Continuous crystallization -Contribution to the implementation of the Pasteurian resolution of racemic Ibuprofen in a Couette-Taylor crystallizer
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The main objective of the work described in the present manuscript was to implement the chiral resolution of racemic Ibuprofen (rac-Ibu) by diastereomeric salt formation with S-αMethylBenzylAmine (S-αMBA) in a continuous crystallizer called Couette-Taylor (CT) crystallizer Firstly, the system to resolve was investigated, which led to the revision of the phase diagram between the two diastereomers since a partial solid solution enriched in S-Ibu-S-αMBA was evidenced. The crystals of ss-S-Ibu-S-αMBA exhibit a surprising fibrous aspect, favoring the formation of biphasic fluid inclusions. Investigations on these particles served the formulation of hypotheses around their fibrous nature, and the development of a procedure to limit the occurrence of fluid inclusions.

After a careful design of the continuous set-up, Couette-Taylor experiments were performed through two different designs of experiments (DoE). The continuous mode resulted in lower yield than batch mode, but this can largely be counterbalanced by the outstanding improvement of the productivity of at least 1.5 times, and up to 30 times. Also, the transfer from batch to continuous mode seems to ensure the access to high diastereomeric excesses, in a repeatable manner.

Unfortunately, encrustation issues were encountered during the continuous experiments. The causes and potential solutions were extensively discussed leading to the proposition of an original continuous CT set-up.
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Racemic Ibuprofen (rac-Ibu) is an API contained in drugs ranking among the most sold in the world. However, its enantiomer S has been proved to have a greater therapeutic effect than the racemic mixture. Therefore, the development of the continuous chiral resolution of rac-Ibu to produce its more efficient single enantiomer S-Ibu presents a great interest.

The development of continuous crystallization, as well as flow chemistry, has attracted an increased attention in the past decades. Among the different continuous crystallizers designed over the years, Couette-Taylor (CT) crystallizers are constituted of two concentric cylinders, and provide a unique flow motion, thanks to the rotation of its internal one. Previous results obtained on deracemization quasi-isothermal processes seemed favorable in view of the implementation of chiral resolution by crystallization processes in CT crystallizers.

Thus, the goal of the work presented in this manuscript was to transfer an optimized process of the Pasteurian resolution of rac-Ibu to the continuous mode.

Chapter I describes the generalities about the main topics broached in this work. After some essential notions about crystallization in solution, chiral resolution by crystallization is presented, with a focus on Pasteurian resolution. Finally, the continuous crystallization and the CT reactor are introduced.

Chapter II is the first experimental chapter; it presents the preliminary investigations realized on the system to be resolve. Firstly, solubility measurements were determined, aiming at designing a robust chiral resolution process. Then, the phase diagram between the two diastereomers formed by the Pasteurian resolution was studied and updated after evidencing the presence of a partial solid solution on the side of the desired diastereomer. The crystals of this partial solid solution domain exhibit a surprising fibrous aspect, prone to form biphasic fluid inclusions under certain process conditions. The fibrous nature as well as the fluid inclusions formation are finally addressed in this chapter.

Chapter III is dedicated to the preparation of the continuous set-up. This latter was carefully examined prior to the beginning of the continuous experimental part. The upstream part of the installation was investigated in order to be properly designed for the further experiments. The environment of the CT crystallizer was also modified to improve its efficiency.

Chapter IV focuses on the continuous and batch work performed on the Pasteurian resolution of rac-Ibu. The batch work served the process optimization, and also enabled the generation of data to compare the two modes. The continuous mode was rationalized through a Design of Experiments approach, to study simultaneously the impact of different factors on the process results.

Finally, a general conclusion and some perspectives are discussed, according to the results presented in the different chapters. Chapter I. Generalities

I.1. Essentials of crystallization in solution

A crystalline solid is a material in which components (atoms, molecules or ions) are organized through a periodic long-range order in three independent directions [START_REF] Coquerel | The 'Structural Purity' of Molecular Solids-An Elusive Concept?[END_REF][START_REF] Lifshitz | What Is a Crystal?[END_REF][START_REF] Biscans | Cristallisation en solution -Procédés et types d'appareils. T. I[END_REF] . Such arranged material can be obtained thanks to a crystallization operation starting from different mediums like vapors or melts [START_REF] Klein | Cristallisation industrielle -Aspects pratiques[END_REF] . Nevertheless, when dealing with organic solids, the most used process remains crystallization in solution. This step has the advantage of being able to combine the isolation and the purification of the product, which is not negligeable in the fine chemistry field.

The principle of crystallization in solution leans on supersaturation, its driving force [START_REF] Puel | Cristallisation -Aspects théoriques[END_REF] , described in the next sections.

I.1.1. Solubility

Before introducing supersaturation, solubility must be defined. The solubility is the amount of a compound that can be dissolved in a specific solvent system, at given temperature and pressure. The system is then in the thermodynamic equilibrium.

The solubility can be written C* and is expressed in mass or mole fraction. The units g/L, mol/L, or mg/g can also be found.

An example of solubility curve is given in Figure I-1. When the concentration of the solute is inferior to the solubility, the solution is undersaturated. It becomes saturated when concentration equals the solubility, by means of evaporation or cooling for example (see section I. 1.3). When the concentration of the solute exceeds the saturation, crystallization is supposed to take place. However, crystallization does not always occur as predicted; the system is then in a metastable state called supersaturation. 

I.1.2. Supersaturation

As seen in the previous section, a supersaturated solution is a solution where the solute is dissolved at a higher concentration C than the solubility C* [START_REF] Biscans | Cristallisation en solution -Procédés et types d'appareils. T. I[END_REF][START_REF] Klein | Cristallisation industrielle -Aspects pratiques[END_REF] . The system is then out of thermodynamic equilibrium, in the metastable zone (Figure I-1). In this zone, the probability of crystallization occurrence increases when coming closer to the metastable zone limit. This limit is system-dependent and characterizes the boundary of metastability, i.e., the curve of spontaneous crystallization.

When crystallization occurs, it will last until the system gets back from the metastable supersaturated state to the thermodynamic equilibrium, i.e., the concentration of solute returns to the solubility value. That is why supersaturation is called the driving force of a crystallization process in solution.

Supersaturation can be expressed as [START_REF] Biscans | Cristallisation en solution -Procédés et types d'appareils. T. I[END_REF][START_REF] Puel | Cristallisation -Aspects théoriques[END_REF] :

-Supersaturation ratio or degree β (dimensionless): 𝛽 = -A fourth interesting equation can be used [START_REF] Coquerel | Crystallization of Molecular Systems from Solution: Phase Diagrams, Supersaturation and Other Basic Concepts[END_REF] , λ, which gives directly the mass fraction of solid that can be retrieved for a mass unit of the system: 𝜆 = 𝐶-𝐶 * 1-𝐶 * (dimensionless). Supersaturation can be induced with different methods; the principal ones are described in the next section.

I.1.3. Main methods of crystallization in solution

In crystallization processes in solution, three main techniques are used: variation of the temperature, evaporation, and addition of an antisolvent. The two first methods are illustrated in Figure I-2, and the third one is displayed in Figure I-3.

(1) Crystallization induced by variation of temperature: starting from the initial point A, in the present case of direct solubility, the temperature is decreased until point B, which is on the metastable zone limit. Spontaneous nucleation will occur at point B, the solution will desaturate and follow one pathway from B to C. At point C, the system is in equilibrium: the concentration in solution equals the solubility value.

(2) Crystallization induced by evaporation: starting from the initial system state in point A, evaporation at constant temperature is performed. When reaching point D, on the metastable zone limit, the spontaneous nucleation occurs. Crystallization will consume the excess of solute, lowering the solution concentration until the solubility value (point E). The system is now in the thermodynamic equilibrium. (3) Crystallization induced by addition of an antisolvent: by definition, the solubility of a solute in an 'antisolvent' is low. The addition of the antisolvent changes the order of the system, therefore, the description of this method goes through a ternary isotherm, as displayed in Figure I-3, with the solute A, the bad or antisolvent SI, and the good solvent SII.

Antisolvent SI is gently added to the system of A dissolved in SII starting from point F. At a specific solvent ratio, the solubility curve (black bold line) is crossed in point G.

The system enters then in the biphasic domain of "<A> + saturated solution", where the excess of A (regarding thermodynamics) should crystallize. The system is able to accept supersaturation until point H, where spontaneous nucleation occurs.

It is noteworthy to mention that in case of a fast antisolvent addition, a phenomenon of oiling out between the two solvents can be observed [START_REF] Coquerel | Crystallization of Molecular Systems from Solution: Phase Diagrams, Supersaturation and Other Basic Concepts[END_REF] .

The crystallization pathway involving variation of temperature is the simplest to implement and to control. This method should be favored. However, when the solubility varies poorly with temperature [START_REF] Biscans | Cristallisation en solution -Procédés et types d'appareils. T. I[END_REF] , solvent evaporation or addition of an antisolvent are good alternatives. Also, this latter method has the advantage of giving an access to heterosolvates [START_REF] Couvrat | Solid-State Overview of R-Baclofen: Relative Stability of Forms A, B and C and Characterization of a New Heterosolvate[END_REF] .

The control of the crystallization process is mandatory to ensure the physical quality specifications of a process. General quality requirements concern the yield, the purity, the polymorphism, the morphology, the particle size distribution (PSD) 3,8-10 … In addition to the choice of the technique among the three aforementioned, the control and robustness of a crystallization process can be guaranteed by a seeding procedure. In this case, the nucleation will no longer occur spontaneously, but it will be induced by the inoculation of seeds meeting the process specifications. The system then follows other pathways than described above, according to the crystallization method used.

Crystallization allows chemists to isolate a product most of the time, associated with its purification. Purification here refers to chemical purity, but the crystallization step can also be the cradle of "enantio-purification", i.e., chiral resolution. One of the simplest methods of chiral resolution by crystallization is the formation of diastereomeric salts, also called Pasteurian resolution [START_REF] Wang | Crystallization-Based Separation of Enantiomers[END_REF] . This is presented in the next section.

I.2. Chiral resolution by diastereomeric salt formation

Before introducing chiral resolution by diastereomeric salt formation, the notion of enantiomers and their associate phase equilibria must be addressed.

I.2.1. Enantiomers

Enantiomers are stereoisomer molecules that are mirror images of each other, thus non superimposable (e.g., a pair of hands) [START_REF] Kirkiacharian | Chiralité et médicaments. T. I[END_REF] . The chirality of such molecules has a great importance in pharmaceutical industry since enantiomers of chiral drugs can have very different properties with respect to their pharmacological and toxicological effects [START_REF] Srisanga | Racemic Compound, Conglomerate, or Solid Solution: Phase Diagram Screening of Chiral Compounds[END_REF] . Thalidomide is a striking example of these differences: the R-enantiomer has a sedative effect on pregnant women, while the S-enantiomer causes birth defects [START_REF] Eriksson | Clinical Pharmacology of Thalidomide[END_REF] . Commonly, only one enantiomer (eutomer) of a chiral drug provides the best therapeutic effect and/or less side effects. The other enantiomer (distomer) is generally less/not efficient, or even harmful [START_REF] Lorenz | CHAPTER 12 Continuous Enantioselective Crystallization of Chiral Compounds[END_REF] . In some specific cases, the two enantiomers can have two distinct biological activities [START_REF] Kirkiacharian | Chiralité et médicaments. T. I[END_REF] .

When one of the two enantiomers is toxic, the separation of the two entities is mandatory.

When the distomer is only less active, the chiral resolution can be interesting in order to minimize the Active Pharmaceutical Ingredient (API) amount in the drug dose [START_REF] Kirkiacharian | Chiralité et médicaments. T. I[END_REF] . Thus, separation of enantiomers, or chiral resolution, appears to be a key point in many pharmaceutical industry processes, especially knowing that 80 % of the marketed drugs approved by the USA Food and Drug Administration (FDA) contain a chiral center [START_REF] Ciriani | Semi-Continuous and Continuous Processes for Enantiomeric Separation[END_REF] .

There are different ways to access pure chiral molecules, such as stereoselective synthesis, chromatography, biocatalytic synthesis, membranes, or crystallization. Chromatography techniques are the most convenient in the majority of cases, but it is quite expensive and present limitations regarding productivity, hence inapplicable for large scale production [START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF] . Conversely, resolution by crystallization ranks as the oldest and most readily applicable operation in chemical processing [START_REF] Rougeot | Application of Continuous Preferential Crystallization to Efficiently Access Enantiopure Chemicals[END_REF] .

To elaborate the best crystallization strategy to separate the two enantiomers, the phase equilibria between the enantiomers needs to be investigated.

I.2.2. Phase equilibria between enantiomers

There are two main phase equilibria between two non-racemizable enantiomers [START_REF] Srisanga | Racemic Compound, Conglomerate, or Solid Solution: Phase Diagram Screening of Chiral Compounds[END_REF][START_REF] Coquerel | Chiral Discrimination in the Solid State: Applications to Resolution and Deracemization[END_REF] :

(1) Racemic compound forming systems: this type of phase equilibria is depicted in Figure I-4 (a), and represents 90-95 % of the cases of racemic mixtures crystallization [START_REF] Coquerel | Chiral Discrimination in the Solid State: Applications to Resolution and Deracemization[END_REF] . A racemic compound is a stoichiometric compound with equivalent proportions of S and R-enantiomer in the same single crystal. Thus, the separation of the two enantiomers is not possible as such, as shown on the phase diagram of In such case, the chiral discrimination is spontaneous, as the two enantiomers crystallize in separated crystal lattices.

A third type of equilibria can be mentioned: the systems exhibiting a complete solid solution by means of substitution <sss>, as shown in Figure I-4 (c). This is induced by a total miscibility of the two enantiomers in the solid state: each enantiomer can substitute the other [START_REF] Srisanga | Racemic Compound, Conglomerate, or Solid Solution: Phase Diagram Screening of Chiral Compounds[END_REF] .

Hybrid cases are possible [START_REF] Coquerel | Chiral Discrimination in the Solid State: Applications to Resolution and Deracemization[END_REF] , like the one presented in Figure I-4 (d): the conglomerate forming system exhibits partial solid solutions <pss> of each enantiomer. The access to the enantiopure compounds is then compromised, as each stereoisomer crystal lattice accept a small amount of the other one.

As mentioned before, conglomerate forming systems give a direct access to enantiopure compounds, through preferential crystallization (PC), Second-Order Asymmetric Transformation (SOAT) or deracemization for example [START_REF] Rougeot | Application of Continuous Preferential Crystallization to Efficiently Access Enantiopure Chemicals[END_REF][START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF][START_REF] Coquerel | Chiral Discrimination in the Solid State: Applications to Resolution and Deracemization[END_REF][START_REF] Fogassy | Optical Resolution Methods[END_REF][START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF][START_REF] Coquerel | Preferential Crystallization[END_REF][START_REF] Coquerel | Spontaneous and Controlled Macroscopic Chiral Symmetry Breaking by Means of Crystallization[END_REF][START_REF] Oketani | Resolution of an Atropisomeric Naphthamide by Second-Order Asymmetric Transformation: A Highly Productive Technique[END_REF] . Associated with a fast racemization in the liquid state, such methods can lead to the recovery of 100 % of the desired enantiomer [START_REF] Coquerel | Chiral Discrimination in the Solid State: Applications to Resolution and Deracemization[END_REF] .

Figure I-4: Schematic representation of four examples of phase equilibria between two nonracemizable enantiomers, and their racemic composition organization at the molecular scale: (a)

racemic compound <SR> system, (b) conglomerate forming system, (c) system with a complete solid solution formed by substitution <sss>, (d) conglomerate forming system with partial solid solutions <pssS> and <pssR>. N.B.: the compounds are stable at fusion.

If the system to resolve do not form conglomerate, it needs to be modified in order to recover the eutomer by crystallization. When the knowledge on the enantiomers is poor, the choice of the method to use for their separation can be rationalized with the decision tree presented by Ciriani et al. [START_REF] Ciriani | Semi-Continuous and Continuous Processes for Enantiomeric Separation[END_REF] .

One of the easiest techniques to implement and to scale up, is the chiral resolution by diastereomeric salt formation [START_REF] Wang | Crystallization-Based Separation of Enantiomers[END_REF] , or Pasteurian resolution. In this method, the enantiomers are transformed in diastereomers, which are easier to separate.

I.2.3. Pasteurian resolution

The Pasteurian resolution is based on the work of Louis Pasteur on tartaric acid [START_REF] Pasteur | Transformation Des Acides Tartriques En Acide. Découverte de l'acide Tartrique Inactif[END_REF] . This widely used technique is seen as the classical resolution method [START_REF] Rougeot | Application of Continuous Preferential Crystallization to Efficiently Access Enantiopure Chemicals[END_REF][START_REF] Wang | Crystallization-Based Separation of Enantiomers[END_REF][START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF][START_REF] Fogassy | Optical Resolution Methods[END_REF][START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] .

I.2.3.1. Principle

This chiral resolution method deals with the formation and separation of diastereomers [START_REF] Wang | Crystallization-Based Separation of Enantiomers[END_REF][START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF][START_REF] Fogassy | Optical Resolution Methods[END_REF][START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] . By reacting a single enantiomer of a chiral resolving agent (RA) on the enantiomers to resolve, a pair of diastereomeric salts is formed. This reaction is often based on an opposite acid-base character between the enantiomers and the RA.

After salt formation, the formed diastereomers are separated: unlike enantiomers, diastereomers have different physical properties, such as solubility. Therefore, it is easier to separate diastereomers than enantiomers 18,25 . This method is suitable to scale-up and is already used in some large-scale processes [START_REF] Wang | Crystallization-Based Separation of Enantiomers[END_REF] . To ensure its robustness, the conditions must be carefully examined.

I.2.3.2. Choice of the conditions

Resolving agent

One of the main burning topics of the Pasteurian resolution is to choose the proper RA [START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF][START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] . In the literature, a lot of RAs are listed; nevertheless, the first compounds to consider are those with a structure similar to that of the racemate being resolved [START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF][START_REF] Fogassy | Optical Resolution Methods[END_REF][START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] . Also, the interactions between the enantiomers to resolve and the RA should preferably be noncovalent, to ensure an easy recovery of the pure enantiomer by salting out [START_REF] Rougeot | Application of Continuous Preferential Crystallization to Efficiently Access Enantiopure Chemicals[END_REF] . Therefore, the formation of diastereomeric salts is generally preferred. It is noteworthy to mention that the molar ratio between the RA and the enantiomers is not restricted to 1:1 or 2:1, it can be 4:1 or even 6:1 [START_REF] Wang | Crystallization-Based Separation of Enantiomers[END_REF][START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF][START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] .

In 2008, Faigl et al. detailed the parameters influencing the choice of the chiral RA and its good enantiomer, such as the resolvability parameter S (based on thermodynamic and structural parameters) or the structural similarity around the stereogenic center [START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] .

Moreover, to secure the resolution process at production scale, the chosen RA should be inexpensive, and has to be readily available in large quantities, with a high chiral purity [START_REF] Rougeot | Application of Continuous Preferential Crystallization to Efficiently Access Enantiopure Chemicals[END_REF] .

Solvent

According to Siedlecka (2013), the efficiency of a resolution procedure strongly depends on the nature of the solvent (protic, aprotic, dielectric constant, polarity…) in some cases, such as the resolution of mandelic acid [START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF] . For example, studies have demonstrated that one enantiomer of a chiral selector can recognize both enantiomers of a target molecule in different solvent systems with different dielectric constants. The phenomenon is termed "dielectrically controlled resolution" [START_REF] Sakai | Molecular Mechanisms of Dielectrically Controlled Resolution (DCR)[END_REF] .

The solvent can also induce a preferred configuration of the molecule or the formation of solvates [START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] . This latter case must be cautiously studied because it can be favorable or unfavorable.

Solvent mixtures should not be forgotten; it can be preferred to pure solvents [START_REF] Fogassy | Optical Resolution Methods[END_REF] , but the composition must be optimized carefully [START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] .

The choice of the RA and of the solvent(s) covers the most influent parameters of the Pasteurian resolution, but attention must be paid to the potential role played by temperature and by pH [START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] .

Once the conditions are determined, the formation of the diastereomeric pair of salts can be carried out. The next step is the procedure of separation of the formed diastereomers.

I.2.3.3. Separation of the diastereomers

Classical separation in chiral resolution by diastereomer salt formation processes is based on the difference in solubility between the formed diastereomers [START_REF] Wang | Crystallization-Based Separation of Enantiomers[END_REF][START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF][START_REF] Fogassy | Optical Resolution Methods[END_REF] . This characteristic emphasizes the importance of the choice of the solvent. Thus, the efficiency of the separation is determined by the extent of the difference in solubility of the two diastereomers.

Separation is usually done by cristallization [START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF] , but it can also be performed by a supercritical fluid extraction or by distillation [START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] .

The stability difference between the less and more soluble diastereomeric salt depends mostly on the existence/magnitude of intermolecular interactions, such as hydrogen bonds, CH/π interactions and van der Waals interactions [START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF][START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] . The separation is also influenced by the diastereomer conformational rigidity [START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF] .

Separation is followed by the removal of the RA, generally by salting out, to recover the pure enantiomer alone.

In some cases, to improve its efficiency, the classical diastereomeric salt formation method can be modified by putting additives [START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF][START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] .

I.2.3.4. Variations of the classical diastereomeric salt formation method

The following sections deal with the two main variations of the diastereomeric salt formation method, one developed by Pope and Peachey, and another one which is called the Dutch resolution.

Pope and Peachey procedure

The resolution method of Pope and Peachey consists in incorporating an optically inactive reagent, which completes the optically active RA of the classical procedure [START_REF] Wilen | Application of the Procedure of Pope and Peachey to the Resolution of Alcohols[END_REF][START_REF] Pope | The Application of Powerful Optically Active Acids to the Resolution of Externally Compensated Basic Substances. Resolution of Tetrahydroquinaldine[END_REF] . Figure I-5 shows a schematic comparison between the typical procedure of the chiral resolution by diastereomeric salt formation and Pope and Peachey method in the ideal cases.

In favorable cases, the optically inactive reagent will react selectively and completely with one enantiomer, while the optically active RA reacts completely with the other enantiomer. The achiral reagent may also play the role of inhibitor for the nucleation of the undesired enantiomer [START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF] . This method is also called the "half-equivalent" method of resolution [START_REF] Fogassy | Optical Resolution Methods[END_REF] , because only half equivalent of the chiral RA is needed, the other half equivalent is replaced by the optically inactive reagent [START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] , as shown on Figure I-5. Therefore, it can be quite suitable if the optically active RA is expensive.

According to Wilen et al. (1969), the main advantage of the Pope and Peachey procedure consists in avoiding the majority or even all the recrystallizations often needed in typical chiral resolutions [START_REF] Wilen | Application of the Procedure of Pope and Peachey to the Resolution of Alcohols[END_REF] . Indeed, in the classical chiral resolution by diastereomeric salt formation, the extent of the resolution is limited by usually small solubility differences between the two diastereomers produced. In the Pope and Peachey procedure, this dependence, even though existing, should be less restrictive, as the products are not diastereomers [START_REF] Wilen | Application of the Procedure of Pope and Peachey to the Resolution of Alcohols[END_REF] . The major difficulty in the Pope and Peachey method is the selection of a good optically inactive reagent. It must be selective of one enantiomer, and inert regarding the optically active RA. It is generally the burning topic regarding chiral resolution [START_REF] Siedlecka | Recent Developments in Optical Resolution[END_REF][START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] .

A technique close to that developed by Pope and Peachey can by mentioned: the Marckwald's procedure [START_REF] Marckwald | Ueber Ein Bequemes Verfahren Zur Gewinnung Der Linksweinsäure[END_REF] , which consists in reducing the amount of the optically active RA, without compensating it.

Dutch resolution method (or family resolution)

The Dutch resolution technique is another variation of the diastereomeric salt formation method. It consists in adding a mixture of RAs to the enantiomeric system to resolve [START_REF] Fogassy | Optical Resolution Methods[END_REF][START_REF] Faigl | Strategies in Optical Resolution: A Practical Guide[END_REF] . The used RAs must have analogous structure and the same configuration. Fogassy et al. (2006) noticed an interesting fact: the ratio of RAs in the precipitated salt is not necessarily similar to that in the solution [START_REF] Fogassy | Optical Resolution Methods[END_REF] .

The use of the Dutch resolution method is rarely reported, probably because of two principal drawbacks. First, the constant change of the proportions of liquid and solid can be challenging. Secondly, no successful rationalization could be elaborated.

These variations offer additional possibilities to the classical method of chiral resolution by diastereomeric salt formation. This also shows to what extent this latter has been studied. In 2013, Wang and Chen even proposed a rationalization of this optical resolution method [START_REF] Wang | Crystallization-Based Separation of Enantiomers[END_REF] .

I.2.3.5. Pasteurian resolution rationalization

The diastereomer system formed with the classical resolution method can be put in equations [START_REF] Wang | Crystallization-Based Separation of Enantiomers[END_REF] , from which conditions, such as the volume of solvent, the pH or the number of RA equivalent needed, can be determined. These equations can also permit to calculate the theoretical yield and to determine the separation efficiency.

In their published work, Wang and Chen (2013) also proposed a practical workflow for chiral resolution screening by diastereomeric salt formation (Figure I-6), based on their own experience. They specified that this workflow must be coupled with X-Ray Powder Diffraction (XRPD) and/or Differential Scanning Calorimetry (DSC) analyses. With a proper design, such workflow promises to perform a large number of screening experiments with a small amount of material (≈500 mg) and a high rate of success.

It is noteworthy to mention that an optimization is generally needed with respect to temperature, pH and molar ratio of the RA [START_REF] Wang | Crystallization-Based Separation of Enantiomers[END_REF] .

The diastereomeric salt formation resolution method is a quite complete procedure, which crucial points are related to the choice of the RA(s) and of the process conditions. Thanks to its simplicity, its excellent results, and its reliability, this technique can easily be implemented at an industrial scale [START_REF] Rougeot | Application of Continuous Preferential Crystallization to Efficiently Access Enantiopure Chemicals[END_REF] .

Traditionally, the Pasteurian resolution is performed in batch mode. However, since the majority of the chiral drugs approved by the USA FDA are single enantiomers [START_REF] Kirkiacharian | Chiralité et médicaments. T. I[END_REF][START_REF] Ciriani | Semi-Continuous and Continuous Processes for Enantiomeric Separation[END_REF] , the transfer of such chiral resolution method to continuous mode should be considered.

I.3. Continuous crystallization

If flow chemistry is used since decades in the petrochemical and bulk chemical industry, its development in the pharmaceutical industry is more recent [START_REF] Hughes | Applications of Flow Chemistry in Drug Development: Highlights of Recent Patent Literature[END_REF][START_REF] Hughes | Applications of Flow Chemistry in the Pharmaceutical Industry-Highlights of the Recent Patent Literature[END_REF][START_REF] Badman | Why We Need Continuous Pharmaceutical Manufacturing and How to Make It Happen[END_REF] .

As mentioned before, API production is usually performed through batch processes [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Rougeot | Application of Continuous Preferential Crystallization to Efficiently Access Enantiopure Chemicals[END_REF][START_REF] Ciriani | Semi-Continuous and Continuous Processes for Enantiomeric Separation[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF] . However, batch facilities age and are eventually decommissioned, giving the opportunity for companies to invest in continuous systems [START_REF] Cole | Continuous Flow Technology vs. the Batch-by-Batch Approach to Produce Pharmaceutical Compounds[END_REF] .

I.3.1. Comparison between batch and continuous modes

In the past years, the use of the batch mode has shown some economical limitations, especially due to high requirements of human intervention and high operating costs [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Ciriani | Semi-Continuous and Continuous Processes for Enantiomeric Separation[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF] . Conversely, the continuous mode is more cost effective: despite its initial expensive implementation, it offers lower operating cost and space requirement [START_REF] Ciriani | Semi-Continuous and Continuous Processes for Enantiomeric Separation[END_REF][START_REF] Hughes | Applications of Flow Chemistry in Drug Development: Highlights of Recent Patent Literature[END_REF][START_REF] Badman | Why We Need Continuous Pharmaceutical Manufacturing and How to Make It Happen[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Su | Pharmaceutical Crystallisation Processes from Batch to Continuous Operation Using MSMPR Stages: Modelling, Design, and Control[END_REF] . In addition, the development period to pilot and/or to commercial production can be significantly reduced [START_REF] Teżyk | Recent Progress in Continuous and Semi-Continuous Processing of Solid Oral Dosage Forms: A Review[END_REF][START_REF] Ma | Recent Progress in Continuous Crystallization of Pharmaceutical Products: Precise Preparation and Control[END_REF] .

On the technical aspect, the batch production mode can be subject to batch-to-batch product quality variation [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Ciriani | Semi-Continuous and Continuous Processes for Enantiomeric Separation[END_REF][START_REF] Cole | Continuous Flow Technology vs. the Batch-by-Batch Approach to Produce Pharmaceutical Compounds[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Su | Pharmaceutical Crystallisation Processes from Batch to Continuous Operation Using MSMPR Stages: Modelling, Design, and Control[END_REF][START_REF] Ma | Recent Progress in Continuous Crystallization of Pharmaceutical Products: Precise Preparation and Control[END_REF][START_REF] Rogers | Continuous Manufacturingthe Green Chemistry Promise? Green Chem[END_REF] . In opposition, optimized continuous processes guarantee a constant product quality, or at least less variation, thanks to the steady state functioning, which enables a better process control [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Rougeot | Application of Continuous Preferential Crystallization to Efficiently Access Enantiopure Chemicals[END_REF][START_REF] Hughes | Applications of Flow Chemistry in Drug Development: Highlights of Recent Patent Literature[END_REF][START_REF] Hughes | Applications of Flow Chemistry in the Pharmaceutical Industry-Highlights of the Recent Patent Literature[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF][START_REF] Cole | Continuous Flow Technology vs. the Batch-by-Batch Approach to Produce Pharmaceutical Compounds[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Su | Pharmaceutical Crystallisation Processes from Batch to Continuous Operation Using MSMPR Stages: Modelling, Design, and Control[END_REF][START_REF] Teżyk | Recent Progress in Continuous and Semi-Continuous Processing of Solid Oral Dosage Forms: A Review[END_REF][START_REF] Ma | Recent Progress in Continuous Crystallization of Pharmaceutical Products: Precise Preparation and Control[END_REF][START_REF] Rogers | Continuous Manufacturingthe Green Chemistry Promise? Green Chem[END_REF] .

In continuous device, the heat and mass transfers are achieved more efficiently [START_REF] Hughes | Applications of Flow Chemistry in Drug Development: Highlights of Recent Patent Literature[END_REF][START_REF] Hughes | Applications of Flow Chemistry in the Pharmaceutical Industry-Highlights of the Recent Patent Literature[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF][START_REF] Rivera | Investigation of a Flow Step Clogging Incident: A Precautionary Note on the Use of THF in Commercial-Scale Continuous Process[END_REF][START_REF] Baumann | A Perspective on Continuous Flow Chemistry in the Pharmaceutical Industry[END_REF] . These characteristics serve a more effective mixing, and a better control of temperature and residence times. As a consequence, with the help of process optimization, the side-product production is limited, and the productivity is enhanced.

In summary, continuous mode offers an improvement in process efficiency, leading to better process results, such as an improved and more constant product quality/purity, an enhanced selectivity and a higher yield [START_REF] Hughes | Applications of Flow Chemistry in Drug Development: Highlights of Recent Patent Literature[END_REF][START_REF] Hughes | Applications of Flow Chemistry in the Pharmaceutical Industry-Highlights of the Recent Patent Literature[END_REF][START_REF] Badman | Why We Need Continuous Pharmaceutical Manufacturing and How to Make It Happen[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF][START_REF] Cole | Continuous Flow Technology vs. the Batch-by-Batch Approach to Produce Pharmaceutical Compounds[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Rivera | Investigation of a Flow Step Clogging Incident: A Precautionary Note on the Use of THF in Commercial-Scale Continuous Process[END_REF][START_REF] Baumann | A Perspective on Continuous Flow Chemistry in the Pharmaceutical Industry[END_REF] .

Batch mode can also be restrictive regarding the feasibility and scale-up of some processes [START_REF] Cole | Continuous Flow Technology vs. the Batch-by-Batch Approach to Produce Pharmaceutical Compounds[END_REF] . Due to its enhanced robustness, continuous mode has been shown to ease the scale-up and to be more predictable than batch mode [START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF][START_REF] Rivera | Investigation of a Flow Step Clogging Incident: A Precautionary Note on the Use of THF in Commercial-Scale Continuous Process[END_REF] . These attributes offer adaptative manufacturing.

In the cases of chemical processes difficult or impossible to implement in batch mode (not viable economically, extreme temperatures and/or pressures, short contact times, mixing regimes, heat removal, etc.), the transfer to flow chemistry can be a clear beneficial solution; it also gives an access to 'greener' and safer process conditions [START_REF] Ciriani | Semi-Continuous and Continuous Processes for Enantiomeric Separation[END_REF][START_REF] Hughes | Applications of Flow Chemistry in Drug Development: Highlights of Recent Patent Literature[END_REF][START_REF] Hughes | Applications of Flow Chemistry in the Pharmaceutical Industry-Highlights of the Recent Patent Literature[END_REF][START_REF] Cole | Continuous Flow Technology vs. the Batch-by-Batch Approach to Produce Pharmaceutical Compounds[END_REF][START_REF] Rogers | Continuous Manufacturingthe Green Chemistry Promise? Green Chem[END_REF][START_REF] Rivera | Investigation of a Flow Step Clogging Incident: A Precautionary Note on the Use of THF in Commercial-Scale Continuous Process[END_REF][START_REF] Baumann | A Perspective on Continuous Flow Chemistry in the Pharmaceutical Industry[END_REF] .

In flow processes, the bottleneck is generally located at the isolation steps: crystallization and filtration [START_REF] Liu | Development of Continuous Filtration in a Novel Continuous Filtration Carousel Integrated with Continuous Crystallization[END_REF] . More than 90 % of APIs are isolated as crystalline products [START_REF] Ciriani | Semi-Continuous and Continuous Processes for Enantiomeric Separation[END_REF] , thus, crystallization is a critical stage in pharmaceutical processes, as it governs the API purity and physical properties [START_REF] Rogers | Continuous Manufacturingthe Green Chemistry Promise? Green Chem[END_REF] .

I.3.2. Continuous crystallization

Since the continuous mode seems to improve the product and process features, its application to crystallization has attracted an increased attention in the two past decades, especially in the fine chemistry and pharmaceutical industry [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Rougeot | Application of Continuous Preferential Crystallization to Efficiently Access Enantiopure Chemicals[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Su | Pharmaceutical Crystallisation Processes from Batch to Continuous Operation Using MSMPR Stages: Modelling, Design, and Control[END_REF][START_REF] Teżyk | Recent Progress in Continuous and Semi-Continuous Processing of Solid Oral Dosage Forms: A Review[END_REF][START_REF] Ma | Recent Progress in Continuous Crystallization of Pharmaceutical Products: Precise Preparation and Control[END_REF][START_REF] Rogers | Continuous Manufacturingthe Green Chemistry Promise? Green Chem[END_REF][START_REF] Rivera | Investigation of a Flow Step Clogging Incident: A Precautionary Note on the Use of THF in Commercial-Scale Continuous Process[END_REF] . However, such implementation is challenging, as crystallization processes and formation of impurities are sensitive to temperature, mixing and residence time [START_REF] Rivera | Investigation of a Flow Step Clogging Incident: A Precautionary Note on the Use of THF in Commercial-Scale Continuous Process[END_REF] .

I.3.2.1. Challenges

In the continuous mode, the main technical difficulties are encrustation, fouling and blockage [START_REF] Biscans | Cristallisation en solution -Procédés et types d'appareils. T. I[END_REF][START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Ma | Recent Progress in Continuous Crystallization of Pharmaceutical Products: Precise Preparation and Control[END_REF][START_REF] Rivera | Investigation of a Flow Step Clogging Incident: A Precautionary Note on the Use of THF in Commercial-Scale Continuous Process[END_REF][START_REF] Majumder | Dynamic Modeling of Encrust Formation and Mitigation Strategy in a Continuous Plug Flow Crystallizer[END_REF][START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF][START_REF] Koswara | Anti-Fouling Control of Plug-Flow Crystallization via Heating and Cooling Cycle[END_REF] . The risk of such phenomenon is even higher when the continuous operation is the crystallization step. The principal origins of clogging issues are the heterogeneous nucleation induced by insufficient heat transfer, or by equipment material differences between scales, the small size of the production lines and the use of low flowrates [START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF][START_REF] Ma | Recent Progress in Continuous Crystallization of Pharmaceutical Products: Precise Preparation and Control[END_REF] . If these process parameters cannot be modified, the implementation of preventive periodic temperature cycling can be a solution to avoid these issues [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Koswara | Anti-Fouling Control of Plug-Flow Crystallization via Heating and Cooling Cycle[END_REF] .

Also, literature reports troubles in improving the yield of continuous crystallization processes [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF] , but it can largely be counterbalanced by an increased productivity [START_REF] Ma | Recent Progress in Continuous Crystallization of Pharmaceutical Products: Precise Preparation and Control[END_REF] .

More generally, according to Zhang et al. (2017), the two main obstacles to the development of crystallization operations in continuous mode are: the ability to choose the appropriate design for the production of the desired crystals and the ability to determine the suitable continuous crystallization process [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF] . In addition, the fundamentals of crystallization (nucleation, growth, polymorphism, crystal structure-property relationships) are not always well-understood, which is why continuous crystallization has not been as studied as flow chemistry [START_REF] Rogers | Continuous Manufacturingthe Green Chemistry Promise? Green Chem[END_REF] .

To implement continuous crystallization processes, specific reactors were designed and studied in the past years. Some of them are presented in the next section.

I.3.2.2. Continuous crystallizers

Continuous crystallizers are divided in two main categories: mixed-suspension, mixedproduct removal (MSMPR) crystallizers and plug flow crystallizers (PFCs).

Because of their easy handling, MSMPR crystallizers are the most used ones, especially in API process development [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Liu | Development of Continuous Filtration in a Novel Continuous Filtration Carousel Integrated with Continuous Crystallization[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF] . They are particularly suitable for long residence time processes [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Liu | Development of Continuous Filtration in a Novel Continuous Filtration Carousel Integrated with Continuous Crystallization[END_REF][START_REF] Rougeot | Application of Continuous Preferential Crystallization to Efficiently Access Enantiopure Chemicals[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF] . Nevertheless, issues can be encountered with such device, like difficulty in controlling the crystal shape and size distribution, and a complicated scale-up [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF] .

In opposition, PFCs can be easily scaled up and offer a higher efficiency than MSMPR reactors of the same volume [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF][START_REF] Ma | Recent Progress in Continuous Crystallization of Pharmaceutical Products: Precise Preparation and Control[END_REF] . Their use is more appropriate for short residence time processes [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Rougeot | Application of Continuous Preferential Crystallization to Efficiently Access Enantiopure Chemicals[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF] . Nonetheless, the risk of fouling or blockage is higher and the equipment is more complex [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF] .

To date, no study has been published to compare directly PFCs and MSMPR crystallizers, but the yield should be theoretically better in PFC-based systems [START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF] .

Besides these two main types of continuous crystallizers, other designs have also been developed: continuous oscillatory baffled crystallizers (COBCs), fluidized bed crystallizers or continuous laminar shear crystallizers [START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Su | Pharmaceutical Crystallisation Processes from Batch to Continuous Operation Using MSMPR Stages: Modelling, Design, and Control[END_REF][START_REF] Rogers | Continuous Manufacturingthe Green Chemistry Promise? Green Chem[END_REF] . Couette-Taylor (CT) crystallizers belong to this last group.

I.3.3. Couette-Taylor crystallizer

I.3.3.1. Continuous laminar shear crystallizers

Continuous laminar shear crystallizers are more rarely cited in the literature than the other categories presented in the previous section. Such reactors are constituted by two concentric cylinders; thanks to the rotation of one of the cylinders, or of both of them [START_REF] Chandrasekhar | Chapter VII The Stability of Couette Flow[END_REF][START_REF] Donnelly | Experiments on the Stability of Viscous Flow between Rotating Cylinders II. Visual Observations[END_REF] , a shear force is applied to the flow going through the gap between the two cylinders.

