by Rh coordinated TPPTS, like Rh(CO)(OH)(TPPTS) 2 (δP = 31.8 ppm with J Rh-P = 129 Hz [Herrmann et al., 1990])

which is in equilibrium with HRh(CO)(TPPTS) 3 in water. Signal of free TPPTS (δP = -5.1 ppm [Yuan et al., 2002]) is not seen.

One broad peak can be seen on the 31 P NMR spectrum of the fresh SILP catalyst (Figure 5.4b) at 27.5 ppm (with weak spinning sidebands at 111.6 and -53.3 ppm), as well as a smaller peak at -4.1 ppm and a heptuplet at -144.5 ppm. These two last signals can be attributed to free TPPTS [Yang et al., 2005] Peaks corresponding to the IL can be seen on the SILP catalyst spectrum, but not those of TPPTS. A weak peak at 1985 cm -1 is also found, which might be attributed to rhodium carbonyl complex. Same peak was observed by Yang et al. (2005) ) Absorbance (a. u.)

FT-IR analysis

(SILP catalyst -SiO2) spectrum [Bmim][PF6] absorption bands [Suarez et al., 1996] TPPTS absorption bands [Zhang et al., 2008] HRh(CO)(TPPTS)3 absorption bands [Arhancet et al., 1990] Figure 5.5 Difference between DRIFT spectrum of SILP catalyst and that of SiO 2 support.

Experimental set-up and procedure

Reactor set-up

All the SILP hydroformylation experiments were carried out in a 50 mL stainless steel autoclave, supplied by Amar Instruments India Pvt. Ltd. A schematic diagram of the experimental set-up is presented in Figure 5.6. The reactor was provided with liquid sampling device, automatic temperature control and variable agitation speed. The reactor was designed for a maximum working pressure of 21 MPa and a temperature up to 250°C. As a safety precaution, a rupture disc (gold faced) was attached to the reactor. As in the experimental set-up used at LGC Toulouse (cf. Chapter 4), but with less accuracy, the consumption of CO and H 2 was monitored by recording the pressure drop of a gas on to 1200 rpm (zero time of reaction). The reaction was then maintained at constant partial pressures of H 2 and CO by regular supply of stoichiometric syngas from the reservoir vessel (assuming negligible hydrogenation). The reaction was left at constant stirring and temperature for 6 hours, samples being withdrawn at specific time intervals (1, 3 and 6 hours). Then the reactor was cooled down to room temperature at a stirring speed of 200 rpm to ensure that no more reaction could occur. Pressure was released before opening and a last sample was taken directly from the reactor to confirm the final liquid composition. All the samples were taken for analysis. The reactor was then emptied and cleaned using acetone.

The above reaction procedure is thus the same as adopted for biphasic reaction (Chapter 4), except that there was no continuous supply of syngas from reservoir to the reactor (no gas pressure regulator valve). Instead the reactor was filled up from time to time (when the pressure went below 38 bar) back to 40 bar (or required pressure) after stopping the agitation and opening the valve between reservoir and reactor. Recording of the pressure drop in the reactor was also done manually here, which is a limitation to the precise measurement of syngas consumption.

Analytical method

The organic phase was analysed using a Agilent 6850 series II GC, equipped with a FID detector and an auto sampler unit. A HP-5 capillary column (30 m x 0.32 mm × 0.25 μm film thickness, with a stationary phase of phenyl methyl siloxane) was used for separation with helium as carrier gas. A standard GC method was developed using GC conditions mentioned in Table 5.1

Prior to the analytical tests, standard solutions were prepared in the range of investigated concentration of reactants and products, and calibration curves were plotted for quantification, using an external standard method instead of the internal standardisation followed previously (section 4. Table 5.1 Conditions for GC analysis.

The yield and selectivity towards linear aldehyde (and/or n/i aldehyde ratio), and the turnover frequency (TOF) were calculated using the same formulae as mentioned in Chapter 4 (section 4.2.5).

Due to the lower accuracy of the time -pressure drop measurement in the ballast, initial reaction rates were calculated based on liquid phase sample analysis. The curve representing the number of moles of linear and branched aldehydes formed vs. time was fitted by a third order polynomial and its derivative was calculated at t = 0 (cf. Annex 5.1).

Effect of operating parameters

The effect of different operating parameters such as catalyst and 1-octene concentrations, hydrogen and carbon monoxide partial pressures, as well as reaction temperature on the initial rate of hydroformylation was studied. A typical concentrationtime profile of the reaction is shown in Figure 5.7. It can be observed that both n-nonanal and iso-aldehyde (3 isomers clubbed together and termed "iso-aldehyde") were formed as hydroformylation products, but with always a majority of n-nonanal (contrary to the biphasic system). Accordingly isomerisation of 1-octene was also observed (3 isomers) to a less extent than with the biphasic system (Chapter 4, section 4.3.2). The hydrogenation of 1-octene was found negligible (< 0.02% of yield towards octane). The general behaviour is then quite similar to the one observed in biphasic IL catalysis, excepting the higher n/i ratio (see Chapter 4).

About 80% of the reaction was completed within 6 hours (for instance under standard conditions, the yield towards total aldehyde was 65% after 3 hours and increased to 78% after 3 more hours). Check for material balance in the liquid phase was also conducted for each experiment and found to be ±15% (mole basis, with respect to mother solution). 1-octene iso-octene total octene n-nonanal iso-aldehyde total aldehyde octane Figure 5.7 Concentration-time profiles for hydroformylation of octene using SILP catalyst (1) .

(1)

Reaction Conditions: Rh(CO) 2 (acac): 15.8×10 -6 moles, TPPTS (without 10% oxide): 9.46×10 -5 moles (P:Rh=6:1), 1-octene: 0.973 kmol/m 3 org , T: 353 K, P T = 40 bar (H 2 :CO = 1:1), total liquid volume: 25×10 -6 m 3 , agitation speed: 1200 rpm.

Before performing the kinetic study, some preliminary reactions were carried out to check the reproducibility of the experiments (cf. 5.4). In order to verify the assumption of chemical regime two experiments were carried out to investigate the effect of agitation speed. The study was conducted at 353 K changing the stirrer speed (1200 and 1450 rpm) and keeping constant other conditions according to note (1) which will be referred as standard conditions.

The effect of agitation speed on the initial rate of the reaction is shown in Figure 5.8. The initial reaction rate was found nearly equal at 1200 (2.3×10 -6 mol/g SILPcat /s) and 1450 rpm (2.2×10 -6 mol/g SILPcat /s). The n/i aldehyde ratio after 1 hour was in the range of 2.7 in both cases. This indicates that beyond a stirring speed of 1200 rpm the rate of reaction was independent of the agitation, and thus external mass transfer limitation may be ignored above 1200 rpm. Therefore, all reactions for the kinetic study were carried out with an agitation speed of 1200 rpm. (2) .

(2)

Reaction Conditions: Rh(CO) 2 (acac): 15.8×10 -6 moles, TPPTS (without 10% oxide): 9.46×10 -5 moles (P:Rh=6:1), 1-octene: 0.973 kmol/m 3 org , T: 353 K, P T = 40 bar (H 2 :CO = 1:1), total liquid volume: 25×10 -6 m 3 .

Reaction kinetics of the hydroformylation of 1-octene was carried out in the range of conditions shown in Table 5.2. As discussed in the previous section, initial rates of hydroformylation were calculated from the plots of aldehyde product formation as a function of time. Yields towards n-nonanal, iso-aldehyde, iso-octene and octane, with Figure 5.9 Concentration-time profiles for hydroformylation of 1-octene by SILPC (3) with (a) 7.9×10 -6 and (b) 15.8×10 -6 moles of Rh(CO) 2 (acac). Figure 5.11 Concentration-time profiles for hydroformylation of 1-octene by SILPC (4) with initially (a) 0.32 kmol/m 3 and (b) 0.97 kmol/m 3 of 1-octene in organic phase.

Reaction Conditions: Rh(CO) 2 (acac): 15.8×10 -6 moles, TPPTS (without 10% oxide): 9.46×10 -5 moles (P:Rh=6:1), T: 353 K, P T = 40 bar (H 2 :CO = 1:1), total liquid volume: 25×10 -6 m 3 , agitation speed: 1200 rpm.

Regarding Figure 5.11a, it seems the concentration of 1-octene in the first sampling (t=0) was underestimated, as mass balance shows -15% (mole) difference as compared to mother solution. So the apparent induction period may be only an artefact. The profiles were otherwise very similar for both substrate concentrations, with similar n/i aldehyde ratio as the reaction proceeded (from about 2.8 after 1 hour to 2 after 6 hours).

From Figure 5.12a, the rate of hydroformylation was found to increase linearly with increase in 1-octene concentration. This first order trend with respect to olefin substrate was also observed by Riisager et al. (2005) for the hydroformylation of propene using Rh/sulphoxantphos complex supported on silica gel impregnated with [Bmim][n- 2003) also reported a quasi linear dependence up to 1 kmol/m 3 of 1-octene with SAP catalyst; however with further increase in 1-octene concentration, substrate-inhibition was observed. With the biphasic IL system previously investigated, a partial order (0.75) was found, suggesting that the addition of olefin to the active catalyst species was maybe not the rate-limiting step. Conversely, the SILP results plead for this mechanism to be more probable.

Figure 5.12b also displays the yield towards n-nonanal and TOF after 1 and 6 hours of reaction. These results are consistent with previously described trends, showing a quasi linear increase of TOF with 1-octene concentration and rather similar yields towards n-nonanal for the two 1-octene concentrations investigated.

In comparison to the biphasic ionic liquid study carried out using same catalytic species, TOF increased by a factor 6 (for the highest substrate concentration, SILPC gave TOF of 439 h -1 and 188 h -1 after 1 h and 6 h respectively, while the biphasic ionic liquid system showed values of 73 h -1 and 28 h -1 under similar operation condition). These data are in the same range of what is reported for the hydroformylation of olefins by SAPC (50-432 h -1 [Benaissa et al., 2003]). (4) .

H 2 and CO pressures

To study the effect of the hydrogen and carbon monoxide partial pressures, the same procedure as adopted for the biphasic system (Chapter 4, section 4.3.6) was used.

When studying the effect of the partial pressure of a given gas, the partial pressure of the (5)

Reaction Conditions: Rh(CO) 2 (acac): 15.8×10 -6 moles, TPPTS (without 10% oxide): 9.46×10 -5 moles (P:Rh=6:1), 1-octene: 0.973 kmol/m 3 org , T: 353 K, P CO = 20 bar, total liquid volume: 25×10 -6 m 3 , agitation speed: 1200 rpm.

H 2 partial pressure thus was found to have a positive effect on the rate of hydroformylation, but a fractional order (0.78) dependence was found (Figure 5.14a).

Such a non linear effect of H 2 partial pressure was also reported by Riisager et al. (2006) for the hydroformylation of propene using Rh/sulphoxantphos complex immobilized by SILPC and Jáuregui-Haza et al. (2003) for SAPC system. Regarding the present study, both SILP and biphasic ionic liquid systems showed a fractional order (0.78 and 0.46 respectively). and n/i aldehyde ratio (Δ) calculated after 1 and 6 hours of reaction (5) .

Partial pressure of CO

Effect of CO partial pressure on the rate was also studied at 353 K keeping the partial pressure of H 2 constant at 20 bar. 

