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A process to produce continuously microcapsules made of polyurea shell and containing cyclohexane as oil phase is proposed. The polymeric microcapsules are obtained via a two-step process involving emulsification of two immiscible fluids in static mixers followed by interfacial polycondensation in an empty pipe. The use of static mixers in turbulent flow to perform emulsification enables to obtain droplet sizes ranging from 10 to 60 µm with short residence times (0.01 -0.20 s). In order to calculate the residence time needed to bring the reaction to completion in the empty pipe, the time of encapsulation must be determined. Therefore the encapsulation step is also carried out in a stirred tank where the conversion of the monomer soluble in the aqueous phase is followed by monitoring the pH. Compared to a process where emulsification is carried out in a stirred tank, static mixers used in this study require less energy and enable to perform the microencapsulation continuously.

Microencapsulation is a widely used method to obtain products made of polymeric wall, enclosing and protecting a liquid or solid core, with controlled release properties. In general, the size of microcapsules ranges from 5 to 200 µm [START_REF] Kondo | Microcapsule Processing and Technology[END_REF]. The interest for microencapsulation is driven by many diverse applications such as carbonless copying paper with capsules diameters from several micrometers to 30 µm, medicines, perfumes and fragrances like perfumed capsules for tissue paper, and cosmetics. Since several years, microencapsulation is also used by the textile industry to propose active clothes to customers like slimming tights.

The microencapsulation device used in the studied process is the interfacial polymerisation. Two reactive monomers are first solubilised in two immiscible liquids, and react one with the other when both phases are brought into contact. The polycondensation reaction occurs at the interface between the two immiscible liquids. Hydrophobic or hydrophilic solutions or dispersions may be encapsulated by interfacial polycondensation. To encapsulate a hydrophobic material, a hydrophobic monomer A is first solubilised into this phase. Then this solution is dispersed in an aqueous continuous phase. When droplets are obtained, a hydrophilic monomer B is added to the water continuous phase. As soon as the monomer B is added, the interfacial polycondensation begins. The same method is used to encapsulate a hydrophilic material, but, in this case, an indirect W/O emulsion is prepared instead of an O/W emulsion.

Polymer walls prepared by interfacial polycondensation may be for example polyester, polyamide, polyurethane, or polyurea [START_REF] Kondo | Microcapsule Processing and Technology[END_REF]. In this study, polyurea shells are obtained from the reaction of hexamethylene diisocyanate (HDI) as hydrophobic monomer, and hexamethylene diamine (HMDA) as hydrophilic monomer. A hydrophobic liquid, cyclohexane, is encapsulated in the polyurea shell. The firstly obtained O/W emulsion is stabilized using Tween 80 as surfactant.

The aim of this study is to propose a continuous intensified process to produce polyurea microcapsules by interfacial polycondensation. The first step is performed in Sulzer SMX static mixer. Process intensification is nowadays a major concern for production of chemicals and static mixers offer the advantage to fit well continuous processes. The use of static mixer in turbulent flow enables to obtain quickly an important amount of droplets, while controlling their size distribution. The SMX mixer design is usually employed for liquid liquid dispersion in laminar flow [START_REF] Legrand | Liquid-liquid dispersion in an SMX-Sulzer Static Mixer[END_REF][START_REF] Das | Drop breakage model in static mixers at low and intermediate Reynolds number[END_REF][START_REF] Liu | Drop break up in an SMX static mixer in laminar flow[END_REF]. Here its performances are tested in turbulent flow. We also report the influence of the number of mixing elements on droplet size distribution.

In the continuous encapsulation process the addition of monomer B (HMDA) dissolved in the continuous phase and reaction with monomer A (HMDI) in the dispersed phase of the emulsion are performed in an empty pipe joined to the static mixer. To determine the pipe length, it is necessary to know the residence time in the tube that is necessary to achieve the reaction. In other words the implementation of a continuous process requires the knowledge of the reaction kinetics. Therefore in a preliminary study the encapsulation step is carried out in a stirred tank to study the reaction kinetics. In order to determine the time needed to reach 95% conversion of monomer B, the pH of the continuous phase is monitored as described previously by Yadav et al. [START_REF] Yadav | Microencapsulation in Polyurea Shell by Interfacial Polycondensation[END_REF][START_REF] Yadav | Microencapsulation in Polyurea Shell: Kinetics and Film Structure[END_REF].

