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Theoretical and experimental investigations of double emulsion preparation by ultrasonication

Double emulsion preparation by ultrasonication is investigated in order to optimize the outer droplet size and the encapsulation efficiency. The effects of the sonication time, oil viscosity and the fractions of salt and primary emulsion are studied. A correlation is developed in order to predict the mean droplet diameter as a function of these parameters. The model is valid in the dissipation energy subrange. It accounts for the effects of salt within the surface force group, the oil viscosity within the viscous group, the primary fraction through energy damping and allows to predict the transitionary change in size with time. The properties of the outer droplets, such as the viscosity and density, take into account the presence of inner droplets.

Based on this model, a leakage model is proposed where the rate increases proportionally with breakage, but continues at a constant rate once the size reaches equilibrium.

Introduction

Double emulsions, or emulsions of emulsions, consist of small droplets of one fluid suspended in larger droplets of another immiscible fluid [START_REF] Seifriz | Studies in Emulsions. I-II[END_REF] . They can be classified into two types: water-in-oil-in-water (W/O/W) or oil-in-water-in-oil (O/W/O) double emulsions. They are widely spread in food [START_REF] Muschiolik | Multiple Emulsions for Food Use[END_REF][START_REF] Leong | Preparation of Water-in-Oil-in-Water Emulsions by Low Frequency Ultrasound Using Skim Milk and Sunflower Oil[END_REF][START_REF]Multiple Emulsions: Technology and Applications[END_REF] , cosmetic [START_REF]Multiple Emulsions: Technology and Applications[END_REF][START_REF] Florence | The Formulation and Stability of Multiple Emulsions[END_REF] , pharmaceutical [START_REF]Multiple Emulsions: Technology and Applications[END_REF][START_REF] Florence | The Formulation and Stability of Multiple Emulsions[END_REF][START_REF] Khurana | Multiple Emulsions: An Overview and Pharmaceutical Applications[END_REF] , chemical [START_REF] Fanun | [END_REF][START_REF] Takht Ravanchi | Application of Membrane Separation Processes in Petrochemical Industry: A Review[END_REF] , petrochemical [START_REF] Fanun | [END_REF][START_REF] Takht Ravanchi | Application of Membrane Separation Processes in Petrochemical Industry: A Review[END_REF] and waste water treatment industries [START_REF] Fanun | [END_REF][START_REF] Takht Ravanchi | Application of Membrane Separation Processes in Petrochemical Industry: A Review[END_REF] . The final product quality in these applications is determined by the size of inner (i.e. micro-) and outer (i.e. macro-) droplets (also called globules) and the encapsulation efficiency of the internal phase [START_REF] Muschiolik | Multiple Emulsions for Food Use[END_REF][START_REF]Multiple Emulsions: Technology and Applications[END_REF][START_REF] Schmidts | Influence of Hydrophilic Surfactants on the Properties of Multiple W/O/W Emulsions[END_REF] . [START_REF] Matsumoto | An Attempt at Preparing Water-in-Oil-in-Water Multiple-Phase Emulsions[END_REF] proposed the well-known two-step method to prepare double emulsions. In the first step, a primary emulsion is prepared where the internal phase is mixed with the intermediate phase under high energy to form small inner droplets. In the second step, the primary emulsion is dispersed into a continuous external phase to form the outer droplets [START_REF] Leong | Preparation of Water-in-Oil-in-Water Emulsions by Low Frequency Ultrasound Using Skim Milk and Sunflower Oil[END_REF][START_REF] Lindenstruth | O/W Multiple Emulsions with Diclofenac Sodium[END_REF] . During this second preparation step, different phenomena may occur, including outer droplet breakage and coalescence, escape of inner droplets, swelling or shrinkage, and over-swelling breakdown [START_REF]Multiple Emulsions: Technology and Applications[END_REF][START_REF] Schmidts | Influence of Hydrophilic Surfactants on the Properties of Multiple W/O/W Emulsions[END_REF][START_REF] Chávez-Páez | Coalescence in Double Emulsions[END_REF][START_REF] Jager-Lezer | Influence of Lipophilic Surfactant on the Release Kinetics of Water-Soluble Molecules Entrapped in a W/O/W Multiple Emulsion[END_REF][START_REF] Mezzenga | Design of Double Emulsions by Osmotic Pressure Tailoring[END_REF][15] . These phenomena are governed by physical-chemical parameters and the energy dissipation by the emulsification device that need to be optimized in order to maximize the encapsulation rate and ensure a longer physical stability of the double emulsion. Schuch et al. (2014) [START_REF] Schuch | Production of W/O/W Double Emulsions. Part II: Influence of Emulsification Device on Release of Water by Coalescence[END_REF] investigated the preparation of double emulsions in different devices and deduced that the encapsulation efficiency was proportional to the outer droplet size, independently of the type of device. Lindenstruth et al. (2004) [START_REF] Lindenstruth | O/W Multiple Emulsions with Diclofenac Sodium[END_REF] proposed that the encapsulation rate was governed by the size ratio between inner and outer droplets, that should be reduced in order to increase the yield. They also indicated a reduction of the encapsulation efficiency during preparation due to the escape of inner droplets that accompanies the breakage of outer droplets, hereafter called leakage. For this reason, the mixing energy and time of the second step are generally lowered in order to increase the yield, which leads to big outer droplets compared to the inner droplets. Nevertheless, fine outer droplets may induce other advantages like preventing creaming, thus enhancing the stability during storage [START_REF] Leong | Preparation of Water-in-Oil-in-Water Emulsions by Low Frequency Ultrasound Using Skim Milk and Sunflower Oil[END_REF][START_REF] Leong | Ultrasonic Encapsulation -A Review[END_REF][START_REF] Lamba | Double Emulsions: Emerging Delivery System for Plant Bioactives[END_REF] or increasing the transparence of the final product [START_REF] Leong | Minimising Oil Droplet Size Using Ultrasonic Emulsification[END_REF] . Therefore, there is a compromise to be determined between droplet size and encapsulation rate [START_REF] Schuch | Production of W/O/W Double Emulsions. Part II: Influence of Emulsification Device on Release of Water by Coalescence[END_REF] .