Maurice Couette was the first to run experiments on the fluid flow between two concentric cylinders in 1890 [START_REF] Couette | Distinction de deux régimes dans le mouvement des fluides[END_REF] . Thanks to his apparatus, with the external cylinder rotating, he was able to show that at low rotation speed, the torque varies linearly with the rotation speed [START_REF] Charru | 4.4 Instabilité centrifuge de Couette-Taylor[END_REF] . He also noticed that above a certain rotation speed, a hydrodynamic instability occurs with a sudden increase of the torque.

Thirty years later, G. I. Taylor (1923) studied and described the nature of this instability, by demonstrating the appearance of specific vortices when the rotation speed is sufficient [START_REF] Taylor | Stability of a Viscous Liquid Contained between Two Rotating Cylinders[END_REF] . The cause of the occurrence of these vortices is the sudden predominance of the centrifugal forces over viscous forces [START_REF] Kim | Application of Taylor Vortex to Crystallization[END_REF][START_REF] Nguyen | Couette-Taylor Crystallizer: Effective Control of Crystal Size Distribution and Recovery of l-Lysine in Cooling Crystallization[END_REF] . It is a dissipative structure. This specific flow motion has been studied theoretically and/or experimentally by many groups afterwards, with different apparatus size and design, and with various configuration regarding the rotating cylinder(s): external rotating cylinder like Couette; internal rotating cylinder as Taylor; both cylinders rotating, in the same or opposite direction [START_REF] Chandrasekhar | Chapter VII The Stability of Couette Flow[END_REF][START_REF] Donnelly | Experiments on the Stability of Viscous Flow between Rotating Cylinders II. Visual Observations[END_REF][START_REF] Sparrow | Instability of the Flow between Rotating Cylinders: The Wide-Gap Problem[END_REF][START_REF] Donnelly | Experiments on the Stability of Viscous Flow between Rotating Cylinders -VI. Finite-Amplitude Experiments[END_REF][START_REF] Kataoka | CHAPTER 9. TAYLOR VORTICES AND INSTABILITIES IN CIRCULAR COUETTE FLOWS[END_REF][START_REF] Maron | Hydrodynamics and Heat/Mass Transfer near Rotating Surfaces[END_REF] . During their study, Kataoka (1986) and Maron and Cohen (1991) have identified the potential of using a device with such characteristic fluid flow as a chemical reactor, considering it as a series of micro-stirred tanks.

The Couette-Taylor (CT) crystallizers belong to the category of continuous laminar shear crystallizers, with the internal cylinder rotating, the outer cylinder being at rest, like the device used by Taylor in 1923.

I.3.3.2. Concept of the Couette-Taylor crystallizer

Continuous CT crystallizers have been developed based on the flow characteristics described in the previous section. At low rotation speed, the fluid motion follows Couette observations, and above a certain rotation speed, the flow changes into radial vortex combined with small axial dispersion, as explained by Taylor [START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Kim | Application of Taylor Vortex to Crystallization[END_REF][START_REF] Kang | Effect of Taylor Vortices on Calcium Carbonate Crystallization by Gas-Liquid Reaction[END_REF][START_REF] Nguyen | Vortex Effect on Phase Transformation of Guanosine 5-Monophosphate in Drowning-Out Crystallization[END_REF][START_REF] Thai | Agglomeration of Ni-Rich Hydroxide Crystals in Taylor Vortex Flow[END_REF] The azimuthal fluid motion resulting from the rotation of the inner cylinder of CT crystallizers creates periodic toroidal vortex flow patterns [START_REF] Kang | Effect of Taylor Vortices on Calcium Carbonate Crystallization by Gas-Liquid Reaction[END_REF][START_REF] Nguyen | Multiple Feeding Strategy for Phase Transformation of GMP in Continuous Couette-Taylor Crystallizer[END_REF] . This specific flow motion gives the CT device an ability for a very effective and homogeneous mixing [START_REF] Kang | Effect of Taylor Vortices on Calcium Carbonate Crystallization by Gas-Liquid Reaction[END_REF][START_REF] Nguyen | Vortex Effect on Phase Transformation of Guanosine 5-Monophosphate in Drowning-Out Crystallization[END_REF][START_REF] Thai | Agglomeration of Ni-Rich Hydroxide Crystals in Taylor Vortex Flow[END_REF][START_REF] Park | Polymorphic Crystallization of Sulfamerazine in Taylor Vortex Flow: Polymorphic Nucleation and Phase Transformation[END_REF] . Thanks to this highly efficient mixing, the CT fluid motion exhibits enhanced heat and mass transfer rates in comparison with turbulent flow of batch tanks or even other continuous crystallizers [START_REF] Kim | Application of Taylor Vortex to Crystallization[END_REF][START_REF] Nguyen | Couette-Taylor Crystallizer: Effective Control of Crystal Size Distribution and Recovery of l-Lysine in Cooling Crystallization[END_REF][START_REF] Maron | Hydrodynamics and Heat/Mass Transfer near Rotating Surfaces[END_REF][START_REF] Kang | Effect of Taylor Vortices on Calcium Carbonate Crystallization by Gas-Liquid Reaction[END_REF][START_REF] Kim | Method for Conductiong Deracemization Using Taylor Flow and a Device Therefor[END_REF][START_REF] Wu | Control of Crystal Size Distribution Using Non-Isothermal Taylor Vortex Flow[END_REF] . The crystal properties are dependent on the operating conditions of the crystallization process, hence on the hydrodynamics. Thereby, CT crystallizers seem suitable for the implementation of continuous crystallization processes [START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Nguyen | Couette-Taylor Crystallizer: Effective Control of Crystal Size Distribution and Recovery of l-Lysine in Cooling Crystallization[END_REF][START_REF] Nguyen | Vortex Effect on Phase Transformation of Guanosine 5-Monophosphate in Drowning-Out Crystallization[END_REF] .

I.3.3.3. Determination of the critical rotation speed

As mentioned previously, to ensure the occurrence of the unique vortex flow of the CT reactors, a certain rotation speed must be reached. This critical rotation speed, at which the flow instability occurs, can be retrieved from the critical Taylor number [START_REF] Taylor | Stability of a Viscous Liquid Contained between Two Rotating Cylinders[END_REF] . This dimensionless number can be described as the ratio of centrifugal forces to viscous forces [START_REF] Kim | Application of Taylor Vortex to Crystallization[END_REF][START_REF] Nguyen | Couette-Taylor Crystallizer: Effective Control of Crystal Size Distribution and Recovery of l-Lysine in Cooling Crystallization[END_REF] . It is given by Equation I-1, where Ωi is the rotation speed of the inner cylinder in rad.s -1 , ri the radius of the inner cylinder (m), d the gap width between the two cylinders (m), and ν the kinematic viscosity (m².s -1 ):

𝑇𝑎 = 𝛺 𝑖 2 𝑟 𝑖 𝑑 3 𝜈² Equation I-1
As shown in Equation I-1, the Taylor number, thus the critical Taylor number Ta*c, depends mainly on the kinematic viscosity and on the system geometry. This latter is characterized by the ratio
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, or by the radius ratio 𝜂 𝑟 = 𝑟 𝑖
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, with ro the outer cylinder radius [START_REF] Chandrasekhar | Chapter VII The Stability of Couette Flow[END_REF][START_REF] Kang | Effect of Taylor Vortices on Calcium Carbonate Crystallization by Gas-Liquid Reaction[END_REF] .

The value of the critical Taylor number can be found in the literature, since various research groups have determined it analytically and experimentally over the years, with different geometries and rotation configuration (choice of the rotating cylinder(s)) [START_REF] Chandrasekhar | Chapter VII The Stability of Couette Flow[END_REF][START_REF] Donnelly | Experiments on the Stability of Viscous Flow between Rotating Cylinders II. Visual Observations[END_REF][START_REF] Sparrow | Instability of the Flow between Rotating Cylinders: The Wide-Gap Problem[END_REF][START_REF] Donnelly | Experiments on the Stability of Viscous Flow between Rotating Cylinders -VI. Finite-Amplitude Experiments[END_REF][START_REF] Kataoka | CHAPTER 9. TAYLOR VORTICES AND INSTABILITIES IN CIRCULAR COUETTE FLOWS[END_REF][START_REF] Maron | Hydrodynamics and Heat/Mass Transfer near Rotating Surfaces[END_REF][START_REF] Chandrasekhar | The Stability of Viscous Flow between Rotating Cylinders[END_REF][START_REF] Chandrasekhar | The Stability of Viscous Flow between Rotating Cylinders[END_REF][START_REF] Donnelly | Experiments on the Stability of Viscous Flow between Rotating Cylinders I. Torque Measurements[END_REF][START_REF] Chandrasekhar | The Stability of Viscous Flow between Rotating Cylinders[END_REF][START_REF] Donnelly | Experiments on the Stability of Viscous Flow between Rotating Cylinders III. Enhancement of Stability by Modulation[END_REF][START_REF] Walowit | Stability of Flow Between Arbitrarily Spaced Concentric Cylindrical Surfaces Including the Effect of a Radial Temperature Gradient[END_REF][START_REF] Donnelly | Experiments on the Stability of Viscous Flow between Rotating Cylinders. -V. The Theory of the Ion Technique[END_REF][START_REF] Donnelly | Experiments on the Stability of Viscous Flow between Rotating Cylinders -IV. The Ion Technique[END_REF][START_REF] Ali | The Stability of Couette Ow with an Inner Cylinder Rotating and Moving with a Constant Axial Velocity[END_REF][START_REF] Adebayo | Linear Stability Analysis of the Flow between Rotating Cylinders of Wide Gap[END_REF] .

However, in many cases, this critical Taylor number does not consider the presence of an axial flow. This lack leads to the correction of the critical Taylor number value, given by Equation I-2 [START_REF] Maron | Hydrodynamics and Heat/Mass Transfer near Rotating Surfaces[END_REF] Re 𝑧 = 𝑑𝑉 𝑚 𝜐

Equation I-3

The critical rotation speed can then be calculated thanks to Equation I-1.

The extensive work done on the Couette-Taylor flow has shown that it can be divided in different flow regimes, with specific rotation speed ranges.

I.3.3.4. Couette-Taylor flow regimes

At some specific critical Taylor number 'multiples', the initial axisymmetric Taylor vortex flow goes through other flow regimes up to a fully developed turbulent flow [START_REF] Nguyen | Couette-Taylor Crystallizer: Effective Control of Crystal Size Distribution and Recovery of l-Lysine in Cooling Crystallization[END_REF][START_REF] Kataoka | CHAPTER 9. TAYLOR VORTICES AND INSTABILITIES IN CIRCULAR COUETTE FLOWS[END_REF][START_REF] Maron | Hydrodynamics and Heat/Mass Transfer near Rotating Surfaces[END_REF] . It is presented in Table I- The crystallization process is influenced by the flow regime [START_REF] Kim | Application of Taylor Vortex to Crystallization[END_REF] . The switch from one flow regime to another is strongly facilitated within a CT crystallizer, by only changing the rotation speed [START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF] .

In addition to the interesting inherent features of the CT reactors, modifications of the initial design can be implemented, in order to meet specific requirements.

I.3.3.5. Modifications of the initial Couette-Taylor device

In the past decade, the original CT crystallizer design has been adapted for new research studies, especially in the group of Professor Kim in South Korea. In particular, experiments were run with a multiple-feeding mode, or by implementing an independent temperature regulation for each cylinder, in order to generate a temperature gradient between the two cylinders [START_REF] Kim | Application of Taylor Vortex to Crystallization[END_REF][START_REF] Nguyen | Multiple Feeding Strategy for Phase Transformation of GMP in Continuous Couette-Taylor Crystallizer[END_REF][START_REF] Wu | Control of Crystal Size Distribution Using Non-Isothermal Taylor Vortex Flow[END_REF] . This last modification has shown its efficiency in controlling crystal size distribution (CSD), and has also been identified as "especially appropriate for cooling crystallization" [START_REF] Wu | Batch Cooling Crystallization in Non-Isothermal Taylor Vortex Flow: Effective Method for Controlling Crystal Size Distribution[END_REF] .

The use of the CT crystallizer has been proved to impact CSD [START_REF] Nguyen | Couette-Taylor Crystallizer: Effective Control of Crystal Size Distribution and Recovery of l-Lysine in Cooling Crystallization[END_REF][START_REF] Wu | Control of Crystal Size Distribution Using Non-Isothermal Taylor Vortex Flow[END_REF][START_REF] Wu | Batch Cooling Crystallization in Non-Isothermal Taylor Vortex Flow: Effective Method for Controlling Crystal Size Distribution[END_REF] , crystal morphology, agglomeration [START_REF] Thai | Agglomeration of Ni-Rich Hydroxide Crystals in Taylor Vortex Flow[END_REF] and polymorphism [START_REF] Nguyen | Vortex Effect on Phase Transformation of Guanosine 5-Monophosphate in Drowning-Out Crystallization[END_REF][START_REF] Nguyen | Multiple Feeding Strategy for Phase Transformation of GMP in Continuous Couette-Taylor Crystallizer[END_REF][START_REF] Park | Polymorphic Crystallization of Sulfamerazine in Taylor Vortex Flow: Polymorphic Nucleation and Phase Transformation[END_REF][START_REF] Park | Influence of Fluid Motions on Polymorphic Crystallization of L-Histidine: Taylor Vortex Flow and Turbulent Eddy Flow[END_REF] . Recently, the temperature gradient implementable between the two cylinders of the CT reactor has enabled the acceleration of deracemization processes [START_REF] Kim | Method for Conductiong Deracemization Using Taylor Flow and a Device Therefor[END_REF][START_REF] Schindler | Deracémisation Du Chlorate de Sodium Avec et sans l'influence Du Dithionate de Sodium[END_REF] . This technology has also been used for mechanical continuous chiral resolution [START_REF] Hermans | Vortex Flows Impart Chirality-Specific Lift Forces[END_REF][START_REF] Hermans | Method for Chiral Resolution and Device Therefor[END_REF][START_REF] Marichez | Mechanical Chiral Resolution[END_REF] , but to date, no other examples of continuous chiral resolution in CT crystallizer can be found in the literature.

I.3.4. Continuous chiral resolution by crystallization

The use of continuous mode for chiral resolution by crystallization is rarely reported. Most of the published examples deal with PC implementation in MSMPR crystallizers and in fluidized bed crystallizers [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Rougeot | Application of Continuous Preferential Crystallization to Efficiently Access Enantiopure Chemicals[END_REF][START_REF] Lorenz | CHAPTER 12 Continuous Enantioselective Crystallization of Chiral Compounds[END_REF][START_REF] Ciriani | Semi-Continuous and Continuous Processes for Enantiomeric Separation[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Ma | Recent Progress in Continuous Crystallization of Pharmaceutical Products: Precise Preparation and Control[END_REF] . Two reasons can explain this lack of study: continuous crystallization processes are subject to clogging issues [START_REF] Rivera | Investigation of a Flow Step Clogging Incident: A Precautionary Note on the Use of THF in Commercial-Scale Continuous Process[END_REF] , and the yield of continuous chiral resolution by crystallization processes is generally low [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF] .

However, the unique flow provided by the CT crystallizers and previous results obtained on deracemization processes are promising regarding the implementation of chiral resolution by crystallization processes in CT crystallizers. Such operation can be really interesting in the cases of compounds produced at large scale, like Ibuprofen.

Chapter II. Chiral resolution of racemic Ibuprofen: Presentation of the system

The present work focuses on the chiral resolution by diastereomeric salt formation of racemic Ibuprofen (rac-Ibu) with S-(-)-α-Methylbenzylamine (S-αMBA). This second chapter is a general introduction to the studied system.

In the first place, after an introduction on Ibuprofen, the solubility measurements of rac-Ibu and of the desired diastereomer S-Ibu-S-αMBA are reported. Then, the diastereomeric couple is presented through its revised phase diagram, and a study of the surprising fibrous nature of the less soluble salt. Due to this latter, the recovered particles trend to exhibit fluid inclusions, which formation was investigated and is discussed here.

II.1. Presentation of Ibuprofen

Ibuprofen is an API marketed since the 1960s as an anti-inflammatory and analgesic agent [START_REF] Evans | Comparative Pharmacology of S(+)-Ibuprofen and (RS)-Ibuprofen[END_REF] . This nonsteroidal anti-inflammatory drug (NSAID) is commercialized in its racemic form, i. In this chiral drug, the S enantiomer is responsible of the therapeutic effect, while the R enantiomer is nontoxic and inefficient. In addition, a significant amount of the distomer R can be inverted into the eutomer S within the body, which is why it can be marketed in its racemic form [START_REF] Kirkiacharian | Chiralité et médicaments. T. I[END_REF][START_REF] Evans | Comparative Pharmacology of S(+)-Ibuprofen and (RS)-Ibuprofen[END_REF] .

Nevertheless, it has been proved that the eutomer has a higher efficiency than the racemic mixture [START_REF] Evans | Comparative Pharmacology of S(+)-Ibuprofen and (RS)-Ibuprofen[END_REF] . This is probably due to the presence of the distomer, which chiral inversion is not instantaneous. Furthermore, in a general way, there are many benefits in using a single enantiomer of a chiral drug, such as the reduction of the metabolic burden and the diminished risk of pharmacokinetic interactions with other drugs [START_REF] Kirkiacharian | Chiralité et médicaments. T. I[END_REF][START_REF] Evans | Comparative Pharmacology of S(+)-Ibuprofen and (RS)-Ibuprofen[END_REF] .

Classically, the resolution of racemic Ibuprofen can be performed through a diastereomeric salt formation with S-(+)-Lysine. The formed diastereomers can then be separated by PC or temperature selective diastereo-recognition [START_REF] Bhattacharya | Temperature Selective Diastereo-Recognition (TSD): Enantiomeric Ibuprofen via Environmentally Benign Selective Crystallization[END_REF][START_REF] Carvalho | Review-Alternatives for the Separation of Drug Enantiomers: Ibuprofen as a Model Compound[END_REF] . The S-Ibuprofen (S-Ibu) is then recovered after the removal of the S-(+)-Lysine.

The use of S-(-)-α-Methylbenzylamine (S-αMBA) as resolving agent (RA) can also be interesting, because of its ability to recognize efficiently acidic enantiomers in the solid state [START_REF] Lemmerer | Incorporating Active Pharmaceutical Ingredients into a Molecular Salt Using a Chiral Counterion[END_REF] . However, the S-αMBA is not a GRAS (Generally Regarded As Safe) substance, thus, it must be carefully removed when it is used to resolve chiral drugs. Its elimination can be easily performed with the addition of an acid to the diastereomeric salt dissolved in ethanol. Despite this inconvenience, S-αMBA remains a remarkable resolving agent of carboxylic acids, thanks to its predictable intermolecular interaction with such molecular function [START_REF] Lemmerer | Incorporating Active Pharmaceutical Ingredients into a Molecular Salt Using a Chiral Counterion[END_REF] .

In the present work, racemic Ibuprofen (rac-Ibu) is resolved through a diastereomeric salt formation with S-αMBA (Scheme II-1) in a mixture of ethanol and water, with different ratios. Drugs containing rac-Ibu rank among the most sold in the world. Therefore, the development of its continuous chiral resolution to produce the more efficient single enantiomer S-Ibu presents a great interest.

The continuous or semi continuous chiral resolution of rac-Ibu has already been successfully performed with enzyme resolution techniques in a packed bed reactor, operating as a plugflow reactor [START_REF] Sánchez | Highly Enantioselective Esterification of Racemic Ibuprofen in a Packed Bed Reactor Using Immobilised Rhizomucor Miehei Lipase[END_REF] , or in an enzymatic membrane reactor, considered as a continuous stirred tank reactor [START_REF] Long | Chiral Resolution of Racemic Ibuprofen Ester in an Enzymatic Membrane Reactor[END_REF] . The continuous PC of the diastereomer (±)-Ibuprofen-S-Lysine through a sequential coupled-batch operation [START_REF] Simon | Diastereomeric Salt Crystallization of Chiral Molecules via Sequential Coupled-Batch Operation[END_REF] was also successfully carried out.

Regarding the efficiency of the heat and mass transfer rates in CT device (see Chapter I section I.3.3), there is a strong interest in evaluating the transfer of the rac-Ibuprofen chiral resolution process by diastereomeric salt formation with S-αMBA from batch mode to continuous mode in a CT crystallizer.

In order to design a robust process, solubility measurements were performed on the system to be resolved.

In the first place, they were measured for rac-Ibu, the molecule to resolve. Secondly, the solubility of the desired diastereomer ss-S-Ibu-S-αMBA was evaluated at different temperatures and in different ratios of ethanol/water. The results are presented in the next section.

II.2. Solubility of the racemic Ibuprofen and of the Sdiastereomer II.2.1. Racemic Ibuprofen

After a first estimation at the ambient temperature (see Appendix A section A.3.1) of 785 mg.mLsolvent -1 , i.e. 0.50 g.gsaturated solution -1 , the solubility measurement of rac-Ibu in technical ethanol 1 (EtOH) was performed in the Crystal 16 (see Appendix A section A.3.2). The four tested concentrations are described in Table II The results of the solubility measurements of rac-Ibu in technical ethanol are presented in Figure II-3. The blue points show the measured values, and the orange curve is the fitted curve given by the software Crystal Clear, based on the van't Hoff regression, with a correlation coefficient R² of 0.94. This coefficient is correct but would be better with more data to fit. Nevertheless, regarding the really high solubility of rac-Ibu in technical EtOH, there is no need in obtaining more precise data, since the initial concentration of rac-Ibu in the developed process is much lower than the solubility. After being realized on rac-Ibu, solubility measurements were done for S-Ibu-S-αMBA in different ratios of EtOH/H2O.

II.2.2. S-Ibuprofen-S-α-MethylBenzylAmine

Initially, the chiral resolution of rac-Ibu with S-αMBA was performed in pure technical EtOH (see Chapter IV section IV.1). Nevertheless, during the process optimization, the addition of water to ethanol has proved its benefic effect on the crystal morphology (see section IV.2). Therefore, the solubility of the diastereomeric salt S-Ibu-S-αMBA has been determined in different ratios of [technical EtOH]/H2O. The initial ratios were thought regarding the amount of technical ethanol versus that of water. However, as mentioned before, technical ethanol being at the azeotropic composition, it already contains 5 %w of water. Table II The results of the solubility measurements were exploited with Excel: the results are presented in Figure II-4, with the concentration (%w) as a function of temperature. The polynomial regression curves are depicted in this figure, with good correlation coefficients (R²). The first observation of these curves is that the solubility variation is not linear with the water amount. The Excel regression exploitation was compared with two others: van't Hoff plots and Dynochem, a simulation tool working as an Excel add-in (see Appendix A section A.10). To discriminate the different solubility models, the results of the equations given by each one were compared to the measured values. In the end, the results of the equations given by the Excel exploitation appeared to be the closest to the experimental data. Therefore, this model was chosen for the calculation of solubility for further work.

Another aspect regarding solubility was addressed: the influence of the chiral purity. Indeed, according to its diastereomeric excess, the solubility of the S-Ibu-S-αMBA salt can change. This effect was studied and is presented in the next section.

Effect of the product chiral purity

One of the parameters that can represent the process effectiveness in separating two diastereomers is the diastereomeric excess (de). The diastereomeric excess defines the amount of eutomer recovered 'alone', i.e., the chiral purity of the obtained product. It can be calculated as:

𝑑𝑒 = [𝐸𝑢𝑡𝑜𝑚𝑒𝑟] -[𝐷𝑖𝑠𝑡𝑜𝑚𝑒𝑟] [𝐸𝑢𝑡𝑜𝑚𝑒𝑟] + [𝐷𝑖𝑠𝑡𝑜𝑚𝑒𝑟]

Equation II-1

As the S-Ibu-S-αMBA products were analyzed by chiral High Performance Liquid Chromatography (HPLC, see Appendix A section A.4), the diastereomeric excess is the direct difference of the two calculated percentages, as described in Equation II-2.

𝑑𝑒 = % 𝑆-Ibu-𝑆-αMBA -% 𝑅-Ibu-𝑆-αMBA

Equation II-2

The solubility measurements presented in the previous sections were made with a product with a de = 0.61. This value is the average de of S-Ibu-S-αMBA obtained from batch mode.

Solubility was measured by gravimetric method on two other products, with a different de: one with de = 0.35 and one with de = 0.72. On Figure II-6, it can clearly be observed that as chiral purity increases, solubility decreases. This behavior was expected.

As explained in Appendix A section A.3, the remaining solid of the solubility measurements was analyzed by X-Ray Powder Diffraction (XRPD; see Appendix A section A.5), to check that the phase did not change in the studied solvent(s). If all the recovered solids globally exhibit the same pattern than the initial product, small peak shifts were sometimes observed. Such behavior is characteristic of the presence of a partial solid solution (see Chapter I section I.2.2). Nevertheless, when reviewing the literature, the binary system between the two diastereomers S-Ibu-S-αMBA and R-Ibu-S-αMBA only exhibits a simple eutectic at 150 °C [START_REF] Ebbers | New Resolving Bases for Ibuprofen and Mandelic Acid: Qualification by Binary Phase Diagrams[END_REF] . The part of the phase diagram close to pure S-Ibu-S-αMBA was then investigated.

II.3. Revised binary phase diagram II.3.1. Existence of a partial solid solution enriched in S-Ibu-S-αMBA

To refine the reported binary phase diagram between the diastereomers S-Ibu-S-αMBA and R-Ibu-S-αMBA, investigations were made by using Differential Scanning Calorimetry (DSC; see Appendix A section A.6) analysis.

In the first place, the analyses were performed by using crucible with pierced lids. In Figure II-7, the endothermic peak at the highest temperature corresponds to the fusion. Its temperature decreases as the amount of R-Ibu-S-αMBA increases, which is an expected behavior.

II.3.1.1. DSC analyses in crucibles with pierced lids

The second endothermic peak observed for the compositions S-Ibu-S-αMBA / R-Ibu-S-αMBA 85/15, 80/20, 70/30, 60/40 and 50/50 w/w should correspond to the eutectic invariant. As it is not present in the thermograms of the compositions 95/5 and 90/10 w/w, this would mean that the eventual partial solid solution has a limit comprised between 10 %w and 15 %w of R-Ibu-S-αMBA.

However, the apparent eutectic temperature is below the one reported by Ebbers et al. [START_REF] Ebbers | New Resolving Bases for Ibuprofen and Mandelic Acid: Qualification by Binary Phase Diagrams[END_REF] . Also, the fusion peak is not sharp, and the following baseline is not flat. This is due to the sublimation of the salt. It has been confirmed by collecting the vapors above a Köfler bench at approximately 140 °C. Regarding this deviation, another series of DSC analyses was performed, in sealed crucibles.

II.3.1.2. DSC analyses in sealed crucibles

In this second series of DSC analyses, the same compositions than these of the previous section were prepared. Their DSC thermograms are depicted in Figure II-8. The fusion peaks resolution is improved in sealed crucible, and the following baseline is flatter. To evaluate the two DSC analysis series, the eutectic temperature and composition of the data of each series can be compared with the literature information. The temperature of the eutectic invariant is given by the DSC analysis. Assuming that there is no solid solution, its composition can then be estimated with the simplified Schröder -van Laar equation [START_REF] Nessim | Applicability of the Schroeder-van Laar Relation to Multi-Mixtures of Liquid Crystals of the Phenyl Benzoate Type[END_REF] (Equation II-3), with xA the composition in component A (molar fraction), ΔHf, A the enthalpy of fusion of pure A (J.mol -1 ), R the gas constant (8.314 J.mol -1 .K -1 ), Tf, A the melting point of pure component A (K) and Te the temperature of the eutectic invariant (K).

ln(𝑥

𝐴 ) = 𝛥𝐻 𝑓,𝐴 𝑅 [ 1 𝑇 𝑓,𝐴 - 1 𝑇 𝑒 ] Equation II-3
By taking the data measured in DSC analysis, the different parameters can be estimated. The comparison between the calculated values and the literature data is presented in Table II-3, for the two series of DSC analysis.

In the literature [START_REF] Ebbers | New Resolving Bases for Ibuprofen and Mandelic Acid: Qualification by Binary Phase Diagrams[END_REF] , the eutectic invariant is given with a temperature of 150 °C and a composition of 0.34 %molS-Ibu-S-αMBA. It is clear that the results from DSC measurements in sealed crucibles are closer to the reported data.

ΔHf, S-Ibu-S- αMBA (J.mol-1) Nevertheless, contrarily to the first series of analyses in pierced pans, the first endotherm is not present for the composition S-Ibu-S-αMBA / R-Ibu-S-αMBA 85/15 w/w, suggesting that the partial solid solution limit would be comprised between 10 %w and 15 %w of R-Ibu-S-αMBA. Anyway, both DSC analysis series show that the partial solid solution exists [START_REF] Marc | Impact of a Partial Solid Solution and Water Molecules on the Formation of Fibrous Crystals and Fluid Inclusions[END_REF] . The presence of this partial solid solution was also confirmed by X-Ray Diffraction.

II.3.1.3. X-Ray Diffraction

Analysis of powder XRPD analysis with internal calibration (quartz) was performed on two products of partial solid solution of S-Ibu-S-αMBA (ss-S-Ibu-S-αMBA) compared with pure S-Ibu-S-αMBA. This is shown in Figure II-9: the peak at 24.3 °2θ clearly shows a shift in Bragg angle consistent with the partial solid solution. Structure resolution by Single Crystal X-Ray Diffraction (SCXRD; see Appendix A section A.7) was also performed; it is presented in the next section.

Analysis of a single crystal

Despite the fibrous nature of the ss-S-Ibu-S-αMBA crystals (see section 0), and several unsuccessful attempts, a 'twinned' crystal of ss-S-Ibu-S-αMBA was finally picked up and roughly resolved at room temperature by selecting a unique set of spots. The evaluation of the existence of the solid solution from the single crystal analysis point of view is discussed in the supplementary information of Marc et al. (2021) [START_REF] Marc | Impact of a Partial Solid Solution and Water Molecules on the Formation of Fibrous Crystals and Fluid Inclusions[END_REF] .

The crystallographic parameters of ss-S-Ibu-S-αMBA and of pure S-Ibu-S-αMBA were determined at room temperature; they appeared to be consistent with literature [START_REF] Lemmerer | Incorporating Active Pharmaceutical Ingredients into a Molecular Salt Using a Chiral Counterion[END_REF][START_REF] Molnár | Influence of Benzylamine on the Resolution of Ibuprofen with (+)-(R)-Phenylethylamine via Supercritical Fluid Extraction[END_REF] . Both groups determined that the salt crystallizes in an orthorhombic system with a space group space group P212121. The obtained lattice parameters are compared with parameters calculated from powder diffraction with the software Material Studio in Table II In the partial solid solution domain, the substitution of one enantiomer of Ibuprofen by the other alters the quality of the single crystals but not that much the crystal lattice. It is likely that the R enantiomer existing in the matrix of the ss-S-Ibu-S-αMBA results from the inversion of the methyl moiety by the hydrogen atom, minimizing the steric hindrance.

Now that the existence of the partial solid solution has been proved, it is interesting to determine its limit in composition, as this will also condition the maximum chiral purity reachable by chiral resolution of rac-Ibu.

II.3.2. Partial solid solution composition limit

The presence of a partial solid solution enriched in the wanted diastereomer S-Ibu-S-αMBA physically means that a solid phase mainly composed of S-Ibu-S-αMBA can accept the unwanted diastereomer R-Ibu-S-αMBA. Within the domain of this partial solid solution, the improvement of the chiral purity is uneasy. Thus, as mentioned before, this induces a limit of chiral purity reachable after a single crystallization step. This is why it is important to determine the composition range of ss-S-Ibu-S-αMBA domain.

The limit of miscibility in the solid state of R-Ibu-S-αMBA at the temperature of the eutectic has been estimated by plotting the enthalpies of the eutectic invariant given by the DSC analysis as a function of the composition in mass fraction (in this particular application, mass fraction equals molar fraction). This representation is called a Tammann graph. The Tammann graph of the samples analyzed in sealed pans is shown in Figure II-12. The intersection between the regression trendline and the abscissa axis gives the eutectic composition: xR-Ibu-S-αMBA, eutectic = 0.17 The collected data served the drawing of the binary phase diagram on the side of S-Ibu-S-αMBA, which is quite relevant, as the system presents a partial solid solution [START_REF] Wang | Crystallization-Based Separation of Enantiomers[END_REF][START_REF] Srisanga | Racemic Compound, Conglomerate, or Solid Solution: Phase Diagram Screening of Chiral Compounds[END_REF][START_REF] Kaemmerer | Study of System Thermodynamics and the Feasibility of Chiral Resolution of the Polymorphic System of Malic Acid Enantiomers and Its Partial Solid Solutions[END_REF] . It is depicted in Figure II-13. The blue curve represents the liquidus, and the black one stands for the eutectic invariant. The dotted lines represent the estimated limits of the partial solid solution ss-S-Ibu-S-αMBA. The limit of the partial solid solution at 20 °C was estimated at xR-Ibu-S-αMBA = 0.13, thanks to the production in batch mode. It is noteworthy to mention that all the phases have been verified by XRPD analysis.

The phase diagram drawn is that obtained from DSC measurements in sealed pans, which means that it is not the representation of the domains at atmospheric pressure. Indeed, as the crucibles are sealed, the pressure inside will increase with the temperature. However, when the DSC analysis is performed in pierced or open pans, sublimation occurs. Therefore, in both cases, the obtained data do not correspond to the 'true' phase diagram under ambient pressure. Nevertheless, the representation given in Figure II-13 is probably the closest one, as no matter is lost during the DSC analysis.

Thanks to the different analyses performed, the construction of the revised phase diagram between S-Ibu-S-αMBA and R-Ibu-S-αMBA was possible. This revision from the previous published data [START_REF] Ebbers | New Resolving Bases for Ibuprofen and Mandelic Acid: Qualification by Binary Phase Diagrams[END_REF] was necessary because of the detection of the partial solid solution ss-S-Ibu-S-αMBA, and was reported in 2021 [START_REF] Marc | Impact of a Partial Solid Solution and Water Molecules on the Formation of Fibrous Crystals and Fluid Inclusions[END_REF] . This identified limit of miscibility in the solid state of ss-S-Ibu-S-αMBA restricts the diastereomeric excess reachable after the first resolution step. Therefore, the maximum chiral purity achievable is restraint by heterogeneous equilibria: if the access to a composition within the partial solid solution domain is possible, this composition will not be adaptable easily once reached. Nevertheless, the unique flow motion of CT crystallizers can be effective in achieving a good chiral purity. During the study presented in this section, aiming at proving the existence of a partial solid solution, single crystals of ss-S-Ibu-S-αMBA were sought, in view of analyzing them by SCXRD. At a macroscopic scale (circa 0.5 mm scale), some particles looked like classical single crystals. However, at microscopic scale, the single particles appear more like fibrous crystals, which could be defined as a collection of well-aligned fibers with an external shape resembling that of a single crystal. This was evidenced by Scanning Electron Microscopy (SEM; see Appendix A section A.8) analysis, as shown in Figure II-14.

Such 'fibers association' was already experienced in the laboratory when trying to prepare a single crystal of sodium divalproate (unpublished results). SCXRD on several of those fibrous crystals lead to an undefined reciprocal space. Difficulties in obtaining suitable single crystals with such crystals assembly were also reported in the literature [START_REF] Polyzois | Crystal Structure and Twisted Aggregates of Oxcarbazepine Form III[END_REF] . This surprising crystal aspect was investigated. The work and reflections about the fibrous nature of the crystals of ss-S-Ibu-S-αMBA is presented in the next section. Pure salt is smooth and has a regular shape, whereas the salt with solid solution is rough due to a visible association of fibers. Some cracks are observed on the two samples. Therefore, the fibrous nature seems to be characteristic of the ss-S-Ibu-S-αMBA phase. Thus, it can be inferred that the miscibility in the solid state is responsible for the rather 'bad' crystallographic quality of the fibrous crystals. These fibrous crystals mimic pretty well 'classical' single crystals inasmuch as their macroscopic habit looks the same: with external faces for which simple Miller indices could be assigned. A much better variant of the model is obtained when the distance between the central point and the (hkl) face is proportional to exp(-Ad) (Figure II-16b) [START_REF] Donnay | A New Law of Crystal Morphology Extending the Law of Bravais[END_REF] . In this refined model, A = 0.4 is the upper limit, so that {002} appears (i.e., it appears for k < 0.4). The two sets of planes {002} and {011} delineate the morphology of the particles. Since the presence of the undesired diastereomer in the crystal lattice of S-Ibu-S-αMBA leads to fibrous crystals, a hypothesis arose: do both diastereomers crystallize in the same fibers or in separated ones? To answer it, as R-Ibu-S-αMBA is more soluble than the SS diastereomeric salt, preferential dissolution tests were performed. . If an inhomogeneous dissolution can be observed along the 'a' axis, leading to a rougher surface, no conclusions can be assured. SEM analysis confirmed the non-homogeneity of the particle dissolution, but no specific fiber dissolution was noted. Another test was run, in a solution saturated with pure S-Ibu-S-αMBA; the observations were identical. Therefore, the assembled fibers of the particles of ss-S-Ibu-S-αMBA would be constituted of compound of the same composition. This is consistent with a partial solid solution which is a monophasic domain Nevertheless, since the diastereomer at the limit of the partial solid solution seems organized as a fiber assembly, the qualification as 'single crystals' can be discussed. 

II.4.2. Discussion about the qualification of 'single crystals'

Particles of ss-S-Ibu-S-αMBA respect the definition of what is a crystalline material, given in Chapter I section I.1, i.e.: an organization through a periodic long-range order in three independent directions [START_REF] Coquerel | The 'Structural Purity' of Molecular Solids-An Elusive Concept?[END_REF][START_REF] Lifshitz | What Is a Crystal?[END_REF][START_REF] Biscans | Cristallisation en solution -Procédés et types d'appareils. T. I[END_REF] . However, when searching for single crystals in view of analyzing them by SCXRD, the SEM analysis of some apparent good candidates clearly evidenced their fibrous nature (Figure II-14). Indeed, the first attempts of SCXRD lead to an undefined reciprocal space. Therefore, the qualification of ss-S-Ibu-S-αMBA particles as single crystals can be questionable.

Nevertheless, after several trials, the SCXRD analysis of one fibrous crystal of ss-S-Ibu-S-αMBA was successful. The results were presented in Table II-4 (section II.3.1.3). These differences of results from one 'single crystal' to another highlights the question of the mosaicity of single crystals. Indeed, the particles of ss-S-Ibu-S-αMBA are an assembly of fibers: each fiber has its proper degree of intrinsic order, but this degree can vary from one fiber to another. It can also be linked with lattice mismatch [START_REF] Polyzois | Crystal Structure and Twisted Aggregates of Oxcarbazepine Form III[END_REF] .

More generally, the structure resolution by SCXRD of partial solid solution particles is tricky [START_REF] Taratin | Mixed Crystals in Chiral Organic Systems: A Case Study on (R)-and (S)-Ethanolammonium 3-Chloromandelate[END_REF] , because of their general bad crystallinity. However since it was finally possible, it means that there is probably a sort of 'gradient of order' among the crystals of ss-S-Ibu-S-αMBA.

The same concern was encountered by Polyzois et al. (2022) [START_REF] Polyzois | Crystal Structure and Twisted Aggregates of Oxcarbazepine Form III[END_REF] , with the metastable form III of oxcarbazepine, exhibiting a morphology of twisted crystalline aggregates. Their decision was to use the terms of (polycrystalline) aggregate or fibers to refer to the multiple intertwined crystals. Likewise ss-S-Ibu-S-αMBA, the access to single crystals suitable for SCXRD analysis appeared to be challenging. Also, regarding their troubles in observing the direct aggregation of the crystals, they suspect that the self-assembly of the fibers "occurs during the early onset of crystallization" [START_REF] Polyzois | Crystal Structure and Twisted Aggregates of Oxcarbazepine Form III[END_REF] . Such hypothesis could probably apply to the present case too.

