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I I N N T T R R O O D D U U C C T T I I O O N N A A N N D D O O U U T T L L I I N N E E

I IN NT TR RO OD DU UC CT TI IO ON N A AN ND D O OU UT TL LI IN NE E

Poly(vinyl chloride) (PVC) is one of the most explored polymers in the world, presenting a wide range of properties. For instance, it is very durable and firm, it has good electrically nonconductive properties and withstands rust and corrosion. Moreover, combination with additives may result to almost any colour PVC and a resin suitable for a variety of extrusion, calendering or molding processes. The versatility of PVC explains its large use in various applications, such as pipes, fittings, profiles, packaging, cable insulation, sheets, flooring, artificial leather, medical equipment, bottles, or molded articles.

PVC is nowadays the second most used plastic in the world, next to polyethylene, representing the source of billions of euros of incomes every year. The PVC industry employs more than 200,000 people in Europe and the United States.

Vinyl chloride is very different from the common monomers such as styrene, methyl methacrylate or vinyl acetate. It is principally distinguished by the fact that the polymer is insoluble in its monomer, but slightly swollen by it. The vinyl chloride polymerization is also very distinct with respect to the heterogeneous polymerization of monomers, such as acrylonitrile which does not swell its polymer.

This particularity also differentiates vinyl chloride polymerization from the conventional emulsion process of unsaturated monomers.

Polymerization of vinyl chloride at an industrial scale is exclusively carried out via a free radical mechanism. The main processes of PVC obtaining are: suspension, emulsion, bulk, and solution polymerization. Suspension polymerization is the most widely used procedure, followed by emulsion and bulk polymerization. Solution polymerization is reserved for a few specialty copolymers, or where the application makes it appropriate, such as solution coatings. The suspension polymerization represents about 80% of worldwide PVC production and it is commonly performed in batch type reactors, representing maybe one of the most successfully completed processes in industry.

The drastic precautions mainly related to the handling of vinyl chloride monomer have restricted the design and piloting of the PVC plants. The toxicological aspect of the monomer also hampered the improvements of the general process. This explains why the PVC industry has chosen to conserve the functioning of the classical polymerization process and why fundamental research of the vinyl chloride suspension polymerization at laboratory scale is very limited.

Through this perspective, the interest of microreactors seems intriguing. It has been confirmed that the miniaturizations offer new methods for accurately obtaining and controlling polymer particles with narrow size distribution. These research studies have been described in the literature [START_REF] Marcati | Handling of polymer particles in microchannels[END_REF][START_REF] Serra | A predictive approach of the influence of the operating parameters on the size of polymer particles synthesized in a simplified microfluidic system[END_REF][START_REF] Seo | Continuous microfluidic reactors for polymer particles[END_REF]. Polymerization in a two-phase dispersion system, such as suspension reactions, is the main method for obtaining polymer particles and several microreactor related studies have been conducted on this subject. Various authors have thus proved that droplet microfluidics is an appropriate tool for polymerization reactions.

Performing the suspension polymerization of vinyl chloride in microreactor enables the good control of the monomer droplet dimensions. Besides, the continuous monitoring of the polymerization reaction phenomena would guide to a better knowledge of the reaction kinetics. In addition, the reaction may be investigated in difficult conditions in terms of pressure or temperature with a minimal amount of reagents thus increasing the safety of the process. This research stage, considered as a

fundamental approach might open an opportunity to a better reaction control and optimisation.

Without even mentioning the fact that it would certainly represent an innovation in the field of PVC studies.

The main objective of this work is to acquire fundamental information regarding the polymerization phenomena such as the perricellular membrane formation, radical agglomeration, thus the PVC grain morphology. Also a kinetic study might furnish data regarding the intrinsic reaction rates. The use of microreactors would certainly allow enlightening of the phenomena taking place at the scale of a micrometer monomer droplet.

This PhD thesis is structured in four chapters. The first one consists of a literature review on the suspension vinyl chloride polymerization, analysing the elements that might change the reaction course. An overview of the kinetic models existing in the bibliography is presented. Finally, the application of microreactors to polymer synthesis is described, accompanied with literature examples.

Chapter two is focused on the hydrodynamics of vinyl chloride/water system in fused silica microchannels. The experimental pilot is described, designed especially for this purpose, allowing high pressure and temperature conditions, ensuring also complete safety with regard to the carcinogenic effect of the monomer. The two-phase system is described in terms of droplet length, velocities and shapes.

The third chapter of this PhD is dedicated to a kinetic study. This was at first performed by means of microscopy analysis of the droplet shrinkage. The stages leading to the choice of an appropriate in-line analysis technique are described, followed by the development of a kinetic monitoring method adapted to microreactor and to the vinyl chloride polymerization particular characteristics.

Finally, the last chapter is dedicated to a morphological analysis of the PVC grains obtained in microreactor by means of Scanning Electron Microscopy. It reveals interesting aspects related to the internal structure of the polymer particles. 

I I C C R R E E V V I I E E W W
This study is related to the design of a microreactor device able to realize the vinyl chloride polymerization reaction.

This chapter will first provide information regarding various aspects of radical polymerization of vinyl chloride as well as an introduction to microfluidics and their applications to chemical engineering. The most important methods of polymerization are presented: emulsion, solution, bulk and suspension.

The latter is discussed more in depth, treating the physical phenomena occurring in the process and the elements that intervene. A brief description of the most important kinetic studies on the S-PVC is realized together to some consideration on the heat generation during the reaction.

The second part of the chapter is dedicated to a novel branch of chemical engineering: the microreactors. Elements characterizing fluid flow at microscale are presented, as well as the different techniques allowing droplet generation in such devices. The droplet formation is however strongly dependent to microchannel-related geometrical aspects but also to physical properties of the two phases. This part of the chapter is completed with some applications of different polymerization reactions performed in microreactors.

Finally the scientific strategy adopted from the information furnished in the bibliographic study is presented.

I. Radical polymerization of vinyl chloride

Vinyl chloride is an important industrial chemical mainly used to produce polyvinyl chloride by radical polymerization. Commonly abbreviated as PVC, it represents one of the most widely produced plastic materials. It is used in construction because of its durability, cheapness, and easily to work characteristics. Due to its excellent mechanical properties, PVC is the third most employed thermoplastic resin, after polyethylene and polypropylene. PVC production is expected to exceed 40 million tonnes by 2016 (after a study performed in 2008 by Ebner Martin).

I.A. Elemental chemical reactions

Free radical polymerization is a common polymerization method by which a polymer is formed by the successive addition of free radical building blocks. Free radicals can be obtained by a number of different mechanisms usually involving initiator molecules (initiation reaction). Once generated, the initiating free radical adds nonradical monomer units (propagation stage), thereby growing the polymer chain.

The main reactions occurring during radical polymerization of vinyl chloride are presented below and include the initiation of the reaction, the head-to-tail addition (propagation), bimolecular termination and chain transfer to monomer.

The initiation reaction involves only initiator molecules and it represents a homolytical rupture of a poor energy bond by the action of heat, generating two radicals:

I I' + I • I'• Scheme I-1: Decomposition of initiator
The propagation reaction represents a head-to-tail addition, where a chlorine atom is situated on alternate carbons of the growing chain:

I + C
The final vinyl chloride polymer structure is represented below, where n stands for the degree of polymerization and its value ranges from 500 to 3500 [START_REF] Summers | A review of vinyl technologies[END_REF]. 

I.B. Radical Vinyl Chloride Polymerization Methods

There are many methods employed at industrial scale applied for radical polymerization reactions.

They can be generally divided in two categories: the homogeneous and the heterogeneous processes.

The main features of these different radical polymerization methods are furnished by K. [START_REF] Endo | Synthesis and structure of poly (vinylchloride)[END_REF] and can be summarized in 

I.C. Physical Considerations On Vinyl Chloride Monomer

At ambient temperature and pressure, vinyl chloride (VCM) is a colorless gas, with its boiling temperature of -13.8 °C and a sweet, ethereal odor according to [START_REF] Blout | Vinyl chloride; In Monomers. A collection of data and procedures on the basic materials for the synthesis of fibres, plastics and rubbers[END_REF]. VCM is stored or shipped as a liquid, which has a vapor pressure of about 3 bar at ambient temperatures. VCM is highly flammable and forms explosive mixtures with air. Hazardous properties of VCM are its narcotic effect in the case of inhalation of high concentrations and its carcinogenity, causing angiosarcomas [START_REF] C C Cameron | Trends in suspension PVC manufacture[END_REF]. The toxicological data on VCM are presented in Appendix A1 of this thesis.

The solubility of VCM in water is about 8.8•10 -3 P/P 0 (kg/kg water), where P is the partial pressure and P 0 the saturation pressure of VCM.

The liquid density at 25 °C is 901.3 kg/m 3 and the density of technical PVC falls into the range of 1390-1400 kg/m 3 . The heat of polymerization has been determined to be ∆H p = -97.6 kJ/mol [START_REF] S S Saeki | Technical progress for PVC production[END_REF]. The interfacial tension at the water/VCM interface without additives is found to be 32 mN/m [START_REF] Nilsson | Suspension Stabilizers for PVC production I: Interfacial Tension Measurements[END_REF].

I.D. Vinyl Chloride Suspension polymerization

The suspension polymerization process of vinyl chloride (S-PVC) is a process carried out in millions of 'small reactors' represented by the monomer droplets themselves.

Actually, the term 'suspension polymerization' is a misnomer in the sense that it expresses the status of the dispersed system at the end of the polymerization. Before and during most of the polymerization process, this system is essentially a liquid-liquid dispersion -which is by definition, an emulsion.

A typical recipe for S-PVC process has the following ingredients and parameters, which will be all discussed further in detail: In S-PVC, the liquid vinyl chloride under its autogeneous pressure is dispersed in the aqueous Consequently, the polymerization takes place in each monomer droplet. The reaction is carried out at polymerization temperatures in the range of 40 -70°C under the saturated pressure of VCM. The pressure in the autoclave remains therefore constant until the liquid monomer phase is consumed. At this point, a critical conversion (referred to as X f ) is reached and polymerization only proceeds in the polymer phase swollen with monomer (30% weight). With further increase in conversion, the pressure gradually drops. These details are schematically represented in Figure I-3. It will be then proper to say that the S-PVC process under the commercial temperatures is subject to both isobaric as well as non-isobaric conditions. This pressure drop (measured as the difference between VCM vapour pressure and the final pressure of the reactor) is a good indicator of the final conversion of the reaction, as mentioned by Xie et al. (1991a).

Before the pressure drops in the reactor, there is still an equilibrium established between phases.

Therefore until all the liquid VCM is consumed, there will be no diffusion of monomer from vapour phase to polymer phase. The number of moles of VCM in vapour phase will not decrease. Its volume will increase as a result of the shrinkage of the volume of the reaction medium due to the density difference between VCM and PVC. In order to maintain a constant pressure, the monomer in the liquid phase must diffuse through the interface and through water phase into the vapour phase. When 

I.D.1) The physical phenomena

Because PVC is insoluble in its own monomer, VCM polymerization is a heterogeneous process which implies some physical transitions during the reaction. The final PVC product is composed from primary particles and their agglomerates. The entire mechanism of growth and aggregation of primary particles has been the object of many literature studies. In fact, this process plays a main role in the assignment of a valid kinetic model. Among the authors that have examined the formation of primary particles inside the monomer droplet, we cite [START_REF] Boissel | Bulk polymerization of vinyl chloride -nucleation phase[END_REF] who suggested that the polymer precipitation from the monomer phase starts at low conversions (0,001%), a value much lower than that reported before by Ravey et al. (1974) of 0,03 %.

The polymerization degree estimated for the beginning of precipitation was around 25-32 according to [START_REF] Cotman | Studies on poly (vonylchloride). III: The role of precipitated polymer in the kinetics of polymerization of vinyl chloride[END_REF]. Other authors such as [START_REF] R R Rance | The life cycle of the two-phase polymerization system in vinyl chloride[END_REF] established that the solubility of polymer in its own monomer is limited up to 10 monomer units. Although the hypothesis regarding the beginning of precipitation are not always identical, one can conclude that the precipitation starts at very low values of conversion.

The morphological units existing from the beginning of the polymerization process can be summarized in Table I-3 based on information from Xie et al. (1991b).

PVC morphology development

Particle Unit

Approximate size

Range Average (µm) (µm) Polymerized monomer droplet.

Origin or description

Grain

Formed by coalescence of primary particles (1 µm); grows with conversion (50 -70 %).

Grows from domain. Formed at low conversion by coalescence of microdomain until the formation of continuous network in droplets (up to 15 -30 % conversion).

Primary particle nucleus. Contains about 10 3 nano-domains. Only observed at low conversion (5 -10 %) and is stabilized by charge (negative chrge resulting from the presence of HCl)

Smallest species so far identified. Aggregate of polymer chains (10 -30 monomer units) at les than 0.01 % conversion. The evolution of primary PVC particles is schematically represented in Figure I-5.

Figure I-5 : Evolution of primary particles during the S-PVC reaction

The three processes that occur simultaneously during the early stages of polymerization and govern the formation of domains are accordingly to the same author Xie et al. (1991b):

-aggregation of microdomains 

X<1% X ≈ ≈ ≈ ≈ 4-10% X ≈ ≈ ≈ ≈ 20-90% Conversion degree
-precipitation of macroradicals and macromolecules on to the formed microdomain or domain -polymerization inside the microdomain or domain Similarly, the grain formation at higher conversions is controlled by (Tornell and Uustalu., 1988):

-formation and aggregation of primary particles in VCM droplets, followed by their agglomeration -formation of a PVC-reinforced skin around the droplet -agglomeration of a number of skin-covered droplets -shrinkage of the grain due to volume changes -invasion of pore system by water.

It has been proved that the primary particles increase in size during a conversion range of 5-70 % with growth depending on reaction temperature. At high conversion the primary particles fuse together. [START_REF] Smallwood | The formation of grains of suspension poly(vinylchloride)[END_REF] has suggested that the conversion at which the primary particles begin to fuse is the same as that at which the free monomer phase disappears. The limiting size of primary particle is about 1.4 µm and their number decreases up to 40 -50 % conversion, their final number being 2.0 x 10 11 cm -3 for temperatures in the range of 50 -70°C according to the same author. Bao and Brooks (2001) noted that the mean particle size is established at low conversions (< 20%), implying that the VCM droplets finish the agglomeration at early stages of polymerization, while the primary particles continue to aggregate in the droplet producing its shrinkage.

I.D.2) Different elements that influence the suspension polymerization of Vinyl Chloride

I.D.2.a The suspending agents

As the suspension system of PVC is thermodynamically unstable, it is maintained by means of agitation and use of suspending agents, therefore used to prevent coalescence of individual VCM droplets and control their morphology.

These additives are partially water-soluble polymers such as cellulose derivatives and partially hydrolyzed poly vinyl acetates, commonly mentioned as PVA. The latter, which is available in a wide variety of hydrolysis degree (measured as a function of degree of hydrolysis of the acetates group), is generaly used in commercial production of PVC.

The degree of hydrolysis and molecular weight of PVA determines the protective action and therefore the final size, shape and porosity (morphology) of the polymer particles. Also it determines the positioning of PVA at the surface of the VCM droplets, as shown in The so-called primary suspending agent is employed to regulate the size of the polymer particles. This PVA is a block copolymer with a hydrolysis degree over 70%. Due to its pronounced hydrophilic character, this kind of agent is situated mainly at the outside of the droplet and is able to stabilize it well enough to control coalescence. The resulting final PVC particles are of the same size as the initial VCM droplet, which makes this PVA very suitable for regulating the particle size.

A secondary suspending agent, on the other hand, acts on the porosity of the polymer particles. PVA used as secondary suspending agent is a copolymer with a medium degree of hydrolysis, usually ranging from 20 to 60%. This PVA is more withdrawn into the droplet and therefore has a lower surface tension, which makes it less able to stabilize the initial droplet. This way the droplet will break down into several smaller droplets, which will aggregate again during polymerization, as they are not stabilized well enough against flocculation. The final particles thus formed are larger than the initial droplets and have an irregular shape and a high porosity caused by the voids within the aggregates [START_REF] Ormondroyd | The influence of poly (vinyl alcohol) suspending agents on suspension poly (vinylchloride) morphology[END_REF]. When a combination of the primary and secondary suspending agents is used, it is possible to obtain intermediate conditions. The initial droplets will still break down, but to a smaller extent. These droplets will aggregate again during polymerization, resulting in a final particle of a multicellular structure, formed by several coalesced droplets.

I.D.2.b Buffer

A buffer salt such as sodium biphosphate is generally used to prevent any lowering of pH of the aqueous phase due to HCl loss from PVC during polymerization. The neutralization of HCl counteracts thermal degradation during polymerization and corrosion of the reactor wall or tubing.

Furthermore, the neutralization of HCl prevents a secondary reaction taking place, such as the acid catalyzed hydrolysis of the ester groups of PVA. This undesired reaction could lead to substantial differences in the final particle size and size distribution of the PVC grains.

There are no easy ways to measure the exact value of pH during the reaction. It is assumed that the amount of buffer introduced at the beginning in the reactor (0.08 % wt based on water) suffices so that the reaction medium does not become too acid (pH around 5-6).

I.D.2.c Inhibitor of polymerization

The VCM polymerization reaction is a highly exothermic reaction, therefore emergency situations such as power failures, temperature runaways or agitation system problems can occur. A temperature runaway would cause an increase in both reaction rate and pressure, leading even to an explosion. To avoid the risks caused by an acceleration of the process, it is necessary to completely stop the reaction.

This may be achieved by using inhibitors of polymerization, chemical compounds such as phenols, quinones, amines or nitro derivatives, which will rapidly react with the free radicals presents in the system [START_REF] Malmonge | Emergency stoppers for CVM suspension polymerization[END_REF]. The amount of inhibitor used must be stoichiometrically proportional to the initiator amount. Nitro derivatives are preferentially used in the inhibition process, even though they are toxic and slightly yellow, affecting resin quality after inhibition.

I.D.2.d Agitation

As already mentioned early in this study, agitation also plays a key role in the S-PVC process. It initially serves to break the vinyl chloride into droplets (control of the morphology), but also to manage the heat transfer between the reaction medium and the cooled reactor walls.

Basically the higher the level of agitation, the smaller the VCM droplets and the greater the surface area to be protected. At a certain agitation speed the droplets become too small and cannot be stabilized well enough, resulting in the agglomeration and thus eventually the formation of larger particles. The minimum agitation speed is defined as the minimum speed at which complete dispersion of the organic phase in water can be achieved. Hence this agitation speed is sufficient to obtain a complete dispersion of VCM in water at the beginning of the polymerization. However with increasing conversion it may become insufficient, as the viscosity of the polymerization system increases. In the worst case scenario, this could finally result in one big block of polymer. Therefore, the minimum agitation speed is also defined by the speed at which the suspension is maintained during the polymerization, particularly during the pressure drop stage.

I.D.2.e Temperature

The polymerization temperature has an important impact on the porosity of PVC particles. A higher polymerization temperature causes a lower porosity, as the internal particles tend to coalesce more, which results in a more compact internal structure. With increasing temperature all reaction rate constants increase, but to different extents.

However temperature variations may affect negatively the quality of the polymer produced, since changes in the polymerization temperature may cause an increase in polydispersity (broadening of the molecular weight distribution).

Commercial suspension-PVC is manufactured in the temperature range of 40-80 °C. As the resulting polymers differ in molecular weight and morphology, they are suitable for different types of application. PVC for commercial applications is denoted with K-values, which is a measure of relative viscosity of PVC.

I.D.2.f Oxygen

The presence of oxygen causes an induction period in the polymerization process of VCM.

Nevertheless, the rate of polymerization of VCM is independent of the initial amount of oxygen.

Vinyl chloride may copolymerize with oxygen, forming peroxides (vinyl chloride polyperoxides VCPP) in the polymer chain. And precisely these VCPP are responsible for the induction period during the polymerization process of VCM.

Scheme I-5: Reaction mechanism for the formation of VCPP

Besides, these VCPP are liable to decompose under polymerization conditions giving rise to hydrogen chloride, carbon monoxide, and formaldehyde [START_REF] Garton | Effect of oxygen on the polymerization of vinyl chloride. II. Polymer properties[END_REF].

Scheme I-6: Reaction mechanism for the decomposition of VCPP

I.D.2.g Initiators

The polymerization starts by the addition of a monomer-soluble initiator, such as organic peroxides or azo compounds. In general, S-PVC process may take between 4 to 11 hours and both polymerization time and the temperature determine the reactivity of the initiator. This reactivity is expressed as the half-life time (t 1/2 ), the time necessary for that half of the initiator to form free radicals. In practice, Verhelst et al. (1980) summarizes that initiators with the following half lives are preferred:

2 hours at 80° C > t 1/2 > 2/3 hour at 40° C.
Organic peroxides are unstable chemical compounds, decomposing at relatively low temperatures.

They can, however, be handled and stored safely if proper precautions are followed. They can be solid long-chain alkyl peroxydicarbonates, available in different formulations. Among the latter, the water based peroxide suspensions and emulsions are much safer than the usual solid, liquid or solvent based peroxides.

The concentration and type of initiator depends on the polymerization temperature and the required polymerization rate. It is common to use different types and often combinations of two or more initiators in order to optimize the reaction. For instance, at low temperatures, a fast initiator may be employed in combination with a slower one. The fast initiator mainly steps in at the very beginning of the reaction in order to boost the slow initial rate while the slow one enables a constant reaction rate until the limiting conversion is reached. [START_REF] Pinto | Optimization of a cocktail of initiators for suspension polymerization of vinylchloride in batch reactors[END_REF].

During the first stages of the reaction, the small droplets of initiator rapidly diffuse into the VCM. The break-up and coalescence processes of the VCM droplets at the beginning of the reaction positively contribute to the initiator distribution. This distribution over the VCM droplets was found to influence the morphology of the final PVC particles. If the initiator is not equally partitioned in each VCM droplet, particles without any porosity can be formed, which are therefore called clear particles. These non-porous particles have a glassy character, a high density and they are very difficult to process. The presence of these particles causes the appearance of visible imperfections, the so-called fish-eyes, on the surface of finished PVC products.

The distribution of initiator over VCM droplets can be homogenized in a very short period of time (5 minutes) by dosing the initiator in solution in an inert solvent or as a suspension instead of a dosage as a solid material with non-uniform particle sizes (PVC Symposium 1990a, PVC Symposium 1990b).

The polymerization kinetics is influenced by the type of initiator, in particular by its decomposition rate or by the rate of distribution between monomer and polymer phases as highlighted by Titova et al. (1982).

I.D.3) S-PVC kinetics

I.D.3.a Chronological overview of the literature kinetic models for S-PVC

Various kinetic models have been proposed for the S-PVC process, with significant differences in complexity and with respect to the level of details of the chemical and physical phenomena taking place.

Even though polymerization in the two phases was suggested earlier, Talamini was the first to propose a two-phase polymerization scheme and modelling approach, in 1966. The major assumption in his model was to set the ratio of radical in monomer phase to polymer phase constant. However, the authors neglected important parameters like:

• Unequal initiator partition between the two phases and initiator consumption and first extended the model to conversions above X f . However, it was neglected:

•
• Unequal initiator partition between phases

• Radical migration between phases

Ugelstad in 1977 proposed the radical change between phases but he underlined the importance of absorption and desorption of radicals and still assumed a constant ratio of initiator in the two phases.