Matsumoto et al. (1976)

Emulsions, and so double emulsions, can be produced using different emulsification devices, like impellers, high speed rotor-stators, high pressure homogenizers, microfluidic devices, membranes, or ultrasonicators [START_REF] Schuch | Production of W/O/W Double Emulsions. Part II: Influence of Emulsification Device on Release of Water by Coalescence[END_REF][START_REF] Leong | Ultrasonic Encapsulation -A Review[END_REF][START_REF] Leong | Ultrasonic Production of Nano-Emulsions for Bioactive Delivery in Drug and Food Applications[END_REF] . Among these techniques, ultrasonication allows producing very fine emulsions within a short emulsification time, and it constitutes an easy and clean process [START_REF] Mahdi Jafari | Nano-Emulsion Production by Sonication and Microfluidization-A Comparison[END_REF] . Ultrasonic waves transmitted through a liquid induce acoustic cavitation, which consists of the nucleation, growth and collapse of gaseous bubbles in the fluid [START_REF] Li | Acoustic Emulsification. Part 1. The Instability of the Oil-Water Interface to Form the Initial Droplets[END_REF][START_REF] Li | Acoustic Emulsification. Part 2. Breakup of the Large Primary Oil Droplets in a Water Medium[END_REF][START_REF] Shanmugam | Ultrasonic Preparation of Food Emulsions[END_REF] . When applied on a two phase interface, the interfacial waves caused by the propagation of ultrasound erupt the dispersed phase into the continuous phase in the form of droplets. Then, the acoustic cavitation causes intense physical shearing within the continuous phase, which generates turbulent eddies and allows gradual breakage of the droplets [START_REF] Leong | Ultrasonic Production of Nano-Emulsions for Bioactive Delivery in Drug and Food Applications[END_REF][START_REF] Leong | The Fundamentals of Power Ultrasound-A Review[END_REF] . During this process, part of the acoustic energy is degraded into heat under the effect of viscous friction [START_REF] Leong | Ultrasonic Production of Nano-Emulsions for Bioactive Delivery in Drug and Food Applications[END_REF][START_REF] Li | Acoustic Emulsification. Part 1. The Instability of the Oil-Water Interface to Form the Initial Droplets[END_REF][START_REF] Li | Acoustic Emulsification. Part 2. Breakup of the Large Primary Oil Droplets in a Water Medium[END_REF][START_REF] Shanmugam | Ultrasonic Preparation of Food Emulsions[END_REF][START_REF] Leong | The Fundamentals of Power Ultrasound-A Review[END_REF] .