Reaction Conditions: Rh(CO) 2 (acac): 15.8×10 -6 moles, TPPTS (without 10% oxide): 9.46×10 -5 moles (P:Rh=6:1), 1-octene: 0.973 kmol/m 3 org , T: 353 K, P H2 = 20 bar, total liquid volume: 25×10 -6 m 3 , agitation speed: 1200 rpm.

Figure 5.16a displays the plot of the initial rate of hydroformylation with respect to CO partial pressure. It can be seen that the reaction rate followed a monotonous increase with respect to P CO , even if it leveled off after 10 bar. This behavior is exceptional in hydroformylation studies for such a large range of investigated partial pressures. For instance in the case of SLPC both Riisager et al. (2005) andJáuregui-Haza et al. (2003) reported an inhibition of the reaction beyond a critical value of CO partial pressure.

It is also important to recall that the biphasic hydroformylation using [Bmim][PF 6 ] showed a maximum at 20 bar (Chapter 4, Figure 4.11), which was not observed here. This positive dependence on CO pressure (fractional order of 0.43) is thus difficult to explain: with SILP system the reaction has more chance to mainly occur at the organic-IL interface (as shown by higher TOF), for which CO concentrations are higher than in the bulk ionic liquid phase (cf. Chapter 2, section 2.4.2.).

Figure 5.16b confirms the enhanced activity at higher CO pressures with increasing TOF, while the selectivity roughly followed a decreasing trend as a consequence (despite lower iso-octene formation). hours of reaction (6) .

Temperature

The effect of temperature on the hydroformylation of 1-octene with SILP catalyst was studied between 333 K and 353 K, keeping the other conditions constant (standard conditions). Figure 5.17 presents the corresponding concentration profiles at 333 and 343

K and can also be compared to Figure 5.13b (353 K). It can be seen that the formation of iso-octene was slightly enhanced by temperature with respect to hydroformylation, as for a similar conversion to aldehyde the concentration of iso-octene was higher.

Hydrogenation was found negligible as usual. 

Reaction Conditions: Rh(CO) 2 (acac): 15.8×10 -6 moles, TPPTS (without 10% oxide): 9.46×10 -5 moles (P:Rh=6:1), 1-octene: 0.973 kmol/m 3 org , P T = 40 bar (H 2 :CO = 1:1), total liquid volume: 25×10 -6 m 3 , agitation speed: 1200 rpm.

The Arrhenius plot, Figure 5.18a, displays an activation energy of 99.8 kJ/mol (23.9 kcal/mol). Compared with previous values reported for SAPC and SILPC, it is a little bit higher: 71 and 60.4 kJ/mol were respectively calculated for the Rh-catalyzed hydroformylation of respectively 1-octene and linalool by SAPC [Jáuregui-Haza et al., 2003;Benaissa et al., 2003], 63.2 kJ/mol for propene hydroformylation using SILPC [Riisager et al., 2005]. The present activation energy is very close to that obtained for the biphasic IL hydroformylation (107.9 kJ/mol, cf. section 4.3.7 of Chapter 4).

From Figure 5.18b, it seems that the selectivity of the reaction was not much influenced by temperature: after 1 hour of reaction at 353 K or 6 hours at 333 K, the yield towards n-nonanal as well as the n/i aldehyde ratio were quite similar. However after 6 hours of reaction at 353 K the n/i ratio was the lowest, while the yield towards n-nonanal was equivalent to that at 343 K. towards n-nonanal (bars) and n/i aldehyde ratio (Δ) calculated after 1 and 6 hours of reaction (7) .

Recycle study

Catalyst recycle studies were carried out to know the stability of the SILP catalyst towards the hydroformylation reaction. To quantify any rhodium catalyst leaching to the organic phase, ICP-AES analysis of the organic phase was also carried out. Recycle experiments were performed by separating the SILP catalyst from the organic phase at the end of reaction, and adding fresh organic mixture to the SILP catalyst. Figure 5.19 exhibits the results of three consecutive reactions performed under standard conditions with the same catalyst, displaying a rather stable activity (TOF between 358 and 488 h -1 after 1 hour of reaction). Surprisingly it was even slightly higher for the first recycle compared to mother reaction. The n/i aldehyde ratio also remained constant upon recycling (between 2.3 and 2.7 after 1 hour of reaction).

From ICP-AES analysis of the organic phase separated after each reaction, only moderate leaching of rhodium to the organic phase was found (about 1.5% and 3% of the initial Rh content after mother reaction and first recycle respectively). A blank test performed with the used organic phase after adding 1-octene showed no hydroformylation activity. 

Conclusion

Hydroformylation of 1-octene by supported ionic liquid catalysis was performed using a rhodium complex immobilized in a thin layer of [Bmim][PF 6 ] anchored to a silica gel support. This system enabled the usage of significantly reduced amounts of ionic liquid and resulted in much higher catalyst activity (TOF) and slightly higher selectivity (n/i aldehyde ratio). Indeed, in comparison to the corresponding biphasic IL system (Chapter 4), which at 353 K and highest catalyst concentration gave TOF of 15-75 h -1 after 1 hour of reaction (respectively 7-30 h -1 after 6 hours) and n/i ratio between 0.7 and 3.0, SILP system showed values in the range 120-560 h -1 after 1 h (respectively 70-205 h -1 after 6 h) with n/i ratio between 1.6 and 3.3. This enhanced activity by SILPC can be attributed to the higher concentration of reagents, especially 1-octene in the proximity of active rhodium catalysts. A better knowledge of the exact location of the reaction would be necessary to perform a modelling of the intrinsic kinetics. The trends as a function of operating parameters were similar to those observed in biphasic catalysis, expecting that no CO inhibition was found and the orders of reaction with respect to 1-octene and hydrogen were slightly higher.

The recycle study, even if limited to 2 recycles, is also encouraging towards catalyst stability as compared to the biphasic IL system.

The perspective of this work would be the immobilization of Rh/sulfoxanthphos complex so that to combine both high activity and selectivity.

Conclusion and Perspectives

Conclusion and Perspectives

The use of ionic liquids as solvents to achieve multiphase homogeneous catalysis has been explored following for the first time a chemical reaction engineering approach: thermodynamics of multiphase equilibria, mass transfer and reaction kinetics for selected model reaction, metal complex ligand, and ionic liquid.

The main reaction system is the hydroformylation of 1-octene by rhodium complex using Rh(CO) 2 (acac) with TPPTS as the ligand and [Bmim][PF 6 ] as the ionic liquid solvent of the catalyst complex. Two reaction operation modes have been carried out:

biphasic reaction with ionic liquid phase, either continuous or dispersed in organic phase, and supported ionic liquid phase.

First, solubility of all hydroformylation reagents in the catalytic phase has been investigated through gas-liquid and liquid-liquid equilibrium, for hydrogen and carbon monoxide, and 1-octene, respectively. Solubility of CO and H is rather low compared to that in usual organic solvents (around 3 times lower), but similar to that in water, so significant reaction pressure will still be requested in hydroformylation with ionic liquids.

Contrary to gas solubility, easily determined by pressure variation, the solubility of 1octene and n-nonanal in [Bmim][PF 6 ] was much more difficult to measure. For binary mixtures IL/1-octene and IL/n-nonanal, TGA could be used while for ternary or quaternary systems IL/1-octene/decane/n-nonanal, a complex MHS-GC/MS technique was adjusted. N-nonanal was found to be much more soluble than 1-octene in [Bmim][PF 6 ] due to its polar nature. More importantly and as expected, solubility of 1octene is dramatically higher in [Bmim][PF 6 ] (around 2 mol %) than in water (0.0001 mol %), which confirms the potential performance of such solvent for biphasic catalysis.

The presence of decane does not modify the partition of octene or nonanal between organic and IL phases, while n-nonanal seems to still enhance the solubility of 1-octene.

Gas-ionic liquid mass transfer was investigated for the first time to our knowledge. The well-known technique of dynamic pressure analysis during absorption in the autoclave reactor with self gas induction has been adapted to ionic liquids. Mass transfer coefficients were found to depend more on temperature than in aqueous or organic phase, probably due to a higher effect of temperature on the viscosity of ionic liquids. As expected, k L a is higher for H 2 than for CO, due to higher diffusivity. The effect of stirrer speed above the critical gas inducing speed is very high, as for example a 500% increase when varying the stirrer speed from 1000 to 1500 rpm, the critical speed being about 600 rpm. Two correlations involving either Re and (Fr-Fr cr ) or (Re-Re cr ) and

Fr gave similar convenient representations of these experimental data.

When investigating mass transfer in three phase gas-liquid-liquid systems, the comparison between dispersed ionic phase and dispersed organic phase showed an important decrease of k L a in the second case, probably due to the apparent mixture viscosity enhancement. It should then be recommended to operate biphasic hydroformylation with dispersed ionic liquid phase to reduce mass transfer limitations.

Reaction kinetics of the hydroformylation of 1-octene was then investigated in chemical regime. First it should be pointed out that ionic liquids in general and especially [Bmim][PF 6 ] are complex solvents giving hardly reproducible results from one batch to other, despite same specifications and analysis performed by both the provider and our analytical staff. In addition hydrolysis may occur even with low water content leading to highly corrosive hydrofluoric acid.

Initial kinetics was obtained from both pressure variations of the ballast feeding the reactor at constant pressure and chromatography analysis. The main reaction parameters have been varied: catalyst loading, hydrogen and CO pressure separately, 1-octene concentration, and temperature. No hydrogenation to octane was detected but significant isomerisation of 1-octene occurred leading further to the branched aldehyde.

Concerning the main reaction Turn Over Frequency was rather high for biphasic catalysis, ranging from 15 to 75 h -1 . No linear variations were observed except for catalyst loading. Partial orders were determined for H 2 and 1-octene (0.43 and 0.75 respectively) as well as the usual inhibition by CO, but with a maximum at relatively high CO pressure (about 20 bar).

The main reaction kinetics of direct hydroformylation was modelled trying several semi-empirical equations. None of them gave very good agreement due to the complex experimental partial orders. Nevertheless the best equation was based on a mechanistic model assuming limiting addition of hydrogen in the catalytic cycle.

Thanks to three samples per run, the selectivity to linear aldehyde was also followed showing low n/i ratios decreasing all along the reaction course, ending at less than 1 in some cases. Much better results on selectivity were obtained with sulfoxantphos instead of TPPTS but with lower TOF.

A complete model accounting for octene isomerisation and hydroformylation of 1-and internal octene has been built up and solved thanks to an optimization software using the time variations of the four (lumped) concentrations (1-octene, internal octene, n-nonanal and branched aldehyde) measured in organic phase and recalculated in ionic phase with the equilibrium models.

Recycling the catalyst gave most often poor results after one or two recycles which is probably due to catalyst sensitivity to CO pressure which should not be too low. This does not compromise continuous operation as no significant rhodium leaching was observed. Of course the reaction system should be strongly improved with much more selective ligand, as sulphoxantphos.

Finally some attempts concerning the coupling of reaction and mass transfer were made by lowering the stirrer speed and by using ultrasound to improve mass transfer. These preliminary investigations should be improved by changing the operation conditions in order to increase mass transfer limitations and then to better discriminate physical effects.

The last part of this work was devoted to supported ionic liquid phase catalysis, using silica as the porous support. Same general approach as in the previous part was carried. As expected reaction is faster in this supported catalyst configuration, Turn Over

Frequencies being higher, up to 500 h -1 . This much higher TOF is very likely due to the direct access of the reagents in organic phase to the rhodium atoms in the supported IL layer.