The kinetic model remains basically the same as the precedent (Abdel-Alim and Hamielec, 1972), but the authors explained differently the magnitude of the ratio mentioned before.

Kuchanov and Bort in 1973 considered that the radical's desorption from the polymer phase can be ignored because only a small fraction of the radicals with short chain lengths desorb from the polymer phase. They further assumed that the ratio of mole fraction of initiator in both phases remains constant.

Unfortunately, they only compared the model prediction with low conversion data. When they extended the model to high conversions, they still considered the monomer as a separate phase, which contradicts the physical phenomena earlier discussed.

In 1977, Olaj further assumed that all of the radicals formed in the monomer phase transfer to the polymer phase, meaning that there is no termination reaction in the monomer phase. Hence, in this model, the reaction order with respect to initiator concentration is 1.0, which is higher than the one observed experimentally.

Suresh and Chanda in 1982 proposed the concept of 'kinetic solubility', which assumed that rapidly growing polymer chains have considerably greater solubility than the thermodynamic solubility of preformed polymer molecules of the same size. Therefore they can remain in solution even under thermodynamically unfavourable conditions. In this model, radical precipitation and transfer to monomer was considered, but on the other hand, radical termination in the monomer phase was neglected. Hence the rate equation features are similar to those in Olaj's model.

In the light of this observation, one can conclude that the polymerization in the two phases is widely accepted. Even if the kinetic models are close to the real phenomena, they cannot be applied at industrial scale because of the lack of data on the reactor operation conditions, not all of the diffusion controlled reactions have been taken into account, or not all the conversion range was considered.

However, the most complete model in terms of kinetic information seems to be the one proposed by [START_REF] Xie | Experimental investigation of vinyl chloride polymerization at high conversion -reactor dynamics[END_REF] and the one of [START_REF] Kiparissides | Dynamic Simulation of industrial poly (vinyl chloride) batch suspension polymerization reactors[END_REF]. The main difference between them is that in Xie's model, the rate constants are modelled using the free volume theory, while Kiparissides' model expresses termination and propagation rates as reaction and diffusional limiting terms. The main dynamic features of VCM polymerization can be summarized as follows (accordingly to Xie et al., 1991a):

•

The polymerization rate increases with conversion at a low critical conversion, i.e. the socalled acceleration. The maximum rate of polimerization occurs just after the reactor pressure starts to drop, than the rate decreases dramatically with conversion. Before achieving 100 % of conversion, the polymerization rate decreases to zero. The evolution of conversion, polymerization rate and the pressure drop measured by [START_REF] Kiparissides | Dynamic Simulation of industrial poly (vinyl chloride) batch suspension polymerization reactors[END_REF] • For isothermal polymerization, the reactor pressure remains constant up to a certain value, then starting to decrease gradually with conversion, due to the decrease in monomer concentration.

•

The reaction order with respect to the initiator concentration is between 0.5 and 0.8 (values determined before critical conversion is achieved).

•

The molecular weight of the final PVC increases with decreasing polymerization temperature.

This parameter does not depend on initiator concentration. Only at very high conversions, it decreases with conversion.

The solubility of PVC in its own monomer is so low (~ 0.001 %) that the monomer phase is considered to be essentially pure, while the polymer phase is considered to be swollen with 30 % monomer. Therefore, it is reasonable to assume for kinetic modelling that polymerization occurs in monomer and polymer phase simultaneously from the very beginning of the polymerization.

As the reaction proceeds, the mass of the monomer phase decreases while that of the polymer increases. Nevertheless, the composition of each phase remains constant, because the rate of monomer diffusion into polymer particles is sufficiently high to ensure equilibrium during polymerization. There is a constant equilibrium concentration of monomers in the particles before the monomer phase is consumed. As long as VCM exists as a separate phase, it will exert its own vapour pressure and the pressure in the reactor will be essentially constant during isothermal polymerization. When conversion reaches a value of X f , the pressure in the reactor begins to drop and the polymerization proceeds in the polymer phase until the limiting conversion is reached. Thus, a model valid for the entire conversion range describes the two-phase polymerization before X f and single phase after conversion value X f , in good agreement with experimental values. In fact, the main features of VCM polymerization are summarized in the scheme in 

I.D.4) Heat removal

The VCM polymerization is highly exothermic, as illustrated in Table I-4. The difference of adiabatic temperature corresponds to a reaction taking place without any heat exchange with the exterior, so it is the rise of the temperature in a monomer/polymer medium (bulk polymerization).

Monomer

Physical state [a] The values clearly show the interest of a suspension polymerization. The water used absorbs an important part of this exothermicity by its calorific capacity, improving the thermal control. The small size of the droplets allows a fast heat transfer to the continuous phase. Also the water serves to limit the viscosity of the system. The only disadvantage in the use of aqueous suspension is the cost of the post-operating procedures of stripping, drying or recycling.

The diffusion-controlled termination and propagation steps are marked by the 'gel effect', and the 'glass effect' respectively. These processes contribute to the auto-acceleration of the polymerization (an exothermicity peak) and to the limiting conversion.

The 'gel effect' appears with the increase in polymer concentration, the medium becoming very viscous, thus restricting the termination step. Therefore, the concentration of radicals in the medium will be high and the propagation rate will be greater than the termination rate. This phenomenon generates a release of reaction heat. This increase in radical concentration induces an acceleration of the polymerization rate. However, no appreciable growth of monomer conversion is observed as a consequence of an increasing reaction rate during the formation of this hot spot.

The 'glass effect' takes place when the polymerization temperature reaches the glass transition temperature (glass transition temperature of PVC is estimated at 80°C). This happens at values of conversions superior to X f . At this particular moment the monomer-polymer composition in the polymer rich phase equals a composition for which the glass transition temperature has the same value as the polymerization temperature. At this point, the molecules become rigid, loosing any transitional or rotational movement and the reaction freezes.

This overview of the S-PVC process allowed to underline its key features and also the influence of operating parameters on the kinetics or the grain morphology. It was compulsory to understand the ins and outs of the process before performing any attempt of reproducing it at microscale.

II. Microreactors and chemical engineering

Microreaction technology is presently a well implanted subfield of chemical engineering that focuses on the study of chemical reactions inside under-millimetric channels -commonly referred to as microreactors.

Microreactors have gain a particular interest in process engineering during last decade due to the benefits brought by miniaturization compared to their macro-scale counterparts. Their dimensions vary from tens of microns up to several hundred of micrometers which offer unique features serving in process intensification. Their advantages relate to their high surface-to-volume ratio (up to 5000 times more important than the conventional batch reactors) as observed in Table I-5. Thus, fast mixing by diffusion in the range of milliseconds is possible inside microreactors even in laminar flow [START_REF] Knight | Hydrodynamic focusing on a silicon ship: mixing nanoliters in microseconds[END_REF][START_REF] Ehrfeld | Microreactors, Ullmann's Encyclopedia of Industrial Reactors[END_REF][START_REF] Löb | G/L -dispersion in interdigital micromixers with different mixing chamber geometries[END_REF]2004;[START_REF] Sarrazin | Experimental and numerical study of droplets hydrodynamics in microchannel[END_REF]. Also due to their specific exchange surfaces the mass and heat transfer rates are substantially greater. This implies an enhanced heat control permitting to perform highly endothermic or exothermic reactions otherwise nonreachable in conventional macroscopic equipments [START_REF] Brandner | Electrically heated microstructure heat exchangers and reactors[END_REF][START_REF] Schubert | Microstructure devices for applications in thermal and chemical process engineering[END_REF]Anxionnaz PhD thesis, 2009). Another obvious advantage of microreactors consists of the small volumes they imply in a microliter magnitude range. This small hold-up consequently increases inherent safety of operation especially when dealing with dangerous reactions otherwise difficult to perform at laboratory scale. However, if high production volumes are desired, numbering-up of microreactors without changing their size offers a reliable solution to the scaling-up approach [START_REF] Ehrfeld | Microreactors: New Technology for Modern Chemistry[END_REF]. This strategy offers a high degree of flexibility and versatility to perform a large variety of chemical reactions. Moreover, scaling-up guarantees the same performances as a single microreactor unit when increasing their number. This kind of strategy has already been implemented in fields such as pharmaceutical industry where its performances turned out to be better than the conventional large reactors.

Parameter

However numbering-up process takes the results from processes in a single device and extrapolates them to the entire production unit by multiplying it by the number of devices. Parameters like pressure, temperature, and concentration are kept constant. This simple approach has various disadvantages, such as the inhomogeneous flow distribution or parallel numbering-up of the measurement and control systems. A possible solution for this inconvenience is the equalling concept (also called internal numbering-up). In this case the number of the single devices is kept minimal, but the number of the single microstructures, having their characteristic lengths and reasonable outer dimensions to fit the process demands, is increased. Thus, the properties (and advantages) of the microstructure systems are maintained, the measurement and control issues are limited, and the mass flow range is increased.

II.A. Considerations on the fluid behaviour in microreactors

This discussion will refer to two-phase flow in microreactor which present some advantages compared to single-phase flow, such as the increased interfacial area, enhanced mixing therefore less mass transfer limitations. Basically the two-phase flow properties at microscale are mostly influenced by parameters related to the channel geometry, the properties of the phases and the flow conditions. All these factors can be reduced to several dimensionless parameters.

Essentially, two-phase flows are determined by the balance of inertial, viscous and interfacial forces. It is the Reynolds (Re) number that describes the relative importance of inertial to viscous forces and it represents one of the most important dimensionless numbers:

µ ρvD = Re (I-1)
where ρ is the fluid density, v the characteristic velocity, D a specific length scale and µ is the dynamic viscosity.

Another important dimensionless parameter is the Bond number (Bo) taking into account the importance of gravitational forces to the interfacial tension forces:

σ ρ 2 gD Bo ∆ = (I-2)
where ∆ρ represents the fluid density difference, g is the gravitational acceleration and σ the surface or interfacial tension of the two fluids in contact. In microfluidic applications the Reynolds and the Bond numbers are generally much inferior to 1 meaning that the inertial and the gravity effects can be ignored.

A third quantity is the Weber number (We) comparing the inertial forces to the surface forces. The values of Weber number are also inferior to 1 at microscale. From these definitions it seems that inertia becomes unimportant in flow geometries at micrometer scale. Exceptions arise in the case of flows at high speeds such as those sometimes performed in flow-focusing devices or co-flow (detailed in section II.B of this chapter). Otherwise the forces governing microscale flows are interfacial and viscous. Consequently, the Capillary number (Ca) represents the relative effect of viscous forces to interfacial tension forces and it is one of the most important parameter in microfluidic applications:

σ µv Ca = (I-4)
The interfacial tension normally tends to reduce the interfacial area, which is mandatory for the formation of droplets and their stability further on. At Capillary numbers inferior to 1 the interfacial tension dominates, traduced by the formation of spherical drops. Contrary, at Capillary numbers superior to 1, viscous forces become more important and droplets of deformed or asymmetric shapes may be formed. In some geometrical configuration of the droplet generator (described in section II.B.1) the high Capillary numbers may induce a transition between different droplet generation regimes or even completely change the flow architecture, producing stratified flow.

Other dimensionless parameters may be introduced to describe the microfluidic flow. For instance, because the geometry of the microreactors is close related to the droplet/bubble formation, it was compulsory to define geometric similarities from a device to another. Quantitative relationships relate droplet size expressed as a dimensionless number and different parameters such as viscosity, density, or flow rate ratios.

II.B. Technological bottlenecks II.B.1) Droplet generation systems

Micro droplet generators play an important role in controlling the liquid-liquid flows. In this section, the most frequently used microfluidic geometries and resulting flow patterns are discussed. The primary principle in all microfluidic generators is the injection of one phase, the discrete phase, into a second, immiscible, continuous phase. The most widely used implementations of this idea are generators such as T-junctions (see Thorsen et al., 2001) or flow-focusing junction (see [START_REF] Gañán-Calvo | Generation of steady liquid microthreads and micron-sized monodisperse sprays in gas streams[END_REF][START_REF] Bontoux | Formation of dispersions using "flow focusing[END_REF]. The dynamics underlying both the T-junction and flow-focusing devices are controlled by competing between stresses such as surface tension, pressure, viscous and inertial at the fluid-fluid interface.

II.B.1.a T-junction generator

In spite of the interest aroused by microtechnologies nowadays there are some phenomena still not fully approached in the literature. For instance, the theoretical comprehension of droplet formation and break-up in T-junction is still quite limited. Some studies have been focused on a quantitative analysis of droplet sizes but only partial observations are available (Thorsten et al., 2001;[START_REF] Bontoux | Formation of dispersions using "flow focusing[END_REF]. In Figure I-10 a schematic picture of droplet formation may be observed: the liquid penetrates the main channel, forms a blob, and develops a neck. The neck elongates and becomes thinner as the blob advances downstream. It eventually breaks up and the droplet detaches.

Generally, authors such as [START_REF] Garstecki | Formation of droplets and bubbles in a microfluidic T-junction─scaling and mechanism of break-up[END_REF] have concluded that the break-up is more likely to be caused by an increased upstream pressure due to lubrication flow in a thin film trapped between the drop and the channel wall. This theory is valid at low values of the Capillary number when shear stress is dominated by interfacial forces. The size of droplets is determined only by the ratio of the volumetric flow rates of the two phases. Other authors, such as Urbant et al. (2007) support this theory of break-up and validated it by numerical simulations. 

II.B.1.b Flow-focusing devices

In the case of these droplet generators, the discrete phase is injected into a co-flowing continuous phase. At the flow-focusing junction, there can be a narrow constriction to focus the flow. [START_REF] Garstecki | Formation of droplets and bubbles in a microfluidic T-junction─scaling and mechanism of break-up[END_REF] explained that the dynamics of geometrically controlled break-up in a microfluidic flow-focusing device is directed by the rate of supply of the continuous phase to the region where break-up takes place. Droplets are produced in a uniform manner by the uniform collapse of the liquid thread formed at the nozzle as a result of the slow progression of collapse and the equilibrium between interfacial tension and hydrostatic pressure fields (a). Dripping (b) is very similar to geometrically controlled break-up, except that pinch-off is not controlled by blockage of the constriction, but instead by viscous drag on the gas thread. In both cases (a,b), the inner phase is observed to grow from a minimum size, form a thinning neck behind a leading drop, pinch-off, and finally retract to the original minimum. Stable and unstable jetting occurs when a long, thin thread forms and subsequently breaks up due to capillary instabilities (c,d). These regimes have been described more in depth by Anna et al. (2006) or Utada et al. (2007).

II.B.1.c Co-current generator

This technique was firstly used by Umbanhowar et al. (2000) for the production of highly monodisperse emulsions. The droplets are formed at the end of a small tube by the drag forces generated by the co-flowing, continuous phase [START_REF] Cramer | Drop Formation in a Co-Flowing Ambient Fluid[END_REF][START_REF] Hong | Flow rate effect on droplet control in a co-flowing microfluidic device[END_REF]Hua et al., 2007). Precise control is achieved by varying the velocity of the continuous phase. The advantage of such a method is that it may be simply manufactured with laboratory tubing or small gauge needles.

Most microreactors are designed so that the fluid interface touches the walls of the channels and in some cases may even adhere to it. In this kind of coaxial system the dispersed phase is shielded by the continuous phase from touching the channel wall, and the surface problems are subsequently overcome. place at low flow rates, while jetting occurs at higher flow rates, although the transition mechanism from a regime to another is still not fully understood. [START_REF] Cramer | Drop Formation in a Co-Flowing Ambient Fluid[END_REF] performed an investigation on the droplet formation at the capillary tip by studying the effect of some parameters on the droplet regime. This axisymmetric generation device was used by several authors in applications such as polymerization (Quevedo et al., 2005;[START_REF] Serra | A predictive approach of the influence of the operating parameters on the size of polymer particles synthesized in a simplified microfluidic system[END_REF] or porous materials [START_REF] Studart | Hierarchical porous materials made by drying complex suspensions[END_REF].

This study only furnishes a brief non-exhaustive description of the mostly used droplet generators.

Techniques such as membrane emulsification (droplets produced by dispersing one fluid into the continuous phase through a membrane or sieve, forming an array of T-junctions), Y-junction (a variation of the T-junction) or the X-junction (droplet is formed due to shear stress applied by the two streams of continuous phase acting perpendicular on the discontinuous phase) were not developed. In addition, emerging technologies have enabled electrodes to be integrated into microdevices to provide electrical control over droplet formation. Two examples of these electrohydrodynamic (EHD) methods are dielectrophoresis (DEP) and electrowetting on dielectric (EWOD).

II.B.2) Parameters acting on the droplet generation

Several authors such as [START_REF] Nisisako | Novel microreactors for functional polymer beads[END_REF], [START_REF] Seo | Continuous microfluidic reactors for polymer particles[END_REF], [START_REF] Garstecki | Formation of droplets and bubbles in a microfluidic T-junction─scaling and mechanism of break-up[END_REF] have already studied the different parameters acting on the droplet generation in microdevices and its diameter. The existing literature generally agrees that the droplet diameter in microfluidic emulsions is imposed by the flow rates, phase viscosities [START_REF] Husny | The effect of elasticity on drop creation in T-shaped microchannels[END_REF][START_REF] Serra | A predictive approach of the influence of the operating parameters on the size of polymer particles synthesized in a simplified microfluidic system[END_REF] or interfacial tension [START_REF] Cramer | Drop Formation in a Co-Flowing Ambient Fluid[END_REF]. [START_REF] Serra | A predictive approach of the influence of the operating parameters on the size of polymer particles synthesized in a simplified microfluidic system[END_REF] reunited all these parameters under dimensionless numbers and evaluated their impact on the droplet diameter. More recently [START_REF] Marcati | Fast build and designed microdevices for early-stage liquid-liquid system studies[END_REF] studied oil in water emulsions and determined a predictive model for the droplet formation. This model takes into account dimensionless numbers of the two phases and the influence of different generation systems.

II.B.2.a Flow rates

There is a tight connection between the flow rates and the evolution of the droplet dimensions: the diameter of the droplets decreases when the flow rate of the dispersed phase decrease or when the flow rate of the continuous phase increases. Several authors have already studied the influence of phases flow rates on the droplet dimensions in microfluidic devices [START_REF] Seo | Continuous microfluidic reactors for polymer particles[END_REF][START_REF] Nisisako | Novel microreactors for functional polymer beads[END_REF][START_REF] Cygan | Microfluidic platform for the generation of organic-phase microreactors[END_REF]. But the actual governing parameter is the ratio of the continuous and respectively discrete flow rate. So at higher values of this ratio the droplet is smaller than at lower values.

II.B.2.b Channel diameter

It has been seen that generally the size of the droplet is in the order of the channel width. For a smaller channel diameter, the droplet volume and thus the slug length corresponding to the critical size for break-off is decreased. Also the size of the orifice of the T-junction or flow focusing nozzle strongly influences the size of droplets formed. Nisisako et al. (2002) concluded that smaller drops are obtained in T-shaped microdevices by diminishing the continuous phase channel width without changing its depth nor the discrete's phase channel characteristics. For an axysimmetrical device [START_REF] Bouquey | Microfluidic synthesis and assembly of reactive polymer beads to form new structured polymer materials[END_REF] proved that the reduction of the diameter of the generation needle results in smaller droplets obtained.

II.B.2.c Viscosity of the phases

Literature studies show that regular droplets can be formed for both low viscous and high viscous dispersed and continuous phases respectively. Tice et al. (2004) performed experiments for all the four combinations of low/high viscosity of the two phases. The authors described the different flow regimes and noted the formation of regular plugs. The influence of viscosity may sometimes be complicated to evaluate because it depends on the microchannel's geometry and properties. For instance, [START_REF] Kobayashi | Effects of type and physical properties of oil phase on oil-in-water emulsion droplet formation in straight-through microchannel emulsification, experimental and CFD studies[END_REF] found that droplet size is greatly influenced by the dispersed phase viscosity (µ d ) and not by its nature. When the viscosity of the dispersed phase (µ d ) is lower than a threshold value (of about 100 mPas), the droplet size decreases with increasing viscosity µ d . At values of µ d higher than a threshold value, the droplet size slightly increases with µ d . [START_REF] Köhler | Nanoliter segment formation in micro fluid devices for chemical and biological micro serial flow processes on dependence on flow rate and viscosity[END_REF] or [START_REF] Husny | The effect of elasticity on drop creation in T-shaped microchannels[END_REF] concluded that in T-shaped microchannels smaller droplets can be obtained by increasing the viscosity of the continuous phase. In order to simplify the complex interactions between the different properties, the impact of the viscosity on droplet formation was incorporated into the Capillary number [START_REF] Serra | A predictive approach of the influence of the operating parameters on the size of polymer particles synthesized in a simplified microfluidic system[END_REF].

II.B.2.d Interfacial tension

Due to important surface-to-volume ratio encountered in microreactors, the role of surface effects becomes major. Thus to obtain regular droplet formation, surfactants are usually added to the continuous or dispersed phase. Xu et al. (2006) concluded that in order to achieve droplets of uniform dimensions the surfactant concentration added to the system must be situated above the critical micellar concentration. Van der Graaf et al. (2005) stated that the use of surfactants in T-junction microchannels results in a decrease in droplet diameter compared with experiments without surfactants. Moreover, droplet size decreases with an increasing concentration of surfactant in the continuous phase, and even smaller droplets are formed in the presence of surfactants in the dispersed phase in the case of flow-focusing microchannels (Wu et al., 2008).

The role of surfactants in the droplet formation process is important and complex. On one hand they can reduce the equilibrium interfacial tension, but on the other hand they can also exert dynamic effects by altering dynamic interfacial tension, inducing interfacial tension gradients, and by altering interfacial rheology [START_REF] Schroder | Effect of dynamic interfacial tension on the emulsification process using microporous, ceramic membranes[END_REF]van der Graaf et al., 2004). These effects combine in a complex and poorly understood way the effect on droplet formation. The dynamic interfacial tension between two liquid phases is neither constant nor uniform when droplets are generated, and its effect becomes more important at low surfactant concentrations [START_REF] Sugiura | Effect of interfacial tension on the dynamic behavior of droplet formation during microchannel emulsification[END_REF].

II.B.2.e Wettability

The design and comprehension of microfluidic systems require taking into account forces that are usually neglected at macroscopic scale. Interfaces are omnipresent and capillary or surface tension forces have a huge influence. These forces are of great importance at the microscopic level, while at macroscopic scale, they are usually ignored in the behalf of forces like pressure or gravity.

So far, only interfaces between two fluids were mentioned in this study. Interfaces of three different materials are represented by the intersection of their three contact lines. For instance, a droplet of water on a solid substrate has a triple contact line. Liquids spread differently on a horizontal surface according to their nature. Actually, it depends also on the third constituent, which is the gas or the fluid surrounding the drop. Two different situations are imaginable: either the liquid forms a thin film wetting the solid surface, with the horizontal dimension of the film depending on the initial volume of liquid. In this case the contact angle θ between the two surfaces is inferior to 90°. In the second case the liquid forms a droplet and the wetting is therefore partial with θ superior to 90° . as silanization and siliconization are used to render a hydrophilic surface hydrophobic according to the work of [START_REF] Martin | Generation of larger numbers of separated microbial populations by cultivation in segmented-flow microdevices[END_REF]. Surface treatments such channel coating with PEG has been used as a hydrophilic surface treatment and a mean to prevent protein adsorption [START_REF] Hu | Tailoring the surface properties of poly(dimethylsiloxane) microfluidic devices[END_REF]. The surface wettability can also be modified with the addition of surfactants. Xu et al. (2006) demonstrated that the addition of Span 80 to water acting as the immiscible phase can change a partially hydrophilic PMMA surface into a completely hydrophobic surface. The addition of Tween 20 to the aqueous phase converts PMMA into an oleophobic surface.