A similar decoupled process using SMX static mixer has already been reported [START_REF] Legrand | Liquid-liquid dispersion in an SMX-Sulzer Static Mixer[END_REF][START_REF] Das | Drop breakage model in static mixers at low and intermediate Reynolds number[END_REF][START_REF] Hirech | Microencapsulation of an insecticide by interfacial polymerisation[END_REF]. They performed emulsification in viscous and turbulent flow regime [START_REF] Legrand | Liquid-liquid dispersion in an SMX-Sulzer Static Mixer[END_REF], and at low and intermediate Reynolds numbers [START_REF] Das | Drop breakage model in static mixers at low and intermediate Reynolds number[END_REF]. These authors assumed that the microcapsules size distribution was controlled by the emulsification step, and they only measured the size distribution of the final microcapsules slurry. Here both emulsion droplets and microcapsules are analysed to confirm this assumption.

EXPERIMENTAL Materials

Hexamethylene diamine (HMDA) and Hexamethylene diisocyanate (HDI) used as monomers were purchased from Acros Organics. The surfactant and oil phase were respectively Tween 80 and cylcohexane, and were purchased from Panreac and Acros Organics. Viscosities of continuous and dispersed phases were measured using an AR2000 rheometer (AR instruments).

Preparation of microcapsules

Figure 1 shows a scheme of the experimental set up. The emulsification step was realized in a tube equipped with Sulzer SMX static mixer made of 10 elements of 10 mm diameter, 0.67 porosity and aspect ratio D/L equal to 1. The mixture HMDI and cyclohexane was previously stirred to prepare the oily solution. The same operation was realized with distilled water and Tween 80 to prepare the aqueous solution for emulsification. The total flow rate of emulsion ranged between 204 and 600 L/h. The concentration of dispersed phase Φ was fixed to 25% in volume, and was controlled through the ratio of dispersed phase flow rate to total flow rate.

The microencapsulation step was carried out in a baffled tank of 1L, stirred with a 4 pitched blades impeller of 45 mm diameter. The stirring speed was fixed to 200 rpm. The second monomer (HMDA) was previously mixed to water -Tween 80 solution. For microencapsulation, the dispersed phase concentration was fixed to 5% in volume. In order to respect this ratio, 800 mL of continuous phase solution containing HMDA was poured in the tank, and 200 mL of emulsion was added through the tank cover to start encapsulation.

To follow the encapsulation reaction, the pH of the HMDA continuous phase was monitored during the entire experiment according to the method described by Yadav et al. [START_REF] Yadav | Microencapsulation in Polyurea Shell by Interfacial Polycondensation[END_REF][START_REF] Yadav | Microencapsulation in Polyurea Shell: Kinetics and Film Structure[END_REF].

Emulsion and Microcapsules Characterization

Particle size distribution of both emulsion droplets and microcapsules were determined using a Mastersizer 2000 (Malvern Instruments). Scanning Electron Microscopy was used to observe the microcapsules with a Leo 435 VP microscope.

Thermal properties of the polymeric membrane were analysed via differential scanning calorimetry (DSC) with a Q2000 calorimeter (TA Instruments). Before analysis, microcapsules were recovered from the slurry by filtration, washed with ethanol to remove unreacted monomers from the surface, filtered again, and dried in a vacuum oven at 25°C for at least 24 hours. About 2 mg samples were sealed in DSC pans and heated from 25°C to 400°C at a heating rate of 10°C/min. 24 experiments were performed with total flow rate ranging from 204 L/h to 600 L/h and 5 different numbers of SMX elements (n e = 2, 5, 10, 15 and 20). The dispersed phase concentration was fixed to 25% in volume. Droplet size distributions obey to a log-normal function, and are characterized in terms of Sauter mean diameter D 32 . Depending on operating parameters, D 32 ranges between 20 and 60 µm as can be seen on figure 2 showing the evolution of D 32 with n e for the different flow rates tested.

The number of SMX elements needed to reach the equilibrium between break up and coalescence mechanisms both occurring in the mixer was highlighted. As can be noticed in figure 3 showing the evolution of the droplet size distribution as a function of the number of elements for a total flow rate of 485 L/h, 10 SMX elements are enough to reach a stable droplet size distribution. The same working number of elements is obtained for every other flow rates.

At a given flow velocity, the energy dissipated per mass unit ε v can be estimated as follows through pressure drop measurement:
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Where Q is the total volume flow rate of the emulsion, ∆P is the pressure drop resulting from the liquid-liquid dispersion flow in the mixer, L the mixer length, D its diameter, ε its porosity, and ρ c the continuous phase density. The energy dissipation rate per mass unit can be regarded as a measure of turbulence intensity of any point within the mixer. This assumption has been made by Al-Taweel and Walker [START_REF] Taweel | Liquid Dispersion in Static In-Line Mixers[END_REF], who worked on liquid-liquid dispersion with Lightnin mixers. They concluded that the addition of mixing elements does not alter the turbulence intensity at a given flow velocity, but simply maintains this specific turbulence level. After fast drop disintegration in the first elements, the break up phenomenon goes on as long as turbulence is maintained, and the average drop size is achieved when the dynamic equilibrium between break up and coalescence is reached. Higher fluid velocities induce larger value of energy dissipation rate what results in faster disintegration, finer dispersions at equilibrium, and shorter residence time requirements for equilibrium.