The general trends demonstrated in biphasic system are roughly preserved in SILPC.

Interestingly no optimum CO pressure was found in the range 5-30 bar though the slope is clearly decreasing above 15 bar. This could allow higher reaction rates providing no limitation at higher rhodium loading or olefin concentration. This point of how much rhodium can be loaded at constant TOF is an important issue to be clarified for practical application.

Due to more adequate equipment the catalyst recycling tests gave better results than in biphasic catalysis. So SILPC providing an easy way to carry out multiphase homogeneous catalysis in fixed bed reactors offers promising perspectives. The main question with very expensive transition metals as rhodium is their deactivation rate and the metal leaching. In gaseous conditions, with propylene for example, there is no possible leaching as ionic liquids are not volatile at all. In liquid phase as we are concerned with, it will be very important to verify that the ionic liquid will not dissolve in the flowing organic phase, and maybe to select the convenient ionic liquid with regards to its negligible solubility in the desired aldehyde. As billions of possible ionic liquids could be proposed, it would be very useful to design these ILs using molecular product design tools, and also the pore size of the support to achieve convenient rhodium distribution, for example in a monolayer of ionic liquid and easy access of all reagents in the remaining free space of the pores. The reality of interfacial catalysis should first be proved by changing the ionic liquid in order to change the solubility of gases and olefin: if the reaction rate does not depend on these solubilities the reaction is occurring at the interface.

It is clear that for a given reaction to be carried out in industrial application the reaction engineering presented in this work would have to be extended to the new reaction medium, which would mainly depend on chemical constraints -like the choice of convenient ligand for both activity and selectivity, its concentration to achieve stability-and to a less extend to thermodynamics of the ionic liquid-organic liquid system. 

Nomenclature

References ANNEX 2.1: Ion Trap Mass Spectrometer

Ion trap Mass spectrometry is a sensitive and versatile analytical system, capable of identifying both large and small molecules and determining their molecular structure.

In principle, the ion trap, located within the vacuum manifold between the ion source and ion detector system, separates ionic species according to their mass to charge ratios.

The ion trap analyser contains three electrodes (entrance, ring, and exit) which collectively form a cavity for ion storage and mass analysis ( *RMS is the root mean square value between the experimental and predicted k L a, given as: 

∑ = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - = N i i L calc i L i L a k a k a k N RMS

Internal standard method for quantification

Internal standard is one of the chromatography methods for obtaining the relative concentrations of the components in a mixture, provided a good resolution is achieved. This method is recommended for a precise quantification: it eliminates the need for accurate injection since a reference standard is included in each sample analysed. An internal standard is selected (anisole in present case) that will elute in a position on the chromatogram that does not interfere or merge with any of the natural components of the mixture, but match closely with them. The relative response of the component i (r' i ) to the internal standard is therefore: r' i = r i / r IS = (A i /m i ) / (A IS /m IS )

Response factors of all the components are calculated in the same way and quantification of an unknown mixture is carried out by adding a known amount of internal standard and then carrying out GC analysis. The amount of each component can be then calculated using:

m i = (A i /A IS ) x (m IS /r' i )
It is assumed that the response factor is the same for isomers as linear compounds.

Calibration curves for quantification of octene, decane, nonanal and octane using internal standard method with anisole as internal standard are shown below: 
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 11 Figure 1.1 Schematic representation of the concept of SAPC.

  Most common cations (with different functional groups R, which are usually alkyl chains) and anions are shown in Figure 1.2. In addition, abbreviations used for ionic liquids in the following paragraphs are given in Annex 1.

Figure 1 . 2

 12 Figure 1.2 Most common cations and anions of Ionic Liquids [Ionic Liquids Database Merck].

  N], [MeBu 3 N][TF 2 N], [MeBuPyrr][Tf 2 N] and [iBu 3 MeP][TOS]). They observed that the molecules with large dipole moments (e.g. H 2 O) or quadrupole moments (e.g. CO 2 and N 2 O), as well as those with the opportunity for specific interactions (e.g. hydrogen bonding) have the highest solubility in ionic liquids, whereas the solubility of the other nonpolar gases correlate well with their polarizability.

[

  

Figure 1 . 3

 13 Figure 1.3 Ligand 1: 2,2 ' -Bis{((2,2 ' -bis(4-methoxy-6-t butyl)phenoxy) phosphino)-oxy}-1,1 ' -binaphtyl.

Favre 4 -

 4 et al. (2001) investigated a wide range of ionic liquids as solvents for the two-phase Rh-catalysed hydroformylation of 1-hexene, by varying the nature of the cation (1,3-dialkylimidazoliums) and the anion (e.g. BF

  Peng et al. (2007) studied the hydroformylation of 1-hexene catalysed by rhodium complexes of PPh 3 , TPPDS, TPPTS and amphiphilic phosphines 1, 2, 3 (Figure1.4) in[Bmim][BF 4 ],[Bmim][PF 6 ] and[Bmim][n-C 12 H 25 OSO 3 ].

Figure 1 . 4

 14 Figure 1.4 Amphiphilic phosphine ligands: bis-(3-sodium sulfonatophenyl)-(4-tertbutylphenyl)-phosphine (1), phenyl-(3-sodium sulfonatophenyl)-(4-tert-butyl-phenyl)phosphine (2), and bis-(4-tert-butylphenyl)-(3-sodium sulfonatophenyl) phosphine (3)

  C 6 H 4 SO 3 ] was performed, showing no significant Rh leaching and a good catalyst stability until ten consecutive runs. Tan et al. (2008) came up with a new kind of room temperature ionic liquids for the hydroformylation of 1-dodecene catalyzed by Rh/TPPTS complex. They synthesized a series of quaternary ammonium alkanesulfonates with polyether chain to their alkyl group (IL PEGx , x = 350, 550 and 750). They developed a thermoregulated ionic liquid biphasic system composed of IL PEG750 , n-heptane and toluene which changes from biphasic to monophasic by increasing the temperature and again to biphasic on cooling to room temperature. The catalysis process is schematically presented in Figure 1.5.

Figure 1 . 5

 15 Figure 1.5 Thermoregulated ionic liquid biphasic catalytic process.

  It involved the modification of a support material (silica gel) with a monolayer of covalently anchored fragments of 1-n-butyl-3-[3-(triethoxysilanyl) propyl]imidazolium, and later the impregnation of the modified silica with additional ionic liquid, Rh(acac)(CO) 2 , and ligand (TPPTS or tri(m-sulfonyl)triphenyl phosphine tris(1-butyl-3-methyl-imidazolium) salt -TPPTI). Thus it resulted in a multi-layer ionic liquid catalyst (Figure 1.6).

Figure 1 . 6

 16 Figure 1.6 Representation of the Supported Ionic Liquid Phase (SILP) catalyst used by Mehnert et al. (2002).

2 ,

 2 Figure 1.7) and dissolved in [Bmim][PF 6 ].

Figure 1 . 7

 17 Figure 1.7 Ligands (1 and 2) used by Riisager et al. (2003) for SILP catalysts.

  Hydroformylation is the general term applied to describe the reaction of an olefin substrate with H 2 and CO -in presence of a catalyst -to form an aldehyde having one carbon more than the original olefin reactant. Hydroformylation of 1-octene (Scheme 2.1) is an important industrial reaction due to the fact that 1-nonanal is a valuable intermediate for plastics, perfumery, cosmetics, soap and detergent industries.

Scheme 2 . 1

 21 Scheme 2.1 Hydroformylation reaction of 1-octene (R= C 6 H 13 ).

  ) [Perry Chemical Engineers' Handbook 4 th Ed. Section 2-141].

Figure 2 .Figure 2 . 2

 222 Figure 2.2 (a,b) shows the mole fraction of H 2 and CO respectively dissolved in the ionic liquid phase versus the equilibrium pressure of the gas at different temperatures. From Figures 2.2a and 2.2b it can be seen that the observed trend is linear (R 2 = 0.995), suggesting that Henry's law is indeed applicable over the investigated pressure range.

Figure 2 . 3

 23 Figure 2.3 Solubility of H 2 (a) and CO (b) in decane as a function of (equilibrium) pressure at 373 K.

  and 2.5 exhibit the plots of Ln H (Henry's constant) versus inverse of temperature (1000/T) for H 2 and CO respectively. It can be seen that the present solubility trend as a function of temperature is consistent with that observed by Jacquemin et al.: maximum of solubility for H 2

  7

Figure 2 . 6 Figure 2 . 7

 2627 Figure 2.6 Photograph of experimental set-up used for liquid-liquid equilibrium.

Figure 2 . 8

 28 Figure 2.8 TGA profiles of [Bmim][PF 6 ], pure and after saturation with 1-octene and nnonanal at 353 K (nonanal sample was diluted by a factor 1.71).

  8) with A i the peak area of i th extraction step, K the partition coefficient of the solute between the sample phase and the gas phase at considered equilibrium (here K=C* L /C* G ), β the volume ratio of the gas phase to the sample phase (here β=V G /V L ), ρ the ratio of the headspace pressure after venting (p 0 ) to the one at first MHS extraction step (p h ) :ρ = p 0 /p h .

Figure 2 . 9

 29 Figure 2.9 Evolution of solute peak areas during the stepwise headspace extraction (from Varian SPME App Note 17).

Figure 2 .Stage 3 :

 23 Figure 2.10 Photographs of the GC-MS apparatus and the injection head with venting tool.

-

  equilibration time: the minimal equilibration time depends upon the volume of sample, the properties of the matrix (viscosity for liquids) and solutes, and the temperature. It is evaluated on the first extraction, by plotting the peak area as the function of equilibration time till a plateau is reached; -flushing time: it should allow a proper renewing of the headspace volume, while avoiding any change in the solute distribution between the two phases during venting.

Figure 2 .

 2 Figure 2.11 Typical MHS-GC plot for 1-octene (a) and n-nonanal (b).

Catalyst+LigandFigure 3 . 1

 31 Figure 3.1 Schematic representation of a G-L-L reaction.

Figure 3 . 2

 32 Figure 3.2 Concentration profiles of gaseous solute A in the neighbourhood of a gas-liquid interface.

  All the mass transfer studies were carried out in a 650 mL high pressure autoclave (flat bottom, internal diameter d R = 8×10 -2 m) made of Hastelloy C276. The reactor was equipped with two symmetrical baffles (W/d R = 0.049) and a six-bladed gas-inducing stirrer (d st = 3.2×10 -2 m) with a variable speed up to 2000 rpm. The stirrer was mounted on a hollow shaft, with holes above the liquid surface. When the gas-inducing impeller is rotating, the pressure behind the blades is reduced. Above a critical speed the gas is sucked through the holes of the hollow shaft to the holes in the impeller and dispersed into the liquid in small bubbles.The liquid temperature, measured with a thermocouple, was set using an external heating jacket controlled by a PID. A high precision pressure transducer (Keller PR33X, accuracy of less than 0.015 bar) was used to measure pressure variations. Sensitivity of pressure gauges was increased once the pressure operation zone was selected. As only pressure differences were used during mass transfer experiments, it could be considered that uncertainty was limited to the signal noise at constant pressure i.e. 0.005 bar. Temperature was measured at ±0.1°C, while temperature control was achieved within ±0.5°C. Both temperature and pressure of the reactor were recorded on-line on a computer at a rate of 1 to 5 Hz. A schematic figure of experimental set-up is shown inFigure 3.3. 