II.C. Different polymerization reactions performed in microreactor

Free-radical polymerization is one the most important methods for the synthesis of polymers in the industrial environment. The free-radical polymerization reactions are often characterized by high exothermic behaviour with reaction enthalpies up to 100 kJ.mol -1 . Therefore perfect control of the heat transfer must be achieved. Indeed the temperature regulation has a strong impact on polymer properties such as molecular weight or molecular weight distribution. In common batch reactors the heat of reaction in polymerizations increases when increasing the reactor volume while the heat removal capacity decreases due to the reduction of the surface-to-volume ratio. On the other hand, at microscale, the heat transfer rate increases due to the large surface-to-volume ratios. It is important to mention also the enhanced mass transport at such small scales and together with the high heat transfer capabilities, microtechnologies may offer an interesting alternative for the study of highly exothermic, fast chemical reactions.

The first attempt of polymerization in continuous flow-type process goes back to early 1960's with the work of [START_REF] Geactinov | Kinetics of anionic polymerization of styrene in THF[END_REF], who performed the anionic polymerization of styrene in a capillary tube. The authors obtained data on the rapid kinetics of the reaction. Nowadays the advances in technology allowed to accomplish difficult reactions and to test more and more ambitious conditions every time. A brief summary of the recent progress achieved in the field of polymerization in microreactor will be outlined further on.

II.C.1) Controlled Radical Polymerization

This type of reaction has unique features of radical chain reaction control for the synthesis of complex macromolecular structures. Important progress in the fields of polymer chemistry has been achieved because of the special characteristics of the three techniques of controlled radical polymerization (CRP): atom transfer radical polymerization (ATRP), nitroxide-mediated polymerization (NMP) and reversible addition-fragmentation chain transfer polymerization (RAFT). 

II.C.2.b Anionic Polymerization

This type of reaction allows to synthesize highly defined block copolymers, stars or other macromolecules with complex architecture. The reactions proceed rapidly at low temperature therefore control of the reaction temperature is imperative. We will refer to the work of [START_REF] Wurm | Carbanions on Tap -Living Anionic Polymerization in a Microstructured Reactor[END_REF] who performed living carbanionic polymerization of styrene in a microstructured reactor equipped with an IMM interdigital mixer and capillary flow-tube. Polystyrenes with narrow polydispersity were obtained in a continuous procedure after only a few minutes from the reactor instead of hours in the conventional batch procedure. [START_REF] I I Iida | Living anionic polymerization using a microfluidic reactor[END_REF] carried out the anionic polymerization of styrene in cyclohexane at 60°C in an aluminium-polyimide microchannel reactor.

The superior heat transfer allowed a very good temperature control and no hot spots were registered. [START_REF] Serra | Numerical simulation of polymerization in interdigital multilamination micromixers[END_REF][START_REF] Serra | A predictive approach of the influence of the operating parameters on the size of polymer particles synthesized in a simplified microfluidic system[END_REF] have studied by means of CFD the free-radical polymerization of styrene in two multilaminated micromixers (HPIMM and SFIMM models both from IMM) and in a conventional T-junction microreactor. They obtained almost isothermal conditions in their simulations and found that a low polydispersity index (PDI) (i.e. <2.5) can be maintained for a larger range of diffusion coefficients (1 x 10-11 -1 x 10-8) for a microreactor radius lower than ~0.25 mm. [START_REF] Iwasaki | Free Radical Polymerization in Microreactors[END_REF] reported the solution free-radical polymerization of acrylates in a tube reactor of 500 µm of internal diameter using AIBN (azobisisobutyronitrile) as the chemical initiator.

II.C.3) Free Radical Polymerization

The monomers employed were butyl acrylate (BA), methyl methacrylate (MMA), styrene (St), benzyl The authors note that the use of microscale reactor did not significantly improve the polydispersity index (PDI) when compared to standard laboratory-scale reactors for low exothermic monomers like St or VBz. However, in the case of highly exothermic monomers like BA, the molecular weight distribution was considerably narrower (PDI ~3.14) than for the batch system (PDI ~10.3). This effect is explained by the high surface-to-volume ratio of the tube reactor which allows a better removal of the heat released by the polymerization. Even though the PDI of polystyrene was not significantly improved (i.e. ~1.74 for all mean residence times), the conversion achieved in the microscale reactor at 100°C was higher (34.3% max.) for all the flow conditions investigated. No fouling was observed after 360 minutes of continuous operation during PS polymerization since no significant increase of pressure drop was detected. suspension polymerization using emulsion droplets, and slug polymerization using segmented flow. In the first system an emulsion is formed through the K-M micromixer [START_REF] Nagasawa | Design of a New Micromixer for Instant Mixing Based on the Collision of Micro Segments[END_REF] However, from an industrial point of view there is still scepticism around the potential applications of microreactors, despite the aforementioned advantages These 'inconveniences' are mainly related to limited yields [START_REF] Ehrfeld | Microreactors: New Technology for Modern Chemistry[END_REF] and to the high energy consumption in processes involving highly viscous and/or non-Newtonian fluids (such as polymerization reactions). The main matter of concern for the chemical producers is associated to possible fouling problems in microreactors and the acceptable levels of reliability that could be reached for automated industrial processing.

In order to attain the large manufacturers production levels, the chemical process has to occur in hundreds or even thousands of parallel streams. Reservations are towards uniformity of dividing one main stream into a multitude of substreams. Also cleaning procedures after shutdown of the system, common for laboratory equipment, are said to be impossible for industrial production plants composed of thousands of microchannels (Hessel and Löwe, 2004).

Therefore, in order to be industrially accepted microreaction technology must be able to respond to certain general criteria when compared to conventional production techniques. These criteria can be related to attaining the necessary operating conditions to improve the quality of the final product or improve the characteristics of the process itself (such as increased safety, improved selectivity and

A) B) C)
yield, energy savings). Besides, microreactors must be capable to sustain a reliable continuous operation by the numbering-up approach in order to achieve targeted production levels.

III. Conclusion

This chapter was structured into two parts: the first one was focused on the suspension polymerization of vinyl chloride. The reaction was briefly presented along with the actors that play an important role in its evolution. The second part of the chapter is centred on microreactor technologies and their specific characteristics. Some examples of application to polymerization reactions were mentioned.

In this context the microtechnologies offer promising perspectives for the synthesis of PVC, since they imply generation of droplets with the same size, shape and chemical composition. The safety of the process would be granted by the small quantities of VCM involved and by the facility to evacuate the reaction heat. The next chapter will detail the reasoning in the design of a microreactor suited for this application and the first experimental results involving VCM at microscale.
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The main objective of this chapter is to describe the experimental test bench designed for the study of the S-PVC reaction. The various stages of reasoning which led to the outcome of this pilot will be detailed along with the technical means employed. Further on, this study focuses on the behaviour of the fluid flows encountered in microchannel, their characteristics and the parameters that influence them. The experimental rig presented here appears as the first generation microreactor set-up used for the VCM/water hydrodynamic study and some preliminary polymerization tests.

I. Preliminary choices

The objective of this study is to design and test a novel experimental set-up based on microtechnologies allowing to perform the S-PVC reaction.

Some particular aspects of the VCM polymerization are worthy to be highlighted. The initiator must be uniformly distributed in all droplets in order to produce PVC grains with homogeneous properties.

A characteristic feature of the S-PVC reaction is that the polymer is not soluble in its monomer. Thus even at low conversions polymer macroradicals start to grow and precipitate into the droplets. The monomer droplets become viscous, sticky, and tend to agglomerate. All these aspects are controlled by the hydrodynamics which are a key parameter also governing the size of the monomer droplet and the residence time in the microchannel.

For the design of the experimental test bench several important points need to be taken into consideration. The major constraint is the VCM's toxicity at ambient pressure and its explosive character. VCM is relatively stable and shows no tendency to polymerise. However, once contaminated with oxygen it might produce vinyl chloride polyperoxide which decomposes and initiates polymerization. The system has to be perfectly safe and therefore completely closed in order to prevent any possible monomer loss and to reduce any contact with oxygen.

In order to handle only liquid monomer at any time in the microchannel the system has to allow high pressures up to 20 bar. The temperature is also a key parameter that has to be controlled as it enables the initiation of the polymerization.

Some elements were pre-established in the framework of the study. For instance, the surfactants used for the experiments were a PVA mixture of low and high hydrolysis degree classically employed at Ineos ChlorVinyl plant in Mazingarbe, France (described in Section I.B). As for the choice of peroxide initiators (described in Chapter III, section III.A), we were limited to the ones provided by the chemical market availability.

In the common batch polymerization reactors the residence time is about several hours depending on the polymerization temperature. Therefore the microsystem designed has to allow a similar residence time.

In the industrial reactors, the VCM is dispersed by means of agitation into droplets in the range of 30-50 µm in diameter. This droplet size will also be aimed for the microreactor studies although it does not represent a major constraint.

At the end of the reaction the monomer droplets are transformed into solid polymer beads. Handling of solid might be a delicate issue within microchannels because of blockings, therefore a low-cost microsystem completely replaceable was considered.

I.A. Choice of a model fluid

The first part of this study has as main objective to determine the flow cartography of a liquid-liquid system in order to define the optimal operating conditions. But due to the carcinogenic character of VCM and to its gaseous form at ambient temperature, the study of VCM/water system requires special equipment and particular precautions. Therefore, the preliminary studies were conducted with a model liquid presenting similar properties to those of VCM.

The literature shows different solvents which were used to replace VCM, such as vinyl acetate or trichloroethylene [START_REF] Shiraishi | Use of polyvinyl alcohol in the manufacture of polyvinyl chloride[END_REF], the mixture dichloroethane/ethylbenzene (Chung et al., 1978) or butylchloride [START_REF] P P Padovan | Polyvinyl alcohol as a suspending agent for PVC production[END_REF][START_REF] Chatzi | Drop size distributions in high holdup fraction dispersion systems: effect of the degree of hydrolysis of PVA stabilizer[END_REF][START_REF] Hong | Preparation and characterization of colloidal dispersions of vinyl alcohol-vinyl acetate copolymers: application as stabilizers for vinyl chloride suspension polymerization[END_REF].

On the basis of the recent work of [START_REF] Hong | Preparation and characterization of colloidal dispersions of vinyl alcohol-vinyl acetate copolymers: application as stabilizers for vinyl chloride suspension polymerization[END_REF], the 1-butylchloride (ClBu) was chosen upon selection criteria such as: commercial availability, price, boiling point, water solubility, density or toxicity. The Table II-1 compares some of the physical properties of VCM and ClBu. Note the similar values of densities, interfacial tension, viscosity and the high boiling temperature of ClBu which allows easy liquid handling.

ClBu VCM

Boiling temperature (°C) 78 -13.4

Total solubility parameter (J/cm 3 ) Once the model liquid selected, special care was directed to the choice of a suited material for the microchannel and an appropriate droplet generation system. For the following tests the 1-butylchloride was purchased from Sigma Aldrich and water was deionised in our laboratory.

I.B. The surfactants employed

For our study the surfactants employed were two types of PolyVinylicAlcohol (PVA) commonly used in the VCM suspension polymerization process and furnished by Ineos Chlorvinyl Mazingarbe,

France. The first one is a primary surfactant, PVA I, with a hydrolysis degree superior to 70%. It consists of a white powder and it controls the monomer droplet size and consequently the final PVC grain dimensions. The secondary surfactant, PVA II, is usually used together with the PVA I in order to control the porosity of the final grain. It is commercialized in ethanol/ethylacetate (60/40).

A solution of PVA I was prepared at 5%wt in deionised water by stirring during 2 hours at 70°C. This mother solution was renewed each week and stored at refrigerator conditions. 30 ppm of the 5% wt solution were collected and re-dissolved in 100 mL deionised water. 15 ppm with respect to the water phase of the PVA II were added to the latter solution and kept under vigorous agitation for several minutes at ambient temperature.

I.C. Choice of the convenient microchannel

The first tests involved the choice of a microchannel material. The latter was selected from the commercially available microcapillaries, which present good biocompatibility, are inert to most chemical solvents and may replace stainless steel tubings even for high pressure applications.

Therefore, the experiments were performed with two types of capillary tubes as outlet: one in PFA It was observed that increasing the water flow rate would be possible to attain a regime of ClBu droplets into the water continuous phase. This would subsequently imply to manipulate important volumes and often refill the water syringe. Also droplet velocities increase substantially and the use of a PFA channel for the S-PVC would lead to a reactor of several dozens of meters long. Therefore this type of material was considered unsuited for our application.

Syringe pump ClBu

Syringe pump Water+PVAs Acquisition camera

Optical fibers Microchannel I.E. Tests with fused silica capillary tubing

The advantages of the fused silica tubes are that they are transparent allowing thus good visualization, they are commercially available and cheap. Therefore, they may be replaced with new ones easily.

Contrary to PFA, these microtubes have a hydrophilic character. Thus, due to this favourable wettability property, they enable the formation of ClBu droplets carried by the continuous phase. Thus the tests that followed were conducted in this type of tubing of 180 µm ID/ 365 µm OD. In order to facilitate the droplet formation, we added two surfactants into the water phase. It consists of the two types of PVA (polyvinyl alcohols) already described.

The flow rates varied between 1000 to 10000 µL/h for water and 100 to 1000 µL/h for ClBu respectively. The PhD thesis [START_REF] Marcati | Génération de particules de polymères à structure contrôlée par la microfluidique[END_REF], the droplets' dimensions decrease with the increase of the continuous phase flow rate, at constant dispersed phase flow rate. Therefore in the case of the water/ClBu flow, the droplets diminish in order of about 100 µm at a 5 times increase of the continuous phase flow rate (from 1000 to 5000 µL/h). The droplets obtained have different shapes, going from slugs (when their length is superior to the channel diameter), to spheres with the same diameter as the capillary or inferior to the channel diameter. One may observe that droplets attained a limit diameter of about 110 at water flow rate of 6000 µL/h. From that point on, any increase in water flow rate does not have an important impact on the droplets' dimensions.

In terms of droplets' velocities, the latter is proportional to the total flow rate. Thus by modifying the total flow rate but conserving the two-phase flow rate ratio, droplets would preserve their dimensions but they would circulate with different velocities in the channel. The measured velocities are very close to the velocities applied from the flow rates of every phase as presented in These tests allowed us to define the operating conditions with the 180 µm internal diameter capillary, namely droplets of 100 -180 µm in diameter generated with total flow rates superior to 2000 µL/h. In our study an issue of importance was to try decreasing the droplet dimensions, in order to better mimic the industrial conditions where VCM droplets have 30 -50 µm when dispersed into the water phase. Therefore we considered using capillaries with smaller ID. Our attention was directed to fused silica tubes of 60 µm ID (150 µm OD). The generation system was the same type of T device with a It can be observed that for the same flow rates of the continuous phase, smaller droplets are obtained.

Q c /Q d = 1 Q c /Q d = 1,5 Q c /Q d = 2
The diameter in the axisymmetrical system is about half of the value resulted with the T device. This difference slightly decreases at high flow rates until stabilization. Therefore with this generation system the droplet diameter is reduced and the working flow rates are respectively diminished.

These preliminary tests allowed us to define the first reactor-design related characteristics. A type of microchannel was selected for the future polymerization tests with VCM. It consists of fused silica capillary tubes with 180 µm ID. The axisymmetrical droplet generation device enables formation of ClBu droplets within 80 µm in diameter and velocities up to 100 mm/s. These information are of great importance for the design of an appropriate set-up allowing to perform the S-PVC reaction. The previous section furnished conclusions as to the type of capillary tube and the generation system to be used. However due to safety measures the capillary system was only employed with a model fluid. In order to apply it to VCM tests the entire capillary tube and its connections were placed in a completely sealed housing especially fashioned in our laboratory. Once the microreactor's housing developed, the other elements of the experimental set-up were designed to allow the same demands in terms of pressure, temperature and safety.

II.A. Description of the experimental set-up

The test bench used for the hydrodynamic characterization of the VCM/water system as well as for the Note that the two feeding lines were equipped with Swagelok filters stopping eventual impurities with diameter superior to 7 µm to pass into the capillaries. Also check valves were placed on the two reagents' lines in order to prevent any undesired comeback of the reaction medium into the VCM tank or into the water phase. Because of the carcinogenicity of VCM the whole system was continuously scanned for any leakage with a portable photoionization monitor for volatile organic compounds (VOC) measurement. The experimental set-up was placed under a fume cupboard preventing any gaseous VCM leaks into the operating room during experiments.

Experimental protocol

Before each experiment, several cycles of nitrogen purging are conducted to evacuate oxygen content from the system. After that an aqueous flow rate is fixed (between 1 -10 mL/h) in the capillaries. The pressure in the outlet reactor is then progressively raised by means of nitrogen. The control in the 

III. Safety and maintenance

Because of the carcinogenic nature of vinyl chloride, special precautions must be taken as for the operator and for the maintenance of the experimental rig. Particular equipment was purchased such as suited gas mask and a volatile organic compound detector especially calibrated for vinyl chloride. In order to ensure its good functioning, the detector was checked and recalibrated every month. The setup was placed under a fume cupboard ensuring an air flow rate up to 600 m 3 /h. The neMESYS syringe pumps modules were equipped with stoppers preventing the syringe opening in case of power drop or computer failure. The high pressure syringes for VCM use were constantly checked for leaks. The entire set-up was periodically put under nitrogen pressure in order to check leaks on valves or connections. After each experiment, the system was purged with nitrogen in order to eliminate any traces of VCM in pipes which might polymerize in the presence of oxygen therefore blocking the circuit.

IV. Pressure drop study in microchannels

One of the most important control parameter both in industrial as in pilot scale is the pressure drop, often used to design reactors or to optimize operational conditions. Furthermore, once a continuous flow is established, a pressure gradient intervenes all along the microreactor. This parameter must therefore be precisely controlled in order to master the fluids states and the reactions conditions. This is why this chapter is mostly dedicated to the liquid-liquid flow experimental results as well as to their interpretations.

IV.A. Short literature review

Among the factors governing the characteristics of liquid-liquid dispersions are the physical properties of the system. These are mainly the density, the viscosity and the interfacial tension. They are used in the determination of the dimensionless parameters characterising the dispersion such as the Reynolds and the Capillary number. The parameters which can be easily measured in the study of a fluid flow are the pressure and the flow rate. From the latter the section velocity with v superficial = Q/S can be expressed and the Reynolds number Re is calculated with the equation II-1:

µ ρ h erficial D v sup Re = (II-1)
where ρ is the density of component, D h the hydraulic diameter of the pipe and µ is the dynamic viscosity.

The pressure measurement allows to calculate the friction factor f (also known as the Fanning coefficient) given by:

dz dP v D v f erficial h erficial w sup 2 sup 2 2 2 ρ ρ τ - = = (II-2)
This expression of f represents the adimensioning of the average shear stress at the wall τ w written as a function of the local pressure gradient dz dP from a momentum balance on a channel element of width dz. It allows thus to determine that τ w P S dz = -SdP.

The experimental Poiseuille number is therefore defined as the product of the Reynolds number and the friction factor. It may be directly deduced from the experimental data and from the channel dimensions:

QL P SD Po h µ 2 2 exp ∆ = (II-3)
We note that for an incompressible flow:

L P dz dP ∆ - = - . (II-4)
For a laminary given flow of an incompressible Newtonian fluid, the theoretical Poiseuille number Po th , as a product between the Reynolds number and the friction factor, is constant. However, it depends on the channel geometry.

The fluid flow theory in microchannels is generally based on the models given by macroscopic flows.

Nonetheless, once the scale is diminished, the surface effects become much more important than the volume effects. Thereby, some of the hypothesis neglected in the study of macroflows may be taken into consideration in the case of microscale flows. For instance, different authors such as [START_REF] Merkle | An analytical study of the e€ects of surface roughness on boundary-layer transition[END_REF] or [START_REF] Gh | Flow characteristics of water in microtubes[END_REF], suggest taking into account the impact of the channel's surface roughness or the viscous dissipation as they may generate differences from the conventional theory [START_REF] Cubaud | Capillary threads and viscous droplets in square microchannels[END_REF].

Pressure drop of two immiscible liquids in microchannels is still not well understood according to the literature (Zhao et al., 2006). In this section we interpret some of the experimental results assuming the Hagen-Poiseuille equation as valid and using a homogeneous model. The latter is generally employed to describe two-phase flows in pipes and has been used by several authors and wi cite the work of [START_REF] Kawahara | Investigation of two-phase flow pattern, void fraction and pressure drop in microchannel[END_REF], [START_REF] English | An experimental investigation into the effect of surfactants on air-water two-phase flow in minichannels[END_REF] in the case of gas-liquid flow in microchannels.

This homogeneous model basically considers the flow of the two phases as one single-phase flow, taking into account the equivalent physical properties. Thus we will define below a Darcy two-phase friction factor which depends on the channel diameter D h , the two-phase pressure drop ∆P over the length L, the two-phase density ρ TP and the bulk velocity v TP :

2 ) / ( 2 TP TP TP h v L P D f ρ ∆ = (II-5)
We therefore define the superficial velocity with respect to the flow rates of the two phases v TP assuming that the slip flow is zero:

S Q Q v d c TP + = (II-6)
The subscripts c and d stand for continuous and dispersed phase, respectively. The models were adapted to the liquid-liquid flow by replacing the gaseous phase by the less-viscous phase (the dispersed phase in our case). The two-phase mean density is defined as function of the volume fraction ε of the continuous phase:

d c c c m ρ ε ρ ε ρ ) 1 ( - + = (II-7)
We approximated the water volume fraction as the volume of water divided by the total volume of liquid:

d c c c Q Q Q + = ε (II-8)
where Q c and Q d are the volumetric flow rates of the different phases of the system: the continuous and the discontinuous, respectively.

Similar to the homogeneous single-phase flow, the relationship between the friction factor and the Re number may be written as follows:

TP f Re 64 = (II-9)
where the Reynolds number of the two-phase flow is: In order to evaluate the dynamic viscosity of the two-phase mixture, several models are proposed in the literature, which take into consideration the viscosity of each phase, their volume or mass fractions. The equations above are mostly used in gas-liquid two-phase flows but were extended to liquid flow [START_REF] Salim | Oil-water two phase flow in microchannels: flow patterns and pressure drop measurements[END_REF] by replacing the gas phase by the lower viscous phase:

McAdams (1954): 1 1 -         - + = c d TP x x µ µ µ (II-11) where ) ( c c d d d d Q Q Q x ρ ρ ρ + =
is the apparent mass fraction.

(II-12) [START_REF] Cicchitti | Two-phase cooling experiments -pressure drop, heat transfer and burnout measurement[END_REF]: [START_REF] Duckler | Pressure drop and hold-up in two-phase flow[END_REF]: [START_REF] Beattie | A simple two-phase frictional pressure drop calculated method[END_REF]:

c d TP x x µ µ µ ) 1 ( - + = (II-13)
c c d d TP µ ε µ ε µ + = (II-14)
) 5 , 2 1 )( 1 ( d d c d d TP ε ε µ ε µ µ + - + = (II-15) Lin et al. (1991): ) ( 4 , 1 d c d c d TP x µ µ µ µ µ µ - + = (II-16)
The various models presented here were evaluated by comparison with the theoretical friction factor.