Ultrasonication has been widely used for the preparation of nanometric single emulsions [START_REF] Leong | Minimising Oil Droplet Size Using Ultrasonic Emulsification[END_REF][26][START_REF] Kentish | The Use of Ultrasonics for Nanoemulsion Preparation[END_REF][START_REF] Gaikwad | Ultrasound Emulsification: Effect of Ultrasonic and Physicochemical Properties on Dispersed Phase Volume and Droplet Size[END_REF][START_REF] Rajian | Drug Delivery Monitoring by Photoacoustic Tomography with an ICG Encapsulated Double Emulsion[END_REF] and it represents a topic of growing interest for double emulsions, for instance for pharmaceuticals [START_REF] Kim | Preparation and Characterization of Cytarabine-Loaded w/o/w Multiple Emulsions[END_REF] and food [START_REF] Aditya | Co-Delivery of Hydrophobic Curcumin and Hydrophilic Catechin by a Water-in-Oil-in-Water Double Emulsion[END_REF] . The process parameters affecting the yield and mixing efficiency, or droplet size, are the sonication time and energy level. While increasing their levels would allow for a better mixing and the production of smaller droplets, it may destroy the double emulsion leading to total leakage of the inner droplets [START_REF] Zeng | Study of Mean Diameter and Drop Size Distribution of Emulsion Drops in a Modified Rotating Disc Contactor for an Emulsion Liquid Membrane System[END_REF] . Another disadvantage of increasing the sonication time or power is related to the associated increase in temperature and pressure which may cause the degradation of the encapsulated ingredient, the emulsifier or the organic phase [START_REF] Leong | Ultrasonic Production of Nano-Emulsions for Bioactive Delivery in Drug and Food Applications[END_REF] . Therefore, there are optimal conditions to be determined. The encapsulation efficiency was reported to decrease when increasing the sonication time [START_REF] Kim | Preparation and Characterization of Cytarabine-Loaded w/o/w Multiple Emulsions[END_REF][START_REF] Davis | The Particle Size Analysis of Multiple Emulsions (Water-in-OiIin-Water)[END_REF] . This observation was confirmed by Tang et al., who also found the addition of gelatin in the inner phase reduces droplet coalescence due to the formation of an interfacial rigid film, and investigated the effect of the concentration of surfactants [START_REF] Tang | Design and Evaluation of Aspirin-Loaded Water-in-Oil-in-Water Submicron Multiple Emulsions Generated Using Two-Stage Ultrasonic Cavitational Emulsification Technique: SUBMICRON W/O/W MULTIPLE EMULSIONS OF ASPIRIN BY ULTRASONIC CAVITATION[END_REF][START_REF] Tang | Impact of Osmotic Pressure and Gelling in the Generation of Highly Stable Single Core Water-in-Oil-in-Water (W/O/W) Nano Multiple Emulsions of Aspirin Assisted by Two-Stage Ultrasonic Cavitational Emulsification[END_REF] . The minimal power amplitude ensuring the production of cavitation was theoretically examined by Tal-Figiel (2007) [START_REF] Tal-Figiel | The Formation of Stable W/O, O/W, W/O/W Cosmetic Emulsions in an Ultrasonic Field[END_REF] . Leong et al. indicated that increasing the sonication power led to a decrease in the droplet size. The encapsulation efficiency was found to increase when decreasing the fraction of the internal water phase and when increasing the fraction of the primary emulsion; However the fraction of the primary emulsion had no effect on the outer droplet's size, except for extremely low, or extremely high sonication powers [START_REF] Leong | Preparation of Water-in-Oil-in-Water Emulsions by Low Frequency Ultrasound Using Skim Milk and Sunflower Oil[END_REF] . They also investigated other parameters like the fraction of surfactant [START_REF] Ghasemi | Stabilization of Multiple Emulsions Using Natural Surfactants[END_REF][START_REF] Leong | The Formation of Double Emulsions in Skim Milk Using Minimal Food-Grade Emulsifiers -A Comparison between Ultrasonic and High Pressure Homogenisation Efficiencies[END_REF] .