Figure 3 . 3

 33 Figure 3.3 Schematic diagram of the experimental set-up.

Figure 3 . 4

 34 Figure 3.4 Graphical representation of eq. 1 for the determination of gas-liquid mass transfer coefficient (H 2 , 1500 rpm, 293 K).

  have studied the effect of liquid viscosity (from 0.8 to 80 mPa.s) and found a slight dependence on viscosity, et al. (2002) have found a weaker value of the exponent of ( ) large variation of[Bmim][PF 6 ] viscosity in the temperature range, the correlation of Sawant and Joshi was used to calculate the critical stirrer speed, giving 670, 610 and 570 rpm for 293, 323 and 373 K respectively.

Figure 3 . 5

 35 Figure 3.5 Photographs of the gas dispersion (air) inside [Bmim][PF 6 ] at 1500 rpm: (a) 293 K, (b) 323 K, (c) 373 K.

Figure 3 . 6

 36 Figure 3.6 Gas-liquid mass transfer coefficient ( a k L ) vs. stirrer speed (rpm) for H 2 (a) and CO (b) in [Bmim][PF 6 ]: 293 ( ), 323 ( ) and 373 K (Δ).

  Relations I, V and VII are based on usual Reynolds number (using the impeller speed N) and exclude critical impeller speed N cr from analysis. Conversely model equations II and VI take into account zero mass transfer when gas induction has not started by introducing critical impeller speed in critical Reynolds number. Rest of equations, i.e. III and IV, follows the approach proposed by Zieverink et al. and uses a combination of Re and Fr, with one of the two factors corrected for the onset of gas induction. It could be argued that the soundest combination should involve the Reynolds number to account for the actual turbulence in the reactor and a modified Froude number, Fr -Fr cr , to account for the induced gas flow rate.

2 .Figure 3 . 7

 237 Figure 3.7 Comparison of calculated vs. experimental k L a for the different model equations listed in Table 3.1: a) model I, b) model II, c) model III, d) model IV, e) model V, f) model VI and g) model VII.

Figure 3 .Figure 3 . 8 Figure 3 . 9

 33839 Figure 3.8 Gas-liquid mass transfer coefficient ( a k L ) vs. stirrer speed in small reactor for H 2 in [Bmim][PF 6 ] at 353 K.

Figure 3 .

 3 10 (a, b) shows the variation of mass transfer coefficient ( a k L ) versus rotation speed(N) for both the G-L and G-

Figure 3 .

 3 Figure 3.10 Gas-liquid mass transfer coefficient ( a k L ) vs. stirrer speed (rpm) for H 2 (a)

  have been proposed using various dimensionless parameters including modified Reynolds or Froude numbers to account for the critical impeller speed. Best fit is obtained

  for the time zero of reaction, n the number of kmoles, t the time in hour (éq. 4.1 and 4.2), Rh rhodium, V IL the volume of ionic liquid (m 3 ).

Figure 4 . 1

 41 Figure 4.1 Number of moles of aldehyde products formed according to ballast pressure measurement ( ) and GC analysis of organic liquid samples ( ) (1).

  catalytic reactions can be classified in different regimes depending on the relative rates of mass transfer and chemical reaction for a given set of reaction conditions: Regime 1: very slow reaction (kinetically controlled)

  54 × 10 -4 kmol/m 3 IL /s at t=0. Complementary G-L mass transfer experiments were thus performed in the small reactor at 353 K for the considered emulsion (decane:IL = 60:40 v/v). As gas-liquid mass transfer coefficients were calculated from gas pressure drop, they are relevant to the whole emulsion (considered as pseudo-homogenous phase). Conversely the reaction only occurs in the ionic liquid phase; thus the criterion defined in equation 4.6 has to be multiplied by

Figure 4 . 2

 42 Figure 4.2 Concentration-time profiles for a typical hydroformylation reaction (1) .

3

 3 Range of conditions investigated for kinetic study.

Figure 4 .

 4 Figure 4.3 presents the effect of catalyst concentration on the initial rate of hydroformylation and it depicts a first order dependence with respect to catalyst loading.

Figure 4 .

 4 Figure 4.4 also shows the effect of catalyst loading on the other secondary reactions.With an increase in the catalyst concentration from 2.0×10 -3 to 6.97×10-3 

Figure 4 . 3 Figure 4 . 4

 4344 Figure 4.3 Effect of the catalyst concentration on the initial rate of hydroformylation of 1-octene(2) .

Figure 4

 4 Figure 4.5 Effect of the initial concentration of 1-octene on the initial rate of hydroformylation(3) .

Figure

  

Figure 4 . 6

 46 Figure 4.6 Schematic representation of the mechanism of hydroformylation using watersoluble catalyst[Deshpande et al., 1996].

Figure 4 . 7

 47 Figure 4.7 Effect of the initial concentration of 1-octene on (a) TOF, (b) yield towards nnonanal (bars) and n/i aldehyde ratio ( ) calculated after 6 hours of reaction(3) .

Figure 4 . 8

 48 Figure 4.8 Effect of the initial concentration of 1-octene on the concentration profiles (3) : (a) 1-octene: 0.32 kmol/m 3 org , (b) 1-octene: 0.65 kmol/m 3 org.

Figure 4

 4 Figure 4.9 Effect of the partial pressure of hydrogen on the initial rate of hydroformylation of 1-octene(4) .

  Rh(CO) 2 (acac): 6.97×10-3 kmol/m 3 IL , TPPTS (without 10% oxide): 2.09×10 -2 kmol/m 3 IL (P:Rh=3:1), 1-octene: 0.973 kmol/m 3 org , T: 353 K, P CO = 20 bar, total liquid volume: 100×10 -6 m 3 (organic:IL = 60:40 v/v), agitation speed: 1200 rpm.

Figure 4 .

 4 Figure 4.10 Effect of partial pressure of H 2 on the concentration profiles plotted as a function of conversion of total octene since zero time of reaction (4) : (a) P H2 = 5 bar, (b) P H2 = 20 bar .

Figure 4 .

 4 Figure 4.11 Effect of the partial pressure of carbon monoxide on the initial rate of hydroformylation of 1-octene(5) .(5) Reaction Conditions: Rh(CO) 2 (acac): 6.97×10 -3 kmol/m3 IL , TPPTS (without 10% oxide): 2.09×10 -2 kmol/m 3 IL (P:Rh=3:1), 1-octene: 0.973 kmol/m 3 org , T: 353 K, P H2 = 20 bar, total liquid volume: 100×10 -6 m 3 (organic:IL = 60:40 v/v), agitation speed: 1200 rpm.

Figure 4 .

 4 Figure 4.12 Effect of partial pressure of CO on the concentration profiles plotted as a function of conversion of total octene since zero time of reaction (5) : (a) P CO = 5 bar, (b) P CO = 30 bar .

Figure 4

 4 Figure 4.13 Effect of temperature on the rate of hydroformylation of 1-octene(6) .

Figure 4 .Figure 4 .

 44 Figure 4.14 Structure of TPPTS and sulphoxantphos.

Figure 4 .

 4 Figure 4.16 Comparison of experimental data and model 9b and 10b calculations: aparity plots, b-effect of H 2 concentration in IL phase, c-effect of CO concentration in IL phase, d-effect of initial concentration of 1-octene in IL phase.

  Fitted parameters from optimization of concentration-time profiles (series with different initial concentrations of 1-octene or catalyst), along with standard deviations (given in brackets). (b) Correlation matrix of the fitted parameters.

Figure 4 .

 4 Figure 4.18 Experimental and predicted concentration-time profiles for the two experimental series considered (parameters of the optimized model are given in Table 4.7; legend of Figures 4.18a-d is given in Figure 4.18a): a-1-octene, b-n-nonanal, c-isooctene, d-iso-aldehyde.

Figure 4

 4 Figure 4.19 Effect of the number of catalyst recycles on TOF ( ) and n/i aldehyde ratio ( ) calculated after 6 hours of reaction(8) .

Figure 4 .

 4 Figure 4.20 Number of moles of aldehyde formed according to ballast pressure measurement ( ) and GC analysis of organic liquid samples ( ) for V IL / V org = 1.5(9) .

  Rh(CO) 2 (acac): 6.97×10-3 kmol/m 3 IL , TPPTS (without 10% oxide): 2.09×10 -2 kmol/m 3 IL (P:Rh=3:1), 1-octene: 0.973 kmol/m 3 org , T: 353 K, P T : 40 bar(H 2 :CO = 1:1), total liquid volume: 100×10 -6 m 3 (organic:IL = 40:60 v/v) , agitation speed : 1200 rpm.

Figure 4 .

 4 Figure 4.21 exhibits the reaction rates measured for the two different catalyst phase hold ups, at 1200 rpm and 500 rpm. While the reaction rate per unit volume of catalyst phase

Figure 4

 4 Figure 4.21 Effect of the catalyst to organic phase ratio on the initial rate of hydroformylation of 1-octene at 1200 rpm ( ) and 500 rpm ( )(10) .

  based on the following hypotheses:

  and 4.18 with C oct,IL ≈ C oct,IL0 and are given in Figures 4.22

  and 4.23 for the two considered emulsions.For these simulations, following values of parameters were used:-(k L a) H2 / (k L a) CO = 1.5 as estimated from Chapter 3not modify the dynamics of H 2 and CO profiles.

Figure 4 .

 4 Figure 4.22 Concentration-time profiles of H 2 and CO in IL phase for organic:IL = 60:40 v/v.

Figure 4 .

 4 Figure 4.23 Concentration-time profiles of H 2 and CO in IL phase for organic:IL = 40:60 v/v.

Figure 4 .

 4 Figure 4.24 Schematic diagram of the ultrasound reactor set-up.

Figure 4 .

 4 Figure 4.25 Influence of ultrasound (20 kHz ultrasonic frequency, 200W maximum power input) on biphasic hydroformylation of 1-octene using [Bmim][PF 6 ] (11) : initial reaction rate.(11)

Figure 5 . 1

 51 Figure 5.1 Schematic drawing of supported ionic liquid phase (SILP) catalyst.

Figure 5 Figure 5 . 2

 552 Figure 5.2 displays SEM images of silica gel support (a), fresh SILP catalyst (b) andSILP catalyst after 2 recycles (c). Compared to the silica support for which the particle size distribution appears quite narrow, the fresh SILP catalyst exhibits a noticeable amount of fines (< 20 μm), due to vigorous stirring during preparation. However after use, those small separate fragments have disappeared and the catalyst particle size distribution seems only slightly smaller than that of support. When zooming on a particle, a progressive smoothing and cleansing of the surface can be observed from support to fresh and then used SILP catalyst. As fines might have been retained in the liquid phase after separation, it is thus be important to check if this has resulted in an important loss of the metal. It will be examined in section 5.4.

Figure 5 . 3

 53 Figure 5.3 Typical EDX spectrum of the SILP catalyst.

Figure 5 . 4

 54 Figure 5.4 31 P{ 1 H} NMR spectrum of Rh catalyst complex and SILP catalyst.

Figure 5 .