The residence time τ in the mixer is calculated as follows:
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Where V mixer is the volume of the tube containing the mixer, and A its cross sectional area. For 10 mixing elements and the flow rate ranging from 204 to 600 L/h, the value of τ ranges from 0.11 to 0.04 seconds what is rather low. The energy consumption per mass unit E can also be estimated from pressure drop measurements according to the following equation:
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and ranges from 40 to 250 J/kg for the flow rates studied. An additional experiment of emulsification with the same system in a 1L stirred tank equipped with a Rushton turbine at 1000 rpm was carried out. It took one hour to reach the break up coalescence equilibrium in the stirred tank and the droplet size distribution was similar to that obtained with 10 SMX elements at a total flow rate of 335 L/h. The energy consumed with the stirred tank was 28,650 J/kg against 102 J/kg for the static mixer. In an economic standpoint, it is obvious that the static mixer is really interesting. 

Microencapsulation

Microcapsules size distributions One of the advantages of processes involving reaction inside droplets or at their interface is the control of the final product size distribution via the emulsion droplets size distribution. Some authors [START_REF] Legrand | Liquid-liquid dispersion in an SMX-Sulzer Static Mixer[END_REF][START_REF] Das | Drop breakage model in static mixers at low and intermediate Reynolds number[END_REF][START_REF] Hirech | Microencapsulation of an insecticide by interfacial polymerisation[END_REF]] also reported the use of SMX static mixer to generate droplets, then encapsulated in a batch reactor. However they simply assumed the control of microcapsules size distribution by the emulsification step. The lack of information about the emulsion size distribution does not able to make sure that no coalescence phenomenon occurs between the mixer and the stirred tank.

During each experiment of this study, both emulsion and microcapsules size distributions were analysed. Figure 4 shows results obtained from encapsulation of an emulsion generated with a total flow rate of 485 L/h. It is obvious that the microcapsules distribution is fully controlled by the emulsion granulometry. For this experiment, emulsion droplets and microcapsules are respectively characterized by Sauter mean diameters of 21.4 µm and 20.7 µm.

Encapsulation time measurement

There are only few available experimental data on the kinetic of interfacial polycondensation. In order to determine the encapsulation kinetics, Yadav et al. [START_REF] Yadav | Microencapsulation in Polyurea Shell by Interfacial Polycondensation[END_REF] proposed to monitor either the polymer shell thickness or the concentration of one of the monomers with time. It is obvious that the more convenient method is to measure the continuous phase monomer concentration. Yadav et al. [START_REF] Yadav | Microencapsulation in Polyurea Shell by Interfacial Polycondensation[END_REF][START_REF] Yadav | Microencapsulation in Polyurea Shell: Kinetics and Film Structure[END_REF] studied experimentally the kinetic of polycondensation of HMDA and HMDI to form polyurea membranes at the interface of droplets. They used the basic nature of the continuous phase monomer (HMDA) to follow its concentration via pH monitoring. This procedure has been selected in this study to acquire experimental times of encapsulation of the polycondensation reaction. Measurements of pH of different HMDA concentration solutions with the surfactant (Tween 80) and cyclohexane (without HMDI) enabled to acquire the calibration curve for HMDA concentrations ranging from 10 -2 mol/L and 2.10 -4 mol/L. Experimental pH data obtained during encapsulation experiments were then converted in HMDA concentrations C HMDA , what enabled to calculate the HMDA conversion as follows:
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The encapsulation time is chosen as the time needed to reach 95% conversion of HMDA. With the assumptions that the polymer contains equal moles of HMDA and HMDI and that all droplets have the same diameter which value is taken equal to the D 32 of the microcapsules size distribution, the dry polymer film thickness δ is calculated as follows:
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where M A and M B are the respective molecular weights of both monomers and V C and V D are respectively the continuous and dispersed phase volumes in the tank. In equation ( 5), ζp is the density of polyurea taken equal to 1,000 kg.m -3 by Yadav et al. [START_REF] Yadav | Microencapsulation in Polyurea Shell by Interfacial Polycondensation[END_REF]. The polymer film thickness value should be multiplied by the swelling factor α to represent the reality more accurately. A value of α equal to 1.6 for a similar polymer is reported by Pearson and Williams [START_REF] Pearson | Interfacial Polymerization of an isocyanate and a diol[END_REF].

Table 1 sums up the experimental conditions of each experiment, with the values of dry film thickness calculated according to equation [START_REF] Hirech | Microencapsulation of an insecticide by interfacial polymerisation[END_REF], and the times of encapsulation t 95 obtained. For the initial monomers concentrations and droplet sizes ranges tested, we reported rather low t 95 values from 20 to 73 seconds.