For a better comprehension and optimization of the process, different modelling approaches were proposed in order to predict the encapsulation efficiency and the outer droplet size during the preparation of double emulsions in different devices. Okazaki et al. (1992) [START_REF] Okazaki | Leakage Suppressing Oe W/O Emulsion Using High Viscous Solvent[END_REF] proposed a correlation to estimate the leakage rate in a stirred tank as a function of energy dissipation, viscosity and osmotic pressure over a specific salt concentration range. Concerning the mean droplet size, a number of correlations were proposed for single emulsions produced in stirred tanks [START_REF] Hinze | Fundamentals of the Hydrodynamic Mechanism of Splitting in Dispersion Processes[END_REF][START_REF] Brinkman | Brownian Motion in a Field of Force and the Diffusion Theory of Chemical Reactions[END_REF][START_REF] Mlynek | Drop Sizes in an Agitated Liquid-Liquid System[END_REF][START_REF] Coulaloglou | Drop Size Distributions and Coalescence Frequencies of Liquid-Liquid Dispersions in Flow Vessels[END_REF] , which were then used for double emulsions [START_REF] Kataoka | Dispersed Mean Drop Sizes of (W/O)/W Emulsions in a Stirred Tank[END_REF][START_REF] Ohtake | Effects of Viscosity on Drop Diameter of W/O Emulsion Dispersed in a Stirred Tank[END_REF][START_REF] Rautenbach | Modeling of Liquid Membrane Separation Processes[END_REF][START_REF] Gallego-Lizon | Drop Sizes in Liquid Membrane Dispersions[END_REF] . For single emulsions preparation using sonication, the mean droplet diameter was predicted by semi-empirical correlations [START_REF] Leong | Minimising Oil Droplet Size Using Ultrasonic Emulsification[END_REF][START_REF] Tal-Figiel | The Formation of Stable W/O, O/W, W/O/W Cosmetic Emulsions in an Ultrasonic Field[END_REF][START_REF] Karbstein | Developments in the Continuous Mechanical Production of Oil-in-Water Macro-Emulsions[END_REF][START_REF] O'sullivan | Comparison of Batch and Continuous Ultrasonic Emulsification Processes[END_REF] or based on fundamental investigations, such as Nazarzadeh and Sajjadi (2010) [START_REF] Nazarzadeh | Viscosity Effects in Miniemulsification via Ultrasound[END_REF] and Gupta et al. (2016) [START_REF] Gupta | Controlling and Predicting Droplet Size of Nanoemulsions: Scaling Relations with Experimental Validation[END_REF] who investigated the preparation in the dissipation subrange. These correlations will be investigated in this work and adapted for double emulsions. Indeed, some physical parameters of the emulsion change when the dispersed phase becomes itself an emulsion, i.e. during the second step of double emulsion preparation. A model is then developed to predict the release rate based on the breakage. The model needs to take into account the parameters that were found to affect the droplet size and the encapsulation efficiency in the literature review presented above.