 5 Figure 5.5 displays the DRIFT spectrum of fresh SILP catalyst after substracting that of SiO 2 support. Characteristic absorption bands of [Bmim][PF 6 ], TPPTS and HRh(CO)(TPPTS) 3 reported in literature have been superimposed: -[Bmim][PF 6 ]: 3169 and 3125 [ν(C-H) aromatic]; 2966, 2939 and 2876 [ν(C-H) aliphatic]; 1573 and 1468 [ν(C=C)]; 841 cm -1 [ν(PF)]; -TPPTS: 1206 [ν as (SO 3 )] and 1040 cm -1 [ν s (SO 3 )]; -HRh(CO)(TPPTS) 3 : 2000 [ν(Rh-H)] and 1921 cm -1 [ν(CO)]. FT-IR spectra of those compounds are also shown in Annex 5.2 showing same absorption bands.

Figure 5 . 8

 58 Figure5.8 Effect of agitation speed on the initial rate of hydroformylation: initial rate of reaction ( ) and n/i aldehyde ratio after 1 hour ( )(2) .

  P:Rh=6:1, 1-octene: 0.973 kmol/m 3 org , T: 353 K, P T = 40 bar(H 2 :CO = 1:1), total liquid volume: 25×10 -6 m 3 , agitation speed : 1200 rpm.

Figure 5 .

 5 Figure5.10 indicates that the initial rate of reaction (expressed here in mol/s) is increased with the catalyst amount (moles) with quasi first order dependence. This behaviour confirms that the reaction is not limited by external mass transfer and that the active catalytic species are probably homogeneously distributed on the SILPC catalyst particles.

  C 8 H 17 O-SO 3 ]. Jáuregui-Haza et al. (

Figure 5 . 12

 512 Figure 5.12 Effect of the initial concentration of 1-octene on (a) initial rate of hydroformylation, (b) TOF (bars) and yield towards n-nonanal ( ) calculated after 1 and 6 hours of reaction(4) .

2 Figure 5 .Figure 5 . 13

 25513 Figure5.13 shows the concentration profiles for 5 and 20 bar of hydrogen respectively. It can be seen that a high partial pressure of hydrogen favoured hydroformylation with respect to isomerisation: the maximum of iso-octene concentration was reduced by a factor 2 when H 2 pressure was increased from 5 to 20 bar.

Figure 5 .Figure 5 . 14

 5514 Figure 5.14b compares the TOF and n/i aldehyde ratio after 1 and 6 hours of reaction for different partial pressures of hydrogen. In accordance with previous results, TOF values were enhanced by increasing the hydrogen pressure. It is difficult to conclude about the variation of n/i aldehyde ratio. Roughly, it does not significantly change despite expected possible effect due to the relative decrease of isomerisation versus direct hydroformylation.

Figure 5 .

 5 Figure5.15 Effect of partial pressure of CO on the SILPC concentration profiles plotted as a function of conversion of total octene based on zero time of reaction(6) : (a) P CO = 5 bar, (b) P CO = 30 bar.

Figure 5 . 16

 516 Figure5.16 Effect of partial pressure of carbon monoxide on (a) initial rate of hydroformylation, (b) TOF (bars) and n/i aldehyde ratio (Δ) calculated after 1 and 6 hours of reaction(6) .

Figure 5 .

 5 Figure 5.17 Concentration profiles for hydroformylation of 1-octene by SILPC plotted as a function of conversion of total octene based on zero time of reaction (7) : (a) T = 333 K, (b) T = 343 K.

Figure 5 .

 5 Figure5.18 Effect of temperature on (a) initial rate of hydroformylation, (b) yield towards n-nonanal (bars) and n/i aldehyde ratio (Δ) calculated after 1 and 6 hours of reaction(7) .

First

  the reproducibility of the SILPC experiments can be estimated by comparing results of Figure 5.19a (mother solution) and Figure 5.12b (0.97 kmol/m 3 of 1-octene) as well as Figure 5.19b (mother solution) and Figure 5.18b (353 K), as a new experiment under standard conditions was performed for the recycle study. It shows a very low discrepancy in between the two separate experiments (about 5% for TOF values and 2% for yield towards n-nonanal).

Figure 5 . 19

 519 Figure 5.19 Effect of the number of catalyst recycles on (a) TOF, (b) yield towards nnonanal (bars) and n/i aldehyde ratio (Δ) calculated after 1 and 6 hours of reaction (1) .

Nomenclature 1 a

 1 interfacial gas-liquid area per unit volume, (m 2 /m 3 ) A concentration of hydrogen in IL phase, (kmol/m 3 IL ) A * concentration of dissolved gas A in IL phase at equilibrium, (kmol/m the solute between the sample phase and the gas phase at considered equilibrium, (-) K a , K b , K c , K d constants derived from equilibrium constants as defined by Models 1-10 K wnon partition coefficient of n-nonanal between the IL phase and the organic phase at considered equilibrium, (kg org /kg IL ) K woct partition coefficient of 1-octene between the IL phase and the organic phase at considered equilibrium, (kg org /kg IL ) k L local mass transfer coefficients in the liquid phase, (m/s) k G local mass transfer coefficients in the gas phase, (kmol.m -2 .bar -1 .s -1 ) k L a gas-liquid mass transfer coefficient, (s -1 ) m cat mass of catalyst, (g) m CO distribution coefficient of CO between the organic phase and the IL phase at considered equilibrium,

  Figure A.1). Both entrance endcap and exit endcap electrodes have a small hole in their centres to permit the passage of ions into and out of the Ion Trap Cavity. Entrance endcap, exit endcap, and ring electrodes are separated by two spacer rings, which position them at the proper separation and also serve as electrical insulators. The exit lens shields the ion trap from the electric fields created by the ion detector system.

Figure A. 1 Figure A. 2 ANNEX 3 :

 123 Figure A.1 Schematic diagram of Ion trap mass spectrometer. Ionisation source Detector Analyser (Ion Trap) Lens

Figure A. 3 .

 3 Figure A.3. Comparison of calculated vs. experimental k L a for the different model equations listed in Table A.1.

  The procedure involves analysing a test sample containing known amounts of each component plus a predetermined amount of the internal standard. Each peak area (A) is proportional to the amount (m) of the corresponding eluted component and the detector response factor (r) associated with this component. For instance, A i = r i x m i for a component i, and A IS = r IS x m IS for the internal standard, with m the component weight in the sample.

  K, P total = 40 bar (H 2 :CO = 1:1), 1-octene: 0.973 kmol/m 3 org (15% wt octene in decane), ILϕ:orgϕ = 40:60 v/v, Rh(CO) 2 (acac): 6.97×10 -3 kmol/m 3 IL. , TPPTS (without 10% oxide): 2.09×10 -2 kmol/m 3 IL (P:Rh=3:1 mole basis), total reaction time = 6 hours, agitation speed = 1200 rpm. Calculation of reaction rates (mol/m 3 IL /s): Initial rate of hydroformylation based on syngas consumption: h, n in mol, V IL in m 3 ) Initial reaction rate calculated from the zero-time derivative of a polynomial regression based on liquid sample analysis: h, n in mol, V IL in m 3 ) Rate of hydroformylation based on the first liquid samples (zero time and after 1 hour):

Figure A . 6

 A6 Figure A.6 Experimental and predicted concentration-time profiles for the three experimental series considered (parameters of the optimized model are given in Table A.12; legend of Figures A.6a-d is given in Figure A.6a): a-1-octene, b-n-nonanal, c-isooctene, d-iso-aldehyde.

Figure A. 9

 9 Figure A.9 FT-IR spectrum of HRh(CO)(TPPTS) 3 (NCL, Pune).

  

  

  

  

Table 1 .

 1 1 summarizes the advantages and drawbacks of both homogeneous and heterogeneous catalysis.

	Characteristics	Homogeneous	Heterogeneous
		catalysis	catalysis
	Activity	High	Variable
	Selectivity	High	Variable
	Reaction conditions	Mild	Harsh
	Service life of catalysts	Variable	Extended
	Sensitivity against catalyst poisons	Medium	High

CHO R-CH 2 -CH 2 -CHO + R-CH-CH 3 R-CH=CH 2 Olefin Linear (n) aldehyde Branched (iso) aldehyde Catalyst CO / H 2

  Table 1.3 outlines the capacities of industrial processes for C4 oxo products excluding 2ethylhexanol (2-EH).

	Process	Metal catalyst × 1000 tons/year Overall %
	Union Carbide	Rh	3040	46
	BASF	Rh	900	14
	Celanese	Rh	890	13
	Mitsubishi	Rh	680	10
	Eastman	Rh	610	9
	Leuna/Neftekhim	Co	425	7
	Shell	Co	75	1

Table 1 . 3

 13 Capacities of industrial hydroformylation processes for C 4 products (excluding 2-EH)

  Considerable progress towards commercialization of ionic liquids has recently been made. More types of ionic liquids become available from multiple vendors (Merck [Ionic Liquids Database Merck], Degussa, Cytec Industries and Solvionic). Due to the expanding supply, prices of ionic liquids are decreasing (economies of scale)[Merck]. At the same time, more ionic liquids are demanded, because new industrial applications are found. Ionic liquids were for the first time commercially used in the BASIL® process from BASF in 2002. The BASIL (Biphasic Acid Scavenging using Ionic Liquids) process uses N-methylimidazole to remove the acid that is formed in the production of alkoxyphenylphosphine, while at the same time producing an ionic liquid [BASF, BASIL

Process]. Another commercial application is the storage of arsine, boron trifluoride and phosphine in ionic liquids (GASGUARD® Sub-Atmospheric Systems), developed by Air

S.No. Ionic Liquid Henry's constant (bar) Temperature (K) Technique used [Reference]

  [BF 4 ] ILs, comparison of all data provided by those research groups, who used different techniques and pressure ranges, exhibits a large scattering of solubility values for these low soluble gases.

	3679.6 Table 1.5 Hydrogen solubility (expressed as Henry's constant) in various ionic liquids 333 [Kumelan et al., 2006] 1758 333
	3345.1 (from various measurement techniques). 353 1775 343		
	6	3059.9 [Bmim][CH 3 SO 4 ] 3735.5	373 293		High-pressure view cell technique
	5 For comparison, solubility of those gases in toluene, water and ethanol/water mixtures is [Bmim][PF 6 ] Non 283-323 Gravimetric microbalance 3547.7 333 [Kumelan et al., 2007]
	also given in Table 4.4.	detected 3355.9	373		[Anthony et al., 2002]
	6	[Bmim][BF 4 ]	5800 3156.2	293 413		High pressure 1 H NMR
	7	[Bmim][BF 4 ]				spectroscopy [Dyson et al., 2003]
	7 S.No. 8	[Bmim][BF 4 ] Ionic Liquid [Bmim][TF 2 N]	1990 Henry's	278 Temperature	High precision isochoric saturation Technique used [Reference]
	9	[Bmim][SbF 6 ]	1940 constant	285	(K)	method [Jacquemin et al., 2006(b)]
	10	[Bmim][CF 3 COO]	1947 (bar)	290		
	1 11	[Bmim][PF 6 ] [Emim][BF 4 ]	1974 3270	293 295		High pressure 13 C NMR
	12	[Mmim][BF 4 ]	2036	298		spectroscopy [Ohlin et al., 2004]
	2 13	[Bmim][PF 6 ] [Hmim][BF 4 ]	2144 1201	303 283		High precision isochoric
	14	[Omim][BF 4 ]	2402 1236	313 293		saturation method [Jacquemin et
	15	[MMIM][TF 2 N]	2791 1242	323 303		al., 2006(a)]
	16		3437 1266	333 313		
	17		4318 1292	343 323		
	1 8 18	[Bmim][PF 6 ] [Bmim][CH 3 SO 4 ] 6727.9 5557.1 1327	RT 293 338		Pressure drop technique [Berger et High-pressure view cell technique
			5265.7 1356	333 343		al., 2001] [Kumelan et al., 2007]
	2 3	[Bmim][PF 6 ] [Bmim][PF 6 ]	6600 4358.8 1943.7	293 373 293		High pressure 1 H NMR High-pressure view cell technique
			5380 3699.6 1972.5	298 413 313		spectroscopy [Dyson et al., 2003] [Kumelan et al., 2005]
	3 9	[Bmim][PF 6 ] [Bmim][TF 2 N]	3572 4500 1931.3	283 298 334		High precision isochoric saturation High pressure 1 H NMR
	10	[Bmim][SbF 6 ]	2445 4900 1965.1	293 298 354		method [Jacquemin et al., 2006(a)] spectroscopy [Dyson et al., 2003]
	11	[Bmim][CF 3 COO]	1989.7 4900 1971.8	303 298 373		
	12 4	[Bmim][CF 3 SO 3 ] [Bmim][PF 6 ]	1892 4600 Non	308 298 283-323	Gravimetric microbalance
	13	[omim][BF 4 ]	1865 6400 detectable	313 298		[Anthony et al., 2002]
	14 5	[hmim][BF 4 ] [Bmim][BF 4 ]	1878 5700 1717	318 298 283		High precision isochoric
	15	[BuPy][TF 2 N]	1961.5 3900 1726	323 298 293		saturation method [Jacquemin et
	16	[BmPy][TF 2 N]	2259 3700 1738	333 298 303		al., 2006(b)]
	17	[Bm 2 im][TF 2 N]	2813.5 3800 1733	343 298 313		
	4	[Bmim][PF 6 ]	4154.9 1765	313 323		High-pressure view cell technique
				34 36		