In order to differentiate these different models, we evaluated them by calculating the mean relative error e f,TP :

∑ = - = N i i TP i cal TP i TP TP f f f f N e 1 exp , , exp , , 1 (II-17)
and the standard deviation σ f,TP :

∑ =         - - - = N i fTP i TP i cal TP i TP TP f e f f f N 1 2 exp , , exp , , 1 1 σ (II-18)

IV.B. Results and discussion

In order to evaluate the pressure drop in the microchannel the tests were performed with the two phase water/VCM system at different flow rates and inherent applied velocities. The pressure is measured using the different pressure sensors on the test bench (already discussed earlier in this chapter). For the calculations we therefore denote as the pressure drop the difference between the value registered by VCM pressure sensor and the pressure on the outlet reactor. Vinyl chloride presents a slight solubility in water (around 1.1 g/kg) but we assumed that the transfer of this species is negligible with respect to the flow rates employed; therefore this parameter does not affect the hydrodynamics. A way to by-pass this issue would have been the saturation of water in vinyl chloride but due to the carcinogenicity of the monomer the practical solution seemed difficult to The pressure drop (∆P/L) increases when the water flow rate increases and at constant VCM flow rate.

Its value is superior to the pressure drop encountered when only water was flowing into the channel.

The pressure drop increases also with the increase of the VCM flow rate but this aspect was not in our area of interest as an increase of the VCM flow rate would generate changes in the flow structure.

We note that in the following sections, the further hypotheses were stated:

• The microchannel section is constant at all times (II-20)

•
The different viscosity models for the two-phase flows were applied to the VCM/water system at ambient temperature and at 60 °C. For the pressure drop calculations the Tees and the whole length of steel circuit preceding the capillary tubes were taken into consideration. We also took into account the 30 cm of length where both capillaries coexist and the flow is restricted at 30 µm of ID capillary. Based on the mean relative errors and standard deviations values, it appears that the model proposed The same reasoning was applied for the 250 µm internal diameter capillary in order to evaluate the two-phase pressure drop. In this case the models are very farther from correctly describing the flow behaviour in this type of microchannels. Surprisingly, we noted severe deviations for all the theoretical models employed. Therefore corrections were applied in order to obtain a better agreement with the experimental data. We observed an improvement of the model predictions by assuming a friction factor of 192/ Re TP 1.2 at ambient temperature and of 512/ Re TP 1.1 at high temperature. The values obtained for the mean relative error and the standard deviation were recalculated in The Duckler model seems also to best fit the experimental and the theoretical values. However, even with the corrections applied, differences were still obtained. Some discrepancies are observed between the f predicted and the one calculated from the experimental data. The models seem to underestimate the pressure drop corresponding to the VCM/water system especially at high two-phase velocities. The higher values of the experimental data might be explained by the fact that the channels are not completely straight. This is the reason why it seemed interesting to evaluate the impact of the existing bends on the pressure drop. It was found that this parameter is not very affected by the existence of bends as the ratio of curvature radius and channel diameter exceeds 400. The bends' influence was evaluated using the following equation for fluid flows in curved channels:

g v k p 2 2 ⋅ = ∆ (II-21)
Where v is the fluid velocity in the channel, g is the acceleration due to gravity and k is a constant depending on the nature of the bend, calculated using the Weisbach equation: For the operated experimental conditions in microchannels the pressure drop due to the bends is in the order of 10 -3 bar. Therefore the influence of this parameter was neglected all along the calculations of pressure drop.

                + =

V. Flow cartography in microchannel

This study was firstly aimed to define a flow cartography of the VCM/water system in microchannel.

This is traduced by an identification of the different configurations observed at the corresponding velocities of phases. These configurations consider therefore both the geometrical structure of the interface (droplet, jet etc.) as well as the characteristic dimensions of the dispersed phase (droplet length). Also this step is compulsory in defining the operating conditions favourable to a stable dispersed flow. The results presented in this section are the base point of the polymerization tests that followed.

At this stage the purpose of our work was to generate droplets of about 50 µm in diameter (according to the industrial constrains -see section I of the chapter) that circulate with a velocity that would assure at least 1h of residence time in the channel. The droplets were generated in an axisymetrical device and fused silica capillaries of several internal diameters were employed. The analysis of the three types of capillaries (180 µm ID, 250 µm ID, 520 µm ID) is presented below as well as the different phenomena encountered in microchannel.

V.A. The 180 µm capillary circuit

The tests were performed at a pressure superior to the vapour pressure of the VCM in order to ensure a liquid-liquid flow at all times. The diagram showing the evolution of the vapour pressure with the A fine control of the VCM flow rate became crucial in order to better assess the hydrodynamics. This is why the test bench was equipped with high-pressure syringe pumps. In the light of these new changes a more in depth characterization of the VCM/water system was possible. For each water flow rate and at constant VCM flow rate we observed the VCM droplets dispersed in the continuous phase. These droplets are characterized by a pseudo-spherical shape with a length usually exceeding the channel diameter. The ratio Q c /Q d varies between 2.5 to 16. So an increase in the water flow rate from 300 µL/h to 1700 µL/h is traduced into a decrease of the droplet diameter from 300 µm to 180 µm. Spherical droplets (shape factor α = 1) were obtained at important water flow rates. The results may indicate that the no-slip condition is not necessarily valid with the VCM/water system. As the temperature increases, the physical properties of the two liquids change, that may increase the slip velocity of the VCM into the aqueous phase. Some authors already investigated this issue, concluding that the boundary conditions for the fluid velocities strongly depend on the surface roughness or the interfacial energy [START_REF] Pit | Direct experimental evidence of slip in hexadecane: solid interfaces[END_REF] which varies with temperature. The interactions between the fluids and the capillary wall play a key role into the fluid flow comprehension and, as we observed experimentally, VCM has a particular affinity towards the capillary wall especially at high temperatures.

It is important to note that at high temperature the refractive index of the water and VCM are very similar which makes it difficult to distinguish the interfaces (Figure this way increasing the error on droplet velocity measurement. However, the problem was avoided by increasing the water flow rate, this being in conflict with the constraint imposed by the residence time in the channel. Also increasing the droplet velocity the observation becomes difficult because interfaces are hardly distinguished and measurements on droplets may not always be accurate.

Another observation consists in the fact that at the working temperature of 60°C and due to the friction of the small capillary into the large one, the coating of the interior capillary begins to expand in length in a non-homogeneous way so that it produced irregularities at the generation zone . The 

Spherical droplets

Non-spherical droplets

The axisymmetrical generation system revealed itself to be a good choice with respect to the classical T as far as it allowed conserving the same droplet length at smaller flow rates and corresponding decreased velocities. However it did not permit to obtain spherical droplets that do not touch the walls of the capillary. Therefore phenomena of irregularities were still noticed and described in section V of this chapter. 

d g Q Q w L α + = 1 (II-26)
The model is adimensionalized by dividing the droplet length L g to the characteristic channel dimension w (the channel width). α is a channel geometry-dependent constant. This model does not take into account any physicochemical properties of the two phases.

Other studies are present in the literature that evaluate the influence of some physicochemical parameters. For instance, [START_REF] Xu | Correlations of droplet formation in Tjunction microfluidic devices: from squeezing to dripping[END_REF], reunited the majority of droplet correlations in T-junction and defined the following relation for Ca c <0.002:

c d g Q Q w L ω ε + = (II-27)
with ε and ω: two parameters depending on the channel's geometry. Also for a 0.002<Ca c <0.01 :

β α ε                 + = c c d g Ca Q Q k w L 1 (II-28)
where (II-30) [START_REF] Marcati | Fast build and designed microdevices for early-stage liquid-liquid system studies[END_REF] gathered the main parameters influencing the droplet length. Therefore he introduced the Capillary and the Reynolds numbers relatives to the dispersed and the continuous phase respectively. The dispersed phase was generated in a channel of inferior dimensions to the main channel, so the ratio of these diameters also appears in the equation:

5 4 3 2 1 Re Re α α α α α d c d c c d h Ca Ca d d A D L         = (II-31)
where subscripts d and c correspond to the dispersed respectively to the continuous phase, L is the droplet length, D h is the hydraulic diameter of the channel. The α 1 -α 5 parameters were obtained by fitting experimental values for a wide set of data (different fluids, flow rates, channel material or geometrical configurations such as T or cross junctions for square or round channel sections). The authors found a unique set of α constants allowing to well represent the experimental data. A is the only adjustable parameter which is supposed to take into account the solid-liquid-liquid interactions at the generation area. We mention that the equation is given for flows with 0.001<Ca c <0.005.

VI.B. Results and discussion

Since the majority of model correlations present in the literature involve droplets generated in T devices, the extension of these equations to other generation systems seemed as an interesting task.

The range of the Ca c numbers employed in our studies is between 0.0002 -0.002. So accordingly to Xu et al. (2006), the droplet length is only affected by the ratio of the two-phase flow rates. The solid line represents a perfect fit between experimental values and the theoretical model and the dotted line shows a 10% error from the theory. In most cases the experimental values stay into the 10% of deviation from the model predictions. The 250 µm capillaries show a good fit with the model proposed at ambient temperature as well as at high temperature but the 180 µm seem farther from the theoretical line for shape factors α = 1 -1.2 and α > 1.8. As the A constant corresponds to specifically phenomena of the generation area (such as wettability), we assumed that it changes with temperature.

Therefore data were evaluated with different values of A and the fixed values of α obtained by [START_REF] Marcati | Fast build and designed microdevices for early-stage liquid-liquid system studies[END_REF]. The stop criterion of the Excel Solver is the squared sum of the error percentage between the experimental values and the theoretical model. The A parameter is 10 times smaller than the values obtained by [START_REF] Marcati | Fast build and designed microdevices for early-stage liquid-liquid system studies[END_REF]. It also differs from a configuration to another, which can be explained by the influence of the temperature. We may suppose that in the case of an axisymmetrical generation system the phenomena related to the wall are much less present that in the T junction.

Microdevice

VII. Droplet shape representation

A parameter of interest in our study is the droplet volume, as it steps in during the polymerization process when the final polymer bead substantially shrinks. Therefore the need to accurately predict the initial droplet volume seemed inherent. For this purpose, the droplet shape estimation had to be properly investigated.

Experimentally we can define the droplet volume (V g ) as the ratio of the dispersed phase flow rate (Q d )

and the droplet generation frequency (f g ):

g d d f Q V = (II-33)
Because the visualization system employed only allows two-dimension visualization, a mass balance will estimate the droplet shape based on its characteristic dimensions L (droplet length) and d d (droplet diameter).

Table II-5 presents the different situations taken into consideration for the droplet shape modelling: case A assumed that the droplet is shaped as a spherocylinder of length L and diameter d d . Therefore its volume will be the one of a cylinder plus the one of a sphere. In case B the droplet was supposed to be shaped as a sphere of diameter d d . In some experiments even though we measured the droplet length inferior to the channel diameter, the droplet still touched the channel wall. That is why in case C we supposed the droplet shape as an ellipsoid (where the polar axis is greater than the equatorial diameter). The bottom left photo represents a stable flow in the microchannel at ambient temperature and the bottom right photo stands for a phenomenon encountered at temperatures close to 60°C. The droplets undergo a breakage phenomena and the entire flow is disturbed. We note that once the temperature decreases to less than 50 °C a stable flow is obtained again.

IX. Conclusion on the hydrodynamic study

This chapter presents a novel microreactor device used for the characterization of the VCM/water system in completely safe conditions. We were able to acquire information regarding the behaviour of the VCM/water flow in micrometric devices. A first circuit was considered of 180 µm ID. Because of the instabilities registered in the flow it was classified not suited for our work. A second capillary of 250 µm ID was also studied.

Through this study we were able to characterize the pressure drop for the two-phase VCM/water system. The results have shown that the theoretical models employed for the two-phase viscosity estimations were not very accurate. Therefore adjustments of the correlations were proposed. The droplet length was further modelled using different literature correlations. The theoretical expressions take into account both geometrical characteristics of the channel as well as the fluid properties. We were able to identify the equation predicting most accurately the droplet size.

Finally the geometric shape of the droplet was modelled. We found that the drops may be assimilated to spherocylinders when their shape factor α is superior to 1. Their shape is more difficult to predict accurately in the case of smaller volumes.

The 250 µm ID circuit showed a better control of the flow but some irregularities were still noticed.

Different phenomena related to these instabilities were presented at the end of the chapter.

The knowledge on the VCM/water flow in microchannel will be very useful in order to proceed to the next level of this study: the VCM polymerization reaction in microchannel.

C C H H A

A P P T T E E R R I I I I I I : : O O N N - -L L I I N N E E K K I I N N E E T T I I C C M M O O N N I I T T O O R R I I N N G G O O F F S S - -P P V V C C
In the previous chapter the VCM/water flow in microchannel was characterized. Having in mind the phenomena encountered during the experiments, a strategy had to be implemented in order to perform the S-PVC reaction. The objective of this chapter was to quantify the first characteristic polymerization times and to further acquire basic kinetic data at a VCM droplet scale.

On-line kinetic information was obtained with a non-intrusive analytical technique which allows the acquisition of characteristic reaction times. The influence of some parameters such as temperature or initiator concentration is studied. The results are compared with a kinetic model described in the literature. The model was afterwards modified for microreactor conditions.

I. Polymerization in microchannel

The studies performed in the previous chapter allowed a good acknowledgement of the VCM/water system in terms of droplet length and volume characterisation. This hydrodynamic data base acquired allowed us to pass to the next stage of the study: the polymerization reaction.

The suspension polymerization of VCM was analysed in 250 µm ID capillary of 8m developed length.

The system was already described in Chapter II -section IV.B. The reaction was carried out under similar conditions as in the large-scale industrial plants in order to obtain a product with comparable properties to those of commercially available PVC. For this reason in the present study the polymerization of VCM was carried out at 60 °C and pressures superior to 12 bar.

As mentioned in Chapter I -section I. D. 2, the presence of oxygen in the reactor causes an induction period during the polymerization process of VCM. Subsequently the formation of structural defects in the polymer chain may occur, which affects the thermal stability of PVC. Therefore, it is necessary to remove as much oxygen as possible from the reaction medium before the polymerization is started.

Several cycles of nitrogen purging/evacuation were considered sufficient.

It was observed, as mentioned in Chapter II -section V, that VCM has a particular tendency to wet the walls especially at high temperature. Besides, at normal conditions, the S-PVC reaction exhibits a socalled 'sticky stage' between 5-30% conversion ranges. At that point the agglomeration of particles takes place thus increasing the possibility of flow instabilities. This reasons lead to the decision that the reaction should be performed in still conditions instead of continuous flow. Also from a practical point of view, given the long reaction time, the microreactor should be several tens of meters long, pressure drop would thus increase and the possibility of particles stuck on the channel wall would enhance. Further on this study the reaction was only performed by stopping the flow.

Some choices had to be made on the type of initiator to be used. First, in order to keep the same industrial reaction parameters, a peroxide-type initiator was kept in mind for the microreactor experiments. Based on the commercial availability, two initiators were tested: lauroyle peroxide and di(4-tert-butylcyclohexyl) peroxydicarbonate. The characteristics of these two compounds and the results obtained in polymerization tests are described in the following sections.

I.A. Polymerization with Lauroyle Peroxide as initiator in the aqueous phase

First polymerization tests were carried out with Lauroyl Peroxide (LP) as initiator. It was purchased from Sigma Aldrich and its physical state is a white powder. Precautions were taken considering the manipulation and store of this chemical compound. Its chemical reactivity and the explosive character imposed its storage in refrigerator conditions. The half-life data of this peroxide, which are the mark of its reactivity, are presented in Table III The half-life data indicate that at 60°C the time taken for half of the peroxide quantity to decompose is of approximate 10 hours, which represents a very long time of reaction. In addition, LP presents a water-insoluble powder. We note that in industry, the initiator as suspension in water is added to the batch mixture and its distribution is ensured by vigorous stirring.

In the experiments conducted LP was added to the water phase and introduced in the system by means of the Nemesys syringe pumps. Due to the lack of agitation in the syringe the solid peroxide precipitated and therefore it was never uniformly distributed into the water phase. Consequently, we had no control over the initiator concentration in the microchannel. Instead of a uniform suspension of initiator in the water phase, aggregates of various shapes were formed and introduced in the microchannel. In the pictures below blocks of peroxide are observed (red circles): With this type of initiator addition, one may suppose that some droplets did not get enough initiator to polymerise uniformly and developed at different degrees of conversion. In some cases drops had to wait for a relatively long time to get some initiator, either from the continuous phase (latex particles, diffusion of free radicals) or by coalescing with other polymerizing VCM droplets at later stages of the reaction.

The solution to overcome these issues was either the pre-dispersion of the initiator in the VCM or the use of a solvent for the initiator. The latter option would imply the presence of a supplementary phase into the system and therefore we preferred the pre-dissolution of DCHPC into the VCM.

I.C. Polymerization with Di(4-tert-butylcyclohexyl) peroxydicarbonate pre-dispersed in the VCM phase

Studies performed by Zerfa et al. (1997) show that the method of addition of the initiator plays an important role in determining the degree of uniformity of the final PVC particles (i. e. size, size distribution, porosity and degree of conversion). It was observed for the microreactor reaction, when the initiator is pre-dissolved into the VCM, the polymerization occurred uniformly in all the droplets (Figure III-3), while if the initiator is just dispersed in the continuous phase, the polymerisation does not take place uniformly inside droplets. This thin "skin" at the droplets interface is believed to be formed at the very early stages of the polymerization (around 2% conversion). Various authors concluded that it is formed of a graft copolymer (PVA-PVC) transforming the adsorbed stabiliser (PVA) into a rigid layer of about 10 nm thickness [START_REF] Allsopp | Manufacturing and Processing of PVC[END_REF][START_REF] Eliassaf | The morphology of suspension polyvinyl chloride[END_REF]. The primary particles formed inside VCM droplets aggregate at this 'skin' leading to the formation of a pericellular membrane in approximately 200 -500 nm in thickness [START_REF] Smallwood | The formation of grains of suspension poly(vinylchloride)[END_REF]Davidson and Whitenhafer, 1980).

Some PVC particles obtained in microchannel were recovered and the surrounding perricellular membrane was observed using SEM (scanning electron microscope) technique. During polymerization in batch reactors, primary particles move to the inner surface of the droplets by inertial forces caused by the agitation. These primary particles adhere and as they grow further they will finally coagulate with increasing monomer conversion. Consequently, a rigid layer is formed at the inner surface of the droplet covered by a PVA-PVC crosslinked skin at the outer surface of the droplet. The thickness of this layer probably depends on the agitation speed. If a higher agitation speed is used the skin will become thicker since more primary particles will move towards the inner surface of the particles. Following this approach, in quiescent conditions as those in microchannel the perricellular membrane should have been thinner.

However, its dimensions are strongly dependent on the PVA's concentrations employed. In our experiments the PVAs concentrations were beyond the critical micelle concentration, therefore one may suspect their influence on the membrane's thickness.

The outside surface of the particles (PVA-PVC graft copolymer membrane) is relatively smooth as it may be noticed in both photos in Figure III-6. The folds and hollows in the membrane are a consequence of the shrinkage of the monomer droplet during the reaction since the density of the PVC is greater than the one of VCM (ρ PVC = 1400 kg.m -3 and ρ VCM = 840 kg.m -3 ). Some latex particles (with a diameter < 10 µm) that polymerized in the water phase (although in small quantity) adhered to the grain's surface obtained from the VCM. It is observed that the interior of the particle exhibits a porous character. When conversion increases, the volume of free VCM inside the droplets decreases. Thus, the primary particles inside the droplets increase in size and fuse together. The strong capillary forces that appear enable the primary particles insight the droplets to agglomerate. This fusion of the primary particles along with the shrinking due to density change are the main causes for the decrease of PVC in porosity. In Figure III-9 the primary particles inside the grain can be clearly noticed. Their size is inferior to 1 µm, value in agreement with the average size mentioned in the literature [START_REF] Xie | Experimental investigation of vinyl chloride polymerization at high conversion -reactor dynamics[END_REF]. The result is the formation of a continuous open network of agglomerates of about 3µm in diameter. 

I.D. Volume measurement

The PVC is denser than its monomer and thus, as polymerization proceeds, the VCM droplets will contract. If this phenomenon continues through the whole polymerization process the final grain will be approximately 60% of its original size and will have no porosity. However if the perricellular membrane around the droplet is rigid enough and does not contract up to this point, the final grain will result porous and will shrink.

Various authors such as [START_REF] Kiparissides | Dynamic Simulation of industrial poly (vinyl chloride) batch suspension polymerization reactors[END_REF] or [START_REF] M M Maggioris | Prediction of particle size distribution in suspension polymerization reactors: effect of turbulence nonhomogeneity[END_REF] evaluated some of the physical properties of the two-phase dispersion water/VCM. They took into consideration an expression for the volume contraction of the polymerizing droplet due to density changes. Both before mentioned authors suggest a droplet volume model that evolves with conversion X as follows:

X V V ε - = 1 0 (III-1) p m p ρ ρ ρ ε - =
with V, V 0 the volumes respectively at conversion X and X=0, ε the shrinkage factor, ρ m and ρ p the monomer density and polymer density respectively.

nm 2.729 µm

Based on the films recorded during the 5h polymerization at 60°C, the droplet's dimensions were measured. For a clearer view of the volume change, the droplets' contour was outlined (white circle at instant 0 and at 5 hours). It is clearly noticed that the drop shrinks from a sphere-like shape which touches the reactor walls to a sphere with a diameter much smaller than the channel one's (Figure . The image processing software furnished the corresponding positions which were subsequently transformed from pixel units into micrometers by using the channel width as reference scale. For the volume calculations, droplets were considered as spheres. The 250 µm capillary circuit proved to be a good preliminary approach for the study of the polymerization of vinyl chloride in microchannel. However, because VCM shows a certain affinity towards the channel wall, it locks onto the latter and disrupts the flow. In many cases, due to the fact that the observation window was only 4 cm in length, we weren't able to visualize the precise place where the VCM stuck, but we have detected irregularities in the flow. At that moment, the only solution was to increase the capillary diameter. Besides, shadowgraphy tests were very useful for a first visual characterization but they are hardly applied for a quantitative kinetic analysis. Therefore a spectroscopy method for on-line analysis of a VCM droplet was chosen among the multitude of such techniques.

For that purpose, a second generation experimental set-up was build allowing the coupling of the microchannel reactor to a suitable analytical technique for on-line monitoring of VCM polymerization.

The stages that lead to the outcome of this novel experimental test bench will be discussed and detailed further in the following sections.

II. Choice of the appropriate analytical technique for the monitoring of vinyl chloride polymerization reaction II.A. The context

The measurement and control of polymerization reactions is of highly importance for the end-use properties of the final product. According to [START_REF] Martin | Batch process monitoring for consistent production[END_REF], many of the problems found in the control of polymerization reactors may be attributed to a lack of analytical instruments able to produce on-line measurements. However in industry the monitoring techniques implemented for these reactions are relatively scarce. Conventional process analysis techniques are physical measurements such as temperature, flow or pressure. The data obtained give information about the physical conditions during the production process and they are constantly compared with set parameters. But these physical data do not provide all the information to control the process.

Recently a particular interest has been directed towards the non-destructive or non-intrusive measurements because of the necessity of increasing quality and reducing costs. Besides, these techniques do not require use of solvents or sample preparation. It is true that applying an analytical technique for the determination of conversion during suspension polymerization reactions is not an easy task due to the medium heterogeneity and to the tendency of the particles to rapidly agglomerate when stirring is stopped. However some authors overcame these drawbacks and were able to perform kinetic tracking in hostile environments such as suspension polymerizations.