Finally, according to Polyzois et al. (2022), the self-assembly and aggregation depend upon the medium around the needles (fibers), thus on the growth conditions [START_REF] Polyzois | Crystal Structure and Twisted Aggregates of Oxcarbazepine Form III[END_REF] . This would be consistent with the differences of morphology observed between pure S-Ibu-S-αMBA et ss-S-Ibu-S-αMBA in Figure II-15.

Moreover, further examination of the ss-S-Ibu-S-αMBA particles revealed that they are actually constituted of two or more parts, connected by a zone roughly perpendicular to the main axis 'a' of the elongated particles. It is shown in To conclude, the qualification of the fibrous particles of ss-S-Ibu-S-αMBA as single crystals can be questioned. Indeed, they seems to exhibit an acicular mosaicity, where the degree of microscopic order may vary from one fiber to another. The previous observations tend towards naming them as fibrous crystals, polycrystalline aggregates or fibers assembly.

The results of the different tests realized on the fibrous crystals, in addition to the specific particle aspect, and to its proneness to form fluid inclusions, let us reconsider the question of the growth mechanism.

II.4.3. Growth mechanism

In view of the observations and conclusions of the previous sections, Figure II-20 shows a proposition for the growth mechanism of the particles of ss-S-Ibu-S-αMBA. The product is supposed to be arranged as molecular chains when nucleation occurs, and these chains would be assembled together (step 1). This arrangement is supposed to occur during the early onset of crystallization [START_REF] Polyzois | Crystal Structure and Twisted Aggregates of Oxcarbazepine Form III[END_REF] . Then, according to the observed particles, the growth would be faster along one of the three axes (step 2). Such polycrystalline arrangement probably stabilizes the particle, by reducing the surface energy [START_REF] Polyzois | Crystal Structure and Twisted Aggregates of Oxcarbazepine Form III[END_REF] .

Figure II-20: Proposition of growth mechanism for the particles of ss-S-Ibu-S-αMBA. Step 1: oriented molecular chain assembly. Step 2: Growth along the 'a' axis (main axis).

To probate the proposed mechanism, specific experiments were set-up, with a temperature-controlled jacket placed under the binocular optical microscope. The prepared solution was slightly supersaturated (β = 1.06), in order to observe growth and to avoid nucleation. The supersaturated solution was then seeded with the crystal of ss-S-Ibu-S-αMBA to be grown. Different seeding particles were tested: initial, cleaved, and grinded. In every case, the correct observation of the growth phenomenon was not possible. Firstly, nucleation occurred, despite the low supersaturation level. Secondly, the initial crystal moves too much during the experiment video recording.

The same kind of experiments were attempted in a hot/cold stage chamber Linkam THMS 600. The volume being smaller in this device, the issues encountered in the temperature-controlled jacket were supposed to be reduced or even eliminated. Unfortunately, despite experiment fine tuning in terms of supersaturation, solvent evaporation and observation field, the same problems occurred.

Nevertheless, the last series of experiments permitted the observation of a surprising phenomenon. This is shown in Figure II-21: after a step of 'healing' (a to c), the particle of ss-S-Ibu-S-αMBA grows, mainly along one axis (b to c), but the final phase of growth led to the appearance of rough surface at both ends of the crystal (d). The supersaturation was not high enough for the growth to continue, but the left end of the particle seems to exhibit the start of the formation of an inclusion. Therefore, it seems that the ss-S-Ibu-S-αMBA particles need to have a certain shape before growing. This habit can be reached after a 'self-healing' step.

Figure II-21: Observation of the growth of a particle of ss-S-Ibu-S-αMBA upon cooling from 40 °C to 0 °C at 1 K.min -1 . From (a) to (b), the crystal seems to undergo a 'healing' step. This phase appears to continue and to be followed by a growth step between (b) and (c). Finally, the growth continued from

(c) to (d), and rough surfaces appeared at the extremities of the particle. These micrographs were taken by optical microscopy, within the Linkam THMS 600 chamber, at a magnification of 20.

The video from which the micrographs of In conclusion, the experiments performed to probate the proposed growth mechanism were unsuccessful. Spontaneous nucleation always occurs, by means of evaporation, or on the walls of the used sample holder, even at low supersaturation. Also, the crystals picked up to be observed moved during the observation time. Such difficulties were also reported by Polyzois et al. (2022) [START_REF] Polyzois | Crystal Structure and Twisted Aggregates of Oxcarbazepine Form III[END_REF] .

The set-up of further experiments with this aim should be carefully thought. Preventing spontaneous nucleation seems tricky, however, the fixing of the chosen crystal should be possible, with a pierced small chamber within the Linkam hot stage for example. The supersaturation level should be carefully controlled: first of all, to limit the spontaneous nucleation, and, also, to be sufficient to observe the complete growth phenomenon, maybe until the formation of fluid inclusions.

The observations of the experiments in this section are consistent with the presence of inclusions at the ends of the ss-S-Ibu-S-αMBA particles. Indeed, their fibrous nature promotes the roughness and porosity of the crystal surface, especially at the particle extremities, which favors the development of inclusions [START_REF] Zhou | Formation Mechanism of Liquid Inclusions in Dicumyl Peroxide Crystals[END_REF] . A recent study also detailed the concomitant presence of solid solution and fluid inclusions [START_REF] Wang | Formation of Macrotubular Crystals of Salicylic Acid through Ripening of Solid Solution Crystals Containing Impurity Gradients[END_REF] .

In view of trying to find the other causes of the formation of the fluid inclusions, further investigations were realized. Since these vacuoles are filled with the mother liquors, their presence can affect the product purity; thus, this study also aimed at finding a solution to avoid their formation.

II.5. Fluid inclusions study

The fluid inclusions of ss-S-Ibu-S-αMBA were detected during the batch mode work performed on the chiral resolution of rac-Ibu by S-αMBA. By applying the method of Pope and Peachey (see Chapter IV section IV. The thermal behavior of the fluid inclusions, as well as the influence of the process conditions were investigated. The results of this study are detailed in this section, after a brief introduction about the fluid inclusions in organic crystals. Part of the presented results were published in the journal Crystals [START_REF] Marc | Impact of a Partial Solid Solution and Water Molecules on the Formation of Fibrous Crystals and Fluid Inclusions[END_REF] .

II.5.1. Introduction to fluid inclusions in organic crystals

Inclusions are classified as macroscopic growth defects [START_REF] Bobo | Contribution on the Formation and the Behaviors of Fluid Inclusions in Crystals[END_REF][START_REF] Waldschmidt | Mécanisme de formation d'inclusions fluides lors de la croissance cristalline de molécules organiques: L'effet inattendu des gaz comme inhibiteurs de croissance[END_REF] . They are internal impurities, constituted of one or more phases. Theoretically, inclusions can potentially be formed in every crystalline compound. Since they are representative of the crystal environment during its growth, inclusions were intensively studied by mineralogists, and more especially by H. C. Sorby, known as the 'father of inclusions' [START_REF] Bobo | Contribution on the Formation and the Behaviors of Fluid Inclusions in Crystals[END_REF][START_REF] Waldschmidt | Mécanisme de formation d'inclusions fluides lors de la croissance cristalline de molécules organiques: L'effet inattendu des gaz comme inhibiteurs de croissance[END_REF] .

As mentioned above, inclusions can be mono or polyphasic. The foreign phase(s) can be solid, liquid, or gaseous. In the case of fluid inclusions, the trapped impurity nature is liquid and/or gaseous.

Generally, the observation of reproducible fluid inclusions comes from a too high crystal growth rate as soon as the crystals exceed a threshold in size [START_REF] Mullin | [END_REF][100][101][102][103] . Nevertheless, other mechanisms have also been proposed [104][105][106] . In the end, three main types of formation can be distinguished [START_REF] Waldschmidt | Mécanisme de formation d'inclusions fluides lors de la croissance cristalline de molécules organiques: L'effet inattendu des gaz comme inhibiteurs de croissance[END_REF] :

(1) Formation of primary inclusions, resulting from an imperfect closing of the growing crystal around a solid impurity on a surface.

(2) Development of secondary inclusions, formed along microfractures consolidated after the crystal growth.

(3) Formation of 'pseudo-secondary' inclusions, also located along microfractures, but occurring during the growth step.

The shape of the formed cavities, or vacuoles, depends on the growth conditions, i.e., on the process conditions, such as the crystallization method, the stirring rate, the solvent nature, the medium atmosphere… [START_REF] Bobo | Contribution on the Formation and the Behaviors of Fluid Inclusions in Crystals[END_REF] . This was demonstrated on RDX crystals for example 107-109 : by using different conditions of growth, they could either present a symmetrical pattern, or be completely irregular, with inclusion having a curved-tube shape known as 'necking'.

The crystals of the diastereomer S-Ibu-S-αMBA present two symmetrical vacuoles, located at both ends of the particle, as shown in Figure II-24; such pattern was already reported [START_REF] Waldschmidt | Mécanisme de formation d'inclusions fluides lors de la croissance cristalline de molécules organiques: L'effet inattendu des gaz comme inhibiteurs de croissance[END_REF] . This is in contrast with other cases for which fluid inclusions are repeated along a given crystallographic axis 102,110 .

In the case of fluid inclusions within crystals from crystallization in solution, the formed vacuole will be mainly filled with the mother liquors. This can be dramatic in terms of product purity, especially in the situation of the crystallization of an API [START_REF] Bobo | Contribution on the Formation and the Behaviors of Fluid Inclusions in Crystals[END_REF][START_REF] Waldschmidt | Mécanisme de formation d'inclusions fluides lors de la croissance cristalline de molécules organiques: L'effet inattendu des gaz comme inhibiteurs de croissance[END_REF] . Other properties can be affected, like the biocompatibility, the structural purity, and the product stability (chemical nature and crystalline phase). Therefore, the understanding of the inclusion formation mechanism is important, in view to avoid it.

The studied fluid inclusions are filled with the saturated mother liquor and a bubble of gas (see Figure II-24). To minimize the problem of fluid inclusions, the effect of the gas dissolved in the mother liquor should be investigated. CO2 warrants special attention because its solubility is much greater than that of the other gases, and literature shows several examples of its importance in the formation of fluid inclusions [START_REF] Zhou | Formation Mechanism of Liquid Inclusions in Dicumyl Peroxide Crystals[END_REF]111 .

To date, the mechanisms from which can result the presence of gas bubbles are not wellknown. Nevertheless, the bubbles can belong to two different categories, described below. The thermal behavior of the bubbles depends on their kind. When they are part of the category of the shrinkage bubbles, there exists a specific temperature, called the homogenization temperature Th. This temperature is that of the complete dissolution of the bubbles. Since gases have a retrograde solubility in solvent, upon heating, their solubility decreases. The temperature increase induces the rise of the pressure within the vacuole, which increases the solubility of gases. Therefore, the dissolution of gas bubbles is the results of antagonist and synergistic effects, which makes its prediction difficult [START_REF] Bobo | Contribution on the Formation and the Behaviors of Fluid Inclusions in Crystals[END_REF] .

In the end, the principal hypotheses, based on Th, discern two types of bubbles [START_REF] Bobo | Contribution on the Formation and the Behaviors of Fluid Inclusions in Crystals[END_REF][START_REF] Waldschmidt | Mécanisme de formation d'inclusions fluides lors de la croissance cristalline de molécules organiques: L'effet inattendu des gaz comme inhibiteurs de croissance[END_REF] :

(1) Shrinkage or retreat bubbles, the most common type: it is generally the consequence of a lack of liquid within the inclusion cavity [START_REF] Bobo | Contribution on the Formation and the Behaviors of Fluid Inclusions in Crystals[END_REF] .

The gas bubble dissolves upon heating, when reaching the homogenization temperature, after a size reduction.

Upon cooling, the solubility (being presumed normal) decreases, and thus leads to crystallization on the inner wall of the cavity. The density of the crystal is generally greater than that of the mother liquor, therefore, because of a deficit in volume, the nucleation of a bubble of gas is induced. If it is usually a sudden nucleation [START_REF] Bobo | Contribution on the Formation and the Behaviors of Fluid Inclusions in Crystals[END_REF] , the nucleation of that bubble of gas may sometimes require quite a long period of time 112 . In case of fast cooling, several bubbles of gas could nucleate simultaneously. However, after a while, only the largest one usually survives because of the Laplace-Young

equation: 𝛥𝑃 = 2𝛾 𝑟
. In this equation, ΔP is the difference of pressure between the interior and the exterior of the bubble of gas, γ is the surface tension and r is the radius of the gas bubble 113 .

The nucleation of a retreat bubble can also occur after ageing at a constant temperature.

(2) Persistent bubbles: upon heating, the bubble of gas does not dissolve; no homogenization temperature is observed.

When a crystal is growing, there is a local heat release. This induces a local drop in solubility of gases dissolved in the solution (indeed, they all have a retrograde solubility). If the surface is rough, nucleation of micro or even nano bubbles of gas is facilitated 114 . When the cavity finally closes, these bubbles of gas are trapped.

A variant of that mechanism exists: when a crystal is growing and comes into contact with an already existing bubble of gas, by accident, this latest can be incorporated, with or without mother liquor around. The probability of such event decreases when the suspension is stirred.

A didactic graphical summary of the differences between shrinkage and persistent bubbles can be found in Figure 2-20 of the PhD thesis of Dr. E. Bobo [START_REF] Bobo | Contribution on the Formation and the Behaviors of Fluid Inclusions in Crystals[END_REF] .

The goal of the study of the inclusions encountered in crystals of ss-S-Ibu-S-αMBA is to understand the formation mechanism of those vacuoles, in order to find possible remedies for those drawbacks. The results are presented in the next section.

II.5.2. Results

The fluid inclusions of ss-S-Ibu-S-αMBA particles contains both liquid and gas. As explained in the introduction, the classification of the gas bubble can be assessed from its behavior upon temperature variation. This would permit to learn more about the formation of the inclusions. The experiments to study the thermal behavior of the gas bubble are detailed in the next section.

II.5.2.1. Thermal behavior

Homogenization temperature

In the first place, the investigation aimed at finding if a homogenization temperature is observable or not. Thereby, a particle of ss-S-Ibu-S-αMBA, containing two symmetrical fluid inclusions (liquid + gas bubble), was inserted within the hot stage Linkam THMS 600 chamber. The sample was heated from 20 °C to 120 °C at 1K.min During the heating of the particle, each bubble moves in its own cavity, but they do not dissolve. At the end of the video, the particle dissolution brought about the opening of the two opposite vacuoles and the release of solvent. The crystal melts before any homogenization temperature can be observed. In addition, the size of the bubbles of gas appears too large to correspond to a simple retreat bubble. Therefore, it means that the bubbles of gas trapped in the fluid inclusions would more likely belong to the second category presented in the introduction: persistent bubbles. However, during another experiment, a microbubble of gas appeared after temperature cycling. Thus, the fluid inclusions of ss-S-Ibu-S-αMBA may exhibit a mix of the two kinds of bubbles: shrinkage bubbles and persistent ones, the latter being predominant.

Since the heating rate does not have a true impact on the observation of the homogenization temperature [START_REF] Bobo | Contribution on the Formation and the Behaviors of Fluid Inclusions in Crystals[END_REF] , no other value was tested.

Extracted photographs of the video available from the QR code of Figure II-25 can be found in Figure II-26. They show that the heating up to 120 °C turns the initial fibers aggregate in a particle exhibiting a less fibrous micro-structure, probably by means of diffusion. The interface between the two parts of the particle is also visible. The thermal behavior of the fluid inclusions was also investigated with the application of temperature cycles, as detailed in the next section.

Temperature cycling effect

To study the effect of temperature cycling on ss-S-Ibu-S-αMBA, a particle was inserted within the hot stage Linkam THMS 600 chamber. The sample went through the temperature cycles described in Upon temperature cycling, the fluid inclusions undergo various cycles of dissolution and recrystallization. When the temperature increases, the liquid dissolves the walls of the cavity, which then seems widened. During the cooling step, the walls reform; the vacuole size decreases. The gas bubble size and shape vary a little bit, but no dissolution is observed, confirming the conclusions of the previous section.

Moreover, as the temperature cycles progress, the two fluid inclusions seem to migrate towards the particle extremities, as if they were evacuated. Such behavior was already reported [START_REF] Waldschmidt | Mécanisme de formation d'inclusions fluides lors de la croissance cristalline de molécules organiques: L'effet inattendu des gaz comme inhibiteurs de croissance[END_REF] , and was observed again during another experiment. Another classical effect of the application of temperature cycles is the modification of the vacuole shape into a 'negative crystal', in view of minimizing its surface energy [START_REF] Bobo | Contribution on the Formation and the Behaviors of Fluid Inclusions in Crystals[END_REF][START_REF] Waldschmidt | Mécanisme de formation d'inclusions fluides lors de la croissance cristalline de molécules organiques: L'effet inattendu des gaz comme inhibiteurs de croissance[END_REF] . Such transformation was not observed with the particles of ss-S-Ibu-S-αMBA. This may also be due to their fibrous nature since the compound crystallizes as aggregates of fibers. The selfassembly of the fibers is supposed to minimize the surface energy of the 'crystal' [START_REF] Polyzois | Crystal Structure and Twisted Aggregates of Oxcarbazepine Form III[END_REF] , therefore, the evolution towards negative crystal may not be necessary. Also, still because of their fibrous nature, the interior of the particles is not homogeneous, which may limit the vacuole transformation.

In addition to the thermal behavior, the influence of the conditions of growth on the formation of the fluid inclusions were also investigated. The study is described in the next section.

II.5.2.2. Influence of the growth conditions

In the first place, the nature of the solvent was investigated. It was reported that the solvent nature has an influence on the crystal aggregation [START_REF] Polyzois | Crystal Structure and Twisted Aggregates of Oxcarbazepine Form III[END_REF] , and since the fibrous nature of the ss-S-Ibu-S-αMBA was proved to promote the formation of fluid inclusions, the effect of this parameter on the inclusions may be non-negligible.

Figure II-24 showed the platelet-shaped crystals obtained when part of the resolving amine of the chiral resolution of rac-Ibu is replaced by soda, added in water. In Figure II-30a, the soda was added to the medium in technical ethanol. The principal effect is evident: the modification of the habit, from needle to platelet, is due to water and not to soda. In order to confirm that statement, water was added to the medium, without soda. The resulting crystals are shown in Figure II-30b: they exhibit the desired platelet shape. In addition, the product showed fewer fluid inclusions.

The conclusions of the comparison between these different products were excellent regarding the objectives of the process optimization developed in batch mode: water is the habit modifier, and without soda, the particles exhibit less fluid inclusions.

Secondly, the purity of the solvent was investigated. Pure S-Ibu-S-αMBA was made in pure ethanol (99. When the pure diastereomer is crystallized in methanol, it exhibits two symmetrical fluid inclusions, that can look like an hourglass (a). No bubble of gas was observed.

In the vast majority of the cases, there is a single fluid inclusion at both ends of the particles. They are located close to the tips of the particles. They are also symmetrical in position and shape. The most probable cavity shape of particles obtained when replacing a part of the resolving amine by soda in water is a flattened elongated cone expanding towards the extremity of the particle and containing a large bubble of gas (see Figure II-24). However, the vacuole sometimes shows a modified shape, as seen on the crystal in Figure II-32b, with its two different fluid inclusions.

Occasionally, as displayed in Figure II-32c, the projection of the conical shape of the cavity could have two (or more) angles. The angle disruption has been observed close to the tip of the particle. This testifies for different regimes during crystal growth.

The classical conical shape of the fluid inclusions is not always encountered, as shown in Figure II-32d, with a squared vacuole.

The variety of the fluid inclusions appearance confirms the influence of the environment on the crystal and inclusion shape.

II.6. Discussion, conclusions, and perspectives

This first experimental chapter aimed at introducing the system on which the continuous mode will be tested: diastereomers S-Ibu-S-αMBA and R-Ibu-S-αMBA formed during the Pasteurian resolution of rac-Ibu with S-αMBA.

Firstly, in order to design a robust chiral resolution process, the solubility of rac-Ibu and of the desired diastereomer S-Ibu-S-αMBA was measured. The data of this latter were processed in different manners, in order to find the best solubility model for the different ratio ethanol/water studied. In the end, it appeared that the exploitation with Excel was the closest to the experimental data. Also, the effect of chiral purity on solubility was confirmed: as chiral purity increases, solubility decreases.

Then, the phase diagram between the two diastereomers S-Ibu-S-αMBA and R-Ibu-S-αMBA was studied and updated compared with the one already reported in the literature [START_REF] Ebbers | New Resolving Bases for Ibuprofen and Mandelic Acid: Qualification by Binary Phase Diagrams[END_REF][START_REF] Marc | Impact of a Partial Solid Solution and Water Molecules on the Formation of Fibrous Crystals and Fluid Inclusions[END_REF] . A partial solid solution on the side of the less soluble salt, ss-S-Ibu-S-αMBA, has been evidenced by using chiral HPLC, DSC and XRPD. The monophasic domain width in composition has been assessed at circa 13 %w at room temperature and 17 %w at the temperature of the eutectic invariant. This limit of miscibility of ss-S-Ibu-S-αMBA restricts the diastereomeric excess reachable after a single resolution step. Therefore, the maximum diastereomeric purity achievable is restraint by heterogeneous equilibria.

The miscibility in the solid state of the undesired diastereomer in the structure of S-Ibu-S-αMBA induces the formation of fibrous crystals. Apart from an external shape suggesting single crystals, those particles are actually an ordered aggregation of parallel fibers, stacked along their common main axis 'a'. They present variable degrees of microscopic order; indeed, several studies by SCXRD revealed an ill-defined order in the reciprocal lattice. Conversely, one of the picked up 'twinned' crystals served the structure resolution.

The surprising fibrous nature of ss-S-Ibu-S-αMBA particles has interrogated their qualification as 'single crystals'. Indeed, they seems to exhibit an acicular mosaicity, where the degree of order may vary from one fiber to another. Therefore, the terms 'fibrous crystals', 'polycrystalline aggregates' or 'fibers assembly' would be more correct.

A growth mechanism was proposed, attempting to explain the aspect of the ss-S-Ibu-S-αMBA crystals. Unfortunately, no proper experimental set-up could be found to probate the mechanism, but it served the observation of a crystal 'self-healing' preceding the growth phenomenon. Further experiments should be performed to prove the expressed hypotheses.

The application of the Pope and Peachey procedure in batch mode (see Chapter IV) resulted in crystals exhibiting fluid inclusions at their extremities. The mechanism of formation of an inclusion results from the interplay between many factors. When the particle becomes large enough, the correct feeding of the center is more difficulty compared to the border. As soon as a small cuvette has been formed, the feeding of the center of the depression becomes even more difficult, sustaining and even amplifying the process. This results in a conical aspect of the cavity. When the environmental conditions change, the angle of the cone adapts. When the supersaturation drops, it is possible to close up the cavity. Such occurrence is not surprising regarding the fibrous nature of the particles, inducing a certain roughness of the crystal surface, which promotes the formation of inclusions [START_REF] Zhou | Formation Mechanism of Liquid Inclusions in Dicumyl Peroxide Crystals[END_REF] .

Annealing of the fibrous crystals at different temperatures revealed that diffusion becomes sufficient only at a high temperature of ≈100 °C. In that case, the dissolution around the fluid inclusions led to the piercing of the two opposite cavities and thus the release of solvent. Prior to this event, no homogenization could be observed, suggesting that at least part of the gas trapped in the inclusion comes from a nucleation process of micro-bubbles on the very rough surfaces at the tips of the particles. These porous surfaces are prompt to adsorb the gas dissolved in the mother liquor. In conclusion, the bubbles of gas of the fluid inclusions of ss-S-Ibu-S-αMBA are probably persistent bubbles.

Since the nature of the gas can have an important influence on the fluid inclusions [START_REF] Bobo | Contribution on the Formation and the Behaviors of Fluid Inclusions in Crystals[END_REF] , the phase(s) trapped in the vacuoles should be characterized in further work. Confocal Raman spectroscopy seems particularly appropriate.

The fibrous nature of the diastereomer promotes the roughness and porosity of the crystal surface, which favors the formation of inclusions. Nevertheless, the environment of the particle during growth also impacts the development of fluid inclusions, as mentioned above. The nature of the solvent, as well as its purity can affect the crystal and the inclusion shape. This was demonstrated with the comparison between pure ethanol and azeotropic ethanol.

The purity of the product also has an influence. In addition to modifying the aspect of the crystals, the presence of the undesired diastereomer within the structure of S-Ibu-S-αMBA impacts the inclusion shape too. Furthermore, it appeared that the nice crystal morphology of platelet was due to water and not to soda. Nonetheless, the presence of this latter seemed to increase the frequency of the fluid inclusions in the fibrous crystals.

The study of the fluid inclusions of the ss-S-Ibu-S-αMBA fibrous crystals can be refined in further work, by examining the impact of supersaturation, soda amount, gas bubbling or cooling rate could for example. Thanks to the different experimental studies, two levers were identified to avoid the formation of fluid inclusions which are defects that can affect the product purity.

In the first place, water was proved to be the habit modifier, and the presence of soda to increase the number of fluid inclusions. Hence, the removal of soda in the process limits the formation of inclusions.

Secondly, the bubbles of gas observed in most of the fluid inclusions of ss-S-Ibu-S-αMBA are mainly persistent bubbles. Generally, the improvement of the medium mixing can be preventive.

To conclude, in order to avoid the formation of fluid inclusions in particles of ss-S-Ibu-S-αMBA, crystal growth should be performed in soda free solution at lower supersaturation, in a vigorously stirred and degassed mother liquor. This procedure was experimented and validated at laboratory scale.

Before starting the Couette-Taylor experiments presented in Chapter IV, the continuous set-up was examined and sometimes modified. Indeed, to ensure the good proceedings of the process feed, a prototype had to be designed. Also, some improvements were directly made on the CT device environment. The next chapter deals with the implementation and the evolution of the continuous set-up used in the continuous experiments presented in Chapter IV. The inner cylinder (ri = 19.5 mm) can rotate while the outer (ro = 23.4 mm) is at rest. The gap width d between the two cylinders is 3.9 mm. The CT crystallizer total capacity is 100 mL. To avoid any hydrostatic pressure effect, it is placed horizontally [START_REF] Kang | Effect of Taylor Vortices on Calcium Carbonate Crystallization by Gas-Liquid Reaction[END_REF] . As depicted in Figure III-2, the two cylinders are independently thermoregulated. T1 is the set temperature of the thermostat of the internal cylinder, and T2 the set temperature of the thermostat of the outer cylinder. Thanks to this feature, the reactor can be used in the nonisothermal mode [START_REF] Wu | Control of Crystal Size Distribution Using Non-Isothermal Taylor Vortex Flow[END_REF] .

In the presented work, the CT reactor is used in continuous mode. To ensure a correct continuous feeding, the upstream part of the continuous set-up must be carefully investigated. 

III.2. Feeding part design

A preliminary experiment aimed at testing the feeding of the CT reactor with a suspension. This trial was unsuccessful: the peristaltic pump was not able to transport the suspension. A solution was sought, but there was a constraint regarding the tubing diameter due to the reactor's inlet. Regarding this limitation, no viable solution could be considered.

In conclusion, the feeding has to be done with a solution.

III.2.1. Feeding constraints

First of all, if the CT reactor must be fed with a solution, this means that the crystallization will take place within the crystallizer.

The feeding solution(s) could be stored in a tank upstream the CT reactor. Nevertheless, continuous experiments can take several hours, and by keeping the studied system at the ambient temperature for a long time, crystallization can occur inside the feeding tank. To avoid the crystallization risk, the solution could be maintained at high temperature. However, because of the experiment duration, this can lead to chemical degradation. The solution to this threefold problem was then to separate the two reagents in two different tanks, thermoregulated at 30 °C.

Before entering the CT reactor and crystallize, the two solutions must be mixed and heated. To achieve these two needs, a specific glass piece was designed.

III.2.2. Mixing piece design

If various systems have been considered (chromatography capillaries or coils in a temperature-regulated bath, heating tape), the final decision regarding the design of the mixing piece was to create it with the glassblower of the university. Two different models have been designed and used for the presented work.

To avoid unwelcome crystallization within the mixing piece, the temperature at which the two initial solutions gather is important. To ensure the reach of a safe minimum temperature of 40 °C, calculations were made regarding the length of the pipes before the meeting zone.

III.2.2.1. Determination of the necessary minimum length of the inlet pipes 4,115

Simplification hypotheses

The system can be simplified by assimilating it to a counter-current heat exchanger. The schematic representation of this simplification can be found in Figure III-3, with the mass flow (kg.h -1 ) of the hot part ṁh and of the cold part ṁc, the temperature (K) of the hot fluid at the inlet Th,i and at the outlet Th,o, and the temperature (K) of the cold fluid at the inlet Tc,i and at the outlet Tc,o. For calculation simplifications, the following hypotheses are formulated:

-the heat exchanger is assumed to be adiabatic, which means that there are no interactions with the outside of the system, -the system is supposed to have reached steady state, i.e. there is no production or accumulation in the heat balance, -the cold part, that is to say the medium, is reduced to the solvent, -the axial conduction alongside the tubes is negligible, -the fluid heat capacities Cp are constant, -the global heat transfer coefficient H along the heat exchanger is constant.

The needed length of the pipes Lpipe (m) is directly linked to the exchange area S (m²) through the formula presented in Equation III-1, with Dpipe and Rpipe respectively the pipe diameter (m) and radius (m).

𝑆 = 𝜋𝐷 𝑝𝑖𝑝𝑒 𝐿 𝑝𝑖𝑝𝑒 = 2𝜋𝑅 𝑝𝑖𝑝𝑒 𝐿 𝑝𝑖𝑝𝑒 Equation III-1

To minimize the piece size, the selected tubes should be small. Among the available pipes of the glassblower, that with the smallest outer diameter is 0.01 m, with a wall thickness of 0.0015 m The minimum exchange surface S needed to reach a safe minimum temperature of 40 °C is directly correlated with the heat flow necessary to heat up the entering fluids.

Calculation of the heat flow Φ

In a counter-current heat exchanger, the heat flow Φ in J.s -1 is defined as in Equation III-2, with H the global heat transfer coefficient in W.m -2 .K -1 , S the exchange area (m²) and ΔTlmcounter the logarithmic mean temperature difference for counter-current flow 115 in K.

𝛷 = 𝐻𝑆𝛥𝑇 𝑙𝑚-𝑐𝑜𝑢𝑛𝑡𝑒𝑟 𝑤𝑖𝑡ℎ 𝛥𝑇

𝑙𝑚-𝑐𝑜𝑢𝑛𝑡𝑒𝑟 = (𝑇 ℎ,𝑖 -𝑇 ℎ,𝑜 ) -(𝑇 𝑐,𝑜 -𝑇 𝑐,𝑖 ) 𝑙𝑛 (𝑇 ℎ,𝑖 -𝑇 ℎ,𝑜 ) (𝑇 𝑐,𝑜 -𝑇 𝑐,𝑖 ) Equation III-2
Equation III-2 can be transformed in Equation III-3 to take S out.

𝑆 = 𝛷 𝐻𝛥𝑇 𝑚𝑙-𝑐𝑜𝑛𝑡𝑟𝑒

Equation III-3

Firstly, the heat flow Φ must be determined, thanks to Equation III-4, with ṁ the mass flow in kg.h -1 , Cp the heat capacity in J.kg -1 .K -1 and ΔT the temperature difference between the inlet and the outlet.

𝛷 = ṁ * 𝐶𝑝 * 𝛥𝑇 Equation III-4

The system is in steady state, thus the heat flow of the hot part equals that of the cold part. This is transcribed in Equation III-5. 𝛷 = ṁ ℎ * 𝐶𝑝 ℎ * (𝑇 ℎ,𝑖 -𝑇 ℎ,𝑜 ) = ṁ 𝑐 * 𝐶𝑝 𝑐 * (𝑇 𝑐,𝑜 -𝑇 𝑐,𝑖 )

Equation III-5
With the known values in the cold part, the heat flow can be calculated thanks to Equation III-5. Nevertheless, Th,i and Th,o are necessary to determine the logarithmic mean temperature difference in Equation III-2. Th,i is imposed during the experiment, and Th,o can be taken out from Equation III-5:

𝑇 ℎ,𝑜 = 𝑇 ℎ,𝑖 - ṁ 𝑐 ṁ ℎ 𝐶𝑝 𝑐 𝐶𝑝 ℎ (𝑇 𝑐,𝑜 -𝑇 𝑐,𝑖 ) Equation III-6
Now, the missing value to determine S with Equation III-3 is the global heat transfer coefficient H.

Calculation of the global heat transfer coefficient H

In the system, the heat transfer occurs through convection in the fluid (see Figure In the hot part, the convective transfer is defined in Equation III-7, with Φh the heat flow in the hot part (J.s -1 ), hh the convection coefficient in the hot part (W.m -2 .K -1 ), S the exchange surface (m) and T1 and T2 respectively the temperatures of the hot fluid and at the wall (K).

The sign '-' needs to be added because the heat flow is positive from the fluid core to the wall.

𝛷 ℎ = -ℎ ℎ 𝑆(𝑇 2 -𝑇 1 ) Equation III-7
Equation III-7 can also be written as:

(𝑇 1 -𝑇 2 ) = 𝛷 ℎ ℎ ℎ 𝑆 Equation III-8
The conductive transfer in the glass wall is defined in Equation III-9, with Φw the heat flow in the glass wall (J.s -1 ), λw the thermal conductivity of the glass wall (W.m -1 .K -1 ), S the exchange surface (m), e the wall thickness (m) and T2 and T3 respectively the temperatures at the hot and cold walls (K). Equation III-9 can also be written as in Equation III-10.

𝛷 𝑤 = 𝜆 𝑤 𝑆 𝑒 (𝑇 2 -𝑇 3 ) Equation III-9 (𝑇 2 -𝑇 3 ) = 𝛷 𝑤 𝑒 𝜆 𝑤 𝑆 Equation III-10
In the cold part, the convective transfer is defined in Equation III-11, with Φc the heat flow in the cold part (J.s -1 ), hc the convection coefficient in the cold part (W.m -2 .K -1 ), S the exchange surface (m) and T3 and T4 respectively the temperatures at the wall and of the cold fluid (K).

The heat flow is positive from the wall to the fluid core. Equation III-11 can also be written as in Equation III-12.

𝛷 𝑐 = ℎ 𝑐 𝑆(𝑇3 -𝑇4)

Equation III-11

(𝑇3 -𝑇4) = 𝛷 𝑐 ℎ 𝑐 𝑆 Equation III-12
The system has reached the steady state, i.e. there is no energy accumulation or production. Thus:

𝛷 ℎ = 𝛷 𝑤 = 𝛷 𝑐 = 𝛷 Equation III-13
Then, Equation III-8, Equation III-10 and Equation III-12 can be summed:

(𝑇 1 -𝑇 4 ) = 𝛷 ℎ ℎ 𝑆 + 𝛷𝑒 𝜆 𝑤 𝑆 + 𝛷 ℎ 𝑐 𝑆 Equation III-14
There is a resistance to the heat transfer due to the glass wall and to the boundary layers on both sides (Figure III-4). The total resistance Rt in W.K -1 is defined as the sum of the resistances generated by the boundary layers in the hot and cold parts Rh and Rc, and by that of the glass wall Rw:

𝑅 𝑡 = 𝑅 ℎ + 𝑅 𝑤 + 𝑅 𝑐 Equation III-15
Rt can also be defined as:

𝑅 𝑡 = (𝑇 1 -𝑇 4 ) 𝛷 Equation III-16
By injecting Equation III-14 in Equation III-16:

𝑅 𝑡 = 1 ℎ ℎ 𝑆 + 𝑒 𝜆 𝑤 𝑆 + 1 ℎ 𝑐 𝑆 Equation III-17
The global heat transfer coefficient H in W.m -2 .K -1 can written as:

𝐻 = 1 𝑅 𝑡 𝑆 Equation III-18
In the studied system, as the glass wall is that of a pipe: the surface between the hot part and the glass wall, and that between the glass wall and the cold part are different. Thus, the global heat transfer coefficient must be defined for the surface Sh (m) between the hot part and the glass wall, for that between the glass wall and the cold part Sc (m), and for the average surface Sa (m). The three expressions are depicted in Equation III- In the above equations, the convection coefficients hh and hc can be determined thanks to the dimensionless Nusselt number Nu, as shown in Equation III-22, with Dh the hydraulic diameter in m and λfluid the thermal conductivity of the fluid in W.m -1 .K -1 .

𝑁𝑢 = ℎ𝐷 ℎ 𝜆 𝑓𝑙𝑢𝑖𝑑

Equation III-22

The Nusselt number is correlated to the Reynolds and Prandtl numbers Re and Pr, through an empirical relationship of the form of Equation III-23. The coefficients α, β and γ vary according to the flow regime characteristics (Re, Pr) and to the system geometry 115,116 .

𝑁𝑢 = 𝛼𝑅𝑒 𝛽 𝑃𝑟 𝛾

Equation III-23

With the calculation of Nu, the convection coefficients hh and hc can be determined, serving the calculation of the global heat transfer coefficients Hh, Hc and Ha thanks to Equation III-19, Equation III-20 and Equation III-21. With these results, the heat flow Φ can be estimated, then the exchange surface S, and finally the pipe length Lpipe.

III.2.2.2. First prototype

In the first place, the prototype model was inspired from the static mixers that can be found in the chemical and pharmaceutical industry. The idea was to design a double-jacketed Yshaped piece, in order to be able to regulate its temperature.

The initial plan was to fulfill this piece with a structured metal packing or random packings such as Raschig rings. However, the design of a packing suitable for such small piece seemed technically impossible. The considered solution was then to use two frit glass sections in the main pipe to ensure mixing.

The schematic representation of this first mixing piece model is depicted in Figure III-5. Two taps were added, in order to measure the temperature where the two solutions mix, and before the entrance into the CT crystallizer. 

III.2.2.2.1. Length of the inlet pipes

By using the reasoning of section III.2.2.1, the minimum pipe length necessary for the feeding solutions to reach 40 °C was calculated.

Firstly, the Reynolds numbers of the cold and hot parts were calculated; the results are detailed in Appendix B.

Then, the different calculations presented in section III.2.2.1 were done; the results are presented in Appendix C. In the studied system, the flow regime in the cold part is laminar (see Appendix B, section B.1).

As the fluid goes through a pipe 115,116 : 𝑁𝑢 = 4.364.

Regarding the hot part, the flow regime being turbulent (see Appendix B, section B.2), the Nusselt number was calculated thanks to the correlation in agreement with the determined Prandtl number (see Appendix C section C.2.1).

Next, the convection coefficients hh and hc were determined (Appendix C section C.2.2), serving the calculation of the global heat transfer coefficients Hh, Hc and Ha (Appendix C section C.2.3). The heat flow Φ was then estimated, serving the determination of the exchange surface.

In the end, the calculations gave a minimum inlet pipe length of Lpipe = 13.5 cm. 

III.2.2.2.2. First prototype tests

Temperature test

The Y-shaped connection was tested in the conditions of the very first process of chiral resolution supposed to be tested in the CT crystallizer. This crystallization step of this process occurs in methanol.

For a thermostat set temperature of 70 °C, the medium started to boil. The set temperature was then decreased to 60 °C. The temperatures measured at T1 and T2 (see Figure III-5) were respectively comprised between 58.5 and 59.8 °C, and between 59.5 and 59.9 °C. It means that the actual heat transfer was better than that expected.

Mixing test

The mixing efficiency of the first prototype was tested with colored solutions. As shown in Figure III-7, the colored solutions struggle to mix. The poor mixing efficiency of the Y-shaped connection is due to the low linear velocities of the feed solutions, because of the long residence time in the CT crystallizer and of the tube diameter.

With these conditions, turbulence is not reachable. Mixing involves energy dissipation, and in the present case, the pressure drop is too low. The two frit glasses are not enough to intertwine the layers of fluid to ensure good mixing.

To increase the linear velocities, a reduction of the tube diameter could be considered, but this is not technically possible: smaller diameter glass tubes were not readily available. Also, the residence time being a parameter to study, long values must also be tested.