Table 1

 1 

	.7 compiles solubility values (in terms of Henry's constant) of
	gaseous olefins in various ionic liquids.

S.No. Ionic Liquid Alkenes (gas) Henry's constant (bar) Temperature (K) Technique used [Reference]

  

			Propene	44.3 ± 1.4	313	
			1-butene	22.2 ± 0.4		
		[Emim][CF 3 SO 3 ]	Ethene	212 ± 16		
			Propene	88.0 ± 2.7	313	
			1-butene	47.8 ± 0.9		
		[Emim][dca])	Ethene	359 ± 39		
			Propene	126 ± 6	313	
			1-butene	71.4 ± 1.2		
	3	[Bmim][Tf 2 N]	Propene	15.3	280	Pressure drop
				23	300	technique [Lee
				33.6	320	et al., 2006]
				45.8	340	
			1-butene	6.5	280	
				10.5	300	
				16.7	320	
				26	340	
	4	[Bmim][BF 4 ]	Propene	36.9	278	Pressure drop
				51.9	288	technique [Ortiz
				77.6	298	
				97.3	308	
	1	[Bmim][PF 6 ]	Ethene	142 137.3	283 318	Gravimetric
				173	298	microbalance
				221	323	[Anthony et al.,
						2002]
	2	[Bmim][PF 6 ]	Ethene	187 ± 23		Pressure drop
			Propene	74.0 ± 3.5	313	technique
			1-butene	40.5 ± 1.1		[Camper et al.,
		[Bmim][BF 4 ]	Ethene	263 ± 24		2005]
			Propene	88.2 ± 2.9	313	
			1-butene	54.4 ± 1.1		
		[Emim][Tf 2 N]	Ethene	118 ± 7		

Table 1

 1 

	.8 compiles solubility values of liquid olefins in

Table 2 .

 2 .3 respectively.

	Temperature (K)	Diffusion coefficient of H 2 (10 -10 m 2 /s)	Diffusion coefficient of CO (10 -10 m 2 /s)
	293	2.2	1.8
	323	5.7	4.7
	373	12.9	10.5

2 Diffusion coefficients of H 2 and CO in

[Bmim]

[PF 6 ], when using experimental values of 1 V .

Table 2 . 3

 23 Diffusion coefficients of H 2 and CO in[Bmim][PF 6 ], when using values of 1 V from Le Bas.

Table 2 . 4

 24 Compressibility factors for carbon monoxide and hydrogen.

H H2 (bar) Henry's constant H CO (bar)

  

	293	(4.35± 0.12)•10 3	(2.19± 0.04)•10 3
	323	(3.89± 0.10)•10 3	(2.66± 0.06)•10 3
	373	(4.00± 0.09)•10 3	(3.06± 0.06)•10 3

Table 2 .

 2 5 Henry's constants (bar) for H 2 and CO in[Bmim][PF 6 ].As decane is used as an organic solvent for the reaction, solubility of H 2 and CO in decane has also been evaluated for comparison, using the same measurement method. Figure2.3 (a, b) exhibits the solubility of H 2 and CO in decane as a function of gas pressure at 373 K and Table2.6 gives the corresponding Henry's constants. In terms of mole fraction, solubility of syngas is about three times lower in[Bmim][PF 6 ] than in decane at 373 K.

	373	(1.44± 0.03)•10 3	(0.88± 0.01)•10 3

Temperature (K) Henry's constant H H2 (bar) Henry's constant H CO (bar)

Table 2 .

 2 

6 Henry's constants (bar) for H 2 and CO in decane at 373 K.

  2 and CO in ionic liquids has already been reported in several papers, but with large discrepancies among given values. It is thus interesting to compare our data with the published ones relating to the measurement technique applied in each case. Tables2.7 and 2.8 give such comparison for H 2 and CO respectively andshow that at room temperature the present data lay within the range of reported values.Firstly, in accordance with authors who have investigated the solubility of both the gases[Kumelan et al., 2005 and 2006; Jacquemin et al., 2006], solubility of CO is more than that of H 2 in the investigated range of temperature (cf. Figure2.2).As shown in Tables 2.7 and 2.8, the values measured in this study are in good agreement with those reported by Kumelan et al. around room temperature (difference of about 10%), but the deviation becomes larger at higher temperatures (up to 30% for H 2 and 55% for CO at 373 K).

Kumelan et al. have determined gas solubility over a large temperature range and for pressures

Table 2 .

 2 [PF 6 ], but only at room temperature. The measurement technique ofBerger et al. is similar to the one used in the present work, but in a much lower volume reactor (10 mL of ionic liquid), while Dyson et al. have employed high pressure 1 H NMR spectroscopy (at a According to these authors the value of Henry's constant in[Bmim][PF 6 ] at room temperature is about 50% higher than in the present work.

	Temperature	Present	Jacquemin et	Kumelan et	Dyson et	Berger et al.,
	(K)	work	al., 2006	al., 2006	al., 2003	2001
	283		3572			
	293	4353	2445			6600	5557 (room T)
	303		1990			
	308		1892			
	313		1865	4155		
	318		1878			
	323	3885	1962			
	333		2259	3680		
	343		2814			
	353			3345		
	373	4004		3060		
	Temperature	Present	Jacquemin et al.,	Kumelan et al.,	Ohlin et al.,
	(K)	work	2006			2005	2004
	283		1201			
	293	2187	1236			1944	3270 (295K)
	303		1242			
	313		1266			1973
	323	2664	1292			
	333		1327			1931
	343		1356			
	353					1965
	373	3060				1972

pressure of 100 atm). The respective values of Henry's constant at room temperature are about 30 % and 50 % larger than the value obtained in this work.

Ohlin et al. (2004) 

have reported the solubility of carbon monoxide in several ionic liquids at 295K using high pressure 13 C NMR spectroscopy. 7 Henry's constant (in bar) of hydrogen in

[Bmim][PF 6 

]: comparison of measured values with literature data.

Table 2 .8

 2 Henry's constant (in bar) of carbon monoxide in[Bmim][PF 6 ]: comparison of measured values with literature data.

  [PF 6 ] is a viscous and non-volatile solvent, it is a difficult medium to analyse by conventional chromatography techniques to determine the amount of dissolved olefin and aldehyde. For instance, if those organic compounds are typically quantified by gas chromatography analysis, such a measurement can't be easily applied to the IL phase as IL is non-volatile and would foul the injector. Liquid phase chromatography requires the dilution of the viscous IL sample prior to injection as well as the choice of adequate elution solvents in which IL and solutes are readily soluble. The polarity of the

[Bmim]

[PF 6 ] ionic liquid is comparable to that of ethanol, but without being soluble in water or in apolar solvents, which complicates this task. Preliminary tests performed using HPLC coupled with either UV or DDL detector allowed to distinguish a visible peak corresponding to the IL, but nothing that could be clearly resolved or integrated relative to octene or aldehyde. Mass spectrometry detection can't be easily applied due to the difficulty to obtain electron or chemical ionization mass spectra, as ILs have very little vapor pressure and cannot be readily transferred to the gas phase.

Table 2

 2 

	.8.

Table 2 .

 2 

8 Temperature program of the column oven.

Table 2 .

 2 9 gives the corresponding values with the maximum deviation evaluated from two repetitions of the measurement.

	System	Temperature	TGA	MHS-GC/MS
	1-octene/ [Bmim][PF 6 ]	298 K	0.6% ± 0.05%	0.64%
		323 K	0.52%	0.59% ± 0.002%
		353 K	0.85% ± 0.2%	0.86% ± 0.15%
	n-nonanal/ [Bmim][PF 6 ]	298 K	11.6% ± 0.5%	15.5% ± 0.2%
		323 K	10.5%	15.3% ± 0.9%
		353 K	11.3% ± 0.3%	12.9% ± 0.3%

Table 2 .

 2 

9 Solubility of 1-octene and n-nonanal in

[Bmim]

[PF 6 ] (in mass %).

Table 2 .

 2 10 gives the partition coefficients of 1-octene and 1-nonanal at 353 K, corresponding to the different initial mixtures.

	[PF 6 ]

Partition coefficient of 1-octene Partition coefficient of 1-nonanal

  

	Mixture 1	0.0087 ± 0.002	
	Mixture 2	0.0081 ± 0.002	0.197 ± 0.03
	Mixture 3	0.0071 ± 0.0007	0.144 ± 0.01
	Mixture 4	0.0161 ± 0.0008	0.215 ± 0.04
	Mixture 5		0.126 ± 0.007
			From TGA: 0.088 ± 0.015
			(3 measurements)

Table 2 .

 2 10 Partition coefficients of 1-octene and 1-nonanal in[Bmim][PF 6 ] / decane system at 353 K, for different initial organic mixtures.

Table 4 .

 4 

	temperature		200°C	
	FID temperature		280°C	
	He flow in the column		2 mL/min	
	Split ratio for injector		20:1	
	Oven temperature	Rate (°C/min)	T (°C)	Hold time (min)
			40	2
		15	190	1

1 Conditions for GC analysis.

Table 4 . 2

 42 Volumetric gas-liquid mass transfer coefficient of H 2 and corresponding corrected term of eq. 4.6 at various stirrer speedsN. 