Chemical measurements such as spectroscopic techniques are used to qualitative analysis, e. g. the identification of raw materials, intermediate products and end products, and to quantitative analysis, like monitoring of polymerisation reactions. The main application of these methods is a real-time monitoring of polymerisation reactions in order to stop the reactor as soon as the desired conversion has been reached or in case of reaction failure. By this way a gain in time or costs may be obtained.

Among the afore-mentioned techniques an in-line sample analysis is preferred to the classical off-line measurement. The off-line technique supposes sample collection from the reaction mixture and its analysis in terms of composition and concentration. The time before sampling and analysis of the results may take up to a couple of hours. So as to reduce this time the spectrometer could be placed at the production line and perform analysis at-line immediately after the sampling.

The on-line technique presents the advantage that the analysis is carried out in the process stream in a continuous manner. However it requires the adaptation of a by-pass of the production line which is sometimes difficult or even impossible to be realized. Furthermore, there is still a time difference, although reduced, between sampling and analysis.

In-line measurements present the ideal form of process analysis. A probe is located in the process line itself and connected to an automated spectrometer. The measured spectra give immediate information about the reaction or the actual composition of a product stream.

In this context the development of analytical techniques able to monitor the monomer/polymer concentration has become a challenging task. The literature describes several approaches on monitoring vinyl chloride suspension polymerization such as ultrasonic, near-infrared spectroscopy or, more recently, Raman spectroscopy. These techniques will be described further on in a non-exhaustive manner.

II.B. The classical techniques for on-line/in-line analysis II.B.1) Ultrasound monitoring

As already mentioned, this control method is not damaging for the sample analysis, it allows its characterization and may be employed at several steps of the polymerization process. Ultrasound can be successfully used with opaque fluids, emulsions, and slurries containing up to 70% solids. The technique consists of launching through a sample volume ultrasound waves of different frequencies, typically from 1 to 200 MHz, with their attenuation being accurately measured. Some authors successfully succeeded in the measurement of the ultrasonic attenuation of 1MHz longitudinal waves in the vinyl chloride suspension polymerization [START_REF] Sladky | Automatic ultrasonic monitoring of vinyl chloride polymerization[END_REF][START_REF] Sladky | Ultrasonic monitoring of vinyl chloride polymerization[END_REF] or styrene bulk polymerization [START_REF] Cavin | Online conversion monitoring through ultrasound velocity measurements in bulk styrene polymerization in a recycle reactor -part II: mathematical model[END_REF] and correlate it with the reaction conversion. However the technique requires precise calibration and operating procedures which are not yet fully quantified.

II.B.2) Near Infrared (NIR) Spectroscopy

Near-infrared spectroscopy (NIR) is a non-destructive technique providing real-time structural and kinetic data without complicated hardware or sampling techniques. NIR spectroscopy covers the range from 4000 to 12000 cm-1 (2500 -830 nm). NIR in-line probes are available for measurements in transmission mode and in diffuse reflectance mode. These probes can withstand harsh conditions up to 300°C in temperature and 350 bar of pressure. The response of the measure is very rapid and it may be applied to toxic or hazardous reactions. The technique may be applied to aqueous solutions because water has a low absorbance.

The However there are some drawbacks related to this analysis method. The major inconvenient is that absorption peaks are very broad, overlapping, and nonspecific which sometimes make the spectra analysis a difficult task to perform. A previous calibration must be carried out and it may be particularly long and sensitive. Furthermore, NIR (in reflectance mode) is not suited for solid particles with a liquid core because the laser beam is not able to penetrate the sample. Also spectra are easily influenced by the dimensions of the sample particles.

II.B.3) Raman spectroscopy

The Raman Effect is a light-scattering effect. The Raman scattering represents the change in frequency for a very small percentage of the intensity in a monochromatic beam as the result of interacting with a compound. The frequency changes occur as the result of coupling between the radiation and vibrational energy levels of molecules. The region in which the Raman Effect is observed depends on the energy of the incident radiation. This can be in the visible region, the UV region and in the NIR region. The condition for a molecule to be Raman active is a change in the deformation (polarisation)

of the electron cloud during the interaction with the incident radiation.

The disadvantage or Raman scattering is that it is a very weak effect. Typically fluorescence may occur up to 10 7 times stronger than Raman scattering. Trace impurities may fluoresce so strongly that it is often impossible to observe the Raman spectrum.

Several configurations are available for this kind of technique. An immersion probe can be used to contact a sample directly in a stream, a batch reactor or extruder. Such probes must be designed to withstand the very harsh conditions in such environments. Alternatively a non-contact optic can be used for measuring samples in bottles, vials, or through a site glass window.

Successful results were obtained for emulsion polymerization monitoring using Raman spectroscopy.

For instance, [START_REF] Bauer | Online monitoring of a latex emulsion polymerization by fiber-optic FT-Raman spectroscopy[END_REF] performed monitoring of styrene/butadiene latex emulsion polymerization. The authors measured with satisfactory results the dry extract percentage of styrene monomer in the reactor. Other examples include the work of [START_REF] Elizalde | On-line monitoring of all acrylic emulsion polymerization reactors by Raman spectroscopy[END_REF] or [START_REF] Reis | Evidences of correlation between polymer particle size and Raman scattering[END_REF].

Nevertheless, suspension polymerization presents several significant differences from emulsion polymerization. They are particularly related to the medium heterogeneity which is significantly increased compared to emulsion reactions. [START_REF] Santos | Online monitoring of suspension polymerization reactions using Raman spectroscopy[END_REF] realized on-line monitoring of batch styrene suspension polymerization reaction using Raman spectroscopy. They accurately estimated the conversion from Raman spectra collected. Also, it was observed that spectra are affected by the polymer particle size distribution.

Recent studies present the successful coupling to microfluidic devices for various applications. [START_REF] Barnes | Raman spectroscopic monitoring of droplet polymerization in a microfluidic device[END_REF] studied the application of Raman spectroscopy for analysis of monomer composition and degree of conversion of methacrylate droplets in a microfluidic device. Measurements were performed on a stationary array of droplets and a least square calibration method was further applied and validated. [START_REF] Lorber | Droplet-based milifluidics as a new miniaturized tool to investigate polymerization reactions[END_REF] monitored the fast and exothermic polymerization reaction of acrylic acid with sodium persulfate at low pH. The nonintrusive Raman analysis allowed the acquisition of kinetic data in especially severe reaction conditions.

It is important to note that Raman spectroscopy has not been used for analysis of PVC suspension polymerization process, despite the economical importance of the PVC market.

II.B.4) Choice of the on-line technique

The different analysis techniques offer interesting perspectives for the in-line monitoring of the S-PVC reaction. Table III-3 reunites in a concise manner the drawbacks of the three techniques presented in the previous section. 

Method Drawbacks Advantages

Ultrasounds

Table III-3 : Comparison between the three in-line analysis methods

Finally, we find that the Raman spectroscopy exhibits some particular features with respect to the other techniques described: it is more specific and easier to interpret. The Raman spectra are easily related to specific bond in a compound, without further chemometric analysis. Also from a technical point of view it is easier to apply.

III. Second generation microreactor for the kinetic study of the vinyl chloride polymerization reaction

III.A. Requirements to comply

Once an appropriate in-line monitoring technique for the S-PVC reaction was chosen we are facing now some technical constraints related to its applicability to microreactors. The safety issues associated with the VCM use are still valid (already presented in Chapter II -section I). The first generation reactor, although adapted to shadowgraphy experiments, is very restrictive regarding other applications -such as Raman spectroscopy. Therefore a re-design of the experimental set-up had to be performed taking into account the safety issues but also the information gathered from the first experimental rig. Mainly they involve difficulties due to the presence of solid: the initiator on one hand and the PVC on the other. They block different elements from the circuit such as valves, filters or even the stainless steel stream channel. The cleaning of these elements is time-consuming or even impossible. The second generation micro-reactor has to be designed as simple as possible, minimising any dead volume in order to avoid any eventual product accumulation.

The Raman beam has to travel fewer surfaces as possible, to avoid any undesired impurity emissions or attenuation and consequent distortion of the signal. It was already enough that the measurement had to be performed through the fused silica capillary wall; therefore the use of the glass window or the heating water circuit was out of the question. The capillary tubes had to be removed from the housing.

In this case, a particular care was given to the choice of micro connection adapted to high pressures without requiring counter-pressure.

All these constraints were converted into technological choices that lead to the experimental rig presented in the following section.

III.B. Diagram of the experimental set-up

This section presents a novel experimental set-up designed to allow quantitative analysis performed on This distance is kept in order to ensure a stabilization of the flow regime. Then the droplets are carried into a larger capillary of 530 µm ID (670 µm OD) via another axi-symmetrical system. A second water flow is injected to ensure the droplet transport in the larger tube. The capillary length varied from 140 -200 cm. This generation system was chosen for two reasons. First of all, in order to ensure that droplets do not touch the microtube's walls. A second reason involves safety issues: the larger diameter makes the channel more adapted to stainless steel connections. Note that the wall thickness is in the order of 140 µm, which makes the 530 µm ID tube rather sensitive to shocks because of the thinness of its walls.

All the capillary connections (Tees and fittings) used were in stainless steel and were purchased from 

III.B.1) Experimental protocol

The entire circuit was first purged with nitrogen to avoid inhibition by oxygen. The initiator was predispersed into the VCM and then pushed into the microchannel in order to encounter the water phase and to disperse into droplets. The flow rates varied for the VCM phase between 0.1 -0.5 mL/h and for the water phase: 2 -5 mL/h. Once the hydrodynamic regime established, a first Raman spectrum was acquired at ambient temperature serving as a reference measure. Afterwards the reactor was heated. As soon as the desired temperature reached, the entire flow was stopped, the inlets and outlets were subsequently sealed and spectra were recorded at constant time intervals. The polymerization temperature was fixed at different values in a range between 58 to 70 °C. The pressure in the microreactor was between 10 to 16 bar. At the end of the experiment the circuit was cleaned with a PVC solvent and with the carrier fluid. characterized by a near-infrared laser diode (400 mW, 785 nm) as excitation source. The microfluidic device was placed under the probe head with non-contact sampling optics (10x) of the spectrophotometer. The data acquisition was carried out through a 5 mm window on the capillary channels. The probe head was focused above the microchannel by moving a y-z barrel micrometer.

III.B.2) The Raman experimental device

The acquisition time of each spectrum was of 120 seconds over 1 accumulation. This interval was chosen to give an acceptable signal-to-noise ratio for the acquired spectra.

III.C. Raman spectroscopy -working principle

The analysis in Raman spectrometry is performed via an excitation of the sample. The latter is brought to a virtual energetic level by a powerful monochromatic light source (laser). It produces a radiation Due to the fact that the capillary walls were very thick the droplets are not visualized properly and measures are difficult to perform. However the images obtained prove that there is no change in droplet dimensions when passing through the expanded capillary. Therefore they do not touch the 530 µm ID capillary walls. involve preliminary preparation. Since the Raman Effect is a scattering process, samples of any size or shape may be examined. These particular aspects make Raman spectroscopy a useful tool for in-situ monitoring of polymerization reactions where the removal of samples for off-line analysis is not always possible. Since no in-line analyses are performed on S-PVC process due to hostile environment, a versatile characterization technique such as Raman spectroscopy may offer good responses. This spectroscopic method was used in this study for the acquisition of conversion versus time data from the VCM polymerization with DCHPC as initiator and at different polymerization temperatures. Kinetic parameters were extracted and compared to the values already described in the literature.

The multiple advantages of Raman spectroscopy analysis closely depend on several technical precautions applied especially for the on-line nonintrusive monitoring of a stationary monomer droplet. These measures are detailed below:

• It is essential when doing quantitative analyses to maintain the instrument as stable as possible and to ensure consistency in measurement parameters (such as laser power, laser focus on sample, scan sequence, spectral resolution, sample orientation) and in post-run processing (such as baseline correction, noise reduction). These are general principles applied in a similar matter to any quantitative analysis where sources of unwanted variation must be kept to a minimum.

•

The collection efficiency and fluorescent background strongly depend on the collection conditions. Therefore the fume cupboard housing the experimental set-up was covered with a black curtain preventing daylight to enter but maintaining an ease access at any times.

•

The fact that the Raman probe head is situated outside the microchannel might diminish analyse sensibility and increase acquisition time. In order to partially reduce this effect, the capillaries were striped of their polyimide coating and no residual signal coming from this substrate was therefore registered.

• When analysis is performed on droplets in movement, the collected response is an average of the signal from several microdroplets thereby the spatial resolution is reduced. Contrary to this, the Raman monitoring in our study is performed on a single isolated drop, therefore increasing the spatial resolution of the detection scheme.

IV.B. Spectra of pure components

Quantitative kinetic analysis of a reacting system with Raman spectroscopy consists in measuring the Bands assignments are made from earlier Raman measurements performed on VCM (Thompson and Torkington, 1944). The Raman band specific of the vinylic group exhibits a strong signal at 1606 cm -1 .

The low frequency at 395 cm -1 is attributed to the planar deformation mode of the C=C-Cl skeleton, the 707 cm -1 corresponds to the stretching of the C-Cl band, the responses in the 1200-1400 cm -1 area the CH 2 planar deformation or rocking modes and the magnitudes in the 3000-3100 area are assigned to stretching modes of the C-H bonds.

The 1600 cm -1 vinylic characteristic band was used as fingerprint for the monitoring of the S-PVC reaction in microchannel. Figure III-24 presents the PVC spectra obtained from polymer grains at the end of the reaction. We observe some of the distinct peaks already discussed for the VCM spectra (395 cm -1 , 707 cm -1 , some responses in the area 1200-1400 cm -1 or between 3000-3100 cm -1 ). The vinylic characteristic band is still present but in a very small extent, meaning that not all the monomer is transformed and 100% conversion is not really achieved. New peaks corresponding to PVC are situated at 1400 cm -1 or in the region of 3000 cm -1 . 

IV.C. Reaction spectra during monitoring

During reaction, spectra were continuously collected on a stationary droplet with an acquisition time of 120 s. The I.C.Raman software (Kaiser Optical Systems Inc.) automatically recorded the time of each acquisition. Therefore the characteristic spectra corresponding to the internal composition of the droplet may be obtained according to time. Such an example of monitoring is presented in Figure III-25 at a given temperature. We may observe that the spectra present a relatively good quality with a high signal-to-noise ratio and less fluorescence in the analyzed range. It is observed that the Raman spectra changes during the chemical transformation. 

IV.D. Data treatment method

It is obviously more straightforward to do quantitative analyses on liquids and solutions than on solids since they are homogeneous and have no problems associated to variable particle sizes or shapes. In our experiments we encounter liquid-liquid system as well as liquid-liquid-solid, depending on conversion degree. The intensity measurements performed in this study used peak area calculation. This method was possible to apply because the signal-to noise ratio is high and the baseline is well defined. Also this approach takes into consideration the potential changes in peak shape that might occur.

Severe signal distortions which might be due to the medium heterogeneity made the monitoring of S-PVC a challenging task. Moreover, due to the heating, the capillary tube is subjected to dilatation, therefore moving out of focus. In both afore-mentioned cases, the area of incidence of the Raman laser is modified from a whole polymer particle, to a set of particles, a region containing both water and polymer or to a complete de-focusing. All these constraints make representative sampling even more difficult.

Moreover, the relative intensities in a Raman spectrum are normally directly proportional to concentrations of the species present, to the laser power and the Raman scattering cross-section.

Because the scattering cross-section is very difficult to evaluate, absolute band strengths are rarely determined. A common approach is to determinate the relative strengths by using band ratios.

Raman is a single beam method and the number of scattering sites cannot be determined for solids analysis. This is the reason why the acquired spectra need to be normalized with respect to an internal standard or a calibration method involving known concentrations of constituents may also be applied.

Since the latter seemed technically difficult to perform due to the monomer-related constraints, an internal standard was chosen for normalization. This method consequently allowed removing spectra out of focus. The peak intensity of 700 cm -1 band was used (Dorobantu [START_REF] Bodoc | Online Monitoring of Vinyl Chloride Polymerization in a Microreactor Using Raman Spectroscopy[END_REF]. This band represents the C-Cl breathing/stretching vibration modes. ). This method therefore enhances spectra quality allowing subsequently the experimental results exploitation. Further on in this study discussions will only be applied to normalized spectra.

V. Polymerization kinetics results

As already described in Chapter I, the VCM suspension polymerization can be divided into several different successive steps. The first stage is registered at small values of conversion (X < 0.1%) where the reaction takes place in a homogeneous manner inside droplets. The second step appears when the monomer chains start to precipitate. This is the generally called 'two-phase' step, when the reaction occurs both in the pure liquid monomer phase as well as in the so-called polymer-rich phase. This latter contains PVC swollen with about 30% of VCM. The two-phases co-exist up to conversions of about 60 -70 %. At this point the critical conversion is attained (X f ) and the liquid monomer is consumed. The third stage develops only in the polymer-rich phase until depletion of monomer. The value of X f strongly depends of operating parameters such as temperature, reactor filling or ratio VCM/water phase. These three reaction stages are distinguished by changes in reactor pressure.

Initially this consists in the vapour pressure of VCM and it remains constant up to X f where it starts to drop. Firstly it diminishes because of the large density differences between VCM and PVC (ρ VCM = 840 kg•m -3 , ρ PVC = 1400 kg•m -3 ) which induce an increase in the gaseous phase volume. In order to reestablish the vapour pressure, liquid VCM diffuses into the gaseous phase. It appears that this mass transport is restricted by the dense internal structure of the polymerizing particles and by the stiffness of the surrounding skin [START_REF] Xie | Experimental investigation of vinyl chloride polymerization at high conversion -reactor dynamics[END_REF]. When the liquid VCM is consumed, the pressure in the reactor starts to drop with increasing conversion. This is due to the fact that the equilibrium pressure of VCM in the polymer-rich phase is lower than the vapour pressure of pure VCM [START_REF] Meeks | An analog computer study of polymerization rates in vinyl chloride suspensions[END_REF]Ravey et al., 1974;[START_REF] Sanderson | Aspects of Vinyl Chloride Suspension Polymerisation[END_REF]. The VCM in the polymer-rich phase diminishes and it is renewed by the monomer present in gaseous or aqueous phase. The diffusion of these two phases induces the pressure drop. When the polymer rich-phase becomes acutely sparse in monomer the reaction still continues albeit at a very low rate. The conversion at which this phenomenon occurs is called the limiting degree of conversion X l . In the industrial environment the reaction is generally terminated long before this final stage, because further polymerization would be very time-consuming.

Presently the only conversion tracking for the large-scale PVC manufacturing is the pressure control.

However this parameter does not reveal any information on to the advancement of the reaction. Thus it may take several hours to realize that the polymerization reaction did not proceed properly. This is why quantitative analysis of conversion as a function of droplet composition is an important stage in the control of S-PVC reaction. Understanding the relationship between these two parameters is also important for the later applications of PVC, such as food packaging for instance, where residual monomer is unacceptable.

The current section describes the conversion study of the suspension polymerization of VCM. Similar In the calculations of molar conversion we assumed that the monomer concentration is proportional to the corresponding Raman peak. From the normalized peak areas, the molar conversion may be estimated with the following relationship:
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where [M] t is the monomer concentration at the moment t calculated as the area of vinylic peak normalized by the C-Cl peak and [M] 0 is the initial monomer concentration, PA(t) is the peak area at time t corresponding to monomer (M) or C-Cl bond (CCl) respectively. Note that we assumed an ideal mixing and we neglect any volume variation due to the differences in mass densities from monomer to polymer. The experimental conversion is presented in Figure III-29 for different temperatures. As expected, higher polymerization temperatures result in higher reaction rates and final conversions after about 1 hour polymerization time. The scattering of data points in Figure III-29 is due to noise in the Raman spectra and to errors introduced into the data processing method (normalization, peak area measurement) which are inevitable in the quantitative analysis of spectra or in kinetic studies. The model taking into account the volume variation is also very far from the experimental points, especially in the first part of the curves. However if the reaction order is not sensitively different, the effective rate constants are up to 7 times bigger than the one calculated based on equation III-3.

This treatment method yielded an overall reaction order n of about 0.8 as presented in Table III-5.

With increasing temperature all reaction rate constants increase, albeit to a different extent. A first order dependence of the polymerization rate on the monomer concentration is observed in many polymerizations reactions [START_REF] K K Kamachi | Effect of solvent on radical polymerization of vinyl benzoate[END_REF]. One may assume that this less than one dependence is due to the fact that the polymerization takes place inside a solid under conditions where monomer diffusion into the solid is slower that the normal propagation rate. This behaviour is registered at high conversion rate.

Temperature (°C)

Effective reaction order n Effective rate constant k (L 0.8 mol -0.8 s -1 ) 60 0.8 1.8•10 -1 64 0.8 2•10 -1 70 0.9 2.7•10 -1 The activation energy calculated was approximately 39.3 kJ/mol and the frequency factor A obtained from Raman measurement is about 2•10 5 L 0.8 mol 0.8 s -1 . The E a acquired seems in agreement with some values reported in literature: activation energy of propagation in bulk styrene polymerization (39 kJ/mol), or in the synthesis of polyurethanes (around 65 kJ/mol for catalyzed polymerization and 150 kJ/mol for non-catalyzed reaction). For the vinyl chloride suspension polymerization, T. De Roo furnished data on the activation energy of 24.9 kJ/mol for propagation and 54.3 kJ/mol for chain transfer respectively. This agreement between the experimental data and literature values for classical polymerization reactions proves that Raman spectroscopy is a useful method for characterizing the kinetics of vinyl chloride polymerization.

VI. Two-phase literature model for S-PVC Chapter I -section I.D.3 presented a brief description of the most important S-PVC kinetic models described in the literature. All the authors adopted the 'two-phase' model first described by Talamini and co-workers in 1966. It was further developed until Xie et al. (1991a,b) who defined theoretical kinetic equations. This model characterized quite accurately the features of the vinyl chloride polymerization reaction in the whole conversion range where the two-phases co-exist ( ≈ 70%) and up to the limiting conversion ( ≈ 95% ). In this chapter, we have used the two-phase model of Xie et al. developed in 1991 in order to obtain a kinetic model able to characterize the experimental data.

Like previous models, it assumes the polymerization takes place both in monomer and polymer-rich phase. The two phases are in instantaneous equilibrium over the entire conversion range. Once the polymer is produced, it precipitates because it is insoluble in the monomer. As the reaction proceeds, the mass of polymer-rich phase grows while the monomer-rich phase diminishes.

Because the S-PVC reaction involves only radical molecules which are highly reactive, there are a multitude of chemical reactions that might occur simultaneously. The macroradicals may experience head-to-head addition or head-to tail propagation. These reactions result in the formation of long or short chain branching. In addition, chain transfer may occur, like chain transfer to polymer, to initiator, intramolecular etc. However the impact of these side reactions in the S-PVC kinetics is not yet quantified. The most important reactions taking place during vinyl chloride polymerization are summarized in the following.