Solutions including baffled inserts were considered, but if they would have increased the macro-mixing, the meso-and micro-mixing would not have been efficient because of the low linear velocities.

To conclude, with the study constraints, turbulence can only be achieved with a mobile stirrer. This first prototype was used for a preliminary series of continuous experiments (see Chapter IV section IV.1.2), while the design of a second mixing piece prototype was investigated.

III.2.2.3. Second prototype

As seen in the previous section, to reach turbulence, the mixing piece must not be designed as a static mixer but rather as a mixing chamber with a stirrer.

Other solutions were investigated, like a coil system with Corning System, the fReactor TM from Interchim ® or a batch jacketed oscillatory baffled reactor from NiTech ® Solutions. Nevertheless, with the presence of a glass blower within the faculty, the glass design solution remained the simplest and most accessible one.

III.2.2.3.1. Design of the mixing chamber

In the first place, different designs were imagined and explored. Some of them are depicted in Figure III-8. To understate the dead volume before the entrance in the CT reactor, the volume of the mixing chamber should be minimized. The limitation to this minimization is the technical feasibility:

(1) the necessary space between the tip of the inlet tapping and its welding in the chamber's wall must be of minimum 10 mm,

(2) the space required between the two tips of the face-to-face inlets must be of minimum 15 mm, (3) the free space around a welding must exceed 5 mm in order to warranty the welding quality.

Following the previous requisitions, the mixing chamber was done from a tube with an outer diameter of 40 mm with a wall thickness of 2.5 mm. As the thinnest tubes have an outer diameter of 10 mm, by considering the necessary free space of 5 mm around a welding, the chamber's height could not be below 20 mm. These dimensions give a dead volume of 19.2 mL, which is acceptable.

The mixing efficiency is ensured by a bar magnet and a magnetic stirrer. In addition, this dynamic mixing area serves the softening of the flowrate variability due to the peristaltic pump.

III.2.2.3.2. Design of the inlet pipes

For this second prototype, the minimum pipe length for the inlet solutions was also determined. When it was designed, the studied process was that of Chapter IV section IV.4. Thereby, the cold part was assimilated to the solvent mixture ethanol/water 76/24 w/w. 

III.2.2.3.3. Second prototype tests

Temperature

The mixing chamber was tested with a mixture of ethanol/water 76/24 w/w. For a thermostat set temperature of 70 °C, the temperature measured within the mixing chamber was 65.5 °C. It means that the actual heat transfer was better than that expected.

Regarding that, as 65.5 °C is very close to the boiling temperature of ethanol, and to limit the coolant evaporation, the working set temperature was decreased to 60 °C.

Mixing

The mixing efficiency was tested with colored solutions. The design of the feeding part of the CT crystallizer was an important part of the reflection around the continuous set-up. In parallel of this design work, some issues were detected regarding the inner cylinder temperature regulation efficiency. This is described in the following section.

III.3. Investigations around the temperature regulation of the inner cylinder

The shaft of the CT crystallizer was changed at the beginning of the present work, because of coolant leaks noticed on the old one. To ensure the good assembly of the new one, tests were made regarding the temperature regulation efficiency within the CT crystallizer.

III.3.1. Temperature regulation efficiency of the inner cylinder III.3.1.1. Preliminary evaluation of the temperature regulation efficiency

In the first place, the CT reactor was filled with water. The inner cylinder was thermoregulated at 20 °C; no temperature regulation was set for the outer cylinder. The CT crystallizer fulfilled with water was then rotated at 1500 rpm for 1 h. A second series of measurements was realized after this rotation time. The results of this third test are presented in Table III-1. The effect of the heat generated by the friction with the lip seal is clear (+7 °C for T2). There is also an evident temperature gradient along the reactor (+7 °C between T3 and T2 after 1 h of rotation).

Temperature point Temperature after 1 h of equilibration (°C)

Temperature after 1 h of rotation at 1500 rpm (°C) These temperature variations can be problematic for the implementation of crystallization processes, as the medium will be heated up close to the outlet of the reactor.

If the most evident cause of the poor temperature regulation of the inner cylinder is the heat generated by the friction of the rotating shaft with the lip seal, the temperature regulation system must also be investigated. This is the topic of the next section. The heat generation due to the friction with the lip seal is covered in section III.3.2.

III.3.1.2. Length of the internal pipe of the rotary joint

To ensure the regulation of the temperature, the coolant can arrive inside the internal cylinder through a component called "rotary joint" or "rotary seal", as shown on Figure III-14. The coolant enters the inner cylinder through the internal pipe of the rotary joint, which measures 8 cm. As seen on Figure III-12b, this means that the end of the pipe coincides with the first bearing level. Thus, for the last 40 cm of the shaft, the turnover of the coolant is poor. Consequently, for the active part of the shaft in the CT reactor (i.e. the last 20 cm beyond the lip seal) the temperature regulation cannot be optimum.

Proposed solution

To address this issue, the considered solution was to lengthen the internal pipe of the rotary seal, so that the coolant reaches the conical part of the internal cylinder. As shown in Temperature measurements after the replacement of the rotary seal pipe

Once the longer pipe of the rotary joint was installed, new temperature measurements were done, to check the effect of the modification.

Like the third test of section III.3.1.1, the set temperature of the inner cylinder thermostat was put at 10 °C and the coolant flow rate was at its maximum value. After 1 h of equilibration, without rotation, the temperature was measured at four points (see Figure III-13). The compared results can be found in Table III- The temperature regulation is improved, especially around the conical part. The coolant turnover is better, which increases the efficiency of the regulation.

Another aspect has been explored to enhance even more the temperature control: the type of tubes used to connect the thermostat and the internal cylinder.

III.3.1.3. Thermostat specific hoses

At the beginning, the inner cylinder and its thermostat were connected with insulated silicon hoses. However, regarding the poor efficiency of the temperature regulation, they were replaced by specific thermostat insulated pipes like the ones presented in After their installation, thanks to special adaptors, temperature measurements were performed again. Also, as the hoses were no longer in silicon, the initial coolanta mix of ethylene glycol and water 40/60 V/Vwas replaced by silicon oil. This latter is supposed to be more adapted for temperature regulation with thermostats. As mentioned in section III.3.1.1, the inner cylinder temperature regulation was also affected by the friction of the shaft with the lip seal when rotating. Investigations were made to address this problem; they are detailed in the next section.

III.3.2. Heat generated by the friction with the lip seal

Previous temperature measurements have evidenced a specific heat generation in the region of the lip seal. This phenomenon is due to the friction between the inner cylinder shaft and the lip seal (see Figure III-20). The lip seal being located near the outlet of the reactor (see Figure III-2), the heat generated because of the friction could heat up the outgoing medium and dissolve part of the crystals. Such event should be avoided, to limit the effect on productivity and yield.

To address the issue, the replacement of the lip seal by a bearing ring was considered. As it would be one of the extremities of the reactor, this component must be hermetic and resistant to classic solvents such as ethanol, methanol, or acetone. This inquiry was submitted, among others, to SKF, one of the biggest manufacturers of bearing rings. After some exchanges, their conclusions were that a bearing ring cannot provide the desired hermeticity, and that the current system seems to be the best solution. Nevertheless, they offered recommendations regarding the use of such seal, in order to minimize the friction with the internal cylinder shaft.

During the continuous experiments, the friction indeed occurred, but the increase of the medium temperature at the CT reactor's outlet appeared to be limited by the efficient outer cylinder temperature regulation.

III.4. Final continuous set-up

The final continuous set-up is presented in The feeding solutions were transported from the feed tanks to the CT crystallizer, by passing through the mixing piece, by using a peristaltic pump Ismatec Reglo Digital ISM833C.

Hereafter is the list of the thermostats used:

-CT inner cylinder: Lauda Proline RP890, -CT outer cylinder: Lauda Proline RP845, -Mixing chamber: Huber ministat cc2, -Feeding tanks: Lauda Eco RE420.

The experiments presented in section IV.1.2 and in section IV.4 were performed with the thermostats fulfilled with a mix of ethylene glycol/water 40/60 V/V, except that of the mixing piece: to have a better vision of the inside of the mixing piece, the coolant filling up the Huber ministat cc2 was water.

Water has better heat transfer characteristics (𝜆 𝑤𝑎𝑡𝑒𝑟,70 °𝐶 = 0.657 𝑊. 𝑚 -1 . 𝐾 -1 ), and anyway, as seen in the previous sections, the heat transfer within the mixing prototypes appeared to be better than expected.

For the experiments of section IV.6, as the inner cylinder thermostat hoses were changed, the coolant of the Lauda Proline RP890 was replaced by silicon oil.

The continuous set-up was efficient for the performed experiments, nevertheless, future improvements can be planned, to go towards a more industrial installation.

III.5. Future improvements to plan

To ensure a robust scale-up, the continuous set-up may be improved at various parts.

First of all, the mixing piece should be 'updated' towards a more industrial design. Contacts with potential providers were attempted, but the small scale and the low linear velocities were an obstacle.

In the same way, investigations can be carried out regarding the pumping part: peristaltic pumps are useful on a laboratory scale, because of their small size, but they need to be regularly calibrated to avoid drifts.

Regarding the heating part, the optimization touches the used hoses: the ideal set-up would only include specific tubes as the ones presented in Figure III-17 rather than silicon tubes.

Finally, the main portion that could be improved is the filtration part. In the presented work, it consisted in using a sintered funnel with a vacuum pump. The funnel was changed according to the collection time. To perform a 'real' continuous filtration, different device can be explored, such as band filter (sort of filtering "caterpillar track"), continuous filtration carousel (CFC) [START_REF] Liu | Development of Continuous Filtration in a Novel Continuous Filtration Carousel Integrated with Continuous Crystallization[END_REF]117 or rotating disk filtration 118 .

Chapter IV. Continuous chiral resolution of racemic Ibuprofen

This fourth and final chapter presents the experimental work performed on the chiral resolution of rac-Ibu by S-αMBA in batch mode and in continuous mode. The batch work was conducted in parallel of the continuous experiments, to serve the process optimization and the generation of data to compare the two modes.

In the first place, preliminary experiments were performed, to get familiar with the chiral resolution process of rac-Ibu with S-αMBA.

It is noteworthy to mention that all temperatures refer to the set temperature of the thermostat.

IV.1. Preliminary experiments IV.1.1. Batch mode

The set-up of the batch mode experiments is described in Appendix A section A.2.

IV.1.1.1. Chiral resolution process definition

Based on previous work done in the lab, a first process was tried for the chiral resolution of rac-Ibu with S-αMBA in ethanol, with the addition of the amine at ambient temperature. This first experiment was stopped during the addition since the product violently precipitated.

A second trial was done, with a heating step preceding the amine addition: no precipitation occurs. This process was retained: In addition to the definition of the batch process, the effect of temperature cycling on chiral purity was rapidly studied. Indeed, as the continuous CT crystallizer can be considered as a series of micro-stirred tanks, in case of temperature gradient between the two cylinders, the medium undergoes numerous temperature cycles all along the continuous reactor.

IV.1.1.2. Temperature cycling effect on chiral purity

In the first place, an experiment at small scale (0.5 g) was performed, with the process defined in the previous section. At the end of step 5, temperature cycles were implemented, It clearly appears that the first temperature cycle has an impact on chiral purity, since the diastereomeric excess (Equation II-2) increased from 0.67 to 0.77. The other temperature cycles did not seem to have a strong effect on chiral purity.

However, to confirm this trend, two other experiments were performed, at a larger scale: 5 g scale for experiment B1 and 10 g scale for experiment B2, respectively with and without temperature cycling. The temperature cycles imposed is shown in Figure IV-2. The results of the two trials B1 and B2 can be found in If the yield is pretty close in both experiments, the benefit of temperature cycling in experiment B1 regarding chiral purity is clear, as well as on the diastereomeric yield.

To conclude from the results of these three experiments, it appeared that a temperature gradient has a positive effect on the chiral purity of the product S-Ibu-S-αMBA. This is encouraging regarding the implementation of the chiral resolution of rac-Ibu with S-αMBA in the continuous CT device.

The results of the first CT experiments are presented hereafter.

IV.1.2. Continuous mode

The chiral resolution of rac-Ibu by S-αMBA was experimented in the continuous mode within a Couette-Taylor crystallizer. The unique flow motion of such continuous reactor has been tackled in Chapter I (section I.3.3). The continuous set up used in the presented work was extensively described in Chapter III. This first series of continuous experiments was performed in technical ethanol (i.e., at azeotropic composition EtOH/H2O 95/5 w/w) with a rotation speed of 1000 rpm and a residence time of 15 min. Three experiments were run, with variation of the temperature difference between the two cylinders. Three temperature gradients ΔT were tested: 0 (Run 1), 10 °C (Run 2) and 20 °C (Run 3). The definition of ΔT can be found in Equation IV-3 with T1 the set temperature of the thermostat of the inner cylinder and T2 the set temperature of the thermostat of the outer cylinder.

𝛥𝑇 = 𝑇1 -𝑇2

Equation IV-3 Runs 1 and 2 lasted ten residence times and Run 3 nine (encrustation issue at the end of the nineth fraction). The product collected during one residence time correspond to 'one fraction'. Each fraction was collected, weighed, and analyzed by chiral HPLC.

Five indicators were calculated, to evaluate the experiment results:

-Global productivity (g.L -1 .min -1 ): defined in Equation IV-4, with mcollected the mass of the solid recovered from V, the volume of suspension collected during tcollection, the duration of the fraction collection, i.e., the residence time, here.

𝐺𝑙𝑜𝑏𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝑚 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑉 * 𝑡 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛

Equation IV-4 -Global yield (%): defined in Equation IV-1, with mexpected the maximum mass of solid that can be recovered from V during tcollection.

-Diastereomeric excess: defined in Equation II-1, or Equation II-2 for the direct calculation from chiral HPLC analysis. This value defines the effectiveness of the process in separating S-Ibu-S-αMBA and R-Ibu-S-αMBA.

-Diastereomeric productivity (g.L -1 .min -1 ): defined in Equation IV-5, with de the diastereomeric excess.

𝐷𝑖𝑎𝑠𝑡𝑒𝑟𝑒𝑜𝑚𝑒𝑟𝑖𝑐 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 𝑑𝑒 * 𝑚 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑉 * 𝑡 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛

Equation IV-5

-Diastereomeric yield (%): defined in Equation IV-2.

Global productivity and global yield refer to the whole collected product, which include S-Ibu-S-αMBA and R-Ibu-S-αMBA. Thus, the diastereomeric productivity and the diastereomeric yield had to be introduced, in order to define the real production in the desired diastereomer.

The average results of each experiment are presented in The yield obtained is almost as good as that obtained in batch mode in the previous section. This conclusion is not surprising: the trend of continuous processes to give lower yield than batch ones was already reported [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF] . However, as the global productivity seems very good, an interesting solution could be to implement a recycling system of the mother liquors, in a lower domain of temperatures, which has already proven its efficiency regarding yield [START_REF] Lorenz | CHAPTER 12 Continuous Enantioselective Crystallization of Chiral Compounds[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Ma | Recent Progress in Continuous Crystallization of Pharmaceutical Products: Precise Preparation and Control[END_REF] .

By contrast, the chiral purity is globally really lower than that obtained in batch mode. The reason might be linked to the filtration process which is not specifically adapted to the continuous mode (see Chapter III section III.5).

Actually, the filtration was complicated for the three experiments. Therefore, optical microscopy and SEM analyses were performed, to have an idea of the crystal size and shape. The micrographs are respectively shown in However, the temperature gradient of 20 °C is probably too high: productivity and yield decrease (Table IV-3), and the crystal population seems more heterogeneous. To conclude about this first series of continuous experiments, the continuous mode seems applicable to the chiral resolution by diastereomeric salt formation of rac-Ibu by S-αMBA. Also, the presence of a temperature gradient appeared to enhance the global and diastereomeric yield and productivity, and a little bit the chiral purity. The impact on the crystal size is clear too. Nevertheless, this positive effect can fade if the temperature difference between the two cylinders is too high.

During these first continuous process experiments, issues were encountered with respect to filtration. Indeed, the recovered crystals was needle-shaped and small, which is not suitable for an effective filtration process. The process was then returned to batch mode study, to be optimized regarding the shape and size of the obtained crystals.

IV.2. Process optimization for crystal shape in batch mode

Since the solubility of the diastereomer S-Ibu-S-αMBA is not so high in technical ethanol (see solubility measurements in Chapter II section II.2.2), the use of the Pope and Peachey procedure seemed interesting to try [START_REF] Wilen | Application of the Procedure of Pope and Peachey to the Resolution of Alcohols[END_REF][START_REF] Pope | The Application of Powerful Optically Active Acids to the Resolution of Externally Compensated Basic Substances. Resolution of Tetrahydroquinaldine[END_REF] , in order to avoid the obtaining of small acicular crystals.

IV.2.1. Pope and Peachey method

To apply the Pope and Peachey method, the process described in section IV.1.1.1 was modified as followed: The results of this first experiment with Pope and Peachey method are presented in Table IV-4. The diastereomeric excess obtained is similar to that obtained in experiment B1, with temperature cycling (0.65 vs 0.66). However, the yield was lower than that obtained in experiments B1 and B2 (21.1 % vs 39.1 % and 41.1 %). To improve the yield, a study on the impact of the concentration was launched. 

IV.2.1.1. Dilution optimization

To increase the yield of the process, the medium concentration was tested in experiments B3, B4 and B5, with respective numbers of volumes of technical ethanol of 15.5, 10 and 5 V. An attempt was also made with 2.5 V, but it resulted in a massive precipitation during the addition of the bases at high temperature. The yield, chiral purity and diastereomeric yield obtained are presented in Table IV-4.

It clearly appears that, as expected, the yield increases with the medium concentration. Nevertheless, in experiment B5 (5 V), nucleation started at 53 °C, which seemed quite high in view of transferring the process to continuous mode. Indeed, to ensure that no crystallization will take place before the CT crystallizer inlet, a safe process considers a spontaneous crystallization below 40 °C (see Chapter III section III.2). Thus, a number of technical EtOH volumes of 7.5 seemed to be a good compromise.

The chiral purity obtained in experiment B4 was surprisingly low. It appeared to be an exceptional value. Diastereomeric excesses achieved in experiments B3 and B5 are similar to previous results of B1 and B2.

The yield and diastereomeric yield remain lower than those obtained in experiments B1 and B2. Nevertheless, this loss can be acceptable since the new crystal morphology and size are more suitable for an efficient filtration process.

XRPD analysis was performed on the products recovered from experiments B3, B4 and B5. The overlay can be found in Figure IV-9, including a comparison with the references.

Figure IV-9: XRPD overlay of the diffractograms of (from top to bottom): the racemic Ibuprofen (black), the product made by recrystallizing pure S-Ibu with NaOH (blue), the product of experiment B3

(light green), the product of experiment B4 (red), the product of experiment B5 (purple) and the pure S-Ibu-S-αMBA (dark green).

On the XRPD overlay, an impurity is clearly observable at 3.75 °2θ, including on the diffractogram of the product of the recrystallization of pure S-Ibu with soda (blue). In view of eliminating this impurity, a cake washing study was considered.

IV.2.1.2. Cake washing study

Experiment B6 was carried out to study the influence of washing the filtration cake on the impurity observed at 3.75 °2θ. As water seems to be a good antisolvent for the diastereomer, washings with 2 V of distilled water were tested.

The product of experiment B6 was sampled before any washing (B6a), after one washing (B6b), two washings (B6c) and three washings (B6d).

The results are presented in Table IV- The effect of the washings on the impurity is evident: it is totally removed after the first washing with 2 V of water. Also, it seems that the chiral purity is enhanced thanks to the first washing (see Table IV-4).

To conclude, if the implementation of a washing step can induce a small decrease of the yield, the benefits regarding the structural purity and the diastereomeric excess are clear. Therefore, one washing step was added to the chiral resolution process with the Pope and Peachey method. The next step of the process optimization was focused on the number of equivalents of soda.

IV.2.1.3. NaOH number of equivalents

Different numbers of equivalents of NaOH were tested in experiments 7 to 19 (Table IV- 4).

The first striking impact regards the yield: when the amount of soda increases, the yield decreases. However, below 0.25 eq., nucleation starts at a temperature higher than 40 °C, therefore, the process is not considered as transferrable to continuous mode (see Chapter III section III.2.2).

Regarding chiral purity, a maximum seems reached for 0.3 eq. To conclude, 0.3 eq. appeared to be the optimum amount of soda to maximize the yield with a good chiral purity. Also, the repeatability of the process was tested with experiments B9, B10, B11, B12, B16 and B17. The results are consistent; thus, the process is repeatable.

The different parameters studied led to an optimized chiral resolution process, with the Pope and Peachey procedure. However, during this process optimization, some specific defects were detected in the crystals: fluid inclusions (Figure IV-11).

Figure IV-11: Micrograph of the product obtained in experiment B14

taken by optical microscopy at a magnification of 2.5. Some fluid inclusions are encircled in red.

The study of these fluid inclusions was addressed in Chapter II. The inclusions encountered in crystals of S-Ibu-S-αMBA contain the process mother liquors, and also sometimes a bubble of gas. The presence of the mother liquors within the crystals can be dramatic regarding chiral purity. Nevertheless, it has been observed that without soda and with a vigorous stirring, fluid inclusions can be avoided. In addition, it appeared that the nice platelet morphology was not due to soda, but to water.

In view of the above conclusions, the chiral resolution process needed to be modified. Soda was no longer used, but it seemed necessary to add water to technical ethanol in order to obtain the nice platelet-shaped crystals. To optimize the process, the EtOH/H2O ratio required an investigation.

IV.2.2. Optimization of the process with water and without soda

In the first place, the water mass fraction of the previous experiments was calculated, to have a first evaluation. Results can be found in Table IV Regarding these results, the following water mass fractions were tested: 0.17, 0.21, 0.22, 0.24, 0.27, 0.28, 0.29, 0.33, 0.38. Experiments B20 to B31 were performed, including repetitions, to test the repeatability of the process, following this updated procedure: The results of experiments B20 to B31 are presented in Table IV The results are dispersed, and no trend can be drawn. The elimination of the fluid inclusions does not seem to significantly increase the chiral purity. Nevertheless, the best diastereomeric purity and yield are achieved with a water mass ratio of 0.24. Therefore, it is the solvent ratio that was implemented in the first screening of continuous chiral resolution of S-Ibu with S-αMBA (see section IV.4). As shown in Table II-2, it corresponds to a mass fraction [technical EtOH]/H2O of 80/20.

Since many parameters can impact a continuous process, this next series of continuous experiments, performed with a solvent ratio EtOH/H2O of 76/24 w/w, was rationalized with a Design of Experiments (DoE) approach [START_REF] Sánchez | Highly Enantioselective Esterification of Racemic Ibuprofen in a Packed Bed Reactor Using Immobilised Rhizomucor Miehei Lipase[END_REF] . Such methodology serves to obtain a robust operating point, and levers for further process optimization. The next section describes the philosophy around the construction of the DoE, to study the continuous chiral resolution of rac-Ibu by diastereomeric salt formation with S-αMBA.

IV.3. Rationalization of the continuous study through a DoE approach IV.3.1. Principle

The principle of a DoE is to study simultaneously the impact of different factors on (a) response(s). The selection of the factors to study must be carefully thought: they must be accurately controlled and independent one to each other. In the DoE approach, the correct definition of the study (factors, responses, studied range…) is essential 119 .

The questions and the hypotheses are converted into a mathematical model. This can typically be shaped into a polynomial model, such as the following one, which considers three factors, X1, X2 and X3, with two levels 119,120 :

𝑌 = 𝑏 0 + 𝑏 1 𝑋 1 + 𝑏 2 𝑋 2 + 𝑏 3 𝑋 3 + 𝑏 1.2 𝑋 1 𝑋 2 + 𝑏 1.3 𝑋 1 𝑋 3 + 𝑏 2.3 𝑋 2 𝑋 3 + 𝑏 1.1 𝑋 1 2 + 𝑏 2.2 𝑋 2 2 + 𝑏 3.3 𝑋 3 ² Equation IV-6
In Equation IV-6, Y is the response and the 'b' values are the estimated coefficients: b0 is the constant (or intercept), bi represent the principal effect of the factor Xi, bi.j correspond to the interaction effect between Xi and Xj, and bi,i characterize the quadratic (or curvature) effect of Xi.

The first choice to make is the DoE family to implement, according to the study conditions previously defined: screening, quantitative study of factors, response surface methodology or mixture design.

Here, the screening design seems the most suitable one to begin with. Indeed, it is recommended to identify the active factors 120 . In such design, the model is stated as linear, and only the principal estimated coefficient bi of Equation IV-6 are considered.

Once the factors identified as the most impacting ones are selected, the levels of each factors should be selected, in agreement with the selected DoE design. The level choice is a critical step in the DoE construction: they must be sufficiently distinct and not too close to each other to obtain significantly different and informative results.

After the selection of the factors and their levels, the matrix of experiments can be constructed. In this matrix, each experiment represents a unique combination of the different levels of each factor. This step partially determines the robustness of the DoE.

Based on the built matrix of experiments, the experimental part can be performed. It is noteworthy to mention that to avoid the time effects, the experiments should be randomly performed 120 . The matrix of experiments can evolve during the study, according to the obtained results, for example, in case of the identification of a factor level as a process abortion cause.

The responses to study should be adapted to the study objectives. Their statistical analysis and interpretation serve the evaluation of each factor's model, and, in the case of the screening design, the identification of the most impacting factor(s).

IV.3.2. Application to the present work

In continuous crystallization, many process conditions can have an impact on the product characteristics (yield, chiral purity…). In the present continuous work, seven parameters have been identified as potential DoE factors. They deal with the features offered by the CT crystallizer (parameters 1, 2, 3 and 5), with the continuous mode (parameter 4) and with the crystallization process (parameters 6 and 7):

(1) Absolute temperature difference between the two cylinders |ΔT|, with |𝛥𝑇| = |𝑇1 -𝑇2|,

(2) Sign of ΔT, i.e., which cylinder is the cold part when the other is the hot one, (3) Rotation speed Ω, Since the screening design seems the most suitable one, this is not in agreement with the study of the seven factors. The factors suspected as the most impacting ones should be selected, as well as their levels.

The DoE matrix of experiments can then be built with the 'Screening' tool of Azurad software (see Appendix A section A.10). By using an exchange algorithm, a D-optimal matrix of with minimal inflation factors on the model coefficient can be established.

In this continuous study, five responses have been considered to study the influence of the factors on the product features:

-Global productivity (g.L -1 .min -1 ), -Global yield (%), -Diastereomeric excess, -Diastereomeric productivity (g.L -1 .min -1 ), -Diastereomeric yield (%).

The expression of each studied response can be respectively found in Equation IV-4, Equation IV-1, Equation II-1, Equation IV-5 and Equation IV-2.

The different responses can be processed within the 'Screening' tool of Azurad software, which can assess a 'weight' of impact for every investigated factor, and a first outline of their best level(s). Eventually, the screening study can lead to the definition of a first operating point, and of the optimization levers for further development.

It is noteworthy to mention that during the statistical analysis of a response, the results of certain experiment(s) can be estimated as aberrant for this response processing, typically through the analysis of the residues. The discarding of this deviant experiment for one response does not imply that it has to be discarded for the others, if this is not justified. Azurad software allows the user to deselect one experiment for a given response, without affecting the other responses.

The statistical analysis and interpretation plots from Azurad can be used to evaluate the reliability of each factor's model and to determine the most impacting parameter(s) and their preferential set-up regarding each response.

For the individual factor effect evaluation:

-Pareto plots and the total effect plot, -p-values of t test on coefficient.

For the model reliability:

-correlation coefficient R² of the model: the closer it is to 1, the better is the adjustment of the model to the experimental observations.

-p-value of F test on regression: the lower it is, the more significant is the chosen model.

-p-value of F test on lack of fit: the higher the better; a low value for the lack of fit means that that chosen model cannot explain all the experimental observations.

In some cases, with screening design, the simplified model selected may not be significant while some coefficient effects are. Sometimes even, the effects of the factors do not appear to be statistically significant, but Pareto analysis shows that one factor is responsible for most of the variability observed. This can happen if important interaction effects exist.

After this brief introduction about the DoE rationalization of the study of the continuous chiral resolution of rac-Ibu with S-αMBA, the implementation, the results and the interpretation of the first screening performed in continuous mode are described in the next section.

IV.4. First screening in continuous mode

This series of continuous experiments was performed using the process developed in section IV.2.2, with a solvent ratio EtOH/H2O of 76/24 w/w (i.e., [technical EtOH]/H2O 80/20 w/w).

The two first experiments were realized with a solvent mixture amount of 7.5 V, but this dilution was too low, and the reactor clogged after less than 2 residence times t (10 min). It was then decided to divide by two the medium concentration. Therefore, to avoid any fouling, the medium was diluted in 15 V of EtOH/H2O 76/24 w/w, which is equivalent to a diastereomer concentration within the CT crystallizer between 0.109 and 0.111 gdiastereomer/gsaturated solution (according to the average temperature inside the reactor).

IV.4.1. Set-up of the Design of Experiments (DoE)

In the first place, the factors of this first screening must be chosen, among the seven presented in section IV.3.2. The parameters assessed to be the most impacting ones are those related to the CT crystallizer and to the continuous mode, i.e., parameters 1 to 5. Parameters 1 and 2 have been gathered as one factor, which finally gives a screening of four factors:

(1)(2) Temperature difference between the two cylinders ΔT, with 𝛥𝑇 = 𝑇1 -𝑇2, (3) Rotation speed Ω, (4) Residence time t, i.e., flowrate, (5) Reference temperature Tref, i.e., target temperature within the CT crystallizer, with

𝑇 𝑟𝑒𝑓 = 𝑇1+𝑇2 2 .
Three levels were then chosen for each of the four factors.

IV.4.1.1. Choice of the factor levels

Temperature difference between the two cylinders ΔT (°C) This factor gathers the parameters 1 (absolute temperature difference |ΔT|) and 2 (sign of ΔT) identified in section IV.3.2. It can be defined as the subtraction presented in Equation IV-7, with T1 the set temperature of the thermostat of the inner cylinder and T2 the set temperature of the thermostat of the outer cylinder.

𝛥𝑇 = 𝑇1 -𝑇2

Equation IV-7

Since the two cylinders are temperature-controlled independently, the temperature gradient direction can be inverted, in other words, each cylinder can be the hot one or the cold one. This is given by the sign of ΔT: sign '-' refers to the inner cylinder being the cold part and the outer cylinder being the hot one; sign '+'refers to the reverse situation. This aspect of the factor is important, as it has already been reported as impacting the product features [START_REF] Wu | Control of Crystal Size Distribution Using Non-Isothermal Taylor Vortex Flow[END_REF] .

Eventually the three chosen levels were: -10 °C; 0 °C; +10 °C. The investigation of this 3-level factor will confirm the potential advantage of applying a temperature gradient within the CT crystallizer, as already suspected in the preliminary CT experiments (section IV.1.2). If it is validated, it should also indicate the best gradient orientation.

Rotation speed Ω (rpm)

Before choosing the three levels of the rotation speed factor, the critical rotation speed must be determined.

As described in Chapter I (section I. In Equation I-2, the critical Taylor number without an axial flow, Ta*c(Rez=0), can be found in the literature, according to the CT reactor geometry and to which cylinder can rotate.

Rez, the axial Reynolds number, can be calculated using Equation I-3:

Re 𝑧 = 𝑑𝑉 𝑚 𝜐

Equation I-3

The system geometry can be characterized by the ratio

𝑑 𝑟 𝑖

, or by the radius ratio 𝜂 𝑟 = 𝑟 𝑖 𝑟 𝑜 , with ri the inner cylinder radius and ro that of the outer cylinder [START_REF] Chandrasekhar | Chapter VII The Stability of Couette Flow[END_REF][START_REF] Kang | Effect of Taylor Vortices on Calcium Carbonate Crystallization by Gas-Liquid Reaction[END_REF] .

The parameter µ indicate the rotating cylinder(s): µ = 𝛺 𝑜 𝛺 𝑖

, with Ωo the rotation speed of the outer cylinder, and Ωi that of the inner cylinder [START_REF] Chandrasekhar | Chapter VII The Stability of Couette Flow[END_REF] . In the used CT crystallizer, the inner cylinder can rotate, while the outer is at rest, therefore: µ = 0.

As indicated in Chapter III (section III.1), ri = 19.5 mm and ro = 23.4 mm, which gives ηr = 0.83.

According to the work of Donnelly and Schwarz (1965) [START_REF] Donnelly | Experiments on the Stability of Viscous Flow between Rotating Cylinders -VI. Finite-Amplitude Experiments[END_REF] , these characteristics give a critical Taylor number of 1902. This number is the critical Taylor number without an axial flow, Ta*c(Rez=0); the correction given by Equation I-2 must be applied.

Rez (Equation I-3) can be calculated with the following data: d = 4 mm and ν = 2.55 mm².s -1 .

The mean axial linear velocity Vm (m.s -1 ) depends on the studied residence time. Three residence times are investigated (see next section), 5, 15 and 30 min. The corresponding linear velocities are: 1.67x10 -7 , 5.56x10 -8 and 2. Finally, three flow regimes were chosen to be studied with rotation speeds of: 200 rpm, 500 rpm and 1000 rpm. These values are the three levels of the factor rotation speed.

Residence time t (min)

To select relevant values for the levels of the factor residence time, the literature was investigated. It seems that residence time in CT crystallizers typically ranges between 1 min to 60 min [START_REF] Nguyen | Vortex Effect on Phase Transformation of Guanosine 5-Monophosphate in Drowning-Out Crystallization[END_REF] . Considering the technical feasibility aspects, it has been chosen to study: 5 min, 15 min and 30 min.

Reference temperature Tref, or target temperature within the CT crystallizer (°C)

In the continuous set-up, extensively described in Chapter III, the CT reactor's temperatures are monitored directly by the thermostats of the two cylinders. Though, the average temperature inside the continuous crystallizer impacts the results, but it cannot be monitored directly, which is a problem to set it as a DoE factor (see section IV.3.1).

Consequently, to study different temperatures of crystallization, a reference temperature Tref has to be introduced, related to the set temperature of each cylinder's thermostat. Its expression is given in Equation IV-8, with T1 the set temperature of the inner cylinder thermostat and T2 the set temperature of the outer cylinder thermostat:

𝑇 𝑟𝑒𝑓 = 𝑇1 + 𝑇2 2 Equation IV-8
In this manner, as T1 and T2 can be precisely monitored, Tref can be used as the factor related to the average temperature wanted within the CT crystallizer. Thereby, Tref and ΔT are two independent factors, imposing the set temperatures of each cylinder's thermostat T1 and T2.

The processes used in batch mode all included a cooling step to 20 °C. In this first screening, it has been decided to experiment the same value, one higher value and one lower value. Thus, the effect of the increase and of the decrease of the final temperature could be studied. Finally, the selected values of Tref were: 15, 20 and 25 °C.

The summary of the investigated factors and levels can be found in Table IV- After the selection of the three levels of the four factors of this first screening, the corresponding matrix of experiments needs to be constructed.

IV.4.1.2. Construction of the matrix of experiments

The DoE matrix of experiments was built with the 'Screening' tool of Azurad software. By using an exchange algorithm, a D-optimal matrix of 10 experiments was chosen with minimal inflation factors on the model coefficient (experiments 1 to 10 in Table IV-9).

The analysis of these ten first experiments led to the implementation of 4 more experiments (including 2 repetitions). The full matrix of experiments and its corresponding experimentation plan can be found in Table IV-9. execution of samplings or analyses. Therefore, it was decided to analyze the average of the results of fractions 3, 5 and 8 for each response. IV-10: the average of the 'global' responses was calculated with all the fractions, while that of the 'diastereomeric' results was determined with the fractions analyzed by chiral HPLC, i.e., fractions 3, 5 and 8.

The results of each experiments are displayed in Table

As mentioned before, XRPD analysis was also performed on fractions 3, 5 and 8. All the analyzed samples exhibited the correct solid phase. As an example, Figure IV-14 shows the diffractograms of fractions 3, 5 and 8 of experiment 2, compared with rac-Ibu, pure S-Ibu-S-αMBA and with the calculated diffractogram (obtained from the published data at 173 K of Lemmerer [START_REF] Lemmerer | Incorporating Active Pharmaceutical Ingredients into a Molecular Salt Using a Chiral Counterion[END_REF] ). The products obtained from chiral resolution exhibit small peak shifts compared with the pure material collected at room temperature. They are due to the presence of a partial solid solution enriched in S-Ibu-S-αMBA (see section II.3.1).

The results of the five studied responses were processed within the software Azurad, to provide a statistical analysis and interpretation for each one, as described in section IV.3.2. The detailed report about every response can be found in Appendix E section E.1.

Globally, the productivities are significantly enhanced by the use of continuous mode rather than batch mode. No significant increase of the diastereomeric purity was observed, but the temperature gradient of the CT crystallizer, combined with its highly efficient mixing, gives high diastereomeric excess in a very repeatable manner. Unfortunately, but unsurprisingly [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF] , the calculated yields appeared to be lower in continuous mode; an efficient solution may be the implementation of a recycling system [START_REF] Lorenz | CHAPTER 12 Continuous Enantioselective Crystallization of Chiral Compounds[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Ma | Recent Progress in Continuous Crystallization of Pharmaceutical Products: Precise Preparation and Control[END_REF] .

Based on this statistical analysis of the model selected for every response, first assumptions can be expressed about the four studied factors, ΔT, Ω, t and Tref. However, regarding the unexpected yield distribution observed, these hypotheses should be carefully considered.

Experiment

Global productivity (g.L - For 'global' results, the average has been calculated with all the fractions; for 'diastereomeric' results, the average has been calculated with the fractions analyzed by chiral HPLC, i.e., fractions 3, 5 and 8. In the column "Experiment", 'R' stands for repetition.

IV.4.2.1. Temperature difference ΔT

The temperature difference between the two cylinders is one the two factors that have an impact, even small, on every studied response. It mainly impacts global and diastereomeric yields, and diastereomeric excess.

The use of the CT crystallizer in isothermal mode (ΔT = 0 °C) seems to enhance productivity and yield. It can be explained because the increase of the temperature difference leads to a nucleation occurrence at higher supersaturation [START_REF] Wu | Batch Cooling Crystallization in Non-Isothermal Taylor Vortex Flow: Effective Method for Controlling Crystal Size Distribution[END_REF] . This means that crystallization needs a higher driving force to start. When there is no temperature difference, the nucleation starts 'earlier' and can then results in a higher production of crystals.

However, the non-isothermal mode has a clear influence on diastereomeric excess. Best diastereomeric excesses were obtained when the inner cylinder was the cold part, (ΔT = -10 °C; with the outer hot cylinder). This non-isothermal mode also seems to have a positive effect on productivity and yield. The reverse mode (hot internal cylinder and cold external cylinder) did not lead to any response improvement. The difference of results according to the non-isothermal mode was also reported by Wu et al. (2015) [START_REF] Wu | Control of Crystal Size Distribution Using Non-Isothermal Taylor Vortex Flow[END_REF] . It is linked to the driving forces of dissolution and recrystallization exerted respectively in the heating part boundary layer and in the cooling part boundary layer. The temperature regulation of each cylinder may not be equally efficient, which can explain why one non-isothermal mode appears to be better than the other.

For further studies, the non-isothermal mode implying the inner cylinder as the cold part and the outer as the hot part should be preferred, regarding its positive impact on diastereomeric excess, productivity, and yield. Also, the range of studied ΔT should be extended.

The second factor which has an influence on the five studied responses is the residence time.

IV.4.2.2. Residence time t

If this parameter impacts every response, its influence is notably strong on productivity and yield. The best results were obtained at t = 5 min. More generally, when the residence time decreases, the productivity and the yield increase. With short residence times, the cooling is faster, which increases the nucleation rate, thus the yield and the productivity. However, the side effect is a broader PSD, i.e., a less homogeneous powder.

Nevertheless, this factor should be carefully handled regarding the chiral purity. Indeed, 5 min of residence time resulted in low diastereomeric excesses. A compromise may be found by using 10 min for example. Anyway, the value 30 min should be eliminated in the future work.