Table 4 . 4

 44 .4 Comparison of Henry's constant of H 2 and CO in water, toluene, ethanol-water mixtures and [Bmim][PF 6 ] at different temperatures. a-Deshpande

	Solvent	Temperature, K	Henry constant, MPa.m 3 /kmol
			Hydrogen Carbon monoxide
	Toluene a	333	61.7	18.5
		353	90.7	23.0
		373	153.0	29.7
	Water b,c	298	127.0	
		323	135.8	120.8
	Ethanol:Water d			
	4:6	323	11.5	7.9
		333	11.4	7.8
		343	11.3	7.7
	3:7	323	14.0	9.3
		333	12.3	9.1
		343	12.1	8.9
	5:5	323	10.4	6.6
		333	10.4	6.5
		343	10.2	6.4
	[Bmim][PF 6 ] e	293	89.8	44.9
		323	81.6	55.8
		373	86.9	66.3

Table 4

 4 .8. Moreover the US experiments were realized using a different lot of IL than the one used for kinetic investigation, which might have resulted in an altered performance.

	Reaction model	Initial rate of hydroformylation (kmol/m 3 IL /s)
	Model 8	6.3×10 -5
	Model 9b	6.9×10 -5
	Model 10b	2.1×10 -5

Table 4 .8

 4 Calculated values of initial rate of hydroformylation in chemical regime for conditions of US experiments

Table A . 4

 A4 Initial rate of hydroformylation

						3	IL /s)
	0.32	0.068		0.079	0.057
	0.65	0.122		0.152	0.113
	0.97	0.154		0.176	0.141
	Conc. of 1-octene (kmol/m 3 org )	n/i	total aldehyde (%)	iso-octene (%)	1-octene converted (%)	TOF (h -1 )	mole balance (%)
			At t = 0 (according to mother solution)		
	0.32		3.0	3.3	10.8		95.5
	0.65		0.0	0.0	1.9		98.1
	0.97		0.3	0.0	4.1		96.3
		After 1 hour (conversion and TOF calculated from t = 0)	
	0.32	1.70	49.3	26.9	81.3	29.6	91.0
	0.65	1.78	44.7	33.1	82.8	58.2	93.2
	0.97	2.59	37.3	41.1	81.0	72.9	93.7
	After 3 hours (conversion and TOF calculated from t = 0)	
	0.32	1.02	71.0	7.4	82.0	14.2	92.2
	0.65	0.95	68.6	9.9	83.8	29.8	92.8
	0.97	0.88	70.6	9.9	88.2	46.0	88.8
	After 6 hours (conversion and TOF calculated from t = 0)	
	0.32	0.79	88.9	1.0	91.6	8.9	93.9
	0.65	0.73	80.7	3.4	93.7	17.5	88.7
	0.97	0.76	86.6	3.3	94.7	28.2	91.6

Table A .5

 A Yields towards the different products, TOF and n/i aldehyde ratio.

	Effect of hydrogen partial pressure	
	P H2 (bar)	Initial rate based on syngas consumption (mol/m 3 IL /s)	Initial rate based on a polynomial regression of liquid data (mol/m 3 IL /s)	Rate calculated from the first liquid samples (0-1h) (mol/m 3 IL /s)
	5	0.081	0.085	0.065
	10	0.106	0.109	0.088
	20	0.154	0.176	0.141

Table A . 6

 A6 Initial rate of hydroformylation

	P H2 (bar)	n/i	total aldehyde (%)	iso-octene (%)	1-octene converted (%)	TOF (h -1 )	mole balance (%)
			At t = 0 (according to mother solution)		
	5		0.0	0.0	3.0		97.0
	10		0.4	0.8	5.9		95.4
	20		0.3	0.0	4.1		96.3
			After 1 hour (conversion and TOF calculated from t = 0)	
	5	2.53	17.1	51.8	71.5	33.6	94.4
	10	2.58	23.5	49.1	75.0	45.2	93.0
	20	2.59	37.3	41.1	81.0	72.9	93.7
			After 3 hours (conversion and TOF calculated from t = 0)	
	5	1.88	29.3	47.6	77.4	19.2	96.5
	10	1.25	45.1	24.1	72.0	28.9	92.7
	20	0.88	70.6	9.9	88.2	46.0	88.8
			After 6 hours (conversion and TOF calculated from t = 0)	
	5	1.23	38.5	28.1	68.2	12.6	95.5
	10	0.91	60.0	18.0	78.7	19.2	94.6
	20	0.76	86.6	3.3	94.7	28.2	91.6

Table A .7

 A Yields towards the different products, TOF and n/i aldehyde ratio

	Effect of carbon monoxide partial pressure 20 0.76 86.6 3.3	94.7	28.2	91.6
	(bar) P CO 30	(mol/m 3 syngas consumption IL /s) Initial rate based on 2.98 22.2	liquid data (mol/m 3 polynomial regression of IL /s) Initial rate based on a 48.6 70.3	(0-1h) (mol/m 3 the first liquid samples IL /s) Rate calculated from 6.9 97.2
	5		0.062	0.091		0.065
	10		0.135	0.159		0.113
	20		0.154	0.176		0.141
	30		0.065	0.040		0.030
	Table A.8 Initial rate of hydroformylation			
	P CO (bar)	n/i	total aldehyde (%)	iso-octene (%)	1-octene converted (%)	TOF (h -1 )	mass balance (%)
			At t = 0 (according to mother solution)		
	5		0.3	0.0	1.2		99.2
	10		3.1	1.8	10.4		94.5
	20		0.3	0.0	4.1		96.3
	30		1.8	0.9	6.0		96.7
			After 1 hour (conversion and TOF calculated from t = 0)	
	5	2.90	16.6	49.6	70.5	33.5	95.0
	10	2.29	31.9	48.5	80.6	58.4	94.3
	20	2.59	37.3	41.1	81.0	72.9	93.7
	30	3.04	8.3	19.2	26.6	15.4	97.6
			After 3 hours (conversion and TOF calculated from t = 0)	
	5	2.48	22.0	56.9	84.6	14.8	93.5
	10	1.42	41.9	29.2	73.9	25.6	92.0
	20	0.88	70.6	9.9	88.2	46.0	88.8
	30	3.03	14.1	31.0	45.2	8.8	96.8
			After 6 hours (conversion and TOF calculated from t = 0)	
	5	2.29	23.5	55.0	84.5	7.9	93.2
	10	1.40	42.1	25.3	70.3	12.8	91.9
				231			

Table A .9

 A Yields towards the different products, TOF and n/i aldehyde ratio

	Effect of temperature		
	Temperature (K)	Initial rate based on syngas consumption (mol/m 3 IL /s)	Initial rate based on a polynomial regression of liquid data (mol/m 3 IL /s)	Rate calculated from the first liquid samples (0-1h) (mol/m 3 IL /s)
		0.017	0.014	0.018
		0.033	0.028	0.037
		0.154	0.176	0.141

Table A .

 A 10 Initial rate of hydroformylation

	353	0.88	70.6	9.9	88.2	46.0	88.8
		After 6 hours (conversion and TOF calculated from t = 0)	
	333	2.08	19.9	4.8	26.3	6.6	96.2
	343	2.42	20.5	14.1	36.4	6.9	96.6
	353	0.76	86.6	3.3	94.7	28.2	91.6
	Temperature (K)	n/i	total aldehyde (%)	iso-octene (%)	1-octene converted (%)	TOF (h -1 )	mole balance (%)
			At t = 0 (according to mother solution)		
			0.0	0.0	2.2		98.0
			0.0	0.0	1.7		98.3
			0.3	0.0	4.1		96.3
		After 1 hour (conversion and TOF calculated from t = 0)	
		1.77	0.8	0.0	1.9	1.6	96.8
		2.44	3.3	0.8	6.4	6.7	96.1
		2.59	37.3	41.1	81.0	72.9	93.7
		After 3 hours (conversion and TOF calculated from t = 0)	
		2.08	5.9	0.9	7.8	3.9	97.1
		2.46	12.8	5.5	20.1	8.6	96.6
				232			

Table A .

 A 11 Yields towards the different products, TOF and n/i aldehyde ratio

Table A .

 A 13 Yields towards the different products, TOF, initial rate and n/i aldehyde ratio

	Effect of olefin concentration						
	initial conc. of 1-octene (kmol/m 3 )	n/i	total aldehyde (%)	iso-octene (%)	At t = 0 1-octene converted (%)	TOF (h -1 )	mole balance (%)	rate (× 10 6 mol/g SILPcat /s)
	7.9		4.2		2.2	At t = 0	14.1				92.4	1.38
	15.8 0.32		1.4 7.4	1.8	0.4		24.8	3.5			84.5	98.5	2.28 0.69
	0.97	After 1 hour (conversion and TOF calculated from t = 0) 1.4 0.4 3.5 98.5	2.28
	7.9	2.77 After 1 hour (conversion and TOF calculated from t = 0) 21.8 24.8 41.8 556 96.5
	15.8 0.32	2.70 2.89	30.9 29.5	3.6	9.7		16.0	40.4	120	439	97.5	98.7
	0.97	After 3 hours (conversion and TOF calculated from t = 0) 2.70 30.9 9.7 40.4 439 98.7
	7.9	2.10 After 3 hours (conversion and TOF calculated from t = 0) 51.1 43.7 86.3 435 99.5
	15.8 0.32	2.53 2.47	64.6 86.4	21.8 14.6	84.0	83.0	117	306	97.2	101.6
	0.97	After 6 hours (conversion and TOF calculated from t = 0) 2.53 64.6 21.8 83.0 306 101.6
	7.9	1.16 After 6 hours (conversion and TOF calculated from t = 0) 75.4 37.4 92.1 321 110.1
	15.8 0.32	1.98 1.99	77.6 100	7.3	17.4	91.0	90.1	72	184	103.2 102.2
	0.97	1.98	77.6	17.4		90.1		184		103.2
							237				

Table A .

 A 14 Yields towards the different products, TOF, initial rate and n/i aldehyde ratio

		Effect of hydrogen pressure				
	P H2 (bar)	n/i	total aldehyde (%)	iso-octene (%)	1-octene converted (%)	TOF (h -1 )	mole balance (%)	rate (× 10 6 mol/g SILPcat /s)
					At t = 0			
	5		7.4	6.0	14.8		98.8	0.77
	10		8.1	3.8	19.5		92.5	1.21
	20		1.4	0.4	3.5		98.5	2.28
			After 1 hour (conversion and TOF calculated from t = 0)	
	5	2.90	13.8	6.4	20.2	175	98.8	
	10 2.83	20.3	15.8	31.7	245	96.0	
	20 2.70	30.9	9.7	40.4	439	98.7	
			After 3 hours (conversion and TOF calculated from t = 0)	
	5	2.44	38.7	45.0	80.3	163	101.5	
	10 2.18	52.6	44.4	90.1	212	97.9	
	20 2.53	64.6	21.8	83.0	306	101.6	
			After 6 hours (conversion and TOF calculated from t = 0)	
	5	1.71	52.7	41.2	88.9	111	102.9	
	10 1.61	64.1	34.3	91.6	129	97.9	
	20 1.98	77.6	17.4	90.1	184	103.2	

Table A .