Initiation:

(

1) I R• 1 decomposition of initiator (2) R• 1 + M R• 1 generation of polymer radical
Propagation and chain transfer: Other reactions :

(3) R• r + M R• r+1 head-to-tail propagation (4) R• r + M R * • r+1
(19) R• r R• r,b backbiting reaction (20) R• r,b + M R• r+1,b
propagation and formation of a short chain branch Generally speaking for a batch reactor, the polymerization rate in terms of conversion per unit time may be expressed as:
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where K p is the propagation rate constant, N 0 is the initial number of VCM moles, M m is the monomer molecular weight, [R•] 1 and [R•] 2 are the radical concentrations in monomer (1) and polymer phase (2), M 1 and M 2 are the mass of monomer in monomer (1) and polymer phase (2) respectively. By convention, subscripts 1 design the monomer phase and 2 the polymer-rich phase. According to the microstructure of ordinary PVC, reactions 2 and 9 have almost no impact on the polymer molecule.

Similarly monomer consumption due to head-to-head and head-to-tail propagation is less than 0.02%.

Hence, monomer consumption due to these reactions was neglected.

Xie and co-workers proposed equations in order to obtain the polymer radical concentrations for both phases. The expressions obtained are the final result after taking into consideration the contribution of all reaction mechanisms involved in each phase and presented above.
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and K* is the precipitation parameter for polymer radicals, K fm represents the chain transfer to monomer constant, K' de is a desorption rate constant and R I stands for the initiation rate constant.

Kb

Kp

These equations show that the kinetics of VCM heterogeneous polymerization is governed by initiator partition, radical termination in each phase and different properties of the two phases.

For common batch suspension polymerization reaction, the distribution of VCM depends on parameters such as reactor filling W 1 , the volume of initial gaseous phase M g0 and the ratio of VCM and water. The present model further developed a relationship between temperature, pressure and reactor parameters. where W w is the mass of water charged, D w the water density, M 0 the initial monomer mass, M g is the monomer in gas phase, D m the monomer density and V r is the volume of reactor. It is of highly importance to consider the monomer distribution in monomer, polymer, water and vapour phases, respectively. In previous investigations, monomer partitions in water and vapour phase were ignored, but its amount is approximatively 4%. For this reason [START_REF] Xie | Experimental investigation of vinyl chloride polymerization at high conversion -reactor dynamics[END_REF] also took it under consideration. A mass balance performed allows predicting the monomer distribution over the entire conversion range. Subscripts g and w stand for the gas and water phase respectively. It was assumed that VCM in vapour phase obeys the ideal gas law, therefore M g is defined as:
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Although to a very small extent, an amount of VCM is present in the aqueous phase (about 0.8% at 25°C) and its contribution was taken into account in the following calculations:

M w = KW w (III-15)
with K the dimensionless solubility constant.
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where:
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As for the reactions involving the initiator, they occur both in monomer, as well as in polymer phase.

Even though there are no data available on the solubility of initiator in monomer and polymer phase, we can define the initiator partition coefficient K I , as an adjustable parameter in the model:
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Further on it was assumed that the decomposition rate constant is the same both in monomer and polymer phase K d2 = K d1 and the initiator efficiency f is also the same in the two phases f 1 = f 2 . Also f was assumed to be equal to 1, for peroxide type initiator. In Appendix 2 the impact of f on the polymerization kinetics is studied. After these approximations the initiator partition coefficient becomes:

1 2 ] /[ ] [ I I K I = (III-20)
The total initiator concentrations in the two phases can be written as:
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And finally, the polymerization rate in terms of conversion at X < X f per unit of time:
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At high conversion, the polymerization rate decreases rapidly with decreasing pressure, glass state transitions can have a profound effect on the relative rate of free-radical reactions which control the molecular structure of the polymer chains. All the bimolecular reactions involving macroradicals will be diffusion controlled. Polymerization rate can be expressed, for X > X f :
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These equations can represent conversion histories and reaction rates of VCM polymerization over the entire conversion range. The model of Xie and Hamielec was in good agreement with their experimental data.

VII. The two-phase model validation for microreactor S-PVC

The kinetic model proposed by Xie and co-workers was applied to characterize S-PVC. However due to microreactor confinement conditions, some modifications have been imposed. For instance, there is expected that there is no monomer in the gas phase, VCM being present only in liquid phase.

Therefore in any further calculations the model was changed by neglecting M g and any other influence of the gaseous phase.

The physical properties of VCM and PVC used in the calculations of the theoretical conversion evolution versus time are presented in Table III- phase is about 97%. It then decreases gradually until complete depletion which is attained at the critical conversion value X f . This value was determined theoretically and it was found to be 65 % at this temperature. Up to this conversion, monomer exists both in liquid phase but also in the polymerrich phase swollen with VCM. At X f monomer in polymer phase represents about 0.35% and afterwards when conversion proceeds, its value slowly decreases until complete consumption. The value for X f was determined on the basis of the model predictions. Experimentally this parameter is obtained by pressure measurement inside the reactor. Therefore by plotting the development of the pressure and the monomer conversion versus time one may graphically determine the X f . It coincides Xf with the start of the pressure drop in the reactor. During microreactor S-PVC experiments, this parameter was difficult or even impossible to obtain. This is due to the fact that pressure measurements were only obtained on the monomer/water feeding lines. When the reaction proceeds, the polymer particles start to form in the microdrops. But also some monomer and initiator mixture still remains in the feeding pipes preceding the microreactor. Even though these pipes are not directly heated, a conduction effect is produced and consequently they are warmed up. As a result, the monomer present polymerizes and blocks the entire passage. Therefore any pressure measurement would be inaccurate and would not represent the real behaviour of pressure in the microreactor.

VII.B. New kinetic constants determination

Individual rate constants such as K p or K t are available in the literature for suspension polymerization of vinyl chloride [START_REF] Xie | Experimental investigation of vinyl chloride polymerization at high conversion -reactor dynamics[END_REF][START_REF] Sidiropoulou | Mathematic Modelling of PVC suspension polymerization[END_REF]. These parameters can be estimated using the conversion-time data. For instance, at low conversions values one may state that the polymer chain

has not yet attained its size and precipitate, therefore K * = 0, similarly K' de = 0 and there is no monomer in polymer phase M 2 = 0. In this situation equation III-22 becomes:
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This represents the simplified expression for homogeneous polymerization. After integration it is obtained:
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It is clearly noticed that by graphically representing -ln(1-X) versus time, at the initial moments of the reaction (up to 30 minutes) the slope obtained allows to find the ratio of the propagation and termination constants K p /K t 1/2 . These results are in good agreement with the results present in the literature. Abdel-Alim and Hamielec in 1972 estimated this ratio of rate constants with the following formula:
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Xie and Hamielec found a value very close to the one obtained experimentally in this study:
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Therefore in the modelling of S-PVC in microreactor the value of this ratio was used for X<X f to predict the kinetics of microreactor S-PVC. The other rate constants were employed as furnished from the literature studies and are described in the following section. The other kinetic constants involved in the model were taken from literature values and are summarized in Table III-7.

VII.C. Experimental and modelled conversion histories

Variable Value

Chain transfer to monomer rate constant in monomer k fm1 and polymer phase k fm2 [START_REF] Kiparissides | Dynamic Simulation of industrial poly (vinyl chloride) batch suspension polymerization reactors[END_REF] k fm1 = k fm2 = 1.9 • 10 5 exp (-7800/T)

(L mole -1 s -1 )
Chain transfer to polymer rate constant k fp2 [START_REF] Kiparissides | Dynamic Simulation of industrial poly (vinyl chloride) batch suspension polymerization reactors[END_REF] k fp2 =8.31 • 10 9 exp (-11100/T) (m 3 kmole -1 min -1 ) Termination rate constant in polymer phase k t2 [START_REF] Kiparissides | Dynamic Simulation of industrial poly (vinyl chloride) batch suspension polymerization reactors[END_REF] As it can be seen, the model predictions are in good agreement with experimental data especially up to conversions around the limiting conversion of X f = 0.65. Once the monomer phase is consumed in liquid phase and it exists only in the swollen polymer, the predictions seem to overestimate the reaction conversion.

Actually from Figure III-36 it may be observed that the reaction takes place slower in microreactor than the model predictions, especially after X > X f . At the beginning of the reaction, the monomer droplets appear in a highly mobile liquid state. As polymerization proceeds, they are slowly converted to solid polymer particles via a sticky stage (X ≈ 0.05 -0.3). However this stage, considered the most uncertain from the point of view of accurate measuring, does not seem to influence the Raman acquisition. It is the second part of the reaction that has a behaviour different than the predicted one.

Several hypotheses may be formulated to explain the slight decrease in polymerization rate at the end of the reaction. The first assumption may be related to the accuracy of the Raman spectroscopy in such highly heterogeneous mediums. Besides, the monomer concentration at this point is severely decreased. Therefore the specific monomer band diminished considerably and is sometimes hard to be distinguished from the noise. The reaction rate should be slowed down when the monomer concentration in the particles is very poor and has to be renewed by monomer in the aqueous phase.

This process might be very long because VCM must diffuse from the aqueous phase into the dense polymer grain.

Another possible explanation for the decrease in reaction rate could be due to the lowering of the initiator efficiency. In this case the initiation would only take place by chain transfer to monomer still present in the reaction though in a smaller extent.

As the propagation rate constant (K p ) is proportional to the monomer concentration it would be rational to expect that the latter would decrease due to the decreasing presence of the monomer in the polymer phase. But if the gel effect takes place, the bimolecular termination is slowed down.

Therefore the radical concentration in the system increases thus increasing the propagation rate. When the polymer-rich phase becomes more and more concentrated and consequently the gel effect will be more pronounced, it results in a well distinct hot spot. During this hot spot the polymerization rate may be accelerated due to the excessive heat. This makes that, in common batch reactors these effects usually counterbalance each other and the polymerization rate practically remains constant. However in microreactor the heat transfer is enhanced, thus no hot spot is produced, and the propagation rate is no longer accelerated. This explanation seems valid for the decrease in polymerization rate with respect to common batch reactors.

VII.C.2) Influence of the initiator concentration on conversion

Different initiator concentrations were tested in order to verify their influence on the kinetics of a polymerizing vinyl chloride droplet. DCHPC was pre-dispersed in the VCM phase in various quantities with respect to monomer: 0.15, 0.28, 0.48 % wt. These quantities are in close agreement with the usual amount of initiator employed at industrial scale.

Conversion histories obtained experimentally are compared to the model predictions. Obviously, the more initiator, the faster the reaction takes place. Note that at lower initiator concentration the reaction seems to reach a plateau at about 80% in conversion. This slowdown of the reaction at this point may also be to the compact structure of the PVC grain obtained in microreactor (see Chapter IV), which directly impacting the diffusion of reactants. The effect of slight decrease in conversion at values above the critical value X f may also be observed in [START_REF] Kuchanov | Kinetics and mechanism of bulk polymerization of vinyl chloride[END_REF][START_REF] Olaj | Kinetic models for bulk polymerization of vinyl chloride and their rate expressions[END_REF]. 
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VII.C.3) Contribution to the model

In order to validate the model over the entire conversion range, some changes had to be made especially in the second part of the reaction, at X > X f where S-PVC reactions are diffusion controlled.

In De Roo et al. (2004), vinyl chloride polymerization is modelled with a general approach for the calculation of diffusion effects. For the initiator decomposition, propagation and termination, the authors determine an apparent rate coefficient, taking into account the intrinsic rate coefficient K chem and the diffusion contribution K diff :

diff chem app K K K 1 1 1 + = (III-31)
The general expression for the diffusion contributions to the rate coefficient has the form:

K diff = 4π σ m D m N A (III-32)
with σ m is the Lennard-Jones diameter of a monomer molecule σ m = 1.69 x 10 -10 m, N A represents the Avogadro constant and D m the self-diffusion coefficient of monomer calculated with the free-volume theory [START_REF] Bueche | Physical Properties of Polymers[END_REF]:
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, D m,0 is the pre-exponential factor, E * the activation energy needed to make a diffusional jump,

        - γ / ~~* FH mj V V represents the free-volume contribution.
As for the pre-exponential factor, it is determined with the equation: The methodology of calculating the diffusion controlled rate coefficients is described more in detail in Appendix 2.
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Applying the model equations presented above, a self-diffusion coefficient of the monomer D m = 1.1 x 10 -7 m 2 .s -1 is obtained. This directly impacts the propagation rate coefficient in the polymer phase which thus diminishes drastically after X > X f . By acting only on the propagation rate constant in this interval we obtained the results presented in 

VIII. Conclusion

The main objective of this chapter was the study of S-PVC kinetics by means of an in-line analysis inside an isolated droplet in microchannel. This was accomplished using the Raman spectroscopy as a technique for quantitative analysis of monomer/polymer droplets in microreactor. A qualitative approach was also put in place by means of imaging of the PVC particles during or at the end of the reaction.

A microfluidic device was designed to allow high pressure and temperature conditions in a perfectly safe manner. The quantities of vinyl chloride monomer, which presents a highly toxic character, were minimised, therefore the process remained completely reliable at any time for the operator as well as for the ambient environment. A co-flow device was set up to enable monodisperse VCM droplet

generation. An isolated monomer droplet was visualized during the reaction. Its volume contraction was evaluated in terms of reaction conversion.

One of the most important contributions of this project was to exploit the advantages of Raman spectroscopy in the field of S-PVC polymerization performed in microreactor. Fused silica capillaries allowed application of Raman analysis technique for monitoring of monomer droplets suspended in aqueous solution. Good quality data have been acquired using this spectroscopy method applied to small droplets of monomer. The relatively long acquisition time (2 minutes) is not a limiting factor for data acquiring because the monitoring is performed on a stationary droplet. After spectra normalization, the monomer conversion degree was estimated with an acceptable accuracy versus time. A first model of the polymerization kinetics was performed with satisfactory results. The results also confirmed a reaction order with respect to initiator concentration. A more complex kinetic model already present in the literature was further developed to better correspond with the microreactor experimental data.
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The previous chapters furnished information about the kinetics of a VCM droplet during the polymerization reaction. The impact of different parameters such as temperature or initiator concentration was investigated and the experimental conversion histories were compared to the classical kinetic curves obtained in batch reactors.

Further on it was considered interesting to visualize the PVC particles recovered from the microreactor at the end of the reaction. Also important was to evaluate the influence of some reaction conditions such as temperature or initiator amount on the morphological characteristics of the PVC grains. In this chapter these qualitative aspects are described by means of scanning electron microscopy (SEM)

technique. Interesting distinguished qualities are observed on the grains polymerized in different reaction situations.

I. SEM characterization of PVC grains

The macromolecules shapes as well as the way molecules are arranged in a solid particle are important factors in determining the properties of polymers. The molecular structure, conformation and orientation of the polymers can have a major effect on the macroscopic properties of the material and consequently on the end-use of the product.

The morphology of PVC grains has been studied more extensively in the '80s in order to identify the different entities formed in a particle. Also it was found that the internal polymer structure depends on many polymerization factors such as the agitation speed, reaction temperature, suspending agents or conversion. These features influence the processing aspects of the PVC. However it may be concluded that if the macroradicals and their agglomerations have been well established (see Chapter I section I.D.1) there are still some ambiguities regarding the role played by some system parameters involved in the common batch process (such as initiator amount).

In this context, it was considered interesting to observe the PVC grains obtained in microreactor in quiescent conditions. The following sections present the morphological characteristics observed when analysing the polymer particles obtained at different reaction temperatures or various initiator concentrations.

Before SEM analysis of the granular interior of the PVC grains prepared at different temperatures and initiator amounts, the exterior appearance of the polymer particles was observed. Please note that the parameters mentioned before do not seem to influence the exterior morphology of the beads formed.

I.A. PVC grains obtained from microreactor

Once VCM droplets were polymerized it was possible to carefully remove them from the microchannel. The monomer droplets are well protected against coalescence by the addition of the surfactants. Therefore, once formed, they are completely stable, preserving their shape through the entire reaction as individual droplets. Consequently they will become polymer grains of essentially spherical shape. When taking a closer look on a PVC particle it may be observed that its contour describes roughly a sphere of approximately 250 µm in diameter. This corresponds to the initial VCM droplet diameter.

Afterwards the membrane contracts and folds leading to such final structure observed in the picture in The influence of temperature on the internal structure of PVC polymer was studied by several authors.

For instance, Smalwood (1986) investigated the formation of grains in suspension polymerization of vinyl chloride. The author found that the primary particle diameter increased with increasing the reaction temperature. This was explained by the fact that the colloidal stability of the primary particles is reduced thus their number is diminished and their size is increased with temperature. Smallwood also defined a limiting size of the primary particles in the order of magnitude of 1.4 µm. Later, in 2001, Bao and Brooks studied the influence of some reaction conditions on the internal structure of PVC resin. The results they obtained show that the agglomeration degree of the primary particles increases with temperature and conversion. It was found that the porosity decreases linearly with the increase in temperature [START_REF] Allsopp | The development and importance of suspension PVC morphology[END_REF]Bao and Brooks, 2001). This phenomenon was noticed in the SEM pictures presented above in 

I.B.2) Experimental results from microreactor

The internal microstructures of PVC particles recovered from the microreactor were also observed by means of SEM. The particles were cut in cross section with meticulous care not to crush the primary particles formed at the interior. In The same grain morphology was obtained for different reaction conditions, at a higher initial initiator concentration of 0.28 wt. %. These results from the analysis of PVC grains obtained in microreactor confirm the literature considerations regarding the impact of the temperature.

I.C. Influence of agitation

An important issue is related to the quiescent conditions in microreactor. It was found that the agitation speed has an important impact on the internal morphology of PVC obtained in batch mode.

The effects of agitation on the mean particle size have been already discussed briefly in Chapter I section I.D.2.d. The effect of this parameter on the porosity was also studied by different research groups (Davidson and Witenhafer 1980;Smalwood, 1986;Tornell and Uustalu, 1988). They found that in agitated systems the primary particles coagulate early with conversion and the final result is a PVC particle with an irregular internal structure, unique to this polymer. An example of a typical PVC particle is present in Figure IV-9a (from Diego et al., 2004). Please note its specific porous character.

However it may be seen on the particles obtained in microreactor, where no agitation is employed, that the interior morphology is different than one of the common particles obtained in batch reactor such as the one in It is not known if the compact structure of the PVC grain plays a role in the reaction kinetics.

However, it was observed in Chapter III that the kinetics were slowed down in the second part of the reaction, at X > X f . Thus, one may state that the diffusion phenomena are retarded due to this dense structure. Furthermore, this phenomena is even more observed on the reactions conducted at lower temperature and lower initiator concentration (see Chapter III -Figure III-37).

I.D. Influence of initiator concentration

The influence of the initiator amount on the internal PVC morphology did not make the object of research studies to our knowledge. This is the reason why it was considered interesting to investigate whether or not this parameter might be involved in the primary particles arrangement inside the grain.

It may be thought that the initiator amount does not affect the internal PVC morphology. It is known that the greater the initiator concentration the faster the reaction takes place. The increase in rate of formation of initiator radicals could however affect the size or the number of the microdomains. In other words, the fact that the PVC forms more rapidly could affect the way it is formed. However this influence on the formation mechanism of the primary particles inside the monomer droplet was never proved. The studies performed in this chapter on the PVC polymerized particles inside the microdevice contributed to enlighten this aspect of the polymerization.

The SEM micrographs presented in By analysing these photos one may conclude that the initiator concentration definitely presents an impact on the internal particle morphology. It may be noticed from the micrographs in Figure , that the greater the initiator amount, the smaller the primary particles become. For the two temperatures employed, and for a constant 0.15 wt. % of DCHPC, the primary particles are bigger in diameter and conserve a sphere-like shape. When increasing the initiator amount to 0.28 wt.

%, the primary particles become smaller, they seem to be in a greater number and their fusion is more pronounced. At 0.42 wt. %, the primary particles are even smaller, much numerous and fused together.

This might be explained by the fact that the number of initiating sites in the VCM droplet raises with the increase of initiator amount. Therefore the total amount of initial primary particles is increased and the probability of them to encounter and agglomerate is even greater.

In was possible to estimate the size of the primary particles from each micrograph. The diameter was measured from each clearly visible or partially coalesced spherical primary particle. The measurement was carried out with Photron Fastcam Viewer software on the MEB pictures. The results at each temperature or initiator amount are plotted in Figure IV-12. They confirm the decrease in primary particle size with the increase of initiator concentration in the droplet. Also it may be observed the increase in particle size with the temperature. As a general remarque one may note the resemblance between the aspect of the microreactor PVC grains and the primary particles. This aspect is more obvious when referred to the primary particles issued from a reaction conducted at higher temperature and initiator amount . Both structures afore-mentioned have a spherical shape and a rigid layer surrounding them. If for the PVC grains this 'shell' has been associated to the formation of the perricellular membrane, there is no information on the existence of a 'shell' around the primary particles, to our knowledge. Because the mechanism of formation of the perricellular membrane and the primary particle membrane are not comparable, a more in depth study of the primary particle morphology may be an interesting path to explore for the polymerization engineering. Moreover, microreactors seem in this context to be a useful tool for developing new ways of PVC particles synthesis with different morphological properties.

II. Conclusion

In the suspension polymerization of vinyl chloride there are numerous complex processes involved, starting from the monomer emulsification to the formation of the final PVC grain. Within the droplets, once the first polymer chain is formed, it precipitates as stable primary particles of about 1µm. They may subsequently aggregate into stable packages as the polymerization proceeds. The appearence of these packs of aggregates defines the porosity degree of the final particle: loose packing leads to a high porosity and close packing causes a reduced porous character.

The polymerization variables have a high impact on the granule porosity. Some of these parameters were evaluated in this chapter. Therefore a qualitative explanation of the effect of reaction temperature or initiator amount on the morphology of S-PVC has been proposed. This was possible by removing PVC grains from the microchannel at the end of the reaction. They were afterwards cut and their cross-sections were examined with SEM technique.

The effect of temperature on the internal PVC grain morphology was confirmed in our experiments.

The primary particle in the grain increases in size with the increase of temperature. Certainly the porosity decreases with increasing the reaction temperature. The state of the art on the vinyl chloride polymerization reaction enables to conclude that it represents a highly complex reaction, thus the industrial equipment used is also elaborated. Basically, the main difficulty relates to the hazardous nature of the monomer and to the pressure conditions associated to the reactions. It was showed that the parameters involved must be well controlled because they might influence in a decisive manner the course of reaction or the characteristics of the final product. PVC is the result of a multitude of chemical reactions and its morphology is a consequence of the reaction conditions which must be therefore well managed. The industrial manufacturers have achieved a batch process of S-PVC which essentially has remained unchanged over the last decades. Situated in a current optimization tendency, the development of a continuous S-PVC process appears as a job requiring great effort. In this general context the basis of this PhD is to assembly fundamental knowledge on the physics and chemistry of the reaction which remains unknown at a monomer droplet scale. For this purpose, microreactors have particular characteristics which may be successfully applied to our study, namely the ability of rapid data acquisition, such as kinetic, thermal or mass transfer information.

The method of S-PVC synthesis proposed allows a good control of the diameter of vinyl chloride droplet obtained and it limits the risks of monomer exposure by using small amounts of reagent. The specific challenges of each step were identified and confronted.

For the study of S-PVC, a novel capillary-based microreactor device was designed for pressure and temperature functioning in safe conditions. It allowed pointing out specificities of the VCM/water system behaviour in a fused silica capillary microchannel. For instance, it has been noted an affinity of vinyl chloride towards the reactor wall, due to the wettability of the latter. This inconvenient was surpassed by implementing a droplet generation system preventing the VCM/wall contact.