IV.4.2.3. Rotation speed Ω

The rotation speed seems to have an important influence on diastereomeric excess, and also a small impact on global productivity. In both cases, the level 1000 rpm gives the best results.

The positive effect of the rotation speed increase can be explained by an enhancement of heat and mass transfer rates [START_REF] Nguyen | Couette-Taylor Crystallizer: Effective Control of Crystal Size Distribution and Recovery of l-Lysine in Cooling Crystallization[END_REF][START_REF] Nguyen | Vortex Effect on Phase Transformation of Guanosine 5-Monophosphate in Drowning-Out Crystallization[END_REF][START_REF] Park | Polymorphic Crystallization of Sulfamerazine in Taylor Vortex Flow: Polymorphic Nucleation and Phase Transformation[END_REF] . On the one hand, the enhanced mass transfer leads to productivity improvement. On the other hand, the diastereomeric excess is strongly impacted by the presence of a temperature gradient; since the heat transfer rate can be improved by increasing the rotation speed, the efficiency of the temperature difference is also improved [START_REF] Wu | Control of Crystal Size Distribution Using Non-Isothermal Taylor Vortex Flow[END_REF] , leading to a higher chiral purity.

Rotation speed did not appear to have a real influence on the other responses.

Regarding the previous remarks, the rotation speed level of 1000 rpm seems to be the most suitable one for the studied process.

IV.4.2.4. Reference temperature Tref (target temperature within the CT crystallizer)

The last factor tested in this first screening is the target temperature within the CT reactor, i.e., the reference temperature Tref. Its impact globally seems to be small, but it still exists for global productivity, global yield and diastereomeric excess.

Regarding global productivity and global yield, the decrease of Tref leads to an increase of both responses. This trend was expected, as the decrease of temperature leads to an increase in supersaturation, hence in the mass of product that can crystallize.

For the diastereomeric excess, the effect is less intuitive. Up to 20 °C, the diminution of Tref improves the chiral purity, but the lowest level 15 °C resulted in poor diastereomeric excesses.

The effect of Tref is not easy to evluate, no levels can reasonably be eliminated at this stage. The study of this factor through a surface response design should be more conclusive.

This first screening led to some assumptions about the four studied factors. However, as mentioned before, the yield distribution of the ten collected fractions appeared to be highly inconstant in a very surprising, and repeatable, manner. This behavior was not expected at all, since the preliminary CT experiments showed fast reach of the steady state functioning in the CT crystallizer (see section IV.1.2). This unusual comportment is discussed in the next section.

IV.4.3. Unusual yield behavior

The unusual behavior of the yield distribution observed while performing the first screening led to many questions. Surprisingly the patterns on repeated trials are very similar, thus, the cause does not appear to be due to experimental error in the execution of samplings or analyses. The reflection about this issue gave rise to three different hypotheses.

IV.4.3.1. First hypothesis: slower reach of the steady state

As mentioned before, the first CT experiment results predicted a fast reach of the steady state functioning in the CT device. However, the yield distribution of the experiments of the first screening appeared to be highly but repeatably irregular. This is shown in Figure IV-15: from fraction 1 F1 to fraction 10 F10, the strange yield pattern is repeatable from one experiment to another, in the same process conditions. Regarding that, three experiments have been performed during 20 residence times instead of 10, to see if this peculiarity was due to fouling or if it was a matter of steady state. Those are experiments 11 R2, 12 R2 and 14 (Table IV- The results of the 20-residence time experiments led to the hypothesis that in the process conditions of the first screening, steady state is not reached as soon as in the CT preliminary experiments. It seems to be achieved after 14-15 residence times (Figure IV-15). Also, it seems that yield and productivity are enhanced when the steady state is reached. Chiral purity remains stable all along the experiments.

Regarding that, the interpretation of the DoE has been checked. It appeared that the trends identified for every studied factor remain identical.

In conclusion, further experiments should last longer, considering that steady state seems not to be achieved before 12-13 residence times.

However, the need of such a high number of residence times to reach the steady state is surprising. Hence, another hypothesis was explored: the repeatable shape of the yield distribution might look like a part of a periodic oscillation (Figure IV-15). The work realized to investigate this second assumption is detailed in the next section.

IV.4.3.2. Second hypothesis: oscillatory behavior

This second hypothesis originates from the work of Natalukha and Buyevich, when they work on unsteady processes of continuous crystallization in the 90s [121][122][123] . Such behavior was mainly observed in cases of strong dependence of the nucleation rate upon supersaturation: small disturbances can then induce instabilities. These instabilities can become regular oscillations of the driving force, and of important process parameters. Eventually, the set-up of auto-oscillating regimes of crystallization can be observed. In this last case, Buyevich proposed the following mechanism 121 : This auto-oscillating regime can significantly alter important operational characteristics of crystallization device, without any modification in the external conditions 121 . Nevertheless, the modulation of the frequency and amplitude of the oscillations is possible, typically with a recycling system 122,123 .

Such oscillatory behavior was already observed in MSMPR 121 , but never in PFC-type continuous crystallizer. The verification seemed then mandatory.

Experiment 12 (Table IV-9) was performed again, aiming at an experiment duration of 50 residence times, in order to: (i) verify if the nature of the yield distribution is oscillatory and (ii) if it is, find its frequency and amplitude. This experiment was named O(scillation)1. No specific oscillatory behavior was found, but the tested cleaning procedure seemed interesting. Also, the dilution of the medium has impacted the yield: it has decreased it. Almost no product was collected during a certain number of fractions: this was attributed to encrustation of the reactor. Experiment O3 (Figure IV-18) exhibits a striking erratic yield distribution, but no oscillation, or blockage was observed. The yield seems similar, nay better, when decreasing the residence time. Experiments O1, O2 and O3 did not show any oscillatory behavior. Nevertheless, the encrustation trend seems clear, especially in the case of experiment O2, with the yield decrease observed between fractions 3 to 29. The product collection could then start again.

According to the product of experiment O3 analyzed by optical microscopy, it seems that some crystals are stuck within the CT crystallizer, probably because of encrustation. They mature, but are abraded, probably by the crystals of the crust(s) (Figure IV-19c). After some time, they are massively released. The hypothesis is that during 'a while', the crust resists, but a breach might be created by force of pressure exerted by the arriving particles and the large crystals. This may lead to a detachment of part of the crust, and to a new pathway for the crystals along the CT crystallizer.

In conclusion, no oscillatory behavior was observed so far, but the tendency of the system to block in the used process conditions is clear; it is probably due to encrustation. The dilution of the medium (experiment O2) or the decrease of the residence time (experiment O3) do not seem to prevent this trend.

The last hypothesis about the yield distribution difference in regularity between the preliminary CT experiments and the first screening experiments concerns the solvent ratio.

IV.4.3.3. Third hypothesis: solvent ratio

In the preliminary CT experiments, the process was realized in technical ethanol (i.e., azeotropic ethanol, containing 5 %w of water). Because of filtration issues, the process was modified (see batch study in section IV.2.2), leading to the use of the solvent mixture EtOH/H2O 76/24 w/w. This mixture was that used in the first screening continuous experiments. Thereby, the unusual yield distribution may be due to wettability issues, because of the modification of the solvent ratio.

To verify this assumption, experiment O4 was performed. It has the same conditions than O3 (see previous section), but the solvent used is technical ethanol (i.e., EtOH/H2O 95/5 w/w). Its yield distribution is presented in Figure IV-20: the yield distribution seems quite stable, unlike that of experiment O3. A clogging issue occurred during experiment O4, after 27 residence times. It was fixed by heating up the CT reactor to 40 °C and flushing it with technical ethanol for 15 min. The set temperature of the system was then put back to 15 °C, and after 45 min (with the circulation of ethanol), the feeding reactors were reconnected to the crystallizer and 25 other fractions were collected (in red in Figure IV-20). The yield distribution after the cleaning procedure seemed even more stable than before.

Two experiments were run to see if this last observation was concluding: one implementing the cleaning procedure before the start of the experiment, and one applying it after 1 h of experiment. It was not conclusive. Nevertheless, the cleaning procedure appeared to be efficient in case of blockage.

To conclude, the erratic yield behavior observed during the screening experiments seems to be due to wettability issues, because of an amount of water too important. Thus, it was decided to modify the solvent ratio of the chiral resolution process from EtOH/H2O 76/24 to 95/5 w/w (i.e., technical ethanol), since this solvent ratio appeared to be better to ensure a more constant yield. Even if the obtained crystal shape in azeotropic ethanol is not the best one for the filtration process (see section IV.1.2), the priority was given to the yield distribution.

Before implementing this new process in continuous experiments, another series of batch experiments was conducted, in technical ethanol. This new sequence was also the opportunity to standardize the batch procedure, to ensure a correct comparison with continuous mode, especially regarding the productivity.

IV.5. Batch standardized experiments in technical ethanol

According to the previous conclusions, a new process procedure was established:

1-Dissolution at 25 °C during 15 min of 1 equivalent of rac-Ibu in the wanted volume of technical ethanol (corresponding to the studied supersaturation ratio3 at 20 °C, i.e., the final temperature), 2-Heating to 65 °C with a rate of 5 °C.min -1 , 3-20 min after the start of step 2, addition of 1 equivalent of S-αMBA at 1.5 mL.min -1 , 4-5 min after the start of step 3, cooling down to 20 °C with the studied cooling rate, 5-Filtration of the product on a glass filter of porosity P3 and diameter 20, 40, 60 or 80 mm according to the scale, 6-Cake washing with 2 V of distilled water, 7-Drying at 40 °C.

To maximize the collected information with a minimum number of experiments, this batch study was rationalized through a small screening design.

At the beginning, the goal was to test three factors with two levels, as shown and explained in Table IV-11. However, the studied supersaturation levels appeared to be to too low to induce crystallization at 20 °C (in batch mode).

Factor Level Reason

Scale (g)

Test the influence of the scale on the process results in batch mode 6 Supersaturation ratio β

2.2

Use the same supersaturation ratios that those of the second screening (see section IV.6.1) 2. 5Cooling rate (°C.min -1 )

0.3

Evaluate the influence of the cooling rate velocity 0.6

Table IV-11: Factors and levels chosen in the first place for the DoE in batch mode

In the end, the study of this factor in batch mode was abandoned. It was replaced by the use of a fixed supersaturation ratio of 2.8, which can indeed induce a spontaneous crystallization at 20 °C.

The matrix of experiments built with the two left factors and its results can be found in Table IV-12. To compare the results with those of the continuous mode, the same responses were studied. Likewise screening of the continuous mode, the results were processed through the software Azurad. The analysis did not go as far as that of continuous mode DoE, for which the statistical evaluation with the software is described in section 0 . Also, the models were estimated as poorly reliable because of the number of performed experiments. Therefore, only trends can be assessed. In addition, it is noteworthy to mention that the importance of some factors can be hidden or enhanced because of interactions between them. The scale seems to mainly impacts the global yield and diastereomeric productivity, but also the global productivity and the diastereomeric excess.

Exp.

Experimentation plan

The influence scores given in

For the global responses, the smaller the scale the better. Such result can be explained by the difference of the reactor's size: in larger reactors, the heat and mass transfers are generally less effective, and less homogeneous in the bulk. Therefore, the crystallization kinetics can be hindered, resulting in a lower amount of recovered product.

Regarding diastereomeric excess and productivity, it seems that the results are improved by a higher scale. However, this assumption may most likely be biased by the very low diastereomeric excess recovered in experiment B33 (Table IV-12).

The cooling rate seems to have a strong influence on the global productivity and the diastereomeric excess and yield. Even if it is weaker, it also impacts the global yield and the diastereomeric productivity. It is noteworthy to mention that such effects could be modified if a seeding procedure was added to the process.

As expected, a fast-cooling rate improves the global productivity, since it reduces the experiment duration. However, this level is not the best one for diastereomeric productivity, which results are more similar to those of diastereomeric excess.

The decrease of the cooling rate globally seems to improve all the other responses. This can be expected for global yield, as a gentler cooling rate is better for crystal nucleation and growth. Also, when the cooling rate is reduced, the system has more time to reach the thermodynamic state, thus, in this case, to crystallize the less soluble salt, which is the desired one. Therefore, this is probably the reason why the decrease of the cooling rate enhances the diastereomeric responses.

This standardized batch study permitted the generation of data in batch mode, to compare with the results of the further work in continuous mode. Nevertheless, the supersaturation ratio β had to be increased, in order to induce crystallization at the wanted temperature of 20 °C. This must be kept in mind when comparing the results of the two modes. Also, it was the opportunity to study the influence of the scale of the experiment and of the cooling rate. An interesting conclusion is that a faster cooling rate improves the global productivity: in the continuous experiments, the cooling is quite fast, since the hot medium enters the cold CT reactor. Therefore, such trend suggests that the productivity in the continuous crystallizer can be greater than in batch mode, which was indeed already observed.

IV.6. Second screening in continuous mode

For the continuation of the work within the CT crystallizer, a new screening design was set-up. In this second DoE in continuous mode, regarding the conclusions made after the first one (see section IV.4.3), the chiral resolution of rac-Ibu with S-αMBA was performed in technical ethanol (i.e., EtOH/H2O 95/5 w/w ca. the azeotropic composition).

IV.6.1. Set-up of the new DoE

Among the four parameters studied in the first screening in continuous mode, three were kept for this second one. Since the solvent mixture changed, it seemed important to confirm the assumptions previously made on temperature difference ΔT, rotation speed Ω and residence time t. The reference temperature Tref would need to be studied through a surface response design, hence, it was not incorporated as a DoE factor in this second screening, and was fixed at 20 °C. The new introduced factor is the supersaturation ratio β, in order to investigate the impact of the medium dilution on the process results.

The choice of the four factors' levels is detailed in the next section.

IV.6.1.1. Choice of the second screening factors' levels

Temperature gradient ΔT (°C) This factor contains the temperature gradient sign, i.e., which cylinder is the cold part when the other is the hot one, and its absolute value.

In the first screening, only two absolute values were tested: 0 and 10 °C. This could only indicate the impact of the presence of a temperature gradient. Here, another one was added: 5 °C. In this way, the effect of the temperature difference between the two cylinders can be refined.

In the conclusions about the four studied factors in the first DoE, the non-isothermal mode implying the inner cylinder as the cold part and the outer as the hot part (sign '-') gave the best results of diastereomeric excess, productivity, and yield. Nevertheless, since a new absolute gradient value was added, it seemed important to keep the temperature difference sign in this second screening design, since the effect of the temperature gradient might be non-linear. Therefore, five levels were chosen for this first factor: -10, -5, 0, 5 and 10 °C.

Rotation speed Ω (rpm)

In the first DoE, three levels were selected to study the rotation speed impact: 200, 500 and 1000 rpm. The importance of the rotation speed on the investigated responses seemed limited, and the level 1000 rpm appeared to be the best one. However, the effect of rotation speed was not linear for every response, more specifically for the diastereomeric excess, which was significantly impacted by rotation speed. This is why two levels were studied in this second DoE: 500 and 1000 rpm. The level 200 rpm was eliminated as it did not lead to a proper suspension of the medium.

The discussion and conclusions about the effect of the realized modifications are detailed in section IV.6.3. Also, these tests permitted the addition of 5 more experiments to the matrix of experiments (experiments 13 to 17 in Table IV-14), including two repetitions of the initial matrix (experiments 3 and 14, and 8 and 16). The full matrix of experiments and its corresponding experimentation plan can be found in Table IV- To complete the design of this second DoE in continuous mode, the last step was the selection of the number of fractions to collect and analyze, and of the responses to analyze, in order to discriminate the different process conditions. This is discussed in the next section.

IV.6.1.3. Fraction collection and choice of the DoE responses

To choose the number of residence times that should last the experiments, the following assumption was made, regarding the previous experiments' observations: around 12 residence times should serve the reach of the steady state. To draw the yield distribution and to perform the necessary analyses, an appropriate number of fractions must be collected. Therefore, the 12 preliminary fractions can be followed by 15 residence times, supposedly at the steady state. Experiments 1 to 12 were then performed during 27 residence times.

Regarding the experiments performed to test the in-line modification of a parameter, i.e., experiments 13 to 17, they lasted 15 residence times.

Each fraction was collected, and the ones analyzed by chiral HPLC and XRPD are presented in Table IV The chosen responses for this second screening are the same than those of the first one (see section IV.3.2).

In addition, considering the number of fractions collected and analyzed, it was decided to calculate the standard deviation of each response for every experiment. The results of this calculation were also processed into Azurad software, in order to determine the degree of responsibility of each factor for the potential variability of the response.

The standard deviation serves the evaluation of the mean deviations of each value 𝑥 𝑖 from the average 𝑥̅ . It was calculated in the unit of the response thanks to Equation IV-9, and then expressed in percentage with respect to the average response.

𝑆𝑡𝑑. 𝑑𝑒𝑣. = √ ∑ (𝑥 𝑖 -𝑥̅ )² 𝑛 𝑖=1

𝑛 -1

Equation IV-9

The results of the second screening on the continuous chiral resolution by diastereomeric salt formation of rac-Ibu with S-αMBA in technical ethanol were processed within the 'Screening' tool of Azurad software. They are presented and discussed in the next section.

IV.6.2. Results of the second screening and discussion

As in the first screening, the yield distribution of the experiments was not as constant as expected. It seemed less erratic using EtOH/H2O 95/5 w/w than 76/24 w/w, but the expected constancy of the preliminary CT experiments was not encountered. This was assessed to be a consequence of encrustation. The section IV.6.4 presents the discussion about this issue, and the appropriate solutions.

Consequently, like for the first screening, it was decided to consider the average of the results for each response. The results are presented in Table IV-17. It appeared that the standard deviations for global productivity and global yield are correlated. It is the same for diastereomeric productivity and diastereomeric yield. Therefore, only one result is presented for both couples of responses.

XRPD analysis was performed on the fractions identified in Table IV-16. All the analyzed samples exhibited the correct solid phase. As in the first screening (see Figure IV-14), the products obtained from chiral resolution exhibit small peak shifts compared with the pure material collected at room temperature. They are due to the presence of a partial solid solution enriched in S-Ibu-S-αMBA. The results of the eight studied responses were processed within the software Azurad, to provide a statistical analysis and interpretation for each one, as described in section IV.3.2. A detailed report about every response can be found in Appendix E section E.2. Globally, the responses' models are not as significant as those in the first screening design. Nevertheless, some trends can be drawn.

Experiment

Like in the first screening, the continuous mode seems to significantly improve the productivities, in comparison with the batch mode. This characteristic may be interesting to counterbalance the low yield obtained, in association with a recycling system. Diastereomeric excess appeared to be improved by 18 % on average by transferring the process from batch to continuous mode. Moreover, the access to high chiral purity seems to be quite repeatable. In addition, an interesting observation was made: the diastereomeric excess tends to rise as the experiment progresses (0.01 ≤ Δde ≤ 0.04). This is probably due to the back diffusion that can be induced by the opposite direction of rotation of the neighboring vortices (illustrated in Figure I-7). Since the wanted diastereomer seems to dominate the other in the process conditions, such characteristic is truly beneficial for the process results.

Thereby, based on this statistical analysis and interpretation of the model chosen for every response, first trends can be drawn for the four studied factors, ΔT, Ω, t and β. However, since encrustation seems to be there again, these assumptions should be wisely deemed.

IV.6.2.1. Temperature difference ΔT

Unlike the observations made in the first screening in EtOH/H2O 76/24 w/w, the temperature gradient between the two cylinders has shown a weaker impact in this second screening performed in azeotropic ethanol.

ΔT seems to mainly impact the diastereomeric excess. The effect is identical to that already observed in the first screening: the use of the CT crystallizer in non-isothermal mode, with the inner cylinder as the cold part and the outer cylinder as the hot one (sign '-'), gives the best results of chiral purity. By contrast, the reverse non-isothermal mode should be avoided, regarding diastereomeric excess. This latter is not true concerning the global and diastereomeric yields. Indeed, if the impact of the temperature difference is not linear (probable consequence of potential interactions with other parameters), it seems that a positive gradient leads to a yield increase. However, the predominance of ΔT = 0 °C as a yield enhancer, detected in the first DoE, is not observed in the second screening design. Also, unlike the first screening, where this factor appeared to be really impacting, the global and diastereomeric yields are only a little influenced by the temperature gradient.

Contrary to the observations in the first screening, the impact of the temperature gradient on global and diastereomeric productivities is negligible. Therefore, the apparent positive effect of the use of the CT reactor in isothermal mode (ΔT = 0 °C), like in the first DoE, should be moderated.

The temperature difference between the two cylinders also plays a role in the variability of the different analyzed responses. It is especially the case for productivity and yield (diastereomeric and global). A trend seems to be drawn: the use of the non-isothermal mode '+' seems to reduce the standard deviation of the global results. An hypothesis can be assessed to explain this result: a positive gradient corresponds to the inner cylinder being the hot one; as the rotation of this cylinder generates heat because of the friction with the lip seal (see section III.3.2), the conjunction of these two effects probably leads to more stability than the situation when the inner cylinder is the cold part. However, the level ΔT = -10 °C do not follow this tendency. It may be due to a threshold effect, or to interaction(s) with other factors.

The standard deviation of the diastereomeric excess is also affected by ΔT. Nevertheless, its impact appeared to be highly non-linear: no trend can be assessed as such. This can be due to the chosen regression model, which did not fit well the experimental results for this response. It might also be a consequence of interaction(s) with other factors.

Considering the previous assumptions, the adjustment of the temperature gradient between the two cylinders must be carefully examined, according to the desired effect. Indeed, the use of a 'negative' ΔT promotes the chiral purity, but it can be problematic for yield and dramatic in terms of variability of the collected mass of product (productivity and yield). The extension of the study of this parameter through a surface response design should be more conclusive.

Also, it could be interesting to separate the gradient direction and its absolute value in two distinct factors, as planned initially, in order to evaluate their impact separately.

IV.6.2.2. Residence time t

Like in the first screening, the residence time has an influence on every studied response.

Its impact is predominant on the global and diastereomeric productivities. The preponderance of t = 5 min as a productivity enhancer is evident, as in the first DoE. For short residence times, the cooling is faster, which increases the nucleation rate. The side effect is the recovery of a crystal population with a broad PSD, i.e., a less homogeneous powder.

The same assumptions can be made for global and diastereomeric yields, even if the residence time is a little bit less impacting on these responses. The lower the residence time the higher the productivity and the yield.

The residence time has also an important effect on the diastereomeric excess. Nevertheless, its effect is the opposite of that on productivities and yields: a longer stay in the efficient mixing CT reactor seems to have a positive impact on chiral purity. This confirms the observation during the first screening, but the impact of residence time on diastereomeric was not estimated as high.

The effect of t on the variability of the studied responses appeared to be non-linear. Nonetheless, as this impact was identified as limited nay negligible, the analysis does not need to go further. The poor influence of the residence time on the standard deviation of the different investigated responses is surprising: a fast t could be expected to slow the stability reach of the system, and lead to variability of the process results.

The conclusions of the second screening regarding the effect of the residence time are similar to that exposed in the first screening. This parameter must be carefully adjusted to ensure a sufficient productivity/yield with a good chiral purity.

IV.6.2.3. Rotation speed Ω

In this second screening design, unlike in the first one, the rotation speed has a very limited effect on the five main responses. However, its influence is more significant on the variability of these responses.

The impact of Ω is negligible on global and diastereomeric productivities, and for diastereomeric excess.

It seems that the level 500 rpm should be preferred to 1000 rpm to increase the diastereomeric and global yields, but this assumption should be modulated regarding the small influence exerted by Ω.

The standard deviation of the chiral purity is mainly impacted by the rotation speed. The effects of the two studied levels are clear: the lowest level seems to limit the standard deviations. If the mixing effects are probably less efficient when decreasing the rotation speed, they also might be less intense, thus more stable. Therefore, the diastereomeric excess is less subject to variability. However, it is noteworthy to mention that the mean deviations to the average chiral purity are very low (see Table IV -17), hence, this conclusion should be moderated.

Even if the influence of the rotation speed is less important on the variability of the productivities and yields, the same observations about the rotation speed levels were made.

In the first screening, the level 1000 rpm gave the best process results. The striking differences observed in this second screening are probably due to the change of solvent mixture: the reduction of the water amount affected the viscosity of the medium and the morphology of the crystals, as explained in section IV.2. The effect of the rotation speed in this different medium has changed.

IV.6.2.4. Supersaturation ratio β

The supersaturation ratio was the new factor introduced in this second screening.

The degree of supersaturation is the principal parameter conditioning the results of yields among the studied factors. When β increases, the diastereomeric and global yields are improved. Such observation was expected since the amount of product that can potentially be recovered is increased when the supersaturation is higher.

The same effect can be observed for diastereomeric and global productivities, but it should be modulated as the influence of the residence time on these responses is poor.

The supersaturation ratio β also appeared to have an influence on the variability of the productivities and yields. Surprisingly, the increase of β appears to improve the regularity of the results. Such observation was not anticipated: as the medium is more concentrated at higher supersaturation, the system is expected to be less stable.

The impact of the supersaturation ratio on the chiral purity and its standard deviation seems negligible.

A last conclusion can be assessed, about the comparison between the batch and continuous mode. As explained in section 0, in batch mode, the supersaturation ratio must at least equal 2.8 for nucleation to be induced at 20 °C. In CT experiments, lower degrees of supersaturation permit the occurrence of nucleation at 20 °C. This is probably due to the excellent heat and mass transfer rates of the CT crystallizer.

The results of the second screening in continuous mode, performed in technical ethanol, permitted to express various assumptions about the four studied factors. Some of them were expected, and similar to the conclusions of the first screening design, but unexpected observations were also made. Also, the responses' models of this second DoE are not as significant as in the first one, which led to less clear trends. Regarding that, the suspicion of interactions between factors is high.

The experimental plan realized did not permit the design of a complete interaction study, but primary interpretations can be made with the proper graphical representation. This is described in the next section.

IV.6.2.5. Suspected interactions

When interactions between parameters are suspected, a first verification can be realized, by using the appropriate graphical representation, as in Figure IV-26. In this figure, it is clear that no effect of the supersaturation ratio level can be stated without mentioning the level of the rotation speed. Therefore, the two factors cannot be interpreted separately. It means that an interaction effect exists between Ω and β for global productivity. Such graphical representation was made for every couple of studied parameters and for each response. The majority of the couples shows a potential interaction. Therefore, a complete interaction study could be interesting to implement. However, such DoE design requires a large number of experiments: for example, with the factors and levels selected for the second screening, a minimum of thirty experiments is necessary to process an interaction study with Azurad software. To take the maximum advantage of each experiment, experiments already performed should be 'reused', and if a surface response design is also set-up, the implementation of common experiments should be maximized.

In parallel of the second screening study on the continuous chiral resolution of rac-Ibu with S-αMBA, tests of in-line modification of one parameter were performed (see section IV.6.1.2). The results of these five experiments are discussed in the next section.

IV.6.3. Effect of the modification of one process conditions during the continuous run

To test the reactivity of the CT crystallizer to in-line parameter change, and to see the effects on the collected product, five modifications were tested:

-inversion of the sign of ΔT, i.e., the hot inner cylinder became the cold part, and the reverse for the outer cylinder, -increase of the medium average temperature by increasing Tref, -increase of the temperature gradient ΔT within the continuous crystallizer, -increase of the rotation speed Ω, -increase of the residence time t.

Table IV-15 summarized the applied changes. The desired parameter was adjusted at the end of the 27 residence times of the initial experiment. Once the modification was effective, the second part of the run started. The results of the initial and modified experiments are presented in Table IV-18.

Initial experiment Initial parameter Modified experiment

Modification of the sign of ΔT

Between experiment 1 and experiment 13, the cold and hot cylinders were inverted: the inner hot cylinder became the cold one, and the outer cold cylinder became the hot part.

As shown in Table IV-18, the overall results are worse after the parameter adjustment, except for the diastereomeric excess. This confirms the trend identified in the second screening design.

However, such modification is probably excessive for the system since clogging occurred after only four residence times. It may be tested again with a lower temperature gradient, but the actual ratio benefits/risks of such modification seems low. As expected, the productivities and yields decreased: the solubility is higher because of the temperature increase. The variability of these responses is also worse, it can be due to a certain time in stabilizing the new temperature.

Chiral purity seems to be improved, but this effect is suspected to be linked with the already mentioned increase of diastereomeric purity as the experiment progresses, because of back diffusion.

Increase of the temperature gradient ΔT At the end of experiment 7, the temperature difference between the two cylinders was increased from 5 °C to 10 °C, starting experiment 15.

As shown in Table IV-18, the overall results are worse after the parameter modification, except for the diastereomeric excess. This latter is supposed to be linked with the chiral purity enhancement as the experiment progresses.

The decrease of the productivities and yields can be due to an enhanced dissolution phenomenon as the temperature of the hot inner cylinder was increased. It may also be a consequence of encrustation on the colder outer cylinder. Blockage indeed occurred: after eight residence times the experiment stopped.

Increase of the rotation speed Ω Experiment 16 was performed with Ω = 1000 rpm, following another experiment (not presented in this work) with Ω = 200 rpm.

The improvement of the results shown in Table IV-18 is evident. This observation may be a proof of the existence of interactions between factors. Indeed, in the analysis of the second screening, the rotation speed globally appeared to have a small influence on the studied responses, whereas the benefit of this parameter adjustment is clear in Table IV

-18.
Nevertheless, it is noteworthy to remind that the 200-rpm level was not studied in the second screening, whereas it was in the first one. Yet, in the first screening, the rotation speed influence seemed higher. Therefore, there might be a threshold effect: above a certain sufficient rotation speed (apparently comprised between 200 and 500 rpm), its impact is negligible.

Increase of the residence time t

At the end of experiment 8, the flowrate was adjusted to change the residence time from 5 min to 10 min, starting experiment 17.

The consequences are comparable with those of the inversion of the sign of ΔT: the overall results are worse after the modification of the flowrate, except for the diastereomeric excess. This confirms the trend identified in the second screening design, that an increase of the residence time increases the chiral purity.

Nonetheless, as the inversion of the sign of ΔT, this parameter change seems excessive for the system since blockage occurred after only four residence times, even if the new residence time was slower than the initial one. Such modification should be carried out very finely and little by little or avoided.

Conclusions

The in-line adjustment of a process parameter must be carefully carried out. Some modifications have to be thought meticulously, when realized on the temperature gradient ΔT or on the residence time t for example. The balance benefits-risks must be thoroughly evaluated. The tuning of Tref or of Ω seems easier and more bearable for the running system. This short study aimed at introducing the subject of parameter modification of running continuous experiments in the CT crystallizer. It would be interesting to extend this investigation as the in-line adjustment of a process parameter can be a useful tool to cure quickly and efficiently a potential issue, without stopping the continuous production.

Apart the possible decreases of the results (yield, productivity, chiral purity…) due to some specific process conditions, the main problem encountered in continuous processes is the encrustation. This is suspected to be the principal cause of the yield distribution variations met in the presented continuous work. If its effect seemed less important in the second screening, with technical ethanol, it was still present.

The next section deals with this common issue of the continuous processes, and presents solutions that should be considered for a safe and confident use of the CT reactor as a continuous crystallizer.

IV.6.4. Encrustation issue and proposed solutions

As mentioned in section I.3.2.1, when presenting the challenges of continuous crystallization, the principal risk encountered in such process is fouling and blockage [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Ma | Recent Progress in Continuous Crystallization of Pharmaceutical Products: Precise Preparation and Control[END_REF][START_REF] Rivera | Investigation of a Flow Step Clogging Incident: A Precautionary Note on the Use of THF in Commercial-Scale Continuous Process[END_REF][START_REF] Majumder | Dynamic Modeling of Encrust Formation and Mitigation Strategy in a Continuous Plug Flow Crystallizer[END_REF][START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF][START_REF] Koswara | Anti-Fouling Control of Plug-Flow Crystallization via Heating and Cooling Cycle[END_REF] , causing major operational and economic issues. Because of its larger surface-area-to-volume, such problem more often occurs in PFC-based systems than in MSMPRs [START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF] .

The reasons of the induction of encrustation can be numerous, and this subject has attracted a lot of attention in the past years, going hand in hand with the growing interest in continuous processes. Among the most common causes, there is the control of nucleation. Indeed, the control of secondary and heterogeneous nucleations is often hardly manageable [START_REF] Biscans | Cristallisation en solution -Procédés et types d'appareils. T. I[END_REF][START_REF] Klein | Cristallisation industrielle -Aspects pratiques[END_REF][START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF] . The origin of the crust can also be due to adsorption of the crystals onto a solid surface, or because of local solvent evaporation [START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF] .

In the present case, two main sources were identified. In the first place, the unique CT flow motion can generate small zones where the supersaturation is high, especially when there is a temperature gradient between the two cylinders. Such variations of supersaturation can induce the local deposition of crystals [START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF] . Secondly, the mixing effects in the entrance zone of the CT crystallizer are probably less efficient because of its conical shape. Areas where the flow velocity is reduced are more prone to encrustation [START_REF] Klein | Cristallisation industrielle -Aspects pratiques[END_REF][START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF] .

The consequences of the reactor's encrustation are blockage, thermal resistance and, in the end, alteration of the product quality and yield [START_REF] Majumder | Dynamic Modeling of Encrust Formation and Mitigation Strategy in a Continuous Plug Flow Crystallizer[END_REF][START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF][START_REF] Koswara | Anti-Fouling Control of Plug-Flow Crystallization via Heating and Cooling Cycle[END_REF] . Moreover, in the case of CT crystallizer, the thickness of the crust reduces the gap width between the two cylinders. This parameter is a key value in the design of a continuous process for CT reactor, and its modification can strongly affect the results. Therefore, the need for efficient solutions to prevent the formation of encrustation seems critical to work safely with a CT crystallizer.

The solutions reported in the literature can be divided in three main categories: equipmentbased strategies, preventive actions included in the developed process and analytical control strategies.

The anti-fouling strategy can be thought very early, during the design of the continuous crystallizer. Firstly, the presence of dead zones must be avoided as much as possible. Then, solutions of mechanical cleaning (baffles, scrapers…) or ultrasonic vibration systems can be incorporated to the reactor [START_REF] Majumder | Dynamic Modeling of Encrust Formation and Mitigation Strategy in a Continuous Plug Flow Crystallizer[END_REF][START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF] , but their impact on the process results must be evaluated. Finally, the inner surfaces have to be checked; the possible use of a coating can be interesting, but it is generally expensive [START_REF] Majumder | Dynamic Modeling of Encrust Formation and Mitigation Strategy in a Continuous Plug Flow Crystallizer[END_REF][START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF]124 .

The development of the continuous process can also be the opportunity to implement solutions to prevent encrustation. The easiest one to set up is the reduction of the supersaturation ratio. However, this will only delay the encrustation formation, and the mass of collected product will decrease [START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF]124 . Secondly, the addition of chemical antifoulants or additives has already proven its efficiency. Nonetheless, the impact on the crystallization process must be examined, as well as the eventual restrictions regarding safety, health and environment [START_REF] Majumder | Dynamic Modeling of Encrust Formation and Mitigation Strategy in a Continuous Plug Flow Crystallizer[END_REF][START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF]124 . Lastly, a promising solution is the preventive implementation of periodic temperature cycling, carefully designed in order to maintain the continuous operation and ensure the constancy of the product features [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Majumder | Dynamic Modeling of Encrust Formation and Mitigation Strategy in a Continuous Plug Flow Crystallizer[END_REF][START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF][START_REF] Koswara | Anti-Fouling Control of Plug-Flow Crystallization via Heating and Cooling Cycle[END_REF] . An additional unconventional solution can be cited: if it appears that the crust is at the steady state, and that its thickness is maintained over time, then it may be possible to work with it [START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF] . However, this added layer must be considered in the process design (temperature regulation, higher wall thickness…).

The last kind of antifouling solutions relies on the analytics. Indeed, Acevedo et al. (2019) described in a review the development of an Automated Direct Nucleation Control (ADNC), used in a cooling crystallization process in MSMPR [START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF] . This system is based on the measurement of the number of chords by FBRM; if the determined number is different of the target, the control system will automatically modifier the temperature of the process. One of the drawbacks of this strategy is the crystal quality, that can be affected by the temperature variations. Another similar example was reported, using cameras instead of FBRM. The principal disadvantage of this analytical technique is that the crust needs to be thick enough to be detected [START_REF] Acevedo | Encrustation in Continuous Pharmaceutical Crystallization Processes-A Review[END_REF] .

In the present work, the use of a chemical additive was tested. Since the encrustation was suspected to be due to wettability issues, at the end of the first screening (see section IV.4.3), a wetting agent, Tween 20, was selected. An experiment called M1 was set-up, in the same conditions than O1 (see section IV.4.3.2), with an addition of 10 %w (related to the total mass of solution) of Tween 20. The resulting global yield distribution is shown in Figure IV-27. The experiment lasted longer, but a blockage was finally encountered, and the same erratic behavior was observed. The amount of Tween 20 could be increased, but at some point, the product crystals may be affected. To date, this potential solution was not taken further. Among the antifouling solutions presented above, one seems particularly attractive: the preventive implementation of temperature cycling. Indeed, the use of the temperature increase coupled with pure solvent circulation has already proven its efficiency on blockage (see section IV.4.3). The injection of pure solvent as an effective cleaning procedure was also reported in the literature [START_REF] Majumder | Dynamic Modeling of Encrust Formation and Mitigation Strategy in a Continuous Plug Flow Crystallizer[END_REF] .

In addition, the cleaning liquors could be recycled, to recover the wanted product deposed in the crust. In an ideal set-up, the recycling stream could join that of the filtration liquors.

A simulated solution, based on the preventive temperature cycling and called Simulated Moving Plug Flow Crystallizer (SM-PFC), was presented by Majumder during the congress ECCG7 124 . It consists in a system of four independent PFC segments, that can be connected to work together. The principle is to work with three of them, while the (potentially) encrusted fourth one is cleaned. Therefore, the run would be uninterrupted by the encrustation resolution. This last simulated design is very interesting, and the idea of applying it to a set-up constituted of CT crystallizers came up. Several CT reactors could be used in parallel on a hypothetical production line. After a defined period (circa 10 residence times), one crystallizer would be disconnected from the others, to undergo a preventive cleaning procedure, i.e., temperature cycle(s) with pure solvent circulation. Afterwards, it would be reconnected to the global system, and the following one would be separated to be cleaned. A minimum of three CT crystallizers seems necessary to maintain the production level, but a number of four would be ideal.

Ideally, the cleaned liquors and the filtration liquors would be recycled. In addition to the yield maximization, this would also limit the CSD impact of temperature cycling [START_REF] Koswara | Anti-Fouling Control of Plug-Flow Crystallization via Heating and Cooling Cycle[END_REF]124 . Also, the implementation of a longitudinal temperature gradient within the CT crystallizer would ease and probably improve the results of a cooling crystallization process. Indeed, by gradually decreasing the temperature along the reactor, the crystallization would be smoother and easier to control.

To conclude, the best solution to avoid encrustation seems to be the use of temperature cycling. The ideal continuous set-up would include four parallel CT crystallizers, connected but independent. The preventive cleaning procedure (temperature cycling with pure solvent flush) would be periodically applied to each CT reactor, and the cleaned liquors as well as the filtration liquors would be recycled. Finally, each CT crystallizer would have the possibility of performing axial and longitudinal temperature gradient.

The development of such system would imply many considerations to carefully limit the process kinetics variations and to ensure a constant product yield, productivity, and quality. A parallel simulation work could be interesting to potentially help in the orientation of the experimental investigations.

The conclusions about the whole current chapter are presented in the next section.

IV.7. Conclusions and perspectives

Chapter IV presented the work performed on the process of chiral resolution of rac-Ibu by diastereomeric salt formation with S-αMBA, in batch and in continuous modes.

Preliminary batch experiments served the development of the first process, in technical ethanol (ethanol at azeotropic composition with 5 %w of H2O), which was then performed within the CT crystallizer. The first continuous experiments resulted in needle-shaped crystals, unsuitable for filtration process.