 A 15 Yields towards the different products, TOF, initial rate and n/i aldehyde ratio

		Effect of carbon monoxide pressure			
	P CO (bar)	n/i	total aldehyde (%)	iso-octene (%)	1-octene converted (%)	TOF (h -1 )	mole balance (%)	rate (× 10 6 mol/g SILPcat /s)
					At t = 0			
	5		5.4	7.4	17.4		95.5	1.22
			3.4	1.5	9.3		95.8	2.07
			1.4	0.4	3.5		98.5	2.28
			2.5	0.8	11.6		91.8	2.78
			After 1 hour (conversion and TOF calculated from t = 0)	
	5	3.23	21.2	9.8	28.6	260	97.5	
		2.89	26.1	21.2	49.1	382	94.1	
		2.70	30.9	9.7	40.4	439	98.7	
		2.61	36.8	18.7	49.8	520	96.8	
			After 3 hours (conversion and TOF calculated from t = 0)	
	5	2.56	51.5	32.9	78.6	211	100.2	
		2.40	50.4	35.0	83.6	246	97.3	
		2.53	64.6	21.8	83.0	306	101.6	
		1.92	73.1	26.4	92.5	344	97.9	
			After 6 hours (conversion and TOF calculated from t = 0)	
	5	2.11	60.7	30.1	85.3	124	99.8	
		1.85	64.7	33.7	93.8	158	99.8	
		1.98	77.6	17.4	90.1	184	103.2	
		1.45	86.9	16.4	94.7	205	99.3	

Table A .

 A 16 Yields towards the different products, TOF, initial rate and n/i aldehyde ratio

	Effect of temperature					
	temperature (K)	n/i	total aldehyde (%)	iso-octene (%)	1-octene converted (%)	TOF (h -1 )	mole balance (%)	rate (× 10 6 mol/g SILPcat /s)
				At t = 0			
			1.6	0.4	5.2		97.0	0.29
			0.9	0.3	9.2		92.1	1.57
			1.4	0.4	3.5		98.5	2.28
		After 1 hour (conversion and TOF calculated from t = 0)	
		2.79	3.6	0.5	8.7	54.5	92.7	
		2.70	23.8	4.8	19.9	320	100.1	
		2.70	30.9	9.7	40.4	439	98.7	
		After 3 hours (conversion and TOF calculated from t = 0)	
		2.60	15.1	1.6	21.7	77.3	92.3	
		2.57	56.8	12.4	59.7	255	100.7	
		2.53	64.6	21.8	83.0	306	101.6	
		After 6 hours (conversion and TOF calculated from t = 0)	
		2.48	35.7	4.0	41.5	91.4	95.4	
		2.34	80.9	17.4	86.1	181	103.1	
		1.98	77.6	17.4	90.1	184	103.2	

Table A .

 A 17 Yields towards the different products, TOF, initial rate and n/i aldehyde ratio

along with unit, if no other unit is mentioned in the text

During my PhD research project, I have also worked for a short span at the "National Chemical Laboratory", Pune, India. I owe my special thanks to Dr. R.M.

Gas-liquid mass transfer in (biphasic) ionic liquid systems

Whereas the physical effect of ultrasound is well-known on solid surface as a result of the most developed ultrasound application (solid cleaning) and in liquid-liquid reactions by generating very fine emulsions, its effect on gas-liquid systems is not clear. This last section aims at evaluating if low-frequency US can enhance hydroformylation reactions performed with ionic liquid in mass transfer limiting regime.

The experiment was carried out in the experimental set-up presented in Figure 4.24. The capacity of the stainless steel ultrasonic autoclave reactor (1) is 1 litre and its operating pressure range is 1-13 bar (abs). It is equipped with a gas-inducing impeller (2) made of two distinct parts: a hollow axis with holes at its top (a) where gas is sucked in, and a Rushton-like turbine (2') screwed to the axis with holes (b) behind the blades to disperse the gas in small bubbles into the liquid. Gas injection, due to a pressure decrease in the liquid caused by rotation of the impeller, needs a critical speed to take place as yet seen in Chapter 3 (section 3.3.1). Ultrasound is emitted by a 20 kHz cup-horn (3) (35mm ultrasonic probe: Sinaptec PLANUS P2035041), with a power input of 200 W (generator: Sinaptec NEXUS 198-NC600) and cooled with compressed air (4). The reactor is connected, via a pressure reducer (1-13 bar abs.), to a gas tank (5) which can be fed by the nitrogen supply line (12 bar) or by a gas cylinder (6). The temperature of the liquid inside the reactor is maintained within 1 K, by means of a PID regulator controlling the heating power of the annular furnace (7) and the opening time of an electro-valve allowing cold water to enter the serpentine coil (8). Samples can be collected via a tube and a valve (9).

Chapter 5

Introduction

Many attempts have been proposed to heterogenize homogeneous catalyst systems, with the goal of retaining the advantage of their high activity and selectivity.

Such heterogenization concepts can be broadly classified into "biphasic catalysis", when the catalyst complex is dissolved in a separate liquid phase, and "supported liquid-phase catalysis", when the catalyst is immobilized in a thin liquid film anchored to a highly porous material, thus creating a large reaction surface. The later concept was brought up by Davis and Hanson [Arhancet et al., 1989], immobilizing a water-soluble rhodium complex by adsorbing on hydrophilic solid support a thin film of water containing the catalyst precursor and hydrophilic ligands, and known as Supported Aqueous Phase Catalysis (SAPC). SAPC concept proved to be well-accepted due to its high activity and selectivity, its better stability, and also the very easy recovery of the catalyst from the organic phase [Hanson et al., 1998;Van Leeuwen et al., 2002;Jáuregui-Haza et al., 2003]. SAPC concept is discussed in more details in Chapter 1 (Section 1.4.4). Supported Ionic Liquid Phase Catalysis (SILPC) is special case of supported those studies is presented in Chapter 1 (Section 1. 6.3.3). However, there was no real investigation of the kinetics of such reaction systems, apart from the study of gaseous propene hydroformylation in a continuous reaction mode by Riisager et al. (2005).

In the present chapter, the synthesis of the Rh-TPPTS/ [Bmim][PF 6 ]/SiO 2 supported catalyst is fully described and followed by a kinetic study, investigating the role of different operating parameters on the rate of hydroformylation of 1-octene with this SILP catalyst. Results of several catalyst characterization techniques are also discussed. All SILPC experiments were performed at NCL, Pune (India).

Experimental

Materials

Rh(CO) 2 (acac) was purchased from Sigma-Aldrich. TPPTS (more than 90% purity with < 10% oxide) was prepared at NCL Pune (India) and used as such. Silica gel (Davisil TM , grade 634) was provided with following specifications: 100-200 mesh size (75-150 μm), mean pore diameter: 60 Ǻ, S BET = 480 m 2 /g, V porous = 0.75 cm 3 /g. [Bmim][PF 6 ] (99% purity) was purchased from Solvionic, and organic compounds such as decane, 1-octene, n-nonanal and dichloromethane (DCM) from Sigma-Aldrich with 99 +% purity. Hydrogen was supplied by Indian Oxygen Mumbai (India) and carbon monoxide (> 99.8% pure, Matheson Gas, USA) was used directly from the cylinders. The syngas mixture (H 2 :CO = 1:1) was prepared by mixing H 2 and CO in a reservoir vessel.

Preparation and characterization of supported ionic liquid catalyst

Preparation of SILP catalyst

Supported Ionic Liquid Phase catalysts were prepared by impregnation of the silica support by a solution containing Rh(CO) 2 (acac) precursor, TPPTS ligand (in the ratio P:Rh=6:1) and [Bmim][PF 6 ], using the procedure adopted by Riisager et al. (2003). The reservoir, from which the equimolar (H 2 :CO) mixture was supplied. 

Reaction procedure

In a typical experiment of hydroformylation of 1-octene using supported ionic liquid phase catalyst, the reactor was first loaded with the mixture of 1-octene and decane (15 mL total volume). The solution was flushed with syngas (H 2 :CO =1:1) at slow stirring (200 rpm) to remove dissolved oxygen and saturate it with syngas. Known amount of SILP catalyst was added to the organic mixture and contents were flushed again twice with syngas. Similarly to the procedure described in Chapter 4, the slurry was then pressurized with the mixture of CO and H 2 in the desired ratio and heated under 300 rpm to attain the reaction temperature (70, 80 or 100°C) . During this time, the gas reservoir was emptied (if needed) and filled back with the equimolar syngas.

When the required temperature was reached, the stirrer was stopped and the reactor was eventually further pressurized to required total pressure (case of P H2 =P CO ). A sample of the organic phase was withdrawn before the reaction was started by switching the stirrer Agitation speed (rpm) 1200

Table 5.2 Range of conditions investigated for kinetic study.

Catalyst loading

The effect of the catalyst concentration [Rh(CO) 2 (acac)] on the rate hydroformylation of 1-octene using SILP catalyst was studied at 353 K, at a 1-octene concentration of 0.973 kmol/m 3 in organic phase and a total syngas pressure of 40 bar (H 2 :CO = 1:1). The catalyst loading was varied by changing only the weight of solid phase (SILP catalyst) in the reaction. As the SILP catalyst was prepared on the basis of 5.0 mg (0.0194 mmol) of [Rh(CO) 2 (acac)] for 1 g of SiO 2 and resulted in 1.23 gram of impregnated solid, use of 0.5 and 1 g of SILP catalyst for the reaction corresponds to 7.9×10 -6 and 15.8×10 -6 moles of rhodium respectively. Figure 5.9 shows the concentration-time profiles for the two different catalyst loadings. As expected, reactions occurred faster at higher catalyst loading. Surprisingly, it can be seen that less rhodium resulted in more isomerisation of 1-octene. While the n/i aldehyde ratio was similar for both the reactions at t × m cat = 60 min.g (2.5-2.7), it later varied differently depending on the catalyst loading. With 1 g SILP catalyst loading (highest Rh amount), the n/i ratio dropped to 2.5 at t × m cat = 180 min.g; however it dropped to only 1.2 with 0.5 g catalyst loading as more iso-aldehyde was formed by the subsequent hydroformylation of octene isomers. .

As 1 g of SILP catalyst was used for the rest of experiments, the reaction rate will be indifferently expressed in mol/s or mol/g SILPcat /s in the following sections.

Initial concentration of 1-octene

The concentration of 1-octene was varied by decreasing the weight percentage of 1-octene in the organic mixture so that to get 0.32 kmol/m 3 org (lowest bound of previously investigated range). The rest of operating conditions corresponded to standard conditions (as described in note (1)). Figure 5.11 presents the concentration-time profiles for the two initial olefin concentrations.

A DC offset voltage is applied to the electrodes to draw ions in from the Ion Source. Typically, the magnitude voltage is -10 V for positive ion polarity mode and +10

V for negative ion polarity mode. Ions enter the ion trap through the entrance endcap electrode, and helium damping gas enters through an inlet in the exit endcap electrode.

Sample ions formed in the ion source are trapped in the ion trap and the resonance ejection RF voltage applied to the endcap electrodes facilitates ion ejection. As the main RF voltage increases, ions of greater mass-to-charge ratios become unstable and eject.

The exit lens focuses the ions towards the ion detector. 

Mole balances

The total number of moles in the liquid phase was calculated at each reaction time and compared to that of mother solution. 

Effect of catalyst concentration

Standard reaction conditions:

T = 353 K, P total = 40 bar (H 2 :CO = 1:1), 1-octene: 0.973 kmol/m 3 org (15 %wt octene in decane), organic phase = 25 mL, SILP catalyst = 1 g,, Rh(CO) 2 (acac): 15.8×10 -6 moles, TPPTS (without 10% oxide): 9.46×10 -5 moles (P:Rh=6:1), total reaction time = 6 hours, agitation speed = 1200 rpm.

Calculation of reaction rate:

Initial reaction rate is calculated from the zero-time derivative of a polynomial regression based on liquid sample analysis.

Mole balances

The total number of moles in the liquid phase was calculated at each reaction time and compared to that of mother solution.