Once the hydrodynamic parameters were well established and the behaviour of VCM in microchannel was characterized and acknowledged, the second step of the project regarding the reaction kinetics, was approached. In a first stage it was apprehended that when introducing the initiator in a water suspension its distribution among droplets is not homogeneous and thus polymerization took place dissimilar or did not take place at all. Note that this introduction mode of the phases is similar to the one industrially employed. Consequently for the micoreactor experiments the initiator was predispersed into the monomer phase prior to the reaction.

The polymerization was monitored by means of microscopy tests. This technique enabled to visualize the formation of the perricellular membrane at the beginning of the reaction and to measure the volume contraction of the polymerizing droplet. It was found that the skin has a 400 nm thickness and the droplet shrinks to about 70% of its original volume. This volume change was correlated with the conversion progression.

A new challenge consisted in the choice of the in-line monitoring technique adapted to microreactors and to the intrinsic characteristics of the reaction such as two-phase environment, heterogeneous process, or high temperature. A second microreactor device was designed to allow implementation of Raman spectroscopy as a technique for quantitative analysis of monomer/polymer droplets concentration in microreactor. It was also adapted to high pressure and temperature conditions in a perfectly safe manner.

Good quality data have been acquired using this spectroscopy method applied to micro droplets of monomer. The relatively long acquisition time (2 minutes) is not a limiting factor for data acquiring because the monitoring is performed on a stationary droplet. After spectra normalization, the monomer conversion degree was estimated with an acceptable accuracy versus time. A complex kinetic developed in the literature for two-phase polymerization of VCM was modified in order to suite the confined S-PVC conditions as those in microreactor.

A qualitative approach was also put in place by means of visualization of the PVC particles at the end of the reaction. They were carefully collected away from the device and analysed. Their dimensions and shapes were in good agreement with published data from a morphological point of view. Also particular specificities of PVC grains obtained in microreactor were underlined. It was found that the primary particles agglomerate differently than in stirred batch reactors. The result is a compact polymer particle with a folded exterior appearance. When increasing the temperature the porosity decreases because the primary particles increase in size, while increasing the initiator amount the agglomeration is favoured thus the porosity increases.

The originality of this project consisted in the achievement of a microreactor set-up easy-to-build but adapted to the severe imperatives of the S-PVC reaction. It allowed both qualitative and quantitative reaction monitoring. A method of on-line analysis was developed, thus performing the first Raman spectroscopy monitor of S-PVC.

This project opened new perspectives for the polymerization studies or reactions requiring special conditions. In the field of PVC, there are still fundamental paths to explore, such as the droplet/coalescence dynamics representative for the batch reactors. The use of a more competitive high-speed camera may allow further processing of the images taken during the polymerized droplet monitoring. This would furnish information about the location of the first primary particles in the droplet. The same task could be achieved by using an Infrared camera, thus spotting the location of the macroradical formation due to the exothermic character of the reaction. Furthermore, microreactors might offer the possibility to carry out preliminary tests of new reactions recipes and protocols before performing them in industrial reactors. This way the influence on the kinetics and on PVC grain morphology may be evaluated rapidly.

Raman spectroscopy proved to be a well suited in-line analysis technique at droplet scale, being able to correctly monitor the S-PVC reaction au cours du temps. This offers new perspectives for the S-PVC control at industrial scale. Currently, the reaction monitoring is only performed by means of pressure measurement which obviously is very poor in information concerning the composition of the reaction media. On the contrary, an immersion probe head introduced in the reactor could analyse the real-time evolution of the polymerization. It would therefore detect straightaway any abnormal reaction behaviour, thus gaining time and energy.

In a broader spectrum of chemical engineering, the microreactor developed during this project might serve to study reactions usually more difficult to perform at laboratory scale due to pressure constrains. Although it represents an assembly of complicated equipment, the core consists in the fused silica capillary tubes which represent a low-cost alternative to the glass reactors requiring special and expensive machining conditions in order to withstand pressures up to 30 bar.

3 Developmental toxicity occurred in inhalation experiments at doses that caused maternal toxicity.

These effects occurred at exposure levels significantly higher than those producing liver toxicity (i.e., the basis of the RfD) 4Testicular histopathological changes and decreased male fertility have been reported in inhalation studies. These effects occur at exposure levels significantly higher than those producing liver toxicity (i.e., the basis of the RfD). Efficiencies below unity correspond to a waste of primary radicals, which mainly occurs via secondary reactions, such as cage termination reactions or termination with other polymer radicals, thus forming inert molecules.

It is thus clear that the value of the initiator efficiency may be important to be known in the quantitative description of S-PVC kinetics, as it directly impacts the actual radical flux that drives the reaction. Initiator efficiency data may also dictate the costs for initiator consumption and reflects the level of side product formation. Despite this importance, there are relatively few methods available for acquiring f I values. For instance, indirect approaches may evaluate the rate of polymerization data and than extract f I after insertion of propagation and termination rate coefficients. The latter need to be obtained via independent measurements. Since these coefficients are sometimes not known with high precision, valuation of f I may also be performed against a reference initiator of known efficiency at exactly the same reaction conditions. Moreover, during S-PVC, the efficiency should exhibit significant fall-off at high monomer conversions. This is due to the higher diffusion coefficients in the monomer-rich phase as compared to the polymer-rich phase. Radicals issued from initiator can readily diffuse apart in the monomer phase, thus increasing the efficiency.

Literature studies performing S-PVC kinetic analysis have already been described in Chapter III. Most of them assume peroxide initiator efficiency to be equivalent to unit. However, a detailed study of the initiator efficiency f I can only be made when the reaction mechanism of the decomposition of the initiator is completely understood. All possible occurring reactions and accompanying kinetic parameters are difficult to trace.

For instance, [START_REF] Xie | Experimental investigation of vinyl chloride polymerization at high conversion -reactor dynamics[END_REF] described the initiation mechanism as presented in Scheme 2-1: Based on the initiator definition and the stationary-state assumption, it may be obtained:

[ ] [ ] M K K K M K K f x D R x D I + + + = 1 (2-2)
Reaction (b) may furthermore involve decarboxylation and β-scission reactions. However Xie et al. considered that the recombination in cage leading to the formation of the peroxide is important to a much greater extent that the radical recombination leading to an inert chain. Thus K R2 >> K R1 and the reaction (b) could be consequently neglected. In this case the initiator efficiency for peroxide initiators f I ≈ 1. In Figure 2-1 the sensibility of the model with respect to the initiator efficiency is represented.

Obviously, the conversion degree decreases when f I is smaller than 1. In De Roo et al. (2004), S-PVC is modelled with a general approach for the calculation of diffusion effects on the reaction. For the initiator decomposition, propagation and termination, the authors determine an apparent rate coefficient, taking into account the intrinsic rate coefficient K chem and the diffusion contribution K diff :

diff chem app K K K 1 1 1 + = (2-3)
The diffusional contribution K diff is estimated with the Smoluchowski model [START_REF] Smoluchovski | Versuch einer mathemathischen theorie der koagulationskinetischen Lösungen[END_REF]: The general expression for the diffusion contributions to the propagation rate coefficient has the form:

K diff = 4π σ m D m N A (2-5)
with D m the self-diffusion coefficient of monomer calculated with the free-volume theory [START_REF] Bueche | Physical Properties of Polymers[END_REF]: Kg.mol -1 0.0625 - 
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Figure

  Figure I-1 : Structure of PVC

  Figure I-2: Macro and micro scale representation of reactor, monomer droplets and primary particlesprocesses from Alexopoulos et al. (2007)

Figure I- 3 :

 3 Figure I-3: Relationship between reactor pressure and monomer distribution from Xie et al. (1991a)

  VCM phase is completely diminished, the monomer concentration in polymer phase decreases enabling monomer transfer from water and vapour phases to the polymer phase. The result is a pressure drop corresponding to high conversion values. The mechanism of diffusion of monomer among phases is shown in FigureI-4. 

Figure I- 4 :

 4 Figure I-4: Monomer transfer before and after the critical conversion X f from Xie et al. (1991a)

  free flowing powders, made up of more than 1 monomer droplet.

Figure

  Figure I-6 : PVA suspending agent positioned at the interface monomer -water

  Figure I-7: Effect of the degree of hydrolysis of PVA's on grain porosity (a) and mean grain size (b) of PVC.

  Consumption of the initiator • Volume shrinkage due to the density difference between VCM and PVC • Radical migration between the two phases Abdel-Alim and Hamielec in 1972 modified Talamini's model by considering reaction volume change

  are presented in Figure I-8.

Figure I- 8 :

 8 Figure I-8 : Comparison between theoretical and experimental reactor pressure values. Model predictions of conversion and polymerization rate with respect to time. Experimental conditions: T= 63°C, initial reactor charge: 1.5 L of VCM, 1.5 L of water and 1.57g of dilauroyl peroxide/kg VCM from Kiparissides et al. (1997)

Figure

  Figure I-9: Radical history of VCM polymerization proposed by Xie et al. (1991a)

Figure

  Figure I-10 : Droplet generation in a T-junction

Figure I- 11 :

 11 Figure I-11: Different regimes observed in flow-focusing devices from Sullivan et al. (2008). (a) Geometrically controlled break up, (b) dripping, (c) 'narrowing jetting', and (d) 'widening jetting'.

Figure I- 12 :

 12 Figure I-12: Droplet generation in co-current from Serra et al. (2007)

Figure I- 13 :

 13 Figure I-13 :Example of water droplet wetting a surface: a) droplet wetting a glass surface forming a film; b) water droplet partially wetting a PDMS surface.

Wu

  et al. (2004) performed the ATRP of 2-hydroxypropylmethacrylate (HPMA) in a microfluidic device of large dimensions in order to prevent clogging of highly viscous polymer (Figure I-15). The work of Wu and his co-workers represented a premiere for individually designed microreactors also for the good molecular weight control of the final product.

Figure I- 15 :

 15 Figure I-15 : Microfluidic device for the ATRP of HPMA manufactured by Wu et al. (2004).

Figure I- 16 :

 16 Figure I-16: Continuous microreactor setup for NMRP by Rosenfeld et al. (2007)

Bayer

  et al. (2000) was one of the first to report the advantages of microreaction technology in polymer reaction engineering. The authors investigated the solution polymerization of acrylates such as polymethyl methacrylate (PMMA) and polyacrylic acid (PAA). They observed reduction of the distribution of molecular weights thus preventing fouling of the tubular reactor. Nisisako et al. (2004) successfully obtained functional poly(1,6-hexanediol diacrylate) polymer beads suspended in polyvinyl alcohol using a two-stage process involving the use of a T-shaped microchannel (Figure I-17 ). Two immiscible fluids were introduced into separate microchannels and then one liquid was forced into the main flow at a T-junction to form micro droplets. The latter were polymerized in batch at a subsequent stage by means of UV-light radiation. Monodispersed particles were obtained in the range of 30 -120 µm in diameter.

Figure I- 17 :

 17 Figure I-17: Schematics of the T-shaped channel layouts used by Nisisako et al. (2004) for the synthesis of microspheres of poly(1,6-hexanediol diacrylate)

  methacrylate (BMA) and vinyl benzoate (VBz). The reactions proceeded at two different temperature conditions of 80 and 100° C respectively. In Figure I-18 the four stages of the process are represented: a T-junction (i.d. 800 µm) was used to bring the reactants into contact and three coiled tube sections for the complete mixing of reactants (i.d. 250 µm x 2 m at 25°C), reaction (i.d. 500 µm x 9 m at 100°C) and termination (i.d. 500 µm x 1 m at 0°C) respectively.

Figure I- 18 :

 18 Figure I-18: Microreactor system used for polymerization by Iwasaki and Yoshida (2005). Key: M1: Tshape micromixer, R1,R2,R3: microtube reactors.

Marcati

  et al. (2009) performed the photopolymerization of tripropylene glycol diacrylate (TPGDA) in microdevices composed only by Plexiglas plates and fused silica capillaries. In 180 µm capillarybased systems particles in the range of 70 -700 µm were obtained and further manipulated. Different operations were performed on solid grains such as frequency modification, change of solvent or encapsulation. For instance, particles were brought closer together by means of continuous aspiration of the continuous phase (see Figure I-19). The different limitations in terms of system geometry, aspiration flow rate were described. This study offers interesting perspective on the manipulation of solid in microreactors and the generation of appealing particle architectures.

Figure I- 19 :

 19 Figure I-19 : Progressive aspiration of the continuous phase in a particle flow by Marcati et al. (2010)

Figure I- 20 :

 20 Figure I-20 : Generation of aqueous droplets containing TPGDA (PhD thesis of Marcati, 2009)

  using lauroyl peroxide and polyvinyl alcohol as chemical initiator and surfactant respectively. The K-M micromixer is based on the principle of multilamination of flow. In this specific mixer the thin fluid layers are produced by two concentric annuli and then channelled towards the centre. Afterwards they are forced into a central channel that collects all the layers and directs them towards the outlet. The microfluidic device was used solely for the emulsification stage whereas the polymerization reaction was conducted in a coiled tube of internal diameter of 2.15 mm and 10 m of length for a mean residence time of 8 minutes. For the second system the segmented flow was obtained by a T-junction while the polymerization was conducted again in a coiled tube with an internal diameter of 1 mm and 55 m of length for mean residence times between 8 and 10 minutes. The authors note that the PDI was reduced from a value of 2 in a batch process to a value of 1.53 in the slug polymerization case.Another emerging field concerns the development of new strategies for the generation of polymer particles with different shapes or morphologies using microfluidic technology. The different shapes of the polymer particles may dictate various interesting applications. It is interesting to cite the work of[START_REF] Xu | Generation of Monodisperse Particles by Using Microfluidics: Control over Size, Shape, and Composition[END_REF] who were able to incorporate dye, quantum dots, and liquid crystal into poly(TPGDA) particles and to synthesize porous microspheres as well as copolymer particles made out of TPGDA and acrylic acid. By adding two side channels to the original MFFD (Figure I-21a), Nie et al. (2005) performed the flow focusing of three immiscible fluids. The authors managed to obtain multiple emulsions, the fluid A (silicon oil) flowing in the central channel was emulsified in multiple droplets wrapped in a droplet of a polymerizable fluid B (TPGDA). B was afterwards surrounded by the continuous phase fluid C (aqueous SDS solution). The downstream photopolymerization of the monomer droplets led to coreshell particles having various morphologies (Figure I-21c).

Figure I- 21

 21 Figure I-21: A) Microfluidic flow-focusing device for the production of multiple emulsions; B) optical microscopy images of TPGDA droplets containing several silicon oil cores; C) SEM images of different core-shell particles after removing the silicon oil shell

(

  perfluoroalcoxyalkane) and another in fused silica. Both of them present a smooth internal surface texture. Droplets were obtained using a commercially available T-junction purchased from Upchurch Scientific. This generation system is produced from PolyEtherEtherKetone (PEEK), a thermostable plastic material displaying a hydrophobic character. This T-junction presents a 500 µm internal diameter and it was directly connected to the capillary tubes through standard head fittings also made in PEEK. A schematic interior view of a T-junction is presented in Figure II-1.

Figure II- 1 :

 1 Figure II-1: Commercially available T junction

Figure II- 2 :

 2 Figure II-2: Experimental set-up for the tests with PFA tubing

Figure II- 3 :

 3 Figure II-3: Water droplets into the organic phase obtained in PFA tubing

  Figure II-4: Flow cartography for a fixed ClBu flow rate of 500 µL/h

  Figure II-5: Measured versus applied velocity for fixed ClBu flow rate at 500 µL/h

Figure II- 6 :Figure

 6 Figure II-6: Droplets in 60 µm ID fused silica capillary at fixed ClBu flow rate of 100 µL/h and different flow rate ratios Qc/Qd

Figure II- 8 :

 8 Figure II-8: Drops obtained in the axysimmetrical capillary device

  Figure II-10 shows a photo of this shell surrounding the tubes. It consists of a larger volume (a) where the connections are placed. Afterwards the capillary tube bends along the circular stainless steel tube. It can therefore perform several loops before attaining the desired length. One capillary loop is 1.35 m long. A second volume is present on the loop (b) provided with a 3 cm diameter glass window at the bottom and on top. It allows visualization of the capillary tubes in the housing with a speed camera connected to a microscope (already described in section I-VIC).

Figure

  Figure II-10: Photo of the stainless steel housing of the capillary tubes

Figure

  Figure II-12: Schematic diagram of the experimental set-up: Px. Differential pressure sensor; Tx. Temperature sensor; SP. Safety valve

Figure II- 13 :

 13 Figure II-13: Photo of the outlet collecting vessel

Figure II- 14 :

 14 Figure II-14: Photo of the experimental set-up; 1. VCM tank; 2. Gilson 307 HPLC pump; 3. Microreactor housing; 4. Optical fibers; 5. Visualization system; 6. Pressure and temperature control screens; 7. Hotplate; 8. VOC detector

  capillary system is realized by tuning the pressure of the outlet reactor. Once the flow is well established in the circuit, VCM is introduced at flow rates between 0.1-1 mL/h. The water circuit from the housing is subsequently pressurized and heated at temperatures varying from 50 -75 °C. Images are recorded with the CCD camera coupled to the microscope and transferred to computer. After a few minutes of regular flow the flow rates may be changed again. At the end of the experiment, capillary tubes are then cleaned with water phase during 1 hour. VCM collected in the outlet reactor is slowly released into the fume cupboard. It was assumed that during a one-day experiment at a maximum VCM flow rate, less than 10 mL of liquid monomer would be accumulated in the recovery tank. Also we supposed the fume cupboard would only provide a minimum extraction rate of 200 m 3 /h. Even in these conditions the volume of gaseous VCM not exceeding 5•10 -3 m 3 represents much less than the extraction capacity of the fume cupboard. Therefore this operation does not present any danger for the laboratory environment.II.B. Improvements of the experimental set-upThe manual adjustment of the VCM flow rate by means of micrometric valve caused some issues for the repeatability tests. Therefore control of the VCM flow rate seemed mandatory for a better monitoring and understanding of the system's hydrodynamics. For this reason the test bench was equipped with high-pressure neMESYS syringe pumps. This device is computer controlled and allows aspiration of VCM into the syringe, maintaining the appropriate working pressure and ensuring a precise control of the flow rate. Each module was equipped with an item especially conceived to stop the syringe in case of computer or power failure. The stainless steel syringes employed were purchased from Harvard Apparatus and are intended for high pressure applications.

Figure II- 15 :

 15 Figure II-15: Improvements of the test bench: a) photo of the Nemesys syringes module

  Figure II-16: Schematic diagram of the generation system used for the VCM/water flow.

Figure

  Figure II-17: The evolution of the pressure drop per meter of capillary tube 250 µm ID at constant VCM flow rate.

  The fluids are incompressible, their mass density remains constant all along the experiment The different phases viscosities dependence with the temperature were calculated from expressions proposed in the literature and detailed in the formulas below described byWieme et al. (2007) in the case of VCM (equation II-19) and byDaupert and Dauner (1985) for the water phase (equation II-20):

  We tested flow rates of 500 up to 5000 µL/h for the continuous phase and constant flow rates of VCM (120 and 200 µL/h). For each flow rate the experimental friction factor f and the two-phase Reynolds number were calculated.IV.B.1) Pressure drop in the 180 µm ID capillary tube

byFigure

  Figure II-18: Experimental versus modelled pressure drop in 180 µm ID microchannel.

  Figure II-20: Experimental versus modelled pressure drop in the 250 µm ID microchannel.

  θ is the bending angle, d the channel diameter and R c represents the curvature radius, as shown in Figure II-22.

Figure II- 22 :

 22 Figure II-22: Representation of a curved channel and its characteristic dimensions

Figure II- 23 :

 23 Figure II-23: The evolution of the saturation vapour pressure of VCM with the temperature.

Figure II- 24 :Figure II- 25 :Figure

 2425 Figure II-24: The presence of gaseous and liquid VCM in microchannel at a temperature of 60°C and pressure of 7 bar.

Figure

  Figure II-27: Droplet length evolution at different temperatures and constant VCM flow rate (120 µL/h).

Figure

  Figure II-28 presents photos of droplets flowing in the microchannel. It may be observed that they maintain their original shape all along the channel and do not coalesce. The droplet diameter decreases with the increase of the water flow rate (Figure II-28a).

Figure II- 28 :Figure II- 29 :

 2829 Figure II-28: Photos of droplets' flow in microchannel at ambient temperature: a) generation area and one turn at water flow rate of 1600 µL/h and VCM flow rate of 120 µL/h; b) generation area and 5 turns at water flow rate of 600 µL/h and VCM flow rate of 120 µL/h.

Figure II- 30 :(

 30 Figure II-30: Photo of droplets in microchannel at 60 °C

  Figure II-32: a) Generation area at ambient temperature; b) Dilatation of the generation capillary at 60°C

Figure II- 34 :FigureFigure

 34 Figure II-34: Different images of droplets obtained in microchannel

  VI. Droplet length modelling VI.A. Short literature review Several authors identified different droplet formation mechanisms and proposed corresponding correlations. The most frequent and therefore more studied microfluidic geometry is the T-junction. For instance, Thorsten et al. (2001) was the first to consider droplet formation in T junction in 2001. They found that droplet size decreases with the increase of the continuous phase flow rate and with the continuous phase viscosity. They proposed a model that predicts droplet sizes by approximating the Laplace pressure with the shear force: the droplet radius, σ is the interfacial tension, µ c is the continuous phase viscosity and γ& is the shear rate. A number of authors like Tice et al. (2003), Garsteki et al. (2006) focused on the scaling laws of droplet formation. They identified the capillary number of the continuous phase Ca c as an important parameter in T-junction devices. It is defined as described in equation II-25 as the ratio of viscosity and velocity of the continuous phase to the interfacial tension: They found both experimentally as well as numerically that there is a critical value of Ca c ~ 10 -2 which describes the different mechanisms of droplet break-up and the corresponding flow regimes. At low Ca c number, Garsteki et al. (2006) estimates that the droplet length is a function of the two phases flow rate ratio:

  c

  α represents the dynamic break-up of the interface affected by the ratio Q d /Q c and β is the equilibrium between the shear force of the continuous flow and the interfacial force affected by the Ca c number. The constants ε, k are obtained experimentally. When 0.01 < Ca c < 0.3 the two-phase flow is in the dripping regime and the break-up is dominated by the forces balance between shear force and interfacial force. Previous work of Thorsen et al. (2001) and Tan et al. (2004) estimate that the drop diameter also depends on the continuous phase Ca c number: is the droplet dimension and d i the cross-section dimension of the microchannel. Xu et al. (2006) modified the previous model for droplet sizes in flow with Ca c >0.01. The equation above describes the flow in a rectangular channel of width w and height h.

FigureFigure

  Figure II-38: Droplet length modelled according to Xu et al. (2006) versus the experimental droplet length

Figure

  Figure II-40: Theoretical versus the experimental volume for the different shape approximations

  Figure III-1: Blocks of peroxide in the aqueous phase

Figure III- 2 :

 2 Figure III-2: Groups of droplets polymerized with DCHPC in the aqueous phase

Figure III- 3 :

 3 Figure III-3: Uniform polymerized droplets with DCHPC pre-dispersed in the VCM phase

Figure III- 4 :

 4 Figure III-4: Droplets during the first 10 minutes of the polymerization reaction

Figure

  Figure III-5: SEM images of the membrane surrounding the PVC particles obtained in microchannel

  Figure III-6: Aspect of the surface of the perricellular membrane

Figure

  Figure III-7 shows the behaviour of the same droplet at different instants. They will be further employed in the calculation of droplet volume during polymerization.