To address the filtration troubles encountered in the preliminary CT runs, another batch optimization study was realized, using the Pope and Peachey method with the replacement of a part of S-αMBA by soda. The effect on the crystal morphology was clear, since the initial needle-shaped particles became nice platelets crystals. Also, during these investigations, fluid inclusions were observed in the crystals of S-Ibu-S-αMBA; their deeper analysis was presented in Chapter II section II.5. In the end, it appeared that contrary to the initial thought, the habit modifier was the water, in which soda was added to the medium, and not soda itself. This latter also appeared to promote the formation of fluid inclusions. Therefore, a new process in a mixture EtOH/H2O 76/24 w/w and without soda was developed.

This implementation of this new process in the continuous mode was rationalized through a Design of Experiments (DoE) approach. After the definition of the studied factors (ΔT, t, Ω and Tref) and of the analyzed responses (global and diastereomeric productivities and yields, and chiral purity), the first screening was performed. If the statistical analysis provided by the software Azurad were good, the presented conclusions about the influence of each investigated factor were questioned because of encrustation issues.

After some tests, this problem was attributed to wettability in the used solvent mixture.

Since the wettability issues were not observed in the first continuous experiments, performed in azeotropic ethanol, the chiral resolution process was again developed in this solvent (EtOH/H2O 95/5 w/w mixture). The last results were obtained from standardized batch experiments, in order to be as comparable as possible with the continuous runs.

A second screening design was set up, in technical ethanol, with three of the four factors studied in the first DoE: ΔT, t, Ω. Tref was replaced by the supersaturation level β. This second screening was also the opportunity to study the effect of in-line modification of one process parameter. Some primary conclusions are promising, and the extension of such study could be interesting. Indeed, the in-line change of a parameter can be a useful tool to cure quickly and efficiently a potential issue, without stopping the continuous production.

The main studied responses in the second screening were the same as in the first one. If some conclusions of the first screening were confirmed in the second one, surprising differences were also noted. In both screening, the factor's levels that seem to increase yield and productivity decrease the chiral purity. The reverse is also true. Thereby, the level of the concerned factors, ΔT and t, should be carefully selected.

In addition, in the second screening, the standard deviation of the responses was calculated and integrated to the DoE. This permitted the separated evaluation of the influence of the studied factors on the variability of each response. Indeed, the factors can have a certain influence on a response, but its impact may be different on the response standard deviation.

For example: the rotation speed Ω seemed to have a negligible influence on the global productivity, but it appeared to have a significant impact on the standard deviation of the global productivity (see Appendix E sections E.2.1 and E.2.3). Therefore, the studied responses and their standard deviation are not always impacted by the investigated factors in the same way.

Sometimes even, as seen in the example, the parameters that have an influence on the response's variability do not have any on the responses themselves. This feature can be very nice, as it means that the modification of a parameter can improve the statistical variability of a response during a given experiment, without affecting the response average value. In a case like the example above, if the average value of the production's global productivity is correct, but fluctuations are observed, the adjustment of the rotation speed could be interesting. Such parameter tuning would reduce the global productivity variability over time, without affecting its average value.

The results of the second screening, as well as the differences observed between the two DoEs suggest the existence of interactions between the studied factors. The number of experiments performed did not permit a proper interaction study. Further investigations in this direction should be done. Moreover, as some factors were identified as interesting to be studied with a surface response, it would be smart to extend the DoE by building a matrix of experiments that could suit both interaction study and surface response. The already realized experiments should be included. In this way, every experiment can be exploited to the maximum.

In further work, another aspect of the crystal features should be added: crystal size and morphology. The effects of the use of the CT crystallizer on these two characteristics would be really interesting to study. Such analyses can be time-consuming, therefore, the installation of in-line probes, such as Blaze Metrics, FBRM or PVM could be an elegant solution.

Nevertheless, the conclusions stated before are questionable since the continuous system appeared to be prone to encrustation. The reflection about this issue, widely discussed in the last section, gave rise to the proposition of an ideal system to perform continuous production in CT crystallizer(s). This would consist in a set-up of four independent CT crystallizers, parallelly connected. Each reactor would be periodically disconnected from the system, to undergo a preventive antifouling cleaning procedure, including temperature cycling and pure solvent circulation. A recycling stream could be implemented to recover the filtration and cleaning liquors. Finally, to better control the crystallization process, each CT crystallizer would have the possibility of performing axial and longitudinal temperature gradient.

General conclusion and some perspectives

The main objective of the present work was to implement the chiral resolution of racemic Ibuprofen (rac-Ibu) by diastereomeric salt formation with S-αMethylBenzylAmine (S-αMBA) in a continuous crystallizer called Couette-Taylor crystallizer. Because of its unique flow motion, the CT reactors can provide excellent mass and heat transfer rates. Previous results obtained on deracemization processes were promising regarding the implementation of chiral resolution by crystallization processes in CT crystallizers, especially in the cases of compounds produced at large scale, like Ibuprofen. Firstly, the system to resolve was investigated, which led to the revision of the phase diagram between the two diastereomers S-Ibu-S-αMBA and R-Ibu-S-αMBA: a partial solid solution on the side of the less soluble salt was evidenced.

The crystals belonging to the partial solid solution domain exhibit a surprising fibrous aspect. This latter was studied, arousing a discussion around the qualification as single crystals of these fibers' aggregates. A growth mechanism was proposed, but further experiments are necessary to probate it. Also, in certain process conditions, the particles of S-Ibu-S-αMBA present biphasic fluid inclusions. They appeared to be constituted of the mother liquors and of (a) persistent bubble(s). The investigations performed around the formation of the fluid inclusions served the formulation of a procedure to prevent it.

Before starting the Couette-Taylor experiments, the continuous set-up was carefully examined. To respect the identified feeding constraints, a prototype mixing and heating the two feeding solutions was designed, in two different versions, since the first one appeared to be inefficient regarding mixing. Some improvements were also directly made on the Couette-Taylor environment.

Finally, the chiral resolution process of rac-Ibu with S-αMBA was studied in batch and in continuous mode. The continuous investigations were rationalized through two different designs of experiments (DoE), in order to determine the impact of five of the seven parameters identified as potential DoE factors: ΔT, t, Ω, Tref and β.

Unsurprisingly, the yield of continuous experiments is about 2 times lower in comparison with batch mode. Nevertheless, it is largely counterbalanced by productivity, therefore, this drawback can be limited by the implementation of a recycling system of the mother liquors in a lower domain of temperatures. Indeed, in the suitable process conditions, the continuous mode outstandingly improves the productivity by a minimum of 1.5 times, and up to 30 times. Also, diastereomeric purity appeared to be enhanced by 18 % on average. By transferring the process from batch to continuous mode the access to high diastereomeric excesses seems ensured, in a repeatable manner.

If some trends could be determined about the influence of the studied parameters, the continuous process development was unfortunately disturbed by a classical continuous mode drawback: encrustation. This issue is bothersome since the thickness of the crust affects the gap width between the two cylinders. The further work should give the priority to encrustation prevention.

The encrustation issue and potential solutions were extensively discussed at the end of the last chapter. An ideal CT set-up was concepted, consisting in the association of four independent CT device, connected in parallel, with the possibility of disconnecting one without affecting the others. The disconnected reactor would undergo a preventive antifouling cleaning procedure, including temperature cycling and pure solvent circulation. To prevent the encrustation risk, each CT crystallizer would be periodically disconnected to the system. A cleaning procedure of 30 min (5 min at 40 °C then 25 min to go back to the initial temperature) with a flush of solvent should be sufficient. Considering it, the productivity would still be exceptionally enhanced up to 25 times, in comparison with batch mode. Also, in view of improving the yield, a recycling stream could be implemented to recover the filtration and cleaning liquors. Finally, to better control the crystallization process, each CT crystallizer would have the possibility of performing axial and longitudinal temperature gradient.

While the prevention of encrustation is of paramount importance, another aspect of continuous installation must also be considered: filtration. The set-up of continuous filtration seems mandatory to implement a proper continuous process. In addition, this would give a technical access to shorter residence times, which are generally suitable in plug flow systems [START_REF] Rougeot | Application of Continuous Preferential Crystallization to Efficiently Access Enantiopure Chemicals[END_REF] . Continuous filtration device were already reported in the literature, and even commercialized, like continuous filtration carousel (CFC).

Other set-up improvements should be studied, like the 'update' of the mixing prototype towards a more industrial design, the pumping part, and the hoses connecting the thermostats to the different parts. Also, the incapacity to 'see' what can occur within the CT crystallizer can strongly delay the detection and resolution of potential issue during the continuous experiments. In view of that, the installation of in-line probes such as Blaze Metrics, FBRM, PVM or fiber optic camera could be really interesting. In the case of encrustation, such tools would give the possibility to localize the zone where the crystals deposition starts, which can help the design of the most suitable solution. The use of glass-made CT reactors can also be considered.

In a general manner, the implementation of a process in the continuous mode requires some optimization investigations. This mode implies the set-up of long experiments, which should be carefully prepared, to limit the occurrence of failed runs. Therefore, the related studies can be time-consuming. However, this can largely be counterbalanced by the benefits of the switch to the continuous production mode.

The use of a DoE approach to rationalize a continuous study seems adapted, regarding the number of parameters that can impact the process results. Nevertheless, this methodology is maybe more suitable to experiments that can be rapidly set-up and performed. Thereby, the ratio benefits / time consumption of its implementation for long continuous experiments should be carefully examined.

References with a Peltier system associated to the circulation of liquid nitrogen that can provide subambient temperatures down to -196 °C.

The device is controlled with the software Linksys 32 v2.4.3.

The temperature programs used within the Linkam chamber are described in the main body of the manuscript. To check the obtained results, the calculation of Φ can be made with the data of the hot part: it also gives 1.12 J.s -1 . The obtained results are consistent.

With these last results, the logarithmic mean temperature difference for counter-current flow can be calculated (see Equation III-2): it gives 34.8 K.

C.2. Calculation of the minimum pipe length for the first mixing piece prototype C.2.1. Determination of the Nusselt number

The Nusselt number of the cold part is 4.36, as the flow regime is laminar 115,116 .

Nevertheless, this number must be determined in the hot part, since the flow regime is turbulent. To find the suitable correlation to determine Nu, the Prandtl number must be estimated in the first place. Pr can be calculated with Equation C-1.

𝑃𝑟 = 𝐶𝑝 * 𝜂 𝜆 𝑓𝑙𝑢𝑖𝑑

Equation C-1

The coolant mixture heat capacity, dynamic viscosity and thermal conductivity were retrieved 

E. Screenings in continuous mode: statistical analysis of the response's results

The statistical analysis and interpretation of the responses' results in the screening designs were realized with the help of the software Azurad, in agreement with the explanations of section IV.3.2.

E.1. First screening

The next sections provide an analysis of the impact of the four factors studied in the first screening, ΔT, Ω, t and Tref, on each studied response. The influence scores given in 

E.1.1. Global productivity

The regression model given by Azurad is significant with a p-value of 1.6 % and a correlation coefficient R² of 0.81. The lack of fit is not significant with a p-value of 40 %. Therefore, for global productivity, the experimental results and the screening model fit quite well. In batch mode, the global productivity of the experiments presented in the section IV.2.2 was estimated between 0.080 g.L -1 .min -1 to 0.242 g.L -1 .min -1 . It means that the continuous mode brings an outstanding increase of at least 16 times. This is far above the examples of transfer from batch mode to continuous mode found in the literature [START_REF] Lorenz | CHAPTER 12 Continuous Enantioselective Crystallization of Chiral Compounds[END_REF][START_REF] Kim | Application of Taylor Vortex to Crystallization[END_REF][START_REF] Simon | Diastereomeric Salt Crystallization of Chiral Molecules via Sequential Coupled-Batch Operation[END_REF] .

It is evident from

E.1.2. Global yield

During the processing of the global yield results, it appeared that the results of experiment 13 were aberrant. As a complementary experiment, it was possible to remove it from the experimental matrix (for this response study) without degrading the quality criteria.

The regression model (discarding experiment 13) is very significant with a p-value of 0.20 % and a R² of 0.91. The lack of fit is not significant with a p-value of 78 %. Thus, the experimental results and the screening model for global yield fit quite well. When looking at the most impacting factor, residence time, it appears that as it decreases, the global yield increases. As explained for global productivity, the cooling rate is higher for short residence times, which increases the nucleation rate.

As shown in

The second most influential factor is the temperature difference ΔT. The use of the isothermal mode (ΔT = 0 °C) seems to be the best option to improve the global yield. Wu et al. (2017) have shown that when the temperature gradient is increased, the nucleation occurs at higher supersaturation [START_REF] Wu | Batch Cooling Crystallization in Non-Isothermal Taylor Vortex Flow: Effective Method for Controlling Crystal Size Distribution[END_REF] . This means that crystallization needs a higher driving force to start. When there is no temperature difference, the nucleation starts 'earlier' and can then results in a higher production of crystals. It can explain why the isothermal mode leads to higher yields. Moreover, among the two non-isothermal modes, the one with the cold internal cylinder and the hot external cylinder (ΔT = -10 °C) gives better results. This difference of results according to the non-isothermal mode has already been reported [START_REF] Wu | Control of Crystal Size Distribution Using Non-Isothermal Taylor Vortex Flow[END_REF] . It is related to the driving forces of dissolution and recrystallization exerted respectively near the heating part boundary layer and the cooling part boundary layer. The temperature regulation of each cylinder may not be equally efficient, which can explain why one non-isothermal mode seems better than the other.

The decrease of Tref seems to have a positive effect on the global yield, which can be expected as supersaturation increases when Tref diminishes.

Finally, it seems that the best level for rotation speed is 500 rpm, but as shown in Figure E-2a, this factor has a limited effect on the global yield.

XVII

In conclusion, the apparent best set of parameters to improve global yield is: ΔT = 0 °C, t = 5 min and Tref = 15 °C. This set of parameters has been repeated twice: in experiments 12 R1 and 12 R2, which indeed gave excellent global yields (see Table IV -10).

The theoretical maximum global yield per fraction was calculated thanks to Equation E-2, with msolvent,1 fraction the mass (g) of solvent that goes through the CT reactor during one residence time t, Ci the initial concentration in diastereomer (g.L -1 )assuming that all the reactants are consumed -, C* the solubility (g.L -1 ), and mexpected the mass (g) of diastereomer expected to be recovered during one residence time t. In batch mode, the global yield of experiments with the equivalent amount of water ranges from 42.9 % to 48.8 % (see Table IV -6). Even the best results obtained in continuous mode are about 2 times lower. To make sure that the maximum amount of product has been recovered, the mother liquors have been kept at room temperature for 2 days. It did not lead to any precipitation, which means that close to the highest yield was achieved for the starting concentration.

These results are not surprising as it has already been reported that continuous processes trend to give lower yield than batch ones [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF] . However, as the global productivity is very good, the implementation of a recycling system of the mother liquors in a lower domain of temperatures could be an interesting solution. Such set-up has already proven its efficiency regarding yield [START_REF] Lorenz | CHAPTER 12 Continuous Enantioselective Crystallization of Chiral Compounds[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Ma | Recent Progress in Continuous Crystallization of Pharmaceutical Products: Precise Preparation and Control[END_REF] .

After the analysis of the global responses, the next result to be analyzed is the diastereomeric excess, which characterizes the ability of the process conditions to separate the two diastereomers.

E.1.3. Diastereomeric excess

The regression model given by Azurad is very significant with a p-value near to 0 % and a R² of 0.92. The pure error between repeated experiments is very low but the lack of fit is significant, with a p-value of 1.4 %. It means that a small part of the observed experimental variability is not explained by the chosen model. This could be due to interaction effects between parameters. The impact of each factor level on the increase of the diastereomeric excess can be found in Figure E-3b. The interpretation should be moderated regarding the influence of each factor discussed before.

As shown in

The most influential parameter is the rotation speed, but its effect seems highly non-linear. This may be explained by potential interactions with other factors. The best rotation speed level to improve the diastereomeric excess is 1000 rpm.

The second most impacting factor is the temperature difference ΔT: it clearly appears that the use of the CT crystallizer in non-isothermal mode, with the inner cylinder as the cold part and the outer cylinder as the hot one, gives the best results of chiral purity. The presence of a temperature gradient was expected to improve chiral purity, as it has already proved its efficiency in deracemization processes [START_REF] Kim | Method for Conductiong Deracemization Using Taylor Flow and a Device Therefor[END_REF][START_REF] Schindler | Deracémisation Du Chlorate de Sodium Avec et sans l'influence Du Dithionate de Sodium[END_REF] . In the opposite, the reverse non-isothermal mode should be avoided. Such difference between the two non-isothermal modes has already been reported [START_REF] Wu | Control of Crystal Size Distribution Using Non-Isothermal Taylor Vortex Flow[END_REF] .

Then, the decrease of Tref gives a better diastereomeric excess, but shows a sort of limit at 20 °C. The same phenomenon is observed for the factor residence time, with the level 15 min. Again, this behavior may be clarified by studying the interactions between the different factors.

Eventually, the apparent best parameter set to improve chiral purity is: ΔT = -10 °C, Ω = 1000 rpm, t = 15 min and Tref = 20 °C. Such experiment has not been performed, but the experiments 11 R1 and 11 R2 are quite close (Tref = 25 °C) and resulted in the best diastereomeric excess (see Table IV

-10).
The chiral purity varies from 0.52 to 0.70 in the batch experiments with the equivalent amount of water (see Table IV-6). The temperature gradient of the CT crystallizer, combined with its highly efficient mixing, gives better diastereomeric excess on average, in a very repeatable manner (see repeated experiments in Table IV

-10).
It is important to remind that the system Ibu-S-αMBA exhibits a partial solid solution enriched in S-Ibu-S-αMBA (see section II.3.2). The limit of miscibility of this solid solution at 20 °C is 13 % of R-Ibu-S-αMBA; therefore, achieving a diastereomeric excess higher than 0.74 in a single operation may be tricky.

To estimate the productivity and the yield in the wanted diastereomer, the 'diastereomeric' responses were introduced. The effects of the four studied factors on them are detailed in the two next sections.

E.1.4. Diastereomeric productivity

Like for the global yield, according to the analysis of the residues, experiment 13 appears to be aberrant in the processing of the diastereomeric productivity results. As previously said, this complementary experiment can be removed from the experimental matrix, without degrading the quality criteria.

The regression model (discarding experiment 13) is very significant with a p-value of 0.01 % and a R² of 0.96. The lack of fit is not significant with a p-value of 30 %. For diastereomeric productivity, the experimental results and the screening model fit quite well.

XX

As global productivity, the diastereomeric productivity is mainly impacted by the residence time t (Figure E-4a). The temperature difference ΔT also has an influence, but it is small. The rotation speed Ω and the reference temperature Tref do not seem to have any impact. The impact of each factor level on the increase of the diastereomeric productivity can be found in Figure E-4b. The interpretation should be modulated regarding the influence of each factor discussed in the previous paragraph.

Like for global productivity, the predominance of t = 5 min as diastereomeric productivity enhancer seems clear. As explained before, the cooling rate is higher for short residence times, which increases the nucleation rate. The lower the residence time the higher the productivity.

The second factor with influence is the temperature difference ΔT. The use of the isothermal mode (ΔT = 0 °C) seems to be the best option to improve the diastereomeric productivity. Indeed, when the temperature gradient is increased, nucleation occurs at higher supersaturation [START_REF] Wu | Batch Cooling Crystallization in Non-Isothermal Taylor Vortex Flow: Effective Method for Controlling Crystal Size Distribution[END_REF] , which can affect productivity. Also, among the two non-isothermal modes, the one with the cold inner cylinder (ΔT = -10 °C; with the outer hot cylinder) gives better results. This difference of results according to the non-isothermal mode has already been reported 62 . The influence of ΔT on diastereomeric productivity is more similar to its impact on global productivity than on diastereomeric excess.

The levels of the factors Ω and Tref are not easy to evaluate, but as explained above, they do not seem to impact the diastereomeric productivity.

To conclude, the use of ΔT = 0 °C and t = 5 min are recommended to improve diastereomeric productivity. The use of this parameter set in experiments 8, 12 R1 and 12 R2, gave excellent diastereomeric productivities (see Table IV -10). XXI Also, it appeared that the influence of ΔT, Ω, t and Tref on diastereomeric productivity is closer to that on global productivity than on diastereomeric excess.

In batch mode, the diastereomeric productivity of the experiments presented in the section IV.2 was estimated between 0.056 g.L -1 .min -1 to 0.121 g.L -1 .min -1 . The use of continuous mode can apparently improve it by, at least, 8 times.

E.1.5. Diastereomeric yield

According to the analysis of the residues, experiments 11R1 and 13 appear to be aberrant in the processing of the diastereomeric yield results. These complementary experiments can be removed from the experimental matrix, without degrading the quality criteria.

The regression model (discarding experiments 11R1 and 13) is significant with a p-value of 0.56 % and a correlation coefficient R² of 0.91. The lack of fit is not significant with a p-value of 19 %. For diastereomeric yield, the experimental results and the screening model fit quite well. The impact of each factor level on the increase of the diastereomeric yield can be found in Figure E-5b. The interpretation should be moderated regarding the influence of each factor discussed before.

Regarding the factor ΔT, the use of the isothermal mode (ΔT = 0 °C) seems to be the best option to improve the diastereomeric yield. Like for productivities and global yield, it can be explained because nucleation occurs at a higher supersaturation when the temperature gradient is increased [START_REF] Wu | Batch Cooling Crystallization in Non-Isothermal Taylor Vortex Flow: Effective Method for Controlling Crystal Size Distribution[END_REF] . Also, among the two non-isothermal modes, the one with the cold inner cylinder (ΔT = -10 °C; with the hot outer cylinder) gives better results. Wu et al. (2015) already reported such difference [START_REF] Wu | Control of Crystal Size Distribution Using Non-Isothermal Taylor Vortex Flow[END_REF] .

Concerning the residence time t, as it decreases, the diastereomeric yield increases. This effect is the same as for productivities and global yield. Some trends could be found for Ω and Tref, but their influence on diastereomeric yield is apparently non-existent in the explored domain (Figure E-5a).

In conclusion, ΔT = 0 °C and t = 5 min seems to be the best levels of the most important factors to improve diastereomeric yield. This parameter set has been used in experiments 8, 12 R1 and 12 R2, which indeed resulted in good diastereomeric yields (see Table IV -10).

In a general way, the influence of ΔT, Ω, t and Tref on diastereomeric yield is closer to that on global yield than on diastereomeric excess. Batch mode diastereomeric yields, of experiments with the equivalent amount of water, range from 25.3 % to 29.9 %. Like for the results of global yield, the best results obtained in continuous mode are about 2 times lower. Again, this outcome is not surprising, and the use of a recycling system of the mother liquors at a lower temperature could be an efficient solution.

E.2. Second screening

The next sections provide an analysis of the impact of the four factors studied in the second screening design, ΔT, Ω, t and β, on each studied response. The influence scores given in 

E.2.1. Global productivity

During the processing of the global productivity results, it appeared that the results of experiments 13 and 16 were aberrant. As complementary experiments, it was possible to remove them from the experimental matrix (for this response study) without degrading the quality criteria.

The regression model (discarding experiments 13 and 16) given by Azurad is significant with a p-value of 0.0 % and a correlation coefficient R² of 0.86. The lack of fit is significant with a pvalue of 1.8 %. %. It means that a small part of the observed experimental variability is not explained by the chosen model. This could be due to interaction effects between parameters.

It is evident from Figure E-6a that the main impacting factor is the residence time t. The supersaturation ratio β and the temperature difference ΔT have a small influence on global productivity but that of the rotation speed Ω is negligible. These results are similar to those of the first screening: the influence of the residence time presses that of the other factors for global productivity. As in the first DoE, the predominance of t = 5 min as global productivity enhancer seems clear.

The lower the residence time the higher the global productivity. For short residence times, the cooling is faster, which increases the nucleation rate.

Regarding the supersaturation ratio, when increasing it, the global productivity is improved. This can be expected since a higher supersaturation level means that there is more product that can crystallize.

Like in the first screening, the use of the isothermal mode (ΔT = 0 °C) seems to improve global productivity. However, regarding the impact of this factor, this assumption should be moderated.

The levels of the factors Ω can hardly be discriminated, but as explained above, it does not seem to impact the global productivity.

To conclude, the apparent best parameters to improve global productivity are t = 5 min and β = 2.5. It has been performed in experiments 1, 8, 13 and 16. If the results of experiments 13 and 16 were estimated as aberrant, in terms of global productivity, experiments 1 and 8 indeed resulted in excellent global productivities (see results in Table IV -17).

Moreover, like in the first screening, the theoretical maximum global productivity per fraction was calculated thanks to Equation E-1. Table E-3 shows the comparison between the maximum theoretical global productivity and the real global productivity calculated for each experiment.

If the trends seem confirmed, the actual global productivity is sometimes higher than that predicted. This is probably due to encrustation, which can induce a strong bias: after some time, part of the crust can separate, and a massive amount of product can be released. XXIV Also, the aberrance of the results of experiments 13 and 16 seems clear with this comparison.

Experiment

Maximum theoretical global productivity (g.L -1 .min -1 )

Global productivity (g.L -1 .min In batch mode, the global productivity of the experiments presented in the section 0 was estimated between 0.099 g.L -1 .min -1 to 0.123 g.L -1 .min -1 . It means that the continuous mode brings an exceptional increase of minimum 1.5 times, and up to 25 times. This is far above the examples of transfer from batch mode to continuous mode found in the literature [START_REF] Lorenz | CHAPTER 12 Continuous Enantioselective Crystallization of Chiral Compounds[END_REF][START_REF] Kim | Application of Taylor Vortex to Crystallization[END_REF][START_REF] Simon | Diastereomeric Salt Crystallization of Chiral Molecules via Sequential Coupled-Batch Operation[END_REF] . In addition, batch mode experiments were performed with a higher supersaturation ratio β of 2.8 (to provoke nucleation, see section 0), which is a productivity enhancer. Therefore, for similar conditions, the improvement brought by the implementation of the continuous mode is probably even better.

E.2.2. Global yield

According to the analysis of the residues in the statistical analysis of Azurad, it appeared that the results of experiments 13, 16 and 17 were aberrant. As complementary experiments, it was possible to remove them from the experimental matrix without degrading the quality criteria.

The regression model (discarding experiments 13, 16 and 17) is significant with a p-value of 0.0 % and a correlation coefficient R² of 0.71. The lack of fit is significant with a p-value of XXV 4.7 %. %. It means that a small part of the observed experimental variability is not explained by the chosen model. This may be due to interaction effects between parameters. When looking at the most impacting factor, the supersaturation ratio, the improvement of the global yield is clear when β increases. Like for global productivity, this result was expected, since the amount of product that can crystallize is increased when the supersaturation is higher.

As shown in

The second most influential factor is residence time t: it appears that as it decreases, the global yield increases, like in the first DoE. As explained in the previous section, the cooling rate is higher at shorter residence times, which increases the nucleation rate.

Finally, it seems that the best level for rotation speed is 500 rpm and that a temperature gradient ΔT = 10 °C enhances the global yield. However, as shown in Figure E-7a, these factors have a limited effect on the global yield, thus, the assumptions about their influence should be moderated.

In conclusion, the apparent best set of parameters to improve global yield is similar to that determined for global productivity: t = 5 min and β = 2.5. This set of parameters has been used in experiments 1, 8, 13 and 16. The results of experiments 13 and 16 were estimated as aberrant, in terms of global yield, but experiments 1 and 8 indeed resulted in good global yields (see results in Table IV -17). The predominance of the level β = 2.5 in the experiments with the best global yields is clear, the impact of the residence time is indeed lower.

Appendices

XXVI

In addition, the theoretical maximum global yield per fraction was calculated thanks to Equation E-2. Table E-4 shows the comparison between the maximum theoretical global yield and the real global yield calculated for each experiment. The actual observed global yield is really lower than the maximum calculated one, for each experiment.

Experiment Maximum theoretical global yield (%) Global yield (%) 1 53.9 In batch mode, the global yield of experiments of section 0 ranges from 33.2 % to 38.8 % (see Table IV -12). Even the best results obtained in continuous mode are about 2 times lower, as in the first screening. As already mentioned, these results are not surprising as it has already been reported that continuous processes trend to give lower yield than batch ones [START_REF] Zhang | Progress of Pharmaceutical Continuous Crystallization[END_REF][START_REF] Wood | Progress to Date in the Design and Operation of Continuous Crystallization Processes for Pharmaceutical Applications[END_REF] .

Thereby, the conclusion regarding global yield in this second screening is identical to that of the first screening: since the global productivity is very good, the implementation of a recycling system of the mother liquors in a lower domain of temperatures could be an interesting solution. Such set-up has already proven its efficiency regarding yield [START_REF] Lorenz | CHAPTER 12 Continuous Enantioselective Crystallization of Chiral Compounds[END_REF][START_REF] Wang | Recent Progress of Continuous Crystallization[END_REF][START_REF] Ma | Recent Progress in Continuous Crystallization of Pharmaceutical Products: Precise Preparation and Control[END_REF] .

In the second screening, the number of collected fractions permitted the statistical analysis of the variability of the studied responses' results, by calculating the standard deviation of each response. It appeared that the results for global productivity and global yield are identical. The next section describes the analysis made with Azurad to estimate the impact of the four investigated factors on the variability of global productivity and global yield.

E.2.3. Standard deviation of the global responses

The regression model of the standard deviation of the global responses is very significant with a p-value of 0.30 % and a R² of 0.90. The lack of fit is not significant with a p-value of 44 %. Thus, the experimental results and the screening model fit very well. The effect of the temperature gradient ΔT on the standard deviation of the global responses does not appear to be linear. This factor is probably affected by interaction(s) with other parameters. However, a trend seems to be drawn: the use of the non-isothermal mode '+' seems to reduce the variation of the global results from one fraction to another. An hypothesis can be assessed to explain this result: a positive gradient corresponds to the inner cylinder being the hot one; as the rotation of this cylinder generates heat because of the friction with the lip seal (see section III.3.2), the conjunction of these two effects probably leads to more stability than the situation when the inner cylinder is the cold part.

Regarding the rotation speed, the lowest level seems to limit the standard deviations. The mixing effects might be less intense, thus maybe more stable.

XXVIII

The increase of the supersaturation ratio β apparently improves the regularity of the results. This result is surprising, as the medium is more concentrated at higher supersaturation, the system is expected to be less stable.

A threshold effect can be observed for the residence time t. Nevertheless, its impact being limited, in comparison with the other factors, the analysis does not need to go further.

To conclude, the best set of parameters to ensure a certain constancy of the global productivity and yield seems to be: ΔT = +10 °C, Ω = 500 rpm and β = 2.5. This combination was used in experiment 4 in which indeed the standard deviation of the global responses is low, but not the minimal one. Even if the model statistically seemed significant, a part of the experimental observations is probably not well-explained and would deserve more experiments to refine the conclusions.

E.2.4. Diastereomeric excess

During the processing of the diastereomeric excess results, it appeared that the results of experiments 15, 16 and 17 were aberrant. As complementary experiments, it was possible to remove them from the experimental matrix without degrading the quality criteria.

The regression model (discarding experiments 15, 16 and 17) given by Azurad is very significant with a p-value of 0.37 % and a R² of 0.92. The lack of fit is not significant, with a pvalue of 67 %. Therefore, the experimental results and the screening model fit quite well.

As shown in Figure E-9a, the residence time t and the temperature difference ΔT are the two most impacting factors on diastereomeric excess. This strong effect of the residence time is surprising, as this factor only had a poor impact on the chiral purity in the first screening. Also, the rotation speed Ω appears to have a very limited influence on diastereomeric excess in this second screening, unlike the observations of the first screening design. Finally, the newly studied factor, the supersaturation ratio β has a negligible impact on chiral purity. of the number of discarded experiments, no lack of fit can be determined. The selected model does not fit well with the experimental results, this can be due to interactions between the studied factors. However, some trends can be observed. The impact of each factor level on the variability of the chiral purity can be found in Figure E-10b. The interpretation should be moderated regarding the influence of each factor discussed in the previous paragraph.

The difference of impact of the two levels of rotation speed is clear: the lowest level, 500 rpm seems to limit the standard deviations. The same observation was made when analyzing the standard deviation of the global responses. The mixing effects are probably less efficient when decreasing the rotation speed, but they also might be less intense, thus more stable.

The effect of the temperature gradient ΔT on the standard deviation of the diastereomeric excess is not linear. No trend can be assessed as such. Also, as mentioned before, the chosen regression model is poorly significant. This factor is probably subject to interaction(s).

Since their impact seems very limited, no level should be preferred for the residence time t and the supersaturation ratio β.

The determination of a good set of parameters to limit the variability of the chiral purity is hardly assessable. If the regression model can give a primary outline of the trends, its significance is too poor to conclude. Nevertheless, this conclusion can be modulated regarding XXXII The increase of the supersaturation ratio β improves the diastereomeric productivity. This can be expected since the amount of product that can potentially crystallize is higher when the supersaturation is increased.

As in the first screening, the use of the isothermal mode (ΔT = 0 °C) seems to improve global productivity. However, regarding the impact of this factor, this assumption should be moderated.

The levels of the factors Ω are hardly discriminable, but as explained above, it does not seem to impact the diastereomeric productivity.

To conclude, the use of t = 5 min and β = 2.5 seems to be the most important to improve diastereomeric productivity. This parameter set was used in experiments 1, 8, 13 and 16. The results of experiments 13 and 16 were estimated as aberrant, in terms of diastereomeric productivity, but experiments 1 and 8 indeed resulted in high diastereomeric productivities (see results in Table IV -17). Thus, the influence of ΔT, Ω, t and β on diastereomeric productivity is closer to that on global productivity than that on diastereomeric excess.

In batch mode, the diastereomeric productivity of the experiments presented in the section 0 was estimated between 0.058 g.L -1 .min -1 to 0.63 g.L -1 .min -1 . The use of continuous mode can improve it by, at least, 2 times, and up to 30 times. The outstanding enhancement of the diastereomeric productivity is even probably underestimated, since the batch mode experiments were performed with a higher supersaturation ratio of 2.8 (to provoke nucleation, see section 0).

E.2.7. Diastereomeric yield

During the processing of the diastereomeric yield results, it appeared that the results of experiments 13, 16 and 17 were aberrant, like for global yield. As complementary experiments, it was possible to remove them from the experimental matrix without degrading the quality criteria.

The regression model (discarding experiments 13, 16 and 17) given by Azurad is significant with a p-value of 0.0 % and a correlation coefficient R² of 0.67. The lack of fit is significant with a p-value of 2.3 %. %. It means that a small part of the observed experimental variability is not explained by the chosen model. This could be due to interaction effects between parameters. The impact of each factor level on the increase of the diastereomeric yield can be found in Likewise global yield, the predominance of β = 2.5 as a diastereomeric yield enhancer seems clear. This result was expected since the amount of product that can potentially crystallize is increased when the supersaturation is higher.

As shown in

Concerning the residence time t, it seems that as it decreases, the diastereomeric yield increases. This effect is the same as for productivities and global yield and was already observed in the first screening. The lower the residence time the higher the productivity and the yield.

The temperature difference ΔT levels' influence does not seem linear; therefore, it is not possible to state a trend for this factor. However, as shown in Figure E-12a, its effect on diastereomeric yield is limited.

Finally, it seems that the best level for rotation speed is 500 rpm, but this indication should be modulated as the impact of the rotation speed on diastereomeric yield is poor.

In conclusion, the use of β = 2.5 and t = 5 min seems to be the most important to improve the diastereomeric yield. This set of parameters has been used in experiments 1, 8, 13 and 16. If the results of experiments 13 and 16 were estimated as aberrant, in terms of diastereomeric yield, experiments 1 and 8 indeed resulted in good diastereomeric yields (see results in Table IV -17). The predominance of the level β = 2.5 in the experiments with the best global and diastereomeric yields is clear; the impact of the residence time seems less important.

Diastereomeric yields of batch experiments presented in section 0 range from 18.2 % to 23.7 %. Like for the results of global yield, the best results obtained in continuous mode are about 2 times lower. Again, this outcome is not surprising, and the use of a recycling system of the mother liquors at a lower temperature could be an efficient solution.

Like for the global productivity and yield, the variability of the diastereomeric productivity and yield was determined by calculating the standard deviation of each response. It appeared that the results for diastereomeric productivity and diastereomeric yield are identical. The next section describes the analysis made with Azurad to estimate the impact of the four investigated factors on the variability of diastereomeric productivity and yield.

E.2.8. Standard deviation of the diastereomeric productivity and yield

Experiment 13 was aborted after 4 residence times, and the small amount of collected product permitted the chiral HPLC analysis of only one fraction. Therefore, no standard deviation could be calculated for this experiment. Also, it appeared that the results of experiment 16 were aberrant. As complementary experiments, it was possible to remove them from the experimental matrix without degrading the quality criteria.

The regression model (discarding experiments 13 and 16) of the standard deviation of the diastereomeric productivity and yield is very significant with a p-value of 0.80 % and a R² of 0.92. The lack of fit is not significant with a p-value of 53 %. Thus, the experimental results and the screening model fit very well. The impact of each factor level on the variability of the diastereomeric productivity and yield can be found in Figure E-13b. The interpretation should be modulated regarding the influence of each factor discussed in the previous paragraph The effect of the temperature gradient ΔT on the standard deviation of the diastereomeric productivity and yield is not linear. This factor is probably subject to interaction(s). However, the same trend than that of the standard deviation of the global responses seems to be drawn: a positive gradient, corresponding to the inner cylinder being the hot one, seems to reduce the standard deviation.

The increase of the supersaturation ratio β appears to improve the regularity of the results.

Like for the standard deviation of the global responses, this result is surprising, as the medium is more concentrated at higher supersaturation, the system is expected to be less stable.

As observed for the two other standard deviations, regarding the rotation speed Ω, the lowest level seems to limit the standard deviations. The mixing effects are probably less efficient when decreasing the rotation speed, but they also might be less intense, thus more stable.

The effect of the different levels of the residence time t does not seem linear. Nevertheless, its impact being limited, the analysis does not need to go further.

To conclude, the best set of parameters to limit the variability of diastereomeric productivity and yield is: ΔT = 10 °C, Ω = 500 rpm and β = 2.5. This combination was used in experiment 4 in which indeed the standard deviation of the global responses is low, but not the minimal one. Even if the model statistically seemed significant, a part of the experimental observations is probably not well-explained and would deserve more experiments to refine the conclusions.
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  diastereomeric excess between of the last fraction and that of the first one ΔHf, A [J.mol-1 ] Enthalpy of fusion of pure component AΔP[Pa] Difference of pressure between the interior and the exterior of the bubble of gas ΔT s -1 ] or [rpm] Rotation speed of the inner cylinder Ωo [rad.s -1 ] or [rpm] Rotation speed of the outer cylinder [A] Molar or mass fraction (also: [g/L], [mol/L], [g/g]…) Concentration of compound A bi [-] Principal effect of the factor Xi bi,i [-] Quadratic (or curvature) effect of Xi bi.j [-] Interaction effect between Xi and Xj C Molar or mass fraction (also: [g/L], [mol/L], [g/g]Mass of solid collected in one batch or in one fraction mexpected [g] Expected mass to be collected from one batch or from one fraction ṁh [kg.h -1 ] Mass flow of the hot part mremaining solid [g] Mass of remaining solid recovered from sampling the supernatant of a suspension for solubility measurement by gravimetric method msampled supernantant [g] Mass of the sample of supernatant of a suspension for solubility measurement by gravimetric method msolvent 1 fraction [g] Mass of solvent that goes through the CT reactor during one residence time t .s -1 ] Volume flow rate R [J.mol -1 .K -1 ] Gas constant (8.314) Sh and Sc Sc [m²] Surface between the glass wall and the cold partSh [m²] Surface between the hot part and the glass wall Ssection Melting point of pure component A Th,i [K] Temperature of the hot fluid at the inlet Th,o [K] Temperature of the hot fluid at the outlet Tj [°C] Jacket temperature, i.e. set temperature of the thermostat Tref

Figure I- 1 :

 1 Figure I-1: Representation of the solubility curve (red curve), delimiting the undersaturated solution zone, and of the metastable zone limit (orange curve), separatingthe metastable zone and the labile zone.