Figure 5 compares the X HMDA profile obtained for experiments E5 and E6. For these two runs, the Sauter mean diameters of the emulsion are almost the same and the initial monomers concentrations are equal, what enables to evaluate the reproducibility of the experimental technique used. From figure 5 it is obvious that the experimental method is rather satisfactory.

On figure 5 fluctuations of X HMDA data are noticeable during the first 10 seconds, especially for experiment E6. It corresponds to the time elapsed experimentally for homogenization of the emulsion inside the continuous phase containing HMDA.

The influence of droplets size on the encapsulation time can be assessed from t 95 obtained for the couples of experiments E3 / E10 and E4 / E9. It appears that for the same initial monomer concentrations, the time needed to reach 95% conversion of HMDA increases with the droplets size. The interfacial area available for the reaction increases when the mean droplet diameter decreases, what can explain this phenomenon. With the same initial monomer concentrations but different D 32 , a higher interfacial area means a thinner polymeric membrane at final monomer conversion. Karode et al. [START_REF] Karode | New insights into kinetics and thermodynamics of interfacial polymerisation[END_REF] showed through predictions of δ versus time that the film growth rate is very high at low times and decreases as the polymer membrane increases in thickness.

The initial monomer concentrations also have an influence on the time needed to reach 95% conversion of HMDA. This phenomenon is highlighted through encapsulation times obtained for the experiment couples E3 / E4 and E9 / E10. With the same R = n HMDI / n HMDA and the same D 32 , higher initial monomer concentrations result in lower t 95 .

Characterization of microcapsules

A SEM photograph of microcapsules obtained during this set of experiments is shown in figure 6. A microcapsule of about 7 µm is well noticeable, and is rather spherical.

In order to evaluate some thermal properties of the polymeric membranes we used differential scanning calorimetry. Figure 7 shows the DSC scan obtained for one dried sample of polymeric membrane. It shows a high melting point of about 289°C. This value is really close to the melting point reported by Yadav et al. [START_REF] Yadav | Polyureas by interfacial polycondensation: preparation and properties[END_REF] who prepared the same type of polyurea membrane enclosing cyclohexane. Figure 7 also shows an endothermic peak at a temperature just below the melting point, at about 240°C which is attributed to a cold-crystallization transition during which the polymer chains arrange themselves into the maximum ordered structure.

CONCLUSION

This study enabled to design a continuous process for the production microcapsules by interfacial polycondensation. This way of encapsulation has been decoupled in two successive steps.

The ability of Sulzer SMX static mixers to carry out emulsification in turbulent flow has been demonstrated and enabled to form droplets with size ranging from 15 to 60 µm with low residence times. We also showed that in the flow rate range tested 10 mixing elements were enough to reach the break up / The final aim of our study is to design a continuous encapsulation process where emulsification will be performed in static mixers, followed by encapsulation in an empty pipe. In order to calculate the pipe length, it is necessary to know the residence time needed, what implies the knowing of the encapsulation time. To acquire times of encapsulation we used pH-monitoring in a batch reactor to follow the continuous phase monomer concentration during the reaction. For the range of initial monomer concentrations studied, we obtained times of reaction between 20 and 73 seconds.

During these encapsulation experiments in batch reactor, we also checked the control of the final microcapsules size distribution by the emulsion firstly obtained. And analyses of the products showed similar thermal properties to those reported in the literature.

Continuous encapsulation experiments are in progress with the use of a lab-scale plate-type heat exchanger/reactors studied and optimized by Anxionnaz et al. [START_REF] Anxionnaz | Hydrodynamic Study and Optimization of the Geometry of a wavy Channel in a Heat Exchanger/Reactor[END_REF]. A wavy channel of 2 mm width, 2 mm height and about 3.5 m length is etched on each plate of the reactor. The emulsion obtained in the SMX mixer flows continuously through this channel where interfacial polycondensation is carried out. Depending on the flow conditions and time of reaction, the channel length required can be predicted.

This continuous process presents two valuable advantages compared to a discontinuous process performed in a stirred tank reactor: constant product quality and lower energy dissipation, especially for the emulsification step.
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Table 1 :

 1 Experimental parameters employed for the preparation of polyurea microcapsules and data obtained for t95

	Experiment code	Qtot (L/h)	D32 (µm)	CHMDI,0 (mol/L)	CHMDA,0 (mol/L)	R = nHMDI/nHMDA	Film thickness δ (nm)	t95 (s)
	E3	600	19	0.0888	0.0047	1	79	20
	E4	600	17	0.0560	0.0029	1	49	47
	E5	485	23	0.0760	0.0040	1	79	39
	E6	485	21	0.0760	0.0041	1	78	42
	E9	383	30	0.0530	0.0028	1	81	73
	E10	383	32	0.0890	0.0048	1	141	58