Figure III- 7 :

 7 Figure III-7: Droplet evolution during 5 hours of reaction

Figure III- 9 :

 9 Figure III-9: SEM picture of the fused primary particles and their measurement

Figure

  Figure III-10: Polymerized droplet at a) beginning of the reaction b) after 5 hours

Figure

  Figure III-12: Monomer conversion estimated with Kiparisside's equation

  intensities of the bands in pure components and in mixtures are proportional to the concentrations of the components. The relation between measured intensities and concentrations is expressed by means of the Beer-Lambert law: Absorbance = absorption coefficient x concentration x sample thickness Thus it is possible to carry out quantitative analysis by methods based on band maxima, methods based on integrated intensities, single component analysis and multicomponent analysis by multivariate method. Over the past years, some applications in in-line NIR analysis of polymers have been published. For instance, Lousberg et al. (2002) used NIR spectroscopy to determine the monomer conversion in styrene bulk polymerization by performing multivariate calibration. They concluded that the reaction temperature or the polymer molecular weight distribution had no influence on measures performed. Sasic et al. (2002) used both online FT-NIR transmission and FT-MIR spectroscopy to monitor the methyl methacrylate solution polymerization. Multivariate calibration gave the best results for the NIR data. Fontoura et al. (2003) used NIR spectroscopy to monitor and control both monomer conversion and polymer molecular weight in the solution polymerization of styrene. More recently, De Faria Jr.and co-workers (2010) monitored in-line the vinyl chloride polymerization reaction. They focused on some morphological characteristics of the PVC resin such as: bulk density, cold plasticizer absorption and average particle diameter which were obtained in real-time. The authors showed that spectra are sensitive to changes in PVC properties and they established mathematical correlations between the two of them. By this way an important relation between the end-use properties and some molecular properties was created.

  monomer/polymer droplets with Raman spectroscopy technique. The construction of this test bench was also entirely accomplished in our laboratory. The schematic diagram is presented in Figure III-13.

Figure III- 13 :

 13 Figure III-13: Test bench for on-line monitoring of VCM polymerization reaction

Figure

  Figure III-14: Stainless steel capillary support: a) lateral view; b) top view

Figure III- 15 :

 15 Figure III-15: VCM droplet generation device used in kinetic studies

  Swagelok. They provided generally leak free flows even at the high pressures attained during

Figure III- 16 :

 16 Figure III-16: The different stainless steel connections used for the VCM droplets generation system

Figure

  Figure III-17: The Raman probe head fixed above the capillaries removed of their coating

  Figure III-18: Basic diagram of a Raman spectrometer

  collected then analysed by a proper detector. This radiation contains in two types of signals as shown in Figure III-19: a main one corresponding to the Rayleigh diffusion where the incident radiation is elastically diffused without energy or wavelength changes. A small amount of photons interact with matter which may absorb (or give away) energy to the incident photons producing therefore the Stokes (or anti-Stokes) radiations. The energy variation of the photons gives information on the rotation or vibration energetic levels of the concerned molecule. These vibration and rotation energies are the object of Raman spectroscopy. However they are very weak compared to the ones of the incident photons. These energies are characteristic of the nature of the chemical bond, the molecular or crystalline structure etc.

Figure III- 19 :

 19 Figure III-19: Energy level diagram for Rayleigh scattering (a) and Raman scattering: Stokes (b) and anti-Stokes (c)

Figure III- 21 :

 21 Figure III-21: Droplet flow in microchannel -first turns are observed

  Figure III-22 exemplifies the positioning of the Raman probe head on the capillary tubes (a) and some frequent sampling errors due to deficiently focusing (b). If the probe head is not situated absolutely perpendicular with respect to the microchannel the collection fibre collects more fluorescent background and droplet scattered photons. Consequently these forward scattered photons, once entering the collection fibre may generate further fluorescence background. This explains a decrease in the ratio of Raman signal to the fluorescent background and even the saturation of the detector. It is also possible to perform measures at the periphery of the beam profile this leading to a reduced number of Raman excitation photons within the collection volume. The total intensity of the signal therefore decreases, even though the variation in the ratio of Raman signal to fluorescent background might be minimal. This is why the probe head must always collect samples in a well centered position ensuring total signal strength and the ratio of Raman signal to the fluorescent background at maximum values.

Figure

  Figure III-22: a) Raman beam on capillary channel; b) Sampling of acquisition on capillary tube

  Figure III-23 : Spectra of pure vinyl chloride monomer.

Figure

  Figure III-24: Spectra of PVC obtained at the end of reaction in microreactor.

  Figure III-25: Raw Raman spectra recorded at temperature of 64°C.

Figure

  Figure III-26: Decrease of the vinylic peak as a function of time.

  Figure III-27: a) Raw vinylic stretching area evolution; b) Vinylic group stretching area normalized to the C-Cl stretching band.

Figure

  Figure III-28 : Vinyl peak area evolution over time

  Figure III-29 : Evolution of monomer conversion with time

Furthermore, the values

  Figure III-32 : Evaluation of A and E a /R from k versus 1/T data

  ρ m = 947.1 -1.746 ּT(°C) -3.24 ּ 10 -3 ּ t 2 Water density (kg m -3 ) ρ w = 1011.1 -0.4484 ּ T Polymer density (kg m -3 ) ρ p = 10 3 exp (0.496 -3.274 ּ 10 -4 ּ T) properties used in the model (Xie et al., 1991a,b) VII.A. Determination of the monomer distribution over the entire polymerization range for S-PVC in microchannel With the physical and kinetic parameters described to interfere in the model, one can characterize quantitatively the features of the two-phase polymerization of vinyl chloride. The monomer distribution among phases during suspension polymerization was calculated for a temperature of 60°C. The evolution of VCM weight fraction in the different phases as a function of conversion is presented in Figure III-33. The monomer in water phase consisted less than 2% at 0 conversion and was not represented here. At the beginning of the reaction the monomer in pure liquid

  Figure III-33 : Monomer distribution during suspension polymerization at 60°C

Figure

  Figure III-34: Graphical method for the determination of K p /K t 1/2 from kinetic data at 60°C.

  VII.C.1) Influence of the temperature on conversionFor a complete kinetic modelling some rate constants must be taken into consideration. First, the decomposition rate constant of the initiator DCHPC was calculated from the kinetic data furnished by the supplier (Sigma Aldrich). The activation energy E a has a value of 126.39 kJ/mole and the frequency factor A is 7.44•10 15 s -1 . From these data one may obtain the decomposition rate constant K d at various temperatures with the formula:

  Figure III-36 : Suspension polymerization of vinyl chloride in microreactor at different temperatures and constant initiator concentration [I 0 ] = 0.28 wt %.

Figure

  Figure III-37 : Suspension polymerization of vinyl chloride in microreactor at different initiator concentrations and constant temperature T = 60°C.

FigureFigure

  Figure III-38 : Suspension polymerization of vinyl chloride in microreactor at different initiator concentrations and constant temperature T = 70°C.

Figure

  Figure III-39 plots the logarithmic representation of the initial polymerization rate (R p ) versus the initial concentration in initiator ([I 0 ]). The polymerization rate was graphically deduced from the first minutes of the polymerization. The slope of the trace ln(R p ) versus ln([I 0 ]) permits to reach the value of the reaction order with respect to the initiator concentration. It may be seen on the graph that it leads to a straight line with a slope of 0.55. This result is in good agreement with previous work which found reaction orders between 0.5 -0.8 with respect to initiator(Abdel-Alim and Hamielec,1972; 

Figure III- 39 :

 39 Figure III-39 : Logarithmic representation of the polymerization rate versus the initial initiator concentration

  monomer critical volume, M m the monomer molecular mass, µ the pure monomer viscosity, 0 m V ) the pure monomer volume, K 11 / γm and K 21 are the free-volume parameters.

Figure

  Figure III-40. The model is sensitive to this change and it reacts according to physical predictions.Therefore, the conversion history slightly decreased in the second part of the reaction.

  Figure IV-1 represents a photo of PVC grains observed with SEM technique. It may be observed that the polymer beads are oriented in superimposed staggered rows forming a quite regular necklace. Please note that this type of polymer necklace was formed as a result of an irregularity in flow at the beginning of the reaction, enabling the VCM droplets to come together forming the structure presented in Figure IV-1.

Figure IV- 1 :

 1 Figure IV-1 : PVC polymer necklace obtained in microchannel.

Figure IV- 2 :

 2 Figure IV-2 : Side view of the staggered rows of PVC grains obtained in microchannel.

Figure IV- 3 :

 3 Figure IV-3 : Side view of a group of polymerized droplets.

Figure

  Figure 

Figure IV- 4 :

 4 Figure IV-4 : Zoom on a PVC particle.

  Figure IV-5 shows the SEM pictures obtained by Bao andBrooks at different temperatures. The internal structure was studied by sectioning the particles previously embedded in an epoxy resin. At 45°C the degree of agglomeration and fusion is lower, some primary particles still existing in an individual form. At 57°C, the degree of agglomeration and fusion increased.

  Figure IV-5 : Example of SEM micrographs of PVC resin at a) 45°C and b) 57°C obtained by Bao and Brooks, 2001.

  Figure IV-5. It was also proved experimentally and the results of Bao and Brooks (2001) are presented in Figure IV-6. These experimental porosity degrees were obtained by means of cold plasticizer adsorption (CPA) of dioctyl phthalate (DOP).

Figure IV- 6 :

 6 Figure IV-6 : Effect of the polymerization temperature on the porosity degree measured by Bao and Brooks, 2001.

  Figure IV-7 : Cross section of PVC grain obtained at constant initiator concentration of 0.15% wt. at reaction temperature of: a) 60°C; b) 70°C.

  Figure IV-8 : Cross section of PVC grain obtained at constant initiator concentration of 0.28% wt. at reaction temperature of: a) 60°C; b) 70°C.

  Figure IV-9 : a) SEM observation of a suspension PVC resin obtained in batch reactor (Diego et al., 2004); b-d) SEM observation of a suspension PVC grain obtained in microreactor at different magnifications.

  Figure IV-11 show the PVC morphology obtained at different DCHPC concentrations and at a temperature of 60°C.

FigureFigure

  Figure IV-10 : SEM micrographs of the interior of PVC particles polymerized at 60°C and different initiator amounts.

  Figure IV-12 : Primary particle diameter as function of the initiator amount for two different temperatures

  the use of different initiator amounts or the increase in the rate of formation of initiator radicals affects the number and the size of the primary particles or their agglomerates. The increased amount of initiator allows for the development of a greater number of initiating sites, further developing as primary particles. They maybe forced to agglomerate due to the shrinking forces that appear with the increase in conversion due to monomer-polymer density difference.During this PhD thesis different objectives were fixed in agreement with our industrial partners. The first involved the study of some specific phenomena of the S-PVC reaction related to the physicochemistry of the process using a special-designed microreactor device. The second major task consisted in the acquisition of kinetic data at a droplet scale by implementing a novel in-line analysis system adapted to the reaction and to the experimental set-up.

5

  Nervous system toxicity has been observed in inhalation studies at high exposure levels. Vinyl chloride was once considered for use as an inhalation anesthetic. Investigators studying the effects of vinyl chloride exposure frequently report central nervous system symptoms that are consistent with the anesthetic properties of vinyl chloride. The most commonly reported central nervous system effects are ataxia or dizziness, drowsiness or fatigue, loss of consciousness, and/or headache. Other central nervous system effects that have been reported by vinyl chloride workers include euphoria and irritability, visual and/or hearing disturbances, nausea, memory loss, and nervousness and sleep disturbances. el ll li in ng g o of f d di if ff fu us si io on n c co on nt tr ro ol ll le ed d p pr ro op pa ag ga at ti io on n radicals formed during the initiator dissociation stage can initiate the polymerization reaction. Frequently, the actual rates of initiation of radical polymerization are lower than those of primary radical formation. The parameter that reflects this phenomenon is the initiator efficiency, f I . It represents the fraction of initiating radicals with respect to all the radicals generated in the system.

  Scheme 2-1 : Possible reactions involving the initiator.

Figure 2 - 1 :

 21 Figure 2-1 : Conversion degrees versus time at different values of initiator efficiency f I for S-PVC reaction conditions of 60°C and 0.028%wt. of DCHPC .
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  diff = 4π(r y + r z )(D y + D z )N A (2-4) where (r y + r z ) is the distance between two species when the reaction occurs, and it was taken as the Lennard-Jones diameter of a monomer molecule σ m = 1.69 x 10 -10 m. (D y + D z ) are the mutual diffusion coefficients consisting of the two contributions of the reacting species y and z. N A represents the Avogadro constant.

,

  D m,0 is the pre-exponential factor, E * the activation energy needed to make volume that a molecule needs in order to make a diffusional jump, FH V ~the hole free volume of polymer-monomer mixture of the polymer-rich phase available for diffusion and γ the overlap factor.

  free volume, w x is the monomer/polymer weight fraction in the polymer rich phase, M mj the molecular mass of the monomer or macroradical jumping unit.

  with α x the monomer/polymer thermal expansion coefficient, T g,x the glass transition temperature of the pure monomer/polymer, G x H f , the fractional hole free volume of the pure component at T g and γ x the hole free volume overlap factor. α c,p represents the close-packed crystalline state expansion coefficient: volume of pure component at 0K. As for the pre-exponential factor, it is determined with the equation: monomer critical volume, M m the monomer molecular mass, µ the pure monomer viscosity, 0 m V ) the pure monomer volume, K 11 /γ m and K 21 the free-volume parameters:
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  The research carried out in this thesis arised at the request of Tessenderlo Group, the 6th largest manufacturer of PVC in Europe in 2007. In 2011 the group becomes part of Ineos ChlorVinyls, one of the major chlor-alkali producers in Europe, a global leader in chlorine derivatives and Europe's largest

	PVC manufacturer.
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Table I

 I 

		Latex may be directly usable	Polymer may require additional cleanup and
		High polymerization rates	purification
	Emulsion	possible	Difficult to eliminate entrenched coagulants,
		Usable, small-particle size	emulsifiers, surfactants etc.
		possible	Often requires rapid agitation
		Usable in producing soft and	
		solid particles	
		Molecular weight distribution	May require solution and reprecipitation of
		maintained by control of	product to remove unwanted material
	Precipitation	polymerization environment	Precipitation may act to limit molecular-
			weight disallowing formation of ultrahigh-
			molecular-weight products
		Easy agitation	Sensitive to agitation
	Suspension	Higher-purity product when	Particle size difficult to control
		compared to emulsion	
		-1.	
	Type	Advantages	Disadvantages
		Homogeneous
			May require solution and subsequent
			precipitation for purification and/or
	Bulk-batch	Simple equipment	fabrication
			May need reduction to usable particle sizes
			Heat control important
			Broad molecular-weight distribution
			Reactant recycling is mandatory
		Easier heat control	May require solution and subsequent
	Bulk-continuous	Narrow molecular weight	precipitation for purification and/or
		distribution	fabrication
			Needs more complex equipment
			May require reduction to usable particle sizes
		Easy agitation	Agitation is required
		May allow longer chains to be	Solvent must be removed and recycled
	Solution	formed	Requires polymer recovery
		Good heat control	Solvent chain transfer may be harmful (i.e.
			reaction with solvent)
		Heterogeneous
		Good heat control	
		Easy agitation	

Table I -1: Characteristics of the main vinyl chloride polymerization methods

 I 

Table I -2: Suspension polymerization recipe from Alexopoulos et al. (2007)

 I 

	Polymerization degree 1000	
	VCM	100 parts
	Water (de-mineralized)	120 parts
	Suspending agent (PVA, etc.)	0.05-0.10 parts
	Initiator (peroxi compounds, etc.)	0.03-0.16 parts
	Polymerization temperature	57°C
	Conversion	85-90%
	Pressure at end of polymerization	5 bar
	Polymerization time	8h

Table I -3 : PVC morphology development according to Xie et al. (1991b)

 I 

Table I -4: Reaction enthalpies and adiabatic difference of reaction temperature (Saeki and Emura, 2002). Physical state [a] : l -liquid; g -gas; c -condensed amorphous; c' -crystalline or part crystalline.

 I 

Batch reactors Continuous-flow reactors Industrial scale Lab scale Milimetric scale Micrometric scale

  

	Scale length	m	dm -cm	cm -mm	mm -µm
	Internal volume	several m 3	10 ml -1L	several mL -	several µL -several
				several L	mL
	Surface to volume	≈ 100 m 2 .m -3	up to 2000 m 2 .m -3	up to 5000 m 2 .m -3	up to 50000 m 2 .m -3
	ratio				
	Specific interfaces	≈ 100 m 2 .m -3	up to 2000 m 2 .m -3	up to 5000 m 2 .m -3	up to 30000 m 2 .m -3
	Mixing time	> 1s	> 1s	several 100ms -1s	several ms

Table I -5: Typical magnitudes for characteristic parameters in batch and continuous-flow reactors from Bally et al. (2010)
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Table II -1: Comparison of physical and chemical properties of VCM and ClBu

 II 

	1/2	17.0	17.4
	Density at 20°C (g/cm 3 )	0.886	0.911
	Molar mass (g/mol)	93.6	62.5
	Refraction index	1.402	1.370
	at 20°C		
	Viscosity (mPa.s)	0.51 at 20°C	0.23 at 0°C
	Water solubility (mg/kg)	370	1100
	Interfacial tension /H2O (mN/m)	38.7	32

Table II -2: Mean relative error and standard deviation for the different viscosity models in 180 µm ID microchannels.

 II Table II-2 presents the values of the accuracy of the various viscosity correlations applied to the 180 µm ID capillary circuit:

	Dynamic viscosity model	e f,tp (%) 180µm	σ f,tp (%) 180 µm
	Mc Adams (1954)	33	29
	Cicchitti et al. (1960)	42	40
	Duckler et al.(1964)	14	9
	Beattie and Whalley (1982)	33	23
	Lin et al. (1991)	26	13

  Table II-3.

	Dynamic viscosity model	e ftp(%) 250 µm	σ fTP (%) 250 µm
	Mc Adams (1954)	22	5,5
	Cicchitti et al. (1960)	19	2,8
	Duckler et al. (1964)	16	2,5
	Beattie and Whalley (1982)	21	2,9
	Lin et al. (1991)	19	3,7

Table II -3: Mean relative error and standard deviation for the different viscosity models recalculated in 250 µm ID microchannels.
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Table II -4: The A constant found for the two types of microchannels employed at ambient temperature and at 60°C.

 II 

		A	α 1	α 2	α 3	α 4	α 5	Stop
								criterion
	180 µm ambient T	0.058	0.25	0.11	0.23	0.07	0.29	0.02
	180 µm T=60°C	0.054	0.25	0.11	0.23	0.07	0.29	0.04
	250 µm ambient T	0.040	0.25	0.11	0.23	0.07	0.29	0.002
	250 µm T=60°C	0.040	0.25	0.11	0.23	0.07	0.29	0.01
	Marcati et al. (2009)	0.55	0.25	0.11	0.23	0.07	0.29	0.03

Table III -1: Half-life data of Lauroyle Peroxide

 III -1.

	Time	Temperature (°C)
	100 H	47.7
	10 H	63.6
	1 H	81.1
	6 min	100.6
	1 min	117.3
	1 sec	161.7

Table III -5 : Reaction orders and rate constants for the different working temperatures

 III 

Table 2 -1 : Physical properties and free volume parameters for monomer and polymer B BI IB BL LI IO OG GR RA AP PH HI IC C R RE EF FE ER RE EN NC CE ES S A A Umbanhowar

 2 P.B., Prasad V., Weitz D.A., 2000, Monodisperse emulsion generation via drop break off in a coflowing stream, Langmuir, Vol. 16, 347-351.Urbant P., 2007, Numerical simulations of drops in microchannels, M.S. thesis,Technion, 2007. Phys. Rev. Lett., Vol. 99, 094502. 

	Utada A.S., Fernandez-Nieves A., Stone H.A., Weitz D.A., 2007, Dripping to jetting transitions in
	coflowing liquid streams,

La polymérisation du chlorure de vinyle est une réaction très fréquente dans l'industrie des polymères, conduisant à l'obtention d'un matériau plastique très commun, connu sous le nom de PVC (poly chlorure de vinyle). Ses applications concernent principalement l'industrie des constructions néanmoins d'autres domaines sont également touchés. La complexité de ce procédé de polymérisation est due à la nature toxique du monomère, à la maitrise du transfert de chaleur ou au maintien de l'agitation. Le control de ces variables de procédé influence de manière directe les caractéristiques finales du produit. Même si la polymérisation en suspension du chlorure de vinyle a été largement étudiée dans des réacteurs de type batch, il y a un manque de données au niveau de la cinétique et de la physicochimie d'une goutte de monomère pendant la réaction. L'objectif de ces travaux est de proposer un dispositif microstructuré permettant d'obtenir des gouttes monodisperses ayant un diamètre de 200 µm environ, chacune étant considérée comme un réacteur de polymérisation. Une fois identifiés les verrous liés au système eau/chlorure de vinyle en microréacteur, la réaction de polymérisation a été décrite de manière qualitative par visualisation des gouttes/grains de polymère. Des mesures Raman non-invasives en temps réel ont été réalisées sur une goutte immobile de chlorure de vinyle, cela permettant d'accéder aux valeurs des constantes cinétiques. Un modèle théorique en bon accord avec les résultats expérimentaux a été proposé afin de simuler le degré de conversion de la réaction. Les caractéristiques morphologiques des grains de PVC obtenus en microréacteur présentent des

From the experimental data the parameters n and k (equation III-5) were determined using a fitting method applied in the Excel Solver. The simplified kinetic model proposed does not seem very adapted to the experimental values up to conversions around 0.6. At lower values the reaction takes place slower than the predictions.

V.A.1) Kinetic model at variable volume

Given the important volume variations of the polymerizing droplet with conversion, this parameter must also be taken into account in the kinetic expressions. The rate equation for irreversible reactions with variable volume is described in the expression below: Since no non-cancer HRL was previously calculated, the short-term, subchronic, and chronic nHRLs represent new values.

The cancer HRL (0.2 ug/L) is the same as the 1993/94 cancer HRL (0.2 ug/L) as the result of: 1) the utilization of the continuous lifetime exposure from birth cancer slope factor (1.4 per mg/kg/day), 2) the use of a lifetime time-weighted average of water consumption rate of 0.043 L/kg-d and 3) rounding to one significant digit. Note: Even if testing for a specific health effect was not conducted for this chemical, information about that effect might be available from studies conducted for other purposes. Most chemicals have been subject to multiple studies in which researchers identify a dose where no effects were observed, and the lowest dose that caused one or more effects. A toxicity value based on the effect observed at the lowest dose across all available studies is considered protective of all other effects that occur at higher doses.

Summary of toxicity testing for health effects identified in the Health

Comments on extent of testing or effects:

Note: Many reported effects occur via the inhalation route of exposure. Vinyl chloride is readily and rapidly absorbed via all routes of exposure and effects via all routes occur systemically.

1 A study of workers exposed to vinyl chloride in PVC manufacturing plants reported that most workers who presented with scleroderma were shown to have thyroid insufficiency. No histopathology effects on the adrenals were reported in guinea pigs exposed to 400,000 ppm for 30 minutes. Rats were found to have colloid goiter and markedly increased numbers of perifollicular cells.

2 Stimulation of spontaneous lymphocyte transformation was observed in mice following inhalation exposure. There is some evidence to suggest that an adaptive process may lead to a reduction or elimination of this effect over time. Also, it is not clear from the evidence that a clear adverse effect to the immune system is taking place. 
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