  𝐶 𝐶 * , -Absolute supersaturation ΔC (same unit as C and C*): 𝛥𝐶 = 𝐶 -𝐶 * , -Relative supersaturation σ (dimensionless): 𝜎 = 𝐶-𝐶 * 𝐶 = 𝛽 -1,

Figure I- 2 :

 2 Figure I-2: Pathways of crystallization induced by cooling (purple elements) and by evaporation (green elements).

Figure I- 3 :

 3 Figure I-3: Ternary isotherm depicting crystallization by antisolvent addition, with solute A, solvent SI (bad solvent or anti-solvent), and solvent SII (good solvent).

Figure I- 4 (a). ( 2 )

 42 Conglomerate forming systems: this kind of equilibria is represented in Figure I-4 (b).

Figure I- 5 :

 5 Figure I-5: Schematic comparison between (1) the classical chiral resolution by diastereomeric salt formation and (2) the Pope and Peachey method. Aracemic composition stands for the racemic mixture, RAactive (blue) for the optically active RA and RAinactive (green) for the optically inactive reagent.

Figure I- 6 :

 6 Figure I-6: Schematic diagram of the practical workflow proposed by Wang and Chen for the screening of the conditions for chiral resolution by diastereomeric salt formation.

  . The Couette-Taylor flow within a CT crystallizer is displayed in Figure I-7: a stratified Couette flow coupled with Taylor vortices.

Figure I- 7 :

 7 Figure I-7: Visualization of the Taylor vortices in a CT crystallizer 63 .

  : 𝑇𝑎 * 𝑐 = 𝑇𝑎 * 𝑐 (𝑅𝑒 𝑧 = 0) + 26.5𝑅𝑒 𝑧 In Equation I-2, Ta*c is the critical Taylor number in presence of the axial flow and Ta*c(Rez=0) the critical Taylor number without the axial flow. Rez, the axial Reynolds number, is defined in Equation I-3, with Vm the mean axial linear velocity (m.s -1 ):

1 .

 1 Ta/Ta*c Flow regime Ta/Ta*c <1 Laminar Couette flow 1< Ta/Ta*c <9 Laminar periodic Taylor vortex flow 9< Ta/Ta*c <176.89 Singly periodic wavy vortex flow 176.89< Ta/Ta*c <324 Doubly periodic wavy vortex flow 324< Ta/Ta*c <1089 Weakly turbulent wavy vortex flow 1089< Ta/Ta*c <25600 Turbulent vortex flow 25600< Ta/Ta*c Turbulent aperiodic flow

  e., a 1:1 mixture of S-(+)-Ibuprofen and R-(-)-Ibuprofen (Figure II-1).

Figure II- 1 :

 1 Figure II-1: Enantiomers of Ibuprofen.

Scheme II- 1 :

 1 Scheme II-1: Chiral resolution by diastereomeric salt formation of racemic Ibuprofen with S-α-Methylbenzylamine.

  The temperature program used is shown in Figure II-2: three temperature cycles between 5 °C and 70 °C, with stages of 1 h at 5 °C and 30 min at 70 °C.

Figure II- 2 :

 2 Figure II-2: Temperature program of the solubility measurements of rac-Ibu in technical EtOH in the Crystal 16.

Figure II- 3 :

 3 Figure II-3: Solubility (g.gsaturated solution -1 ) of rac-Ibu in technical EtOH: in blue the points measured by the Crystal 16 and in orange the fitted curve based on van't Hoff regression determined with the software Crystal Clear.

Figure II- 4 :

 4 Figure II-4: Solubility curves and polynomial trendlines of the diastereomer S-Ibu-S-αMBA in different ratios EtOH/H2O. Representation with concentration (%w) as a function of temperature (°C). Light blue ratio 100/0 w/w; dark blue ratio 95/5 w/w; red ratio 90/10 w/w; yellow ratio 86/14 w/w; green ratio 76/24 w/w; brown ratio 67/33 w/w; black ratio 48/52 w/w.

Figure II- 5 :

 5 Figure II-5: Solubility curves and polynomial trendlines of the diastereomer S-Ibu-S-αMBA in different ratios EtOH/H2O. Representation with concentration (%w) as a function of the amount of water (%w). Green T = 60 °C; yellow T = 50 °C; grey T = 40 °C; light blue T = 30 °C; dark blue T = 20 °C; purple T = 10 °C.

  Figure II-6 shows the solubility in a mixture EtOH/H2O 76/24 w/w of S-Ibu-S-αMBA products with these three chiral purities.

Figure II- 6 :

 6 Figure II-6: Comparison between the solubility curves of S-Ibu-S-αMBA products with different chiral purities: de=0.35 (orange), de=0.61(green) and de=0.72 (purple).

For

  this first series of DSC analyses, different compositions in S-Ibu-S-αMBA / R-Ibu-S-αMBA w/w were prepared from RS-Ibu-S-αMBA and pure S-Ibu-S-αMBA: 95/5, 90/10, 85/15, 80/20, 70/30, 60/40 and 50/50. Two preparation methods were used: dry grinding of the two raw powders, and cooling crystallization in pure ethanol. It appeared that the technique does not affect the product purity. The DSC thermograms of the different compositions are displayed in Figure II-7.

Figure II- 7 :

 7 Figure II-7: DSC thermograms obtained in crucibles with pierced lids at different compositions in S-Ibu-S-αMBA / R-Ibu-S-αMBA. Samples were heated from 20 °C to 200 °C at a rate of 2 K.min -1 . From top to bottom: composition 95/5 w/w (dark red); composition 90/10 w/w (red); composition 85/15 w/w (orange); composition 80/20 w/w (yellow); composition 70/30 w/w (dark green); composition 60/40 w/w (green); composition 50/50 w/w (blue).

Figure II- 8 :

 8 Figure II-8: DSC thermograms obtained in sealed crucibles at different compositions in S-Ibu-S-αMBA / R-Ibu-S-αMBA. Samples were heated up to 130 °C, with a heating rate of 2 K.min -1 , maintained at 130 °C for 2 h, then cooled down to 20 °C at 5 K.min -1 and finally heated up to 200 °C at a rate of 2 K.min -1 . From top to bottom: composition 95/5 w/w (dark red); composition 90/10 w/w (red); composition 85/15 w/w (orange); composition 80/20 w/w (yellow); composition 70/30 w/w (dark green); composition 60/40 w/w (green); composition 50/50 w/w (blue).

Figure II- 9 :

 9 Figure II-9: XRPD overlay of two products of partial solid solution of S-Ibu-S-αMBA (ss-S-Ibu-S-αMBA) with the highest chiral purity obtained by chiral resolution of rac-Ibu, compared with pure S-Ibu-S-αMBA. Quartz was added in the sample preparation to ensure an internal calibration of the diffractograms on the peak 26.6 °2θ.

  It appears that the parameter along c-axis increases more than the others. Indeed, the C*-CH3 covalent bond and the c-axis are 19.3° only apart (Figure II-10), which is consistent with the existence of a partial substitution of S-Ibu by R-Ibu by means of inversion between both the methyl and the hydrogen in the alpha of the stereogenic carbon.

Figure II- 10 :

 10 Figure II-10: Inclination of the bond C*-C with reference to the c-axis.

Figure

  Figure II-11b shows a projection of the structure along the 'a' axis. The polar periodic bond chains propagate along the 'a' axis, forming a polar column (Figure II-11a). The rest of the crystal structure is definitively hydrophobic.

Figure II- 11 :

 11 Figure II-11: Molecular chain of S-Ibu-S-α-MBA spreading along the 'a' axis. The carbon atoms are displayed in yellow for S-αMBA and in grey for S-Ibu. Chiral carbon for both molecules is highlighted with an asterisk. (b) Projection along the 'a' axis of the S-Ibu-S-α-MBA crystal structure. The slices {002} and {011} are shown; their surfaces are clearly hydrophobic.

  .

Figure II- 12 :

 12 Figure II-12: Tammann graph obtained with the DSC measurements in closed pans.

Figure II- 13 :

 13 Figure II-13: Revised binary system between S-Ibu-S-αMBA and R-Ibu-S-αMBA; focus on the part close to S-Ibu-S-αMBA, the desired diastereomeric salt. Binary phase diagram obtained with DSC measurements in sealed pans. Blue curve = liquidus; black line = eutectic; dotted lines = limits of the partial solid solution. The solvus has been extrapolated with the following points: (T = 145 °C; xR-Ibu-S-αMBA = 0.17) and (T = 20 °C; xR-Ibu-S-αMBA = 0.13). NB: the presence of a partial solid solution close to R-Ibu-S-αMBA is highly suspected, which is why the second component of the biphasic domain is labelled ss-R-Ibu-S-αMBA.

Figure II- 14 :

 14 Figure II-14: SEM photographs of ss-S-Ibu-S-αMBA exhibiting the fibrous nature of the crystals of the partial solid solution. The magnifications are (a) 70, (b) 200, (c) 500 and (d) 1000.

II. 4 .II. 4 . 1 .

 441 Fibrous nature of the ss-S-Ibu-S-αMBA crystals Characterization of the fibrous natureTo begin with, crystals of pure S-Ibu-S-αMBA were analyzed by SEM. Figure II-15 shows a comparison between SEM photographs of particles obtained in EtOH/H2O 76/24 w/w.

Figure

  Figure II-15a-c exhibit crystals representative of the population for the pure SS diastereomeric salt, and Figure II-15d-f for the phase at the limit of the partial solid solution ss-S-Ibu-S-αMBA.Pure salt is smooth and has a regular shape, whereas the salt with solid solution is rough due to a visible association of fibers. Some cracks are observed on the two samples. Therefore, the fibrous nature seems to be characteristic of the ss-S-Ibu-S-αMBA phase. Thus, it can be inferred that the miscibility in the solid state is responsible for the rather 'bad' crystallographic quality of the fibrous crystals.

Figure II- 15

 15 Figure II-15: (a-c) SEM photographs of pure S-Ibu-S-αMBA. (d-f) SEM photographs of ss-S-Ibu-S-αMBA at the limit of the solid solution (XR-Ibu-S-αMBA = 14%).

  Figure II-16a displays the calculated morphology, with the classical BFDH model, with distance to the central point inversely proportional to the d-spacing (1/d). The large discrepancy with the actual morphology of the fibrous crystals is obvious.

Figure II- 16 :

 16 Figure II-16: Calculated morphologies with BFDH model. (a) BFDH with distance to the central point inversely proportional to the d-spacing (1/d). (b) Variant of the BFDH model with distance to the central point proportional to exp(-Ad) with A = 0.4. Growth rate of {101} could be much faster resulting in a more extreme needle shape.

A

  particle of ss-S-Ibu-S-αMBA (from the same batch than those observed in Figure II-14 and Figure II-15d-f) was placed in a solution of EtOH/H2O 76/24 w/w saturated in ss-S-Ibu-S-αMBA. Figure II-17 shows the particle habit at the beginning of the first test (a) and after seven days in the saturated solution (b)

Figure II- 17 :

 17 Figure II-17: Optical microscopy (see Appendix A section A.9) photographs of the first preferential dissolution test, (a) at the beginning of the experiment (magnification 35) and (b) after seven days (magnification 40), taken with a binocular optical microscopy.

Figure II- 18 .

 18 It is not clear if this is a kind of twin or resulting from the initial seed which grew towards dual opposite sides.The 'connecting zone' was observed by optical microscopy. As shown in FigureII-19, the delimitation between the parts is clear, as well as the fibrous aspect of the crystals. It seems from (b) that the zone can be damaged. This observation and the 'T-particle' observed in Figure II-18 suggest that at some point of the growth phenomenon, some parts may leave.

Figure II- 18 :

 18 Figure II-18: Photographs taken by binocular polarized light microscopy of the observed 'parts' of the ss-S-Ibu-S-αMBA crystals. They seem connected by a zone roughly perpendicular to the main axis 'a' of the elongated particles. (a) Particle with four visible parts; (b) and (c) particles with two or three visible parts.

Figure II- 19 :

 19 Figure II-19: Micrographs of the connecting zone between the particle parts taken by a binocular optical microscope.

  Figure II-21 are extracted can be seen thanks to the QR code of Figure II-22. The URL can also be found in the caption of the figure.

Figure II- 22 :

 22 FigureII-22: QR code to see the video of the 'self-healing' and growth of a ss-S-Ibu-S-αMBA particle upon cooling from 40 °C to 0 °C at 1 K.min -1 . This video was recorded within the Linkam THMS 600 chamber, with a Leica Flexacam Camera C3 equipping an optical microscope at a magnification of 20. The video is also available through the following URL: https://drive.google.com/file/d/19b_gF5R-59n-v6AiUEf9lLg7EstQ0smL/view?usp=sharing.

Figure II- 23 :

 23 Figure II-23: SEM photographs of the surface of the ends of a particle from the same experiment than that of Figure II-21. The structure seems to be alveolar, like honeycombs.

  2.1), in order to improve the crystal morphology, part of the resolving amine was replaced by soda. The resulting crystals showed symmetrical biphasic fluid inclusions, as shown in Figure II-24.

Figure II- 24 :

 24 Figure II-24: Micrograph of the product obtained in experiment B14 of Chapter IV section IV.2.1, taken by optical microscopy at a magnification of 2.5. Some fluid inclusions are encircled in red.

  -1 and observed by optical microscopy. The full video can be seen thanks to the QR code of Figure II-25. The URL can also be found in the caption of the figure.

Figure II- 25 :

 25 FigureII-25: QR code to see the video of the heating of a ss-S-Ibu-S-αMBA particle from 20 °C to 120 °C at 1 K.min -1 . This video was recorded within the Linkam THMS 600 chamber, with a Leica Flexacam Camera C3 equipping an optical microscope. The video is also available through the following URL: https://drive.google.com/file/d/1YAbA0cYW_I7YxrMpjy2H2UN0uIkyO0Dq/view?usp=sharing.

Figure II- 26 :

 26 Figure II-26: Particle of ss-S-Ibu-S-αMBA under heating (from 20 °C to 120 °C at 1 K.min -1 ) at three different stages: (a) at T = 32 °C, (b) at T = 69 °C and (c) at T = 98 °C.

  Figure II-27, and was observed by optical microscopy.

Figure II- 27 :

 27 Figure II-27: Temperature cycles undergone by the particle of ss-S-Ibu-S-αMBA. The full video can be seen thanks to the QR code of Figure II-28. The URL can also be found in the caption of the figure. Extracted photographs of the video available from the QR code of Figure II-28 can be found in Figure II-29.

Figure II- 28 :

 28 Figure II-28: QR code to see the video of the temperature cycling effects on a particle of ss-S-Ibu-S-αMBA (see Figure II-27). This video was recorded within the Linkam THMS 600 chamber, with a Leica Flexacam Camera C3 equipping an optical microscope. The video is also available through the following URL: https://drive.google.com/file/d/1A40oR_ptYBk2FXje9F9KtvfQhRgxbjfk/view?usp=sharing.

Figure II- 29 :

 29 Figure II-29: Photographs of a particle of ss-S-Ibu-S-αMBA undergoing the temperature cycles of Figure II-27, extracted from the video available with the QR code of Figure II-28. (a) t = 0 min, T = 20 °C; (b) t = 66 min, T = 80 °C; (c) t = 114 min, T = -10 °C; (d) t = 186 min, T = 80 °C; (e) t = 234 min, T = -10 °C; (f) t = 306 min, T = -10 °C; (g) t = 360 min, T = 80 °C.

Figure II- 30 :

 30 Figure II-30: Micrographs of ss-S-Ibu-S-αMBA obtained (a) by adding the soda in technical ethanol (EtOH/H2O 95/5 w/w) and (b) by adding water without soda, taken by optical microscopy.

  8 %) and in technical ethanol (or azeotropic ethanol, i.e., EtOH/H2O 95/5 w/w). The corresponding crystals are respectively exhibited in Figure II-31 a-b and c-d.

Figure II- 31 :

 31 Figure II-31: Micrographs of particles of pure S-Ibu-S-αMBA obtained by cooling from 40 °C to 20 °C (a-b) in pure ethanol (99.8 %) and (c-d) in azeotropic ethanol (EtOH/H2O 95/5 w/w); taken by optical polarized light microscopy.

Figure II- 32 :

 32 Figure II-32: Photographs of different particles, exhibiting different shape of inclusion(s), taken by optical polarized light microscopy. (a) Crystal obtained with pure S-Ibu and S-αMBA in pure methanol. (b) Particle of ss-S-Ibu-S-αMBA obtained by replacing part of the resolving amine by soda, added in water, with a cooling rate of 0.5 K.min -1 . (c) Pure SS diastereomer obtained in pure ethanol, showing the angle disruption in the conical shape fluid inclusion. (d) Pure SS diastereomer obtained in pure ethanol, and its squared fluid inclusion.

  Chapter III. Continuous set-up III.1. Couette-Taylor crystallizer The Couette-Taylor (CT) reactor used in this work was manufactured by Laminar Co., Ltd. It is shown in Figure III-1 and schematically represented in Figure III-2.

Figure III- 1 :

 1 Figure III-1: Photos of the Couette-Taylor reactor: (a) whole device, (b) closed reactor part.

Figure III- 2 :

 2 Figure III-2: Schematic representation of the Couette-Taylor crystallizer used in this work.

Figure III- 3 :

 3 Figure III-3: Simplified system: counter-current heat exchanger.

  -4 hot and cold parts) and through conduction in the glass wall.

Figure III- 4 :

 4 Figure III-4: Schematic representation of the simplified system for the calculation of H.

Figure III- 5 :

 5 Figure III-5: Schematic representation of the first model of the mixing piece.

Figure III- 6

 6 FigureIII-6 shows the photos of the first prototype of the mixing piece. This first version was simplified for technical reasons: the jacket has not been extended around the outlet of the piece. The junction between the Y-shaped connection and the CT crystallizer was insulated to limit heat loss.

Figure III- 6 :

 6 Figure III-6: Photos of the first prototype of the temperature regulated Y-shaped connection.

Figure III- 7 :

 7 Figure III-7: Test of the mixing efficiency of the Y-shaped connection with colored solutions

Figure III- 8 :

 8 Figure III-8: Four of the explored designs for the second prototype of the mixing piece.

  Calculations are detailed in appendix D, based on those of appendices B and C. It gives a minimum pipe length of Lpipe = 12 cm to ensure the heat up of the two feeding solutions from 30 °C to 40 °C before they gather.Regarding the size of the outer tube (that of the jacket): if the two inlet pipes are facing each other on the same axis, this would give an inner diameter of minimum 120 + 120 + 15(requisition 2 of section III.2.2.3.1) = 255 mm. Such large tube was not available and there would be a technical issue considering the piece low height.Increasing the height would have given a piece hard to handle. The solution was then to bend the inlet pipes. The dimensioned schematic representation of the second prototype of the mixing piece can be found in FigureIII-9. Also, to avoid diffusion from one inlet to the other, the two tapings were shifted (see Cross-section A-A of FigureIII-9).

Figure III- 9 :

 9 Figure III-9: Dimensioned scheme of the second prototype of the temperature-regulated mixing piece.

Figure III- 10 :

 10 Figure III-10: Manufactured second prototype of the mixing piece.

  Figure III-11 shows the result: the mixing is effective.

Figure III- 11 :

 11 Figure III-11: Mixing efficiency test of the second prototype

After 1 h

 1 of rotation at 1500 rpm, the zone around the lip seal was overheated. This heat generation has spread over the shaft up to the conical part, despite the inner cylinder temperature regulation, as depicted in Figure III-12a.

Figure III- 12 :

 12 Figure III-12: Disassembled inner cylinder. (a) view of the overheating zones and (b) view of the zones apparently not temperature-controlled (red), and temperature-controlled (green).A second test was performed: the internal cylinder was left overnight with a temperature regulation of 10 °C. The following day, the 'red' part shown in Figure III-12b (which includes the active part beyond the lip seal) was not temperature controlled. It was at room temperature while the « out-of-reactor » part (in green on Figure III-12b) seemed to be correctly regulated. Same observations were made with a temperature regulation set at 60 °C.A third test was made, with an increased coolant flow rate. The set temperature of the inner cylinder thermostat was put at 10 °C (Tj) and the coolant flow rate was at its maximum value. The external cylinder was assembled and regulated at 20 °C.

  of equilibration, with no rotation, the temperature was measured at four points (see FigureIII-13):-T1 before the lip seal, -T2 after the lip seal, -T3 on the conical part, -T4 on the coolant tube coming out of the shaft.

Figure III- 13 :

 13 Figure III-13: Location of the temperature measurements of the third test.

Figure III- 14 :

 14 Figure III-14: Location and photo of the "rotary joint" or "rotary seal".

  Figure III-15 (b), the coolant can return outside the inlet pipe, taking along a few calories coming from the heat generated by the friction with the lip seal.Nevertheless, this longer pipe can generate more vibration and noise. To limit this effect, a 'guiding' annular piece made in Teflon was inserted. Its schematic representation can be found in FigureIII-16. 

Figure III- 15 :

 15 Figure III-15: Schematic representation of the coolant circulation within the inner cylinder (a) with the initial pipe of the rotary joint and (b) with a longer pipe.

Figure III- 16 :

 16 Figure III-16: Schematic representation of the 'guiding' annular piece of the rotary joint pipe.

  Figure III-17.

Figure III- 17

 17 Figure III-17: Specific thermostat insulated pipes.

  The procedure for the temperature measurements was the following:-Equilibration of the temperature of the inner cylinder at 15 °C for 2 h -Start of the temperature regulation of the external cylinder at 15 °C, then equilibration for 5 h, -Rotation of the inner cylinder at 1500 rpm for 1 h, -Temperature measurements at 4 points (see Figure III-18).

Figure III- 18 :

 18 Figure III-18: Location of the four points of temperature measurements to test the replacement of the hoses.The results can be found on the graph of Figure III-19. The impact of the hose replacement, combined with the coolant modification, is clear: the temperature regulation is more efficient with the specific thermostat insulated hoses and with silicon oil.

Figure III- 19 :

 19 Figure III-19: Graphical results of the temperature measurements to evaluate the temperature regulation efficiency of the inner cylinder according to the hoses used: in red, with silicon hoses; in dark green, with specific thermostat insulated hoses.

Figure III- 20 :

 20 Figure III-20: Photographs of the lip seal (orange piece) zone.

  Figure III-21 and Figure III-22. The mixing chamber drawn is the second prototype, used for experiments of Chapter IV sections IV.4 and IV.6. Experiments of Chapter IV section IV.1.2 were performed with the first mixing piece prototype.

Figure III- 21 :

 21 Figure III-21: Schematic representation of the continuous set-up.

Figure III- 22 :

 22 Figure III-22: Photo of the final continuous set-up.
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 1237 Dissolution at 25 °C of 1 equivalent of rac-Ibu in 15.5 V 2 of technical ethanol (i.e. EtOH/H2O 95/5 w/w, see section II.2.2), which gives a concentration in rac-Ibu of 7.5 %w, Heating to 65 °C (maximum heating rate of the thermostat), Addition of 1 equivalent of S-αMBA at 1.5 mL.min -1 , 4-Hold at 65 °C for 30 min, 5-Cooling down to 20 °C with a rate of 0.5 °C.min -1 , 6-Filtration of the product on a glass filter of porosity P3 and diameter 20, 40, 60 or 80 mm according to the scale, Drying at 40 °C.

  following the temperature scheme given in Figure IV-1. The product was sampled at four different moments, as shown in Figure IV-1.

Figure IV- 1 :

 1 Figure IV-1: First test of temperature cycling effect on chiral purity of S-Ibu-S-αMBA obtained by chiral resolution of rac-Ibu with S-αMBA (scale: 0.5 g). All rates were of 0.5 °C.min -1 . In the first cycle, the temperature of 45 °C was maintained for 11 h. The other hold times were of 1 h. Four samples were taken: P0, before the temperature cycling; P1 after the first temperature cycle; P2 after the second cycle; and P3 after the third and last temperature cycle. The chiral purity of each sample was determined by chiral HPLC. The results are shown in Table IV-1. Sample P0 P1 P2 P3 Diastereomeric excess (de) 0.67 0.77 0.77 0.76

Figure IV- 2 :

 2 Figure IV-2: Temperature cycle imposed to the experiment B1 (5 g scale). All rates were of 0.5 °C.min -1 , and all hold times of 1 h.

  Figure IV-4: the size increases when there is a ΔT. It also seems to improve the results presented in Table IV-3.

Figure IV- 3 :

 3 Figure IV-3: Micrographs of the fraction 9 (i.e., collected after eight residence times, between 120 and 135 min) of (a) run 1, (b) run 2 and (c) run 3, taken by optical microscopy at a magnification of 5.

Figure IV- 4 :

 4 Figure IV-4: Micrographs of the fifth fraction (i.e., collected after four residence times, between 60 and 75 min) of (a)-(b) run 1, (c)-(d) run 2 and (e)-(f) run 3, taken by SEM at a magnification of 100 for (a)-(c)-(e) and 1000 for (b)-(d)-(f). Moreover, the product quality and quantity fluctuate along the experiment with ΔT = 20 °C (Figure IV-7), and the reactor clogged before the end of the test. Such high temperature difference possibly generates strong variations of the local supersaturation, which alters the efficiency of the process. In the two other runs, the steady state functioning seems to be reached quickly (Figure IV-5 and Figure IV-6).

Figure IV- 5 :

 5 Figure IV-5: Global yield and productivity of Run 1 for each collected fraction.

Figure IV- 6 :

 6 Figure IV-6: Global yield and productivity of Run 2 for each collected fraction.

Figure IV- 7 :

 7 Figure IV-7: Global yield and productivity of Run 3 for each collected fraction.

1 -

 1 Dissolution of 1 equivalent of rac-Ibu in 15.5 V of technical ethanol at 25 °C, 2-Heating to 65 °C (maximum heating rate of the thermostat), 3-Addition of (1-x) equivalents of S-αMBA + x equivalents of NaOH 1 M at 1.5 mL.min -1 , 4-Hold at 65 °C for 30 min, 5-Cooling down to 20 °C with a rate of 0.5 °C.min -1 , 6-Filtration of the product on a glass filter of porosity P3 and diameter 20, 40, 60 or 80 mm according to the scale, 7-Drying at 40 °C. The first trial (experiment B3) gave nice platelet-shaped crystals, larger than those obtained with the previous process (experiment B2 in section IV.1.1.2), as shown in Figure IV-8.

Figure IV- 8 :

 8 Figure IV-8: Micrographs of the product obtained (a) from experiment B2 and (b) from experiment B3, taken by optical microscopy at a magnification of 2.5.

  4, and the XRPD diffractograms of the four samples can be found in Figure IV-10.

Figure IV- 10 :

 10 Figure IV-10: XRPD overlay of the diffractograms of (from top to bottom): the racemic Ibuprofen (black), the product made by recrystallizing pure S-Ibu with NaOH (blue), the sample B6a, made before the washings on the product of experiment B6 (light green), the sample B6b, made after one washing with 2 V of water (pink), the sample B6c, made after two washings (dark purple), the sample B6d, made after three washings (red) and the pure S-Ibu-S-αMBA (dark green).

1 - 3 - 4 -

 134 Dissolution of 1 equivalent of rac-Ibu in 7.5 V of technical ethanol ((1-x) %w) at 25 °C, 2-Heating to 65 °C (maximum heating rate of the thermostat), Addition of 1 equivalent of S-αMBA + x %w water at 1.5 mL.min -1 , Hold at 65 °C for 30 min, 5-Cooling down to 20 °C with a rate of 0.5 °C.min -1 , 6-Filtration of the product on a glass filter of porosity P3 and diameter 20, 40, 60 or 80 mm according to the scale, 7-Cake washing with 2 V of distilled water, 8-Drying at 40 °C. As expected, the obtained product exhibited a nice platelet habit, as shown in Figure IV-12.

Figure IV- 12 :

 12 Figure IV-12: Micrograph of the product obtained in experiment (a) B22, (b) B29 and (c) B31, taken by optical microscopy at a magnification of 5.

  The yield and chiral purity were represented as a function of the water mass fraction in FigureIV-13. 

Figure IV- 13 :

 13 Figure IV-13: Representation of the yield and diastereomeric excess obtained in the experiments B20to B31 as a function of the water mass fraction.

( 4 ) 2 ,( 6 )

 426 Residence time t, i.e., flowrate, (5) Reference temperature Tref, i.e., target temperature within the CT crystallizer, with 𝑇 𝑟𝑒𝑓 = 𝑇1+𝑇2 Supersaturation β, (7) Solvent mass ratio EtOH/H2O.

  3.3.3), it can be calculated from Equation I-1, by substituting the Taylor number Ta by the critical Taylor number Ta*c, retrieved from Equation I-2. The two equations are reminded hereafter:

Table IV- 7 :

 7 78 x10 -8 m 3 .s -1 , which respectively gives Ta*c(Rez=0) = 1928, 1905 and 1903. It appears that the correction proposed by Maron and Cohen (1991) is negligible, even for short residence times. Afterwards, the critical rotation speed and the rotation speed range of each CT flow regime (presented in Chapter I, section I.3.3.4) were calculated. According to the residence time (5, 15 or 30 min) the boundaries of the rotation speed ranges differ from 1 to 5 units; the values displayed in Table IV-7 are those for a residence time of 15 min. Taylor number and rotation speed ranges of each flow regime encountered in the used CT crystallizer for a residence time of 15 min. Among the mentioned flow regimes, three will be studied: the singly periodic wavy vortex flow (Ω = 200 rpm), the doubly periodic wavy vortex flow (Ω = 500 rpm) and the weakly turbulent wavy vortex flow (Ω = 1000 rpm).

Figure IV- 14 :

 14 Figure IV-14: XRPD overlay of fractions 3, 5 and 8 of experiment 2, compared with rac-Ibu, pure S-Ibu-S-αMBA and with the calculated diffractogram obtained from the published structure VAKVEK 83 .

  9).

Figure IV- 15 :

 15 Figure IV-15: Global yield histogram for experiments 11 R1 (orange) and 11 R2 (blue). Experiment 11 R1 lasted 10 residence times and experiment 11 R2 lasted 20 residence times.

( 1 )( 4 )( 5 )( 6 )( 7 )

 14567 Nucleation and growth of the formed nuclei, (2) Decrease of the supersaturation level, (3) Decrease of the nucleation rate and, consequently, reduction of the inner release of matter, After a while, total transient number of crystals diminishes, Decrease of the total surface area of crystals available for mass transfer, Increase of the local supersaturation (locally), Return to step 1.

Figure IV- 16

 16 Figure IV-16 shows the comparison between the yield distribution of experiments 12 R1 (orange), 12 R2 (blue) and O1 (grey). The three experiments exhibit the same distribution pattern on the shared fractions. However, experiment O1 was stopped after 32 residence times, because of a blockage. This was identified as a consequence of the high supersaturation ratio β of 3.3 and/or the fast residence time of 5 min. Thereby two other experiments were set-up: O2 at a lower supersaturation level (3.1) and O3 at a longer residence time (10 min). The global yield distribution of these two experiments can respectively be found in Figure IV-17 and Figure IV-18. Experiment O2 (Figure IV-17) was stopped after 45 fractions because of a blockage. This clogging issue was fixed by heating up the CT reactor to 40 °C and flushing it with technical ethanol for 5 min. The set temperature of the system was then put back to 15 °C, and after 20 min (with the circulation of ethanol), the feeding reactors were reconnected to the crystallizer and 8 other fractions were collected (in red in Figure IV-17).

Figure IV- 16 :

 16 Figure IV-16: Global yield distribution for experiments 12 R1 (orange), 12 R2 (blue) and O1 (grey).Experiment 12 R1 lasted 10 residence times, experiment 12 R2 lasted 20 residence times and experiment O1 lasted 32 residence times.

Figure IV- 17 :

 17 Figure IV-17: Global yield distribution of experiment O2. The conditions are that of experiment O1, but with a lower supersaturation level β of 3.1. Blockage occurred after fraction 45. It was eliminated by heating up the CT reactor to 40 °C and flushing it with technical ethanol. Fractions 46 to 53 (red) were collected after the return of the crystallizer to the reference temperature of 15 °C.

Figure IV- 18 :

 18 Figure IV-18: Global yield distribution of experiment O3. The conditions are that of experiment O1, but with a slower residence time t of 10 min. Some samples of experiment O3 were analyzed by optical microscopy; the micrographs are shown in Figure IV-19. After the massive product release during fraction 20, some very big 'abraded' crystals are observed.

Figure IV- 19 :

 19 Figure IV-19: Micrographs of the product obtained in experiment O3 (a) F1-F4: fibrous platelets, (b) F15-F19: thinner fibrous platelets and (c) F20-F48: small platelets and very big 'abraded' oblong particles, taken by optical microscopy at a magnification of 5.

Figure IV- 20 :

 20 Figure IV-20: Global yield distribution of experiment O4. The conditions are that of experiment O3, but with a solvent ratio EtOH/H2O of 95/5 w/w instead of 76/24 w/w. Blockage occurred after fraction 27. It was eliminated by heating up the CT reactor to 40 °C and flushing it with technical ethanol. Fractions 28 to 52 (red) were collected after the return of the crystallizer to the reference temperature of 15 °C.

  Figure IV-21 to Figure IV-25 are extrapolated from the Pareto plots (coefficients) provided by Azurad. The (a) figures gives the relative influence of each factor, and the effect of their levels can be found in (b).

Figure IV- 21 :Figure IV- 22 :Figure IV- 23 :Figure IV- 24 :

 21222324 Figure IV-21: Results from Azurad for global productivity: (a) Relative influence of the scale and the cooling rate on the global productivity. (b) Total effect plot taken from Azurad ; for every factor, the bars give the relative effect of each level to improve global productivity.

Figure IV- 25 :

 25 Figure IV-25: Results from Azurad for diastereomeric yield: (a) Relative influence of the scale and the cooling rate on the diastereomeric yield. (b) Total effect plot taken from Azurad; for every factor, the bars give the relative effect of each level to improve diastereomeric yield.

14 . 1 ΔT

 141 Initial experiment Initial parameter Modified experiment Modified parameterTable IV-15: Summary of the parameters modified at the end of the concerned runs.

Figure IV- 26 :

 26 Figure IV-26: Representation of the average global productivity (g.L -1 .min -1 ) as a function of two factors: rotation speed Ω (rpm) and supersaturation ratio β.

Modified parameter 1 ΔT

 1 Table IV-15: Summary of the parameters modified at the end of the concerned runs.

Figure IV- 27 :

 27 Figure IV-27: Global yield distribution for experiments 12 R1 (orange), 12 R2 (blue), O1 (grey) and M1 (yellow). Experiment 12 R1 lasted 10 residence times, experiment 12 R2 lasted 20 residence times, experiment O1 lasted 32 residence times and experiment M1 lasted 39 residence times.

A. 10 .C. 1 . 1 )

 1011 SoftwareMaterial studio (Biovia): lattice parameters were obtained with Biovia Material Studio 2019 (19.1.0.2353)128 .Dynochem (Scale-up System): Dynochem v6 works as an Excel add-in.In this work, solubility modelling was realized thanks to two Excel files, developed by Scale-up System, called 'utilities': "Early phase solvent selection and solubility prediction" and "Solubility regression".The characteristics of the solvents and solvent mixtures were determined thanks to the utility "DIPPR solvents". Azurad (AZURAD SAS, France): DoE set-up, processing and analysis were realized with Azurad Basic version 1.3.4.C. First prototype of the mixing piece: calculation of the minimum inlet pipe lengthCalculation of the heat flow Φ and of the outlet temperature of the hot part Th, o The heat flow can be calculated in the cold part thanks to Equation III-5: 𝛷 = ṁ 𝑐 * 𝐶𝑝 𝑐 * (𝑇 𝑐,𝑜 -𝑇 𝑐,𝑖 ). The data and result are presented in Table C-1. ṁc (x10 -5 kg.s -1 ) Cpc = CpMeOH, 30 °C (J.kg -1 .K -1 ) -retrieved from Dynochem database-Tc,i (°C) Tc, o (°C) Φ (J.s -

  at 70 °C from the "DIPPR solvents" utility of Dynochem: 𝐶𝑝 𝑚𝑖𝑥𝑡𝑢𝑟𝑒,70 °𝐶 = 3523 𝑘𝑔. 𝑚 -3 , 𝜂 𝑚𝑖𝑥𝑡𝑢𝑟𝑒,70 °𝐶 = 0.000663 𝑃𝑎. 𝑠 and 𝜆 𝑚𝑖𝑥𝑡𝑢𝑟𝑒,70 °𝐶 = 0.486 𝑊. 𝑚 -1 𝐾 -1 . This gives: 𝑃𝑟 = 4.81.

Figure E- 1

 1 to Figure E-5 are extrapolated from the Pareto plots (coefficients) provided by Azurad. It is noteworthy to remind that the importance of some factors can be hidden or enhanced because of interactions between them.

  Figure E-1a that the main impacting factor is the residence time t. Rotation speed Ω has a small influence on global productivity. The temperature difference ΔT and the reference temperature Tref have a poor impact.

Figure E- 1 :

 1 Figure E-1: Results from Azurad for global productivity: (a) Relative influence of the temperature difference ΔT, the rotation speed Ω, the residence time t and the reference temperature Tref on the global productivity. (b) Total effect plot taken from Azurad; for every factor, the bars give the relative effect of each level to improve global productivity.

Figure E- 2 :

 2 Figure E-2: Results from Azurad for global yield: (a) Relative influence of the temperature difference ΔT, the rotation speed Ω, the residence time t and the reference temperature Tref on the global yield. (b) Total effect plot taken from Azurad; for every factor, the bars give the relative effect of each level to improve global yield. The impact of each factor level on the increase of global yield can be found in Figure E-2b. The interpretation should be modulated regarding the influence of each factor discussed before.

  Figure E-3a, the temperature difference ΔT and the rotation speed Ω are the two most impacting factors on diastereomeric excess. The reference temperature Tref has also some influence. Finally, the residence time t apparently has a poor impact on the diastereomeric excess.

Figure E- 3 :

 3 Figure E-3: Results from Azurad for the diastereomeric excess: (a) Relative influence of the temperature difference ΔT, the rotation speed Ω, the residence time t and the reference temperature Tref on the diastereomeric excess. (b) Total effect plot taken from Azurad; for every factor, the bars give the relative effect of each level to improve the diastereomeric excess.

Figure E- 4 :

 4 Figure E-4: Results from Azurad for the diastereomeric productivity: (a) Relative influence of the temperature difference ΔT, the rotation speed Ω, the residence time t and the reference temperature Tref on the diastereomeric productivity. (b) Total effect plot taken from Azurad; for every factor, the bars give the relative effect of each level to improve the diastereomeric productivity.

Figure E- 5 :

 5 Figure E-5: Results from Azurad for the diastereomeric yield: (a) Relative influence of the temperature difference ΔT, the rotation speed Ω, the residence time t and the reference temperature Tref on the diastereomeric yield. (b) Total effect plot taken from Azurad; for every factor, the bars give the relative effect of each level to improve the diastereomeric yield.

  Figure E-6 to Figure E-13 are extrapolated from the Pareto plots (coefficients) provided by Azurad. It is noteworthy to remind that the importance of some factors can be hidden or enhanced because of interactions between them.

Figure E- 6 :

 6 Figure E-6: Results from Azurad for global productivity: (a) Relative influence of the temperature difference ΔT, the rotation speed Ω, the residence time t and the supersaturation ratio β on the global productivity. (b) Total effect plot taken from Azurad; for every factor, the bars give the relative effect of each level to improve global productivity.The impact of each factor level on the increase of the global productivity can be found in FigureE-6b. The interpretation should be moderated regarding the influence of each factor discussed in the previous paragraph.

  Figure E-7a, the two main impacting factors on the global yield are the supersaturation level β and the residence time t. Unlike the first screening, the temperature gradient ΔT has a poor impact, like rotation speed Ω.

Figure E- 7 :

 7 Figure E-7: Results from Azurad for global yield: (a) Relative influence of the temperature difference ΔT, the rotation speed Ω, the residence time t and the supersaturation ratio β on the global yield. (b) Total effect plot taken from Azurad; for every factor, the bars give the relative effect of each level to improve global yield. The impact of each factor level on the increase of global yield can be found in Figure E-7b. The interpretation should be modulated regarding the influence of each factor discussed before.

FigureFigure E- 8 :

 8 Figure E-8a shows the relative impact of the four studied factors on the variability of the global productivity and yield. The influence is equally divided between the temperature difference ΔT, the rotation speed Ω and the supersaturation ratio β. The residence time has also a small responsibility in the irregularities of the global productivity and yield, but it seems limited compared with the three other factors.

Figure E- 9 :

 9 Figure E-9: Results from Azurad for the diastereomeric excess: (a) Relative influence of the temperature difference ΔT, the rotation speed Ω, the residence time t and the supersaturation ratio β on the diastereomeric excess. (b) Total effect plot taken from Azurad; for every factor, the bars give the relative effect of each level to improve the diastereomeric excess.

Figure E-10aFigure E- 10 :

 10 Figure E-10a shows the relative impact of the four studied factors on the variability of the diastereomeric excess. It seems that most of the irregularity of the chiral purity is due to the rotation speed Ω. This trend was unexpected, since the rotation speed has a very small influence on the diastereomeric excess results. Part of the variability can be attributed to the temperature difference ΔT, but the residence time t and the supersaturation ratio β only have a limited impact.

  Figure E-12a, like for global yield, the two factors with the most influence on the diastereomeric yield are the supersaturation level β and the residence time t. Unlike the first screening, the temperature gradient ΔT has a poor impact on the diastereomeric yield, like rotation speed Ω.

Figure E- 12 :

 12 Figure E-12: Results from Azurad for the diastereomeric yield: (a) Relative influence of the temperature difference ΔT, the rotation speed Ω, the residence time t and the supersaturation ratio β on the diastereomeric yield. (b) Total effect plot taken from Azurad; for every factor, the bars give the relative effect of each level to improve the diastereomeric yield.

  Figure E-12b. The interpretation should be moderated regarding the influence of each factor discussed before.

FigureFigure E- 13 :

 13 Figure E-13a shows the relative impact of the four studied factors on the variability of the diastereomeric productivity and yield. It seems that most of the irregularity of these responses is due to the temperature difference ΔT. Part of the variability can be attributed to the supersaturation ratio β and the rotation speed Ω. The residence time t has also a small responsibility in the irregularities of the global productivity and yield, but it seems limited compared with the three other factors

  

  

  

  

Table I -

 I 

1: The different flow regimes reachable within a CT crystallizer and their critical Taylor number range.

-1. Vial n° Calculated concentration (g.gsaturated solution -1 ) Real concentration (g.gsaturated solution -1 )

  

	1	0.47	0.463
	2	0.50	0.510
	3	0.53	0.534
	4	0.56	0.556

Table II -

 II 

1: Concentration values of rac-Ibu in technical EtOH tested in the Crystal 16.

Initial mass proportions of [technical EtOH]/H2O Real mass proportions of EtOH/H2O

  

	Solubility of S-Ibu-S-αMBA was measured by gravimetric method (see Appendix A section
	A.3.3) in the ratios mentioned above, and in pure ethanol, at six temperatures: 10, 20, 30, 40,
	50 and 60 °C.	
	100/0	95/5
	95/5	90/10
	90/10	86/14
	80/20	76/24
	70/30	67/33
	50/50	48/52
		-2 gives the conversion of the initial chosen mass
	proportions of [technical EtOH]/H2O into the real mass proportions of EtOH/H2O. For the sake
	of precision, the ratios presented in the next sections are those of the real proportions of
	EtOH/H2O.	

Table II - 2 :

 II2 Conversion table of mass proportions [technical EtOH]/H2O into real mass proportions of EtOH/H2O.

K) Te (K) Te (°C) xS-Ibu-S-αMBA, eutectic (%mol) Te (K) with the literature xS-Ibu-S-αMBA, eutectic = 0.34%mol

  

			Tf, S-Ibu-S-			
	Pierced pans	40834	439	407 134	0.418	400
	Sealed pans	54039	449	418 145	0.346	418
	Table II-3: Calculation of the eutectic composition xS-Ibu-S-αMBA, eutectic with DSC measurements in
	pierced lid pans and in sealed pans. Comparison between the eutectic temperature measured by DSC
	analysis for both series, and that calculated with Schröder -van Laar equation with the eutectic
			composition given in the literature 87 : 0.34 %mol.	

αMBA (

  -4. 

	Structure	Origin	Nature and purity	a (Å)	b (Å)	c (Å)
	1	Powder diffraction	ss-S-Ibu-S-αMBA xR-Ibu-S-αMBA = 0.14	5.96 ± 0.01 15.32 ± 0.03 22.53 ± 0.05
		Single	ss-S-Ibu-S-αMBA xR-Ibu-S-αMBA ≈ 0.18	5.962(1)	15.354(2)	22.543(3)
	2	crystal diffraction	Difference with 1	(Å)	0	-0.03	-0.01
				(%)	0	-0.20	-0.04
			Pure S-Ibu-S-αMBA	5.93 ± 0.01 15.33 ± 0.03 22.62 ± 0.05
	3	Powder diffraction	Difference with 1	(Å) (%)	-0.03 -0.51	+0.01 +0.07	-0.91 +4.02
	Table II-4: Comparison between lattice parameters of the ss-S-Ibu-S-αMBA with a composition of xR-

Ibu-S-αMBA = 0.14, the single crystal (xR-Ibu-S-αMBA ≈ 0.18) and the pure salt S-Ibu-S-αMBA. Data obtained from the software Material Studio.

  19, Equation III-20 and Equation III-21.

	𝐻 ℎ =	1 𝑅 𝑡 𝑆 ℎ	=	1 ℎ ℎ	+	𝑒 𝜆 𝑤	𝑆 ℎ 𝑆 𝑎 1	+	1 ℎ 𝑐	𝑆 𝑐 𝑆 ℎ	Equation III-19
	𝐻 𝑐 =	1 𝑅 𝑡 𝑆 𝑐	=	1 ℎ ℎ	𝑆 𝑐 𝑆 ℎ	+	𝑒 𝜆 𝑤 1	𝑆 𝑐 𝑆 𝑎	+	ℎ 𝑐 1	Equation III-20
	𝐻 𝑎 =	1 𝑅 𝑡 𝑆 𝑎	=	1 ℎ ℎ	𝑆 𝑎 𝑆 ℎ	+		𝑒 𝜆 𝑤 1	+	1 ℎ 𝑐	𝑆 𝑐 𝑆 𝑎	Equation III-21

Table III -

 III 2: Temperature measurements at four points before and after the lengthen of the rotary joint pipe.

Table IV -

 IV 

1: Chiral purity of the four samples of the first test of temperature cycling (scale: 0.5 g).

  Table IV-3.Table IV-3: Averages of the ten fractions of runs 1 and 2, and of the nine fractions of run 3 for: the global productivity, the global yield, the diastereomeric excess, the diastereomeric productivity and the diastereomeric yield.

	Run ΔT (°C)	Global productivity (g.L -1 .min -1 )	Global yield (%)	Diastereomeric excess	Diastereomeric productivity (g.L -1 .min -1 )	Diastereomeric yield (%)
	1	0	2.322	38.8	0.46	1.062	17.7
	2	10	2.382	39.8	0.48	1.149	19.2
	3	20	2.166	36.2	0.48	1.048	17.5

Table IV -

 IV 

	Experiment	Scale (g)	Technical EtOH volume (V)	NaOH equivalents	Washing	Yield (%)	Diastereomeric excess	Diastereomeric yield (%)
	B3		15.5	0.4	No	21.1	0.65	13.8
	B4	8	10	0.4	No	32.7	0.58	19.0
	B5		5	0.4	No	35.3	0.64	22.6
	B6a				No	-	0.49	-
	B6b B6c		7.5	0.4	Yes Yes (x2)	--	0.61 0.61	--
	B6d				Yes (x3)	30.3	0.61	18.3
	B7	8	7.5	0.5	Yes	28.2	0.51	14.4
	B8		7.5	0.45	Yes	32.2	0.57	18.3
	B9		7.5	0.4	Yes	30.9	0.61	18.7
	B10	8	7.5	0.4	Yes	29.8	0.60	17.9
	B11		7.5	0.35	Yes	34.3	0.56	19.3
	B12	8	7.5	0.35	Yes	31.9	0.54	17.3
	B13	8	7.5	0.33	Yes	33.6	0.61	20.4
	B14	8	7.5	0.3	Yes	34.5	0.68	23.4
	B15		7.5	0.28	Yes	36.0	0.50	17.9
	B16		7.5	0.25	Yes	39.3	0.58	22.7
	B17	8	7.5	0.25	Yes	37.6	0.61	22.8
	B18		7.5	0.2	Yes	40.3	0.44	17.8
	B19	8	7.5	0.1	Yes	47.1	0.21	9.7

4: Results of the batch experiments led in section IV.2.1. Different parameters were modified along the study, in order to optimize the chiral resolution process. Experiments B3 to B5 were done during the dilution optimization (section IV.2.1.1). Experiment B6 was performed to study the influence of the filtration cake washing (section IV.

2.1.2)

. Experiments B7 to B19 were set up to find the optimal number of equivalents of NaOH (section IV.2.1.3).

  -5. 

	Experiment Water mass fraction Experiment Water mass fraction
	B3	0.13	B12	0.22
	B4	0.19	B13	0.21
	B5	0.33	B14	0.20
	B6	0.25	B15	0.18
	B7	0.29	B16	0.17
	B8	0.26	B17	0.17
	B9	0.24	B18	0.14
	B10	0.24	B19	0.08
	B11	0.22		

Table IV -

 IV 

5: Calculation of the water mass fraction of experiments B3 to B19.

  -6.

	Experiment	Scale (g)	Water mass fraction	Yield (%)	Diastereomeric excess	Diastereomeric yield (%)
	B20	1.5	0.17	43.4	0.65	28.0
	B21	1.5	0.21	45.5	0.62	28.0
	B22	20	0.22	48.8	0.52	25.3
	B23	1.5	0.24	43.9	0.67	29.4
	B24	1.5	0.24	42.9	0.70	29.9
	B25	1.5	0.27	47.8	0.59	28.1
	B26	1.5	0.27	42.9	0.67	28.6
	B27	20	0.28	44.8	0.50	22.5
	B28	20	0.29	58.5	0.35	20.6
	B29	8	0.33	41.5	0.61	25.4
	B30	8	0.33	52.6	0.46	24.1
	B31	8	0.38	34.2	0.49	16.8

Table IV -

 IV 

6: Results of experiments B20 to B31, studying the influence of the water mass fraction on the yield, diastereomeric excess and diastereomeric yield.

Table IV -

 IV 

8: Factors and levels of the first screening on the continuous chiral resolution by diastereomeric salt formation of rac-Ibu with S-αMBA.

Table IV -

 IV 10: Average responses for every experiment of the first screening.

  Table IV-12: Matrix of experiments and results of the screening in batch mode.

		Scale (g)	Cooling rate (°C.min -1 )	Global productivity (g.L -1 .min -1 )	Global yield (%)	Diast. excess	Diast. productivity (g.L -1 .min -1 )	Diast. yield (%)
	B32	6	0.6	0.109	33.2	0.58	0.063	19.2
	B33	4	0.6	0.123	38.8	0.47	0.058	18.2
	B34	6	0.3	0.099	37.3	0.63	0.062	23.6
	B35	4	0.3	0.101	38.5	0.61	0.062	23.7

  -16. Table IV-16: Analyzed fractions and its corresponding number of residence times for the two experiment sets.

	Experiment	Analyzed	Corresponding number of	Experiment set	Analyzed fraction	Corresponding number of residence times
	set	fraction	residence times		1 (28) 2 (29)	0 to 1 (27 to 28) 1 to 2 (28 to 29)
		2	1 to 2		4 (31)	3 to 4 (30 to 31)
		5	4 to 5		5 (32)	4 to 5 (31 to 32)
	Experiments 1 to 12	8 15	7 to 8 14 to 15	Experiments 13 to 17	7 (34) 8 (35)	6 to 7 (33 to 34) 7 to 8 (34 to 35)
		18	17 to 18		11 (38)	10 to 11 (37 to 38)
		22	21 to 22		13 (40)	12 to 13 (39 to 40)
		26	25 to 26		15 (42)	14 to 15 (41 to 42)

Table IV -

 IV 17: Average responses for every experiment of the second screening. For 'global' results, the average has been calculated with all the fractions; for 'diastereomeric' results, the average has been calculated with the fractions analyzed by chiral HPLC (see TableIV-16).Experiment 3 and 14 and 8 and 16 

		Global productivity (g.L -1 .min -1 )	Global yield (%)	Std. dev. global productivity and yield (%)	Diastereomeric excess	Std dev. diast. excess (%)	Diastereomeric productivity (g.L -1 .min -1 )	Diastereomeric yield (%)	Std dev. diast. productivity and yield (%)
	1	2.461	14.6	38	0.62	3	1.632	9.7	39
	2	1.253	8.5	50	0.68	1	0.846	5.7	58
	3	0.242	4.9	93	0.67	3	0.185	3.8	88
	4	0.666	11.9	50	0.68	1	0.456	8.1	56
	5	0.177	3.6	145	0.70	3	0.135	2.8	153
	6	0.978	11.6	37	0.67	2	0.728	8.6	38
	7	1.959	13.3	36	0.65	1	1.270	8.6	40
	8	1.704	10.1	66	0.64	2	1.124	6.7	73
	9	0.677	9.2	42	0.65	2	0.499	6.8	35
	10	0.832	9.9	45	0.68	2	0.528	6.3	45
	11	0.322	5.7	77	0.67	3	0.247	4.4	73
	12	0.377	5.1	112	0.65	4	0.286	3.9	118
	13	0.086	0.5	68	0.67	-	0.114	0.7	-
	14 (3)	0.257	5.2	84	0.68	2	0.184	3.7	72
	15	1.051	7.1	49	0.67	2	0.670	4.5	59
	16 (8)	3.321	19.7	45	0.69	1	2.732	16.2	42
	17	0.445	2.6	64	0.68	1	0.247	1.5	79

are considered as repetitions. N.B.: Std. dev. = standard deviation; diast. = diastereomeric.

Table IV -

 IV 18: Average responses for every initial and modified experiment of the tests presented inTable IV-15. Some modifications led to premature end of experiments, because of clogging issue: experiment 13 was aborted after 4 residence times t, experiment 15 after 8t and experiment 17 after 4t. For 'global' results, the average has been calculated with all the fractions; for 'diastereomeric' results, the average has been calculated with the fractions analyzed by chiral HPLC (see Table IV-16). N.B.: Std. dev.=standard deviation; diast. = diastereomeric; prod. = productivity. Experiment 14 was performed with Tref = 20 °C, following another experiment (not presented in this work) with Tref = 15 °C.

	Modified parameter ΔT = +10 °C ΔT = -10 °C Tref = 15 °C Tref = 20 °C ΔT = +5 °C ΔT = +10 °C Ω = 200 rpm Ω = 1000 rpm t = 5 min t = 10 min 1.5 Increase of Tref Experiment Global prod.(g.L -1 .min -1 ) Global yield (%) Std. dev. global prod. and yield (%) Diast. excess Std dev. diast. excess (%) Diast. prod. (g.L -1 .min -1 ) Diast. yield (%) 1 2.461 14.6 38 0.62 3 1.632 9.7 13 0.086 0.5 68 0.67 -0.114 0.7 -0.889 18.1 13 0.66 2 0.562 11.4 14 0.257 5.2 84 0.68 2 0.184 3.7 7 1.959 13.3 36 0.65 1 1.270 8.6 15 1.051 7.1 49 0.67 2 0.670 4.5 -2.046 12.2 44 0.64 2 1.260 7.5 16 3.321 19.7 45 0.69 1 2.732 16.2 8 1.704 10.1 66 0.64 2 1.124 6.7 17 0.445 2.6 64 0.68 1 0.247	Std dev. diast. prod. and yield (%) 39 -18 72 40 59 56 42 73

Table C - 1 :

 C1 Calculation of the heat flow on the cold partThe outlet temperature of the hot part Th,o can be determined thanks to Equation III-6: 𝑜 -𝑇 𝑐,𝑖 ). The data and result are presented in Table C-2.

	𝑇 ℎ,𝑜 = 𝑇 ℎ,𝑖 -	ṁ 𝑐 ṁ ℎ	𝐶𝑝 𝑐 𝐶𝑝 ℎ	(𝑇 𝑐,Th,o (°C)
	70			37336	3523	69.9992

Th,i (°C) ṁh (x10 -5 kg.s -1 ) Cph = Cpmixture, 70 °C (J.kg -1 .K -1 )

-retrieved from the Dynochem "DIPPR solvents" utility-Table C-2: Calculation of the outlet temperature of the hot part

Table E -

 E 2 shows the comparison between the maximum theoretical global yield and the real global yield calculated for each experiment. The actual observed global yield is really lower than the maximum calculated yield, for each experiment.

	Experiment Maximum theoretical global yield (%) Global yield (%)
	1 R1	63.3	14.7
	1 R2	63.3	12.1
	2	63.3	5.8
	3	60.6	15.9
	4	63.3	18.8
	5 R1	60.6	4.3
	5 R2	60.6	7.2
	6	60.6	11.1
	7	60.6	6.3
	8	60.6	13.9
	9	60.6	0.4
	10	60.6	1.0
	11 R1	60.6	3.5
	11 R2	60.6	11.8
	12 R1	63.3	22.1
	12 R2	63.3	19.6
	13	63.3	26.4
	14	63.3	15.7

Table E -

 E 

2: Comparison between the maximum theoretical global yield and the real global yield calculated for each experiment.

Table E -

 E 3: Comparison between the maximum theoretical global productivity and the real global productivity calculated for each experiment.

			-1 )
	1	0.907	2.461
	2	0.733	1.253
	3	0.244	0.242
	4	0.302	0.666
	5	0.244	0.177
	6	0.454	0.978
	7	0.733	1.959
	8	0.907	1.704
	9	0.367	0.677
	10	0.454	0.832
	11	0.302	0.322
	12	0.367	0.377
	13	0.907	0.086
	14	0.244	0.257
	15	0.733	1.051
	16	0.907	3.321
	17	0.907	0.445

  Table E-4: Comparison between the maximum theoretical global yield and the real global yield calculated for each experiment.

			14.6
	2	49.6	8.5
	3	49.6	4.9
	4	53.9	11.9
	5	49.6	3.6
	6	53.9	11.6
	7	49.6	13.3
	8	53.9	10.1
	9	49.6	9.2
	10	53.9	9.9
	11	53.9	5.7
	12	49.6	5.1
	13	53.9	0.5
	14	49.6	5.2
	15	49.6	7.1
	16	53.9	19.7
	17	53.9	2.6

Equation I-2

Technical ethanol is at the azeotropic composition, i.e., EtOH/H2O 96/4 V/V. This gives a mass composition of 95/5 w/w.

The number of volumes of solvent is an industrial unit, based on the mass of the main reactant. For 2 g of reactant, 15.5 V of solvent equals 15.5x2 =

mL.

The calculations were made with the expression of β presented in section I.1.2 and with the solubility equation given by Excel regression for EtOH/H2O 95/5 w/w in FigureII-4: 𝐶 * = 0.0033𝑇 2 -0.0687𝑇 + 3.867 (with C* in %w and T in °C).
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To complete the design of this first screening, the last step was the finalization of the experimental procedure, regarding the number of residence times that should last the experiments, and the fraction collection.

IV.4.1.3. Experimental procedure finalization

Since the steady state seems to be reached quickly within the CT crystallizer (see section IV.1.2), the experiments were decided to last 10 residence times; also, the analysis of each fraction (product recovered in 1 residence time) does not seem necessary.

If each one of the ten fractions was collected and weighed, only fractions 3 (2 to 3 residence times), 5 (4 to 5 residence times) and 8 (7 to 8 residence times) were analyzed, by chiral HPLC and XRPD.

The results of the first screening on the continuous chiral resolution by diastereomeric salt formation of rac-Ibu with S-αMBA are presented and discussed in the next section.

IV.4.2. Results of the first screening and discussion

Surprisingly, the yield distribution of the 10 collected fractions was not as constant as expected. This will be discussed in section IV.4.3. However, since the yield distribution patterns on repeated trials are very similar, this did not appear to be due to experimental error in the Residence time t (min)

The residence time showed a strong influence on the different investigated responses. If a short residence time led to the best results in terms of yield and productivity, this was the opposite for the diastereomeric excess. The levels were then reprocessed: the 30 min value was eliminated and replaced by a value comprised between 5 and 15 min (the two other levels of the first DoE), looking for a compromise between yield, productivity, and chiral purity. Therefore, the three levels investigated in the second screening were: 5, 10 and 15 min.

Supersaturation ratio β

This factor was introduced to study the impact of the medium concentration on the process results. To establish an interesting range of values to study, the reflection was based on the supersaturation ratios β of the previous CT experiments: they were comprised between 2.8 and 3.3. In the first place, two levels were chosen: 2.5 and 3.1.

However, the first experiment with β = 3.1 was stopped after 11 residence time because of blockage. This was expected after observing that the suspension going out of the CT in this case was very dense.

The experiments with β = 2.5 were conducted correctly without fouling. This level was conserved, but the second was changed to 2.0. Nevertheless, with this value, the amount of product recovered was really low, sometimes too low to perform the necessary analyses. It was then replaced by a higher supersaturation level.

In the end, the two studied levels were 2.2 and 2.5.

The summary of the investigated factors and levels can be found in Table IV- After the selection of the levels of the four factors of this second screening in continuous mode, the corresponding matrix of experiments needed to be constructed. Each experiment represents a unique combination of the different levels of each factor. This is described in the next section.

IV.6.1.2. Construction of the matrix of experiments

The DoE matrix of experiments was built with the 'Screening' tool of Azurad software. By using an exchange algorithm, a D-optimal matrix of 12 experiments was chosen with minimal inflation factors on the model coefficient (experiments 1 to 12 in Table IV In addition to these 12 experiments selected with Azurad software, other tests were performed. It consisted in an in-line modification of one DoE parameter. Five tests were realized; they are summarized in Table IV-15. At the end of the concerned runs (column "Initial experiments"), the chosen parameter was changed. Once the modification was effective, the second part of the run started. Meanwhile, the continuous flow was maintained.

A. Experimental part

A.1. Materials

Rac-Ibu has been supplied by Pharmadev; anhydrous sodium hydroxide, S-αMBA and HPLC trifluoroacetic acid by Acros Organics; HPLC n-heptane and HPLC ethanol by Fisher; technical ethanol, technical ethylene glycol, silicon oil 50 cS and HPLC propan-2-ol by VWR.

A.2. Batch mode experimental set-up

The small-scale batch experiments (below 5 g) were performed in glass vials with magnetic stirrers. The temperature was controlled with double jackets connected to a thermostat.

The experiments at higher scale were performed in stirred, double-jacketed wall reactors of 150 or 250 mL, in which the temperature was regulated by a programmable thermostat Lauda Eco Silver RE415.

A.3. Solubility measurements A.3.1. Visual estimation at the ambient temperature

Small amounts of solvent or solvent mixture (typically 100 µL) are added to a known mass of solute. Two additions should be separated by a little lapse of time, and the medium must be stirred. The first estimation of the solubility at the ambient temperature is comprised between the last add before the total dissolution and that just after. Such method serves an evaluation of the range of concentrations to study within the Crystal 16, or a better preparation of solubility measurements by the gravimetric method. It could be compared with the estimation of the melting point of a compound on a Köfler bench before performing DSC analysis.

A.3.2. Crystal 16 (Technobis Crystallization Systems)

The principle of this technique is to estimate the temperature at which the solute completely dissolves, in a vial with a given concentration, by turbidimetry.

Vials are prepared with a known concentration and go through three temperature cycles. The system can estimate the turbidity of the medium by measuring the degree of transmission of a laser beam. Therefore, the solubility temperature (also called clear point) and the cloud point (i.e., the temperature at which nucleate the first crystals) at the studied concentration can be evaluated.

The used Crystal 16 is the second version of the device, controlled by the associated software v1.14.0. The data were exploited thanks to the associated software Crystal Clear v1.0 (Avantium).

IV

The studied concentrations and the temperature program are indicated in the body of the manuscript.

The remaining solid of every vial was analyzed by XRPD to check that the phase did not change, which was not the case.

A.3.3. Gravimetric method

In the first place, a suspension of the solute in the solvent(s) is prepared at the given temperature. The suspension must be stirred during at least 2 h, to let time to the system to reach the thermodynamic equilibrium. Generally, an equilibration time of ca. 12 h is preferred. Then, the stirring is stopped, and after 30 min to 1 h of decantation, part of the supernatant is sampled and weighed. Next, the sample is dried. When the whole liquid is evaporated, the remaining solid is weighed.

The solubility C* can then be calculated in gsolute/gsaturated solution with Equation A-1.

The collected solid should be analyzed by X-Ray Powder Diffraction (XRPD), to check that the phase did not change in the studied solvent(s). In the presented work, all the solids recovered from solubility measurements exhibit the same phase than the initial product.

The solvent ratios and temperatures at which solubility was measured are indicated in the main body of the manuscript.

A.4. Chiral High Performance Liquid Chromatography (HPLC)

The chiral HPLC analyses were performed on a Thermoscientific system with Ultimate 3000 modules (Pump, Autosampler, RS variable wavelength detector) with a chiral column Daicel Chiralcel OD-H 5 µm 250-4.6 mm and the following conditions:

-Mobile phase: n-heptane/propan-2-ol/trifluoroacetic acid 100/1/0.1 -Flow rate: 1 mL.min -1 -Wavelength: 225 nm -Volume injected: 5 µL -Oven temperature: 25 °C Samples were dissolved in the mobile phase at a concentration of 1 mg.mL -1 .

Mobile phase and samples were sonicated for 10 min.

The software used to process the data is Thermo Scientific Dionex Chromeleon 6.8 Chromatography Data System.

A.5. X-Ray Powder Diffraction (XRPD)

XRPD measurements were carried out at ambient temperature on a Bruker D8 Discover apparatus, using the Cu Kα radiation (1.54 Å).

Classical measurements: The samples were scanned from 3 to 30° 2θ angles, with a 0.04° step (0.5 s duration). The detector slit was set at 0.6 mm.

V

Revised phase diagram measurements (section II.3): The samples were scanned from 3 to 30° 2θ angles, with a 0.02° step (2 s duration). The detector slit was set at 0.2 mm. The analyses were done using quartz as internal standard.

The software used to process the data is Bruker DIFFRAC.EVA V4.1.

A.6. Differential Scanning Calorimetry (DSC)

DSC measurements were performed on a Netzsch DSC 214 Polyma apparatus equipped with an intra-cooler and purged by nitrogen. The device is controlled with the software Netzsch Proteus Measurements v7.1.0. Samples were weighed in 25 μL aluminum pans.

The software used to exploit the results is Netzsch Proteus Thermal Analysis v7.1.0.

The temperature programs used in the performed DSC analyses are described in the main body of the manuscript.

A.7. Single-Crystal X-Ray Diffraction (SCXRD)

The crystal structures were determined from single-crystal diffraction on a Bruker SMART diffractometer equipped with an APEX detector (with Mo Kα1 radiation: λ = 0.71073 Å).

The cell parameters and the orientation matrix of the crystal were preliminarily determined using SMART Software v5.622 125 .

Data integration and global cell refinement were performed with SAINT Software v6.02 126 . The structures were solved by direct methods (SHEL-XS). Anisotropic displacement parameters were refined for all non-hydrogen atoms using SHEL-XL available with the WinGX package 127 .

A.8. Scanning Electron Microscopy (SEM)

SEM photographs were taken with an SEM JEOL JCM 5000 NeoScope Secondary Electron imaging (high resolution and large depth of field; magnification from x10 up to x40000; high vacuum mode engaged; accelerating voltages of 10 kV).

Samples were prepared as follows: the powder samples were stuck on analyzing plots using conductive adhesives and then received a gold coating in order to reduce the charge accumulations during the observation using a NeoCoater MP-19020NCTR.

A.9. Optical Microcopy

Photographs and videos were taken with a Nikon Eclipse LV100 optical microscope, equipped with a Nikon Digital sight DS-Ri1 camera, or with a Nikon SMZ-10A binocular optical microscope equipped with a Sony Power HAD camera.

Both microscopes possess a pair of cross polarizers.

The software used to exploit the results is Nikon NIS Elements D V3.1.

To perform temperature-regulated microscopy, a hot/cold stage chamber Linkam THMS 600 was used (temperature range from -196 to +600 °C). Heating and cooling are controlled

B. Reynolds number determination within the mixing piece

The dimensionless Reynolds number Re can be calculated as in Equation B-1, with ρ the fluid density in kg.m -3 , Um the fluid velocity in m.s -1 , Dh the hydraulic diameter in m and η the fluid dynamic viscosity in Pa.s.

𝑅𝑒 = 𝜌𝑈 𝑚 𝐷 ℎ 𝜂

Equation B-1

The fluid velocity Um can be determined thanks to Equation B-2, with Qv the volume flow rate in m 3 .s -1 and Ssection the pipe section in m². It is noteworthy to say that the volume flow rate Qv to consider in the calculation of Um should be the half of that within the CT reactor, as the medium is divided in two feeding tanks (see section III.2.1).

𝑈 𝑚 = 𝑄 𝑣 𝑆 𝑠𝑒𝑐𝑡𝑖𝑜𝑛

Equation B-2

Ssection can be calculated thanks to Equation B-3.

𝑆 = 𝜋𝐷 ℎ ² 4

Equation B-3

B.1. In the cold part (medium)

In the cold part of the mixing piece, the design aims at fulfilling the pipe of fluid. Thus, the hydraulic diameter Dh present in Equation B-1 and Equation B-3 can be assimilated to the pipe inner diameter.

The pipe where the medium circulates has an inner diameter of 0.007 m and an outer diameter of 0.01 m. The CT reactor has a total volume of 100 mL = 0.0001 m [START_REF] Biscans | Cristallisation en solution -Procédés et types d'appareils. T. I[END_REF] .

In adequation with the hypotheses of section III.2.2.1, the cold part medium is reduced to the solvent. The first process supposed to be tested in the CT crystallizer was done in methanol. Its density and dynamic viscosity were retrieved at 30 °C from the database of Dynochem software: 𝜌 𝑀𝑒𝑂𝐻,30 °𝐶 = 785 𝑘𝑔. 𝑚 -3 and 𝜂 𝑀𝑒𝑂𝐻,30 °𝐶 = 0.000504 𝑃𝑎. 𝑠.

When this first design of the mixing piece was thought, the residence time t planned to be used was 15 min.

Regarding the considered values above, the results of Equation B-1, Equation B-2 and Equation B-3 for the cold part are displayed in Table B 

B.2. In the hot part (coolant)

The hydraulic diameter of the outer hot part is the annular section between 0.05 m (outer diameter) and 0.01 m (outer diameter of the inner pipe). This gives: 𝐷 ℎ = 0.05 -0.01 = 0.04 𝑚. The volume flow rate of the thermostat used (Huber ministat cc2) given by the builder is 22 L.min -1 .

Regarding the considered values above, the results of Equation B-1, Equation B-2 and Equation B-3 for the hot part are displayed in Table B 

X

The Prandtl number being comprised between 1 and 20, the following correlation can be used 115 : 𝑁𝑢 = 0.0155 * 𝑅𝑒 0.83 𝑃𝑟 0.5

Equation C-2

Equation C-2 gives 𝑁𝑢 = 115.

The Nusselt number calculation serves the determination of the convection coefficients hh and hc.

C.2.2. Calculation of the convection coefficients hh and hc

The convection coefficient h can be taken out of Equation III-22, as in Equation C-3.

ℎ = 𝑁𝑢 * 𝜆 𝑓𝑙𝑢𝑖𝑑 𝐷 ℎ

Equation C-3

The thermal conductivity methanol was retrieved from the database of Dynochem software:

𝜆 𝑀𝑒𝑂𝐻,30 °𝐶 = 0.199 𝑊. 𝑚 -1 . 𝐾 -1 .

The determination of the convection coefficients gives: ℎ 𝑐 = 124 𝑊. 𝑚 -2 . 𝐾 -1 and ℎ ℎ = 1400 𝑊. 𝑚 -2 . 𝐾 -1 . Knowing that the glass wall thickness is 𝑒 = 0.0015 𝑚 and that the glass thermal conductivity is 𝜆 𝑤 = 2 𝑊. 𝑚 -1 . 𝐾 -1 (given by the glass tubes provider), the global heat transfer coefficients Hc, Hh and Ha can now be calculated.

C.2.3. Calculation of the global heat transfer coefficients Hc, Hh and Ha and determination of the minimum pipe length

The length of the pipe can be calculated thanks to Equation III-1, by determining first the exchange area S. In the considered system, to heat up the cold methanol from 30 °C to 40 °C with a mixture of ethylene glycol/water 40/60 V/V at 70 °C, for pipes with an inner diameter of 0.0070 m, the minimum length should be 13.5 cm.

D. Second prototype of the mixing piece: calculation of the minimum inlet pipe length

The calculations follow those of appendices B and C.

The raw data that have changed and the results for a residence time of 15 min are presented in Table D In the considered system, to heat up the cold solvent mixture of ethanol/water 76/24 w/w from 30 °C to 40 °C with a mixture of ethylene glycol/water 40/60 V/V at 70 °C, the minimum pipe length should be 12 cm.

XIV

The impact of each factor level on the increase of the global productivity can be found in Figure E-1b. The interpretation should be moderated regarding the influence of each factor discussed in the previous paragraph.

The predominance of t = 5 min as global productivity enhancer seems clear. The lower the residence time the higher the global productivity. At shorter residence times, the cooling is faster, which increases the nucleation rate. The side effect is the recovery of a crystal population with a broad PSD, i.e., a less homogeneous powder.

Regarding the rotation speed, it appears that the global productivity increases with the rpm. This result is consistent with an enhanced mass transfer for high rotation speed [START_REF] Nguyen | Couette-Taylor Crystallizer: Effective Control of Crystal Size Distribution and Recovery of l-Lysine in Cooling Crystallization[END_REF][START_REF] Nguyen | Vortex Effect on Phase Transformation of Guanosine 5-Monophosphate in Drowning-Out Crystallization[END_REF][START_REF] Park | Polymorphic Crystallization of Sulfamerazine in Taylor Vortex Flow: Polymorphic Nucleation and Phase Transformation[END_REF] .

The use of the isothermal mode (ΔT = 0 °C) seems to improve global productivity, as well as the lower value of Tref, 15 °C. However, these factors have a limited effect on the global productivity, thus, the assumptions about their influence should be moderated.

To conclude, the apparent best parameters to improve global productivity are: ΔT = 0 °C, Ω = 1000 rpm, t = 5 min and Tref = 15 °C. It has been performed in repeated experiments 12 R1 and 12 R2, which indeed resulted in excellent global productivities (see results in Table IV

Furthermore, the theoretical maximum global productivity per fraction was calculated thanks to Equation E-1, with msolvent,1 fraction the mass (g) of solvent that goes through the CT reactor during one residence time t (min), Ci the initial concentration in diastereomer (g.L -1 )assuming that all the reactants are consumedand C* the solubility (g.L -1 ).

𝐺𝑙𝑜𝑏𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑚𝑎𝑥,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =

𝑚 𝑠𝑜𝑙𝑣𝑒𝑛𝑡,1 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 * (𝐶 𝑖 -𝐶 * ) 𝑡

Equation E-1

Table E-1 shows the comparison between the maximum theoretical global productivity and the real global productivity calculated for each experiment. If the trends seem confirmed, sometimes, the actual global productivity is higher than that predicted. This is probably due to encrustation, which can induce a strong bias: when, after some time, a massive amount of product can be released, the productivity is artificially increased.

XXIX

The impact of each factor level on the increase of the diastereomeric excess can be found in Figure E-9b. The interpretation should be moderated regarding the influence of each factor discussed before.

The most influential parameter is the residence time t: its increase enhances the diastereomeric excess of the collected product. A longer stay in the efficient mixing CT reactor seems to have a positive impact on chiral purity. This trend is similar to that in the first screening, even if the impact of the factor strongly differs.

The second most impacting factor is the temperature difference ΔT: it clearly appears that the use of the CT crystallizer in non-isothermal mode, with the inner cylinder as the cold part and the outer cylinder as the hot one, gives the best results of chiral purity, as in the first screening. The presence of a temperature gradient was expected to improve chiral purity, as it has already proved its efficiency in deracemization processes [START_REF] Kim | Method for Conductiong Deracemization Using Taylor Flow and a Device Therefor[END_REF][START_REF] Schindler | Deracémisation Du Chlorate de Sodium Avec et sans l'influence Du Dithionate de Sodium[END_REF] . In the opposite, the reverse nonisothermal mode should be avoided. Such difference between the two non-isothermal modes has already been reported [START_REF] Wu | Control of Crystal Size Distribution Using Non-Isothermal Taylor Vortex Flow[END_REF] .

Due to their apparent limited influence on the diastereomeric excess, no level of the rotation speed Ω and supersaturation ratio β should be favored.

Eventually, the apparent best parameter set to improve chiral purity is: ΔT = -10 °C and t = 15 min. Such combination was not tested, but experiment 5, which resulted in the highest diastereomeric excess, was performed with ΔT = -5 °C and t = 15 min.

The chiral purity varies from 0.47 to 0.63 in the batch experiments of section 0. The implementation of the chiral resolution of rac-Ibu with S-αMBA in the continuous mode ensures the access to high diastereomeric excesses, in a repeatable manner. In addition, the chiral purity can be improved by 18 % on average by transferring the process from batch to continuous mode.

Moreover, an interesting observation was made: the diastereomeric excess tends to increase as the experiment progresses (0.01 ≤ Δde ≤ 0.04). This may be due to the back diffusion that can be induced by the opposite direction of rotation of the neighboring vortices (illustrated in Figure I-7). As long as the wanted diastereomer is majority, such characteristic is truly beneficial for the process results.

Like for the global responses, the standard deviation of the diastereomeric excess was calculated for each experiment. This result serves the evaluation of the impact of the four investigated factors on the variability of the chiral purity with Azurad.

E.2.5. Standard deviation of the diastereomeric excess

Experiment 13 was aborted after 4 residence times, and the small amount of collected product permitted the chiral HPLC analysis of only one fraction. Therefore, no standard deviation could be calculated for this experiment. Also, it appeared that the results of experiments 14, 16 and 17 were aberrant. As complementary experiments, it was possible to remove them from the experimental matrix (for this response study) without degrading the quality criteria.

The regression model (discarding experiments 13, 14, 16 and 17) of the standard deviation of the diastereomeric excess is poorly significant with a p-value of 15 % and a R² of 0.86. Because XXXI the values of standard deviation determined for the diastereomeric excess of each experiment (see Table IV-17): if a variability exists, the mean deviations to the average chiral purity are very low.

E.2.6. Diastereomeric productivity

Like for global productivity, according to the analysis of the residues in the Azurad statistical analysis, experiments 13 and 16 appear to be aberrant. As previously said, these complementary experiments can be removed from the experimental matrix, without degrading the quality criteria.

The regression model (discarding experiments 13 and 16) is very significant with a p-value of 0.0 % and a R² of 0.83. The lack of fit is significant with a p-value of 0.17 %. It means that a small part of the observed experimental variability is not explained by the chosen model. This could be due to interaction effects between parameters.

The relative influence of each studied factor on diastereomeric productivity (Figure E-11a) is almost identical to that on global productivity. The impact of residence time t is predominant.

The supersaturation ratio has a small influence on global productivity and that of the temperature difference ΔT and the rotation speed Ω is negligible. These results are comparable to those of the first screening: the residence time influence presses that of the other factors for global and diastereomeric productivities. The impact of each factor level on the increase of the diastereomeric productivity can be found in Figure E-11b. The interpretation should be modulated regarding the influence of each factor discussed in the previous paragraph.

Like for global productivity, the predominance of t = 5 min as a diastereomeric productivity enhancer seems clear. The lower the residence time the higher the diastereomeric productivity.