The objective of this work is to investigate the effect of different operating conditions in ultrasonic emulsification on the yield and the outer droplet size and to propose correlations to estimate the leakage rate and outer droplet size as a function of the sonication time. W/O/W double emulsions are produced using ultrasonication in both steps. Different operating parameters were investigated, namely the sonication time of the second step, the oil viscosity, the internal fraction and the salt concentration.

Experimental

Materials

Different types of mineral oils were used to prepare the W/O/W double emulsions: white mineral oil (Fisher Scientific), fluid paraffin oil (Cooper), Marcol 82 (ExxonMobil) and Marcol 52 (ExxonMobil). The used emulsifiers were Span 80 (Alfa Aesar) as hydrophobic emulsifier and Tween 80 (Fisher Scientific) as hydrophilic emulsifier. Sodium Chloride was used as tracer.

Millipore water with resistivity ≈ 18.2 mΩ.cm was used all over the work.

Double emulsion preparation

Sonication was done using an ultrasonic processor (UP400S 400 watts, 24kHz) equipped with a Sonotrode H7 (tip diameter = 7 mm) manufactured by Hielscher Ultrasonics GmbH. W/O/W double emulsions were prepared using a two-step method, at room temperature, similarly to Leong et al. [START_REF] Leong | Preparation of Water-in-Oil-in-Water Emulsions by Low Frequency Ultrasound Using Skim Milk and Sunflower Oil[END_REF] . In the first step, the NaCl solution was dispersed in the oil phaseconsisting of oil in which Span 80 was dissolved. A total mass of 10 g was placed in a 20 ml bottle and the Sonotrode tip was fixed at the interface of the aqueous and oil phases to help the interfacial waves to act immediately [START_REF] Leong | Ultrasonic Production of Nano-Emulsions for Bioactive Delivery in Drug and Food Applications[END_REF] . The sonication time of this first emulsification step was 30 s at amplitudes of 20 %. In the second step, part of the primary emulsion was dispersed in an external aqueous phase -consisting of water in which Tween 80 was dissolved -and emulsified with the same ultrasound device for 5-20 s, giving a total mass of 7.5 g of double emulsion. The calculated calorimetric power [START_REF] O'sullivan | Comparison of Batch and Continuous Ultrasonic Emulsification Processes[END_REF][START_REF] Kimura | Standardization of Ultrasonic Power for Sonochemical Reaction[END_REF] (P) of the first sonication step was 16 W and in the second step P = 9.4 -11.76 W. Table 1 shows the conditions and fractions of the used materials. The total mass used in the first and second steps are 10 g and 7.5 g respectively.

Droplet size measurements

The inner droplets size distribution was measured right after the first preparation step by means of dynamic light scattering (Malvern Zetasizer Nano ZS®). Before the measurement, the samples were diluted approximately 1:1000 (similar to [START_REF] Leong | Preparation of Water-in-Oil-in-Water Emulsions by Low Frequency Ultrasound Using Skim Milk and Sunflower Oil[END_REF][START_REF] Schmidts | Influence of Hydrophilic Surfactants on the Properties of Multiple W/O/W Emulsions[END_REF] ) in mineral oil. The analysis was performed twice for each sample, and every time three measurements were repeated, each of consisting of 11 runs. The Z-average was considered as the mean diameter of inner droplets.

The outer droplets' size distribution was analyzed using laser diffraction (Malvern Mastersizer 3000®). The refractive index of the outer droplets was considered to be that of oil (i.e. 1.467), which represents the main component of these droplets, especially close to the surface.

Schmidts et al. [START_REF] Schmidts | Multiple W/O/W Emulsions-Using the Required HLB for Emulsifier Evaluation[END_REF] made the same assumption and validated the Mastersizer measurements of the outer droplets by optical microscope observations. The De broukere mean diameter, d 43 , was considered for outer droplets.

Conductivity measurements

The released amount of NaCl was monitored by measuring the conductivity of the samples, taken after the second preparation step, using a CDM210 Conductivity Meter (MeterLab®). The released amount was estimated based on a predetermined calibration curve. Two calibration methods were evaluated and found equivalent, either by dispersing different salt concentrations in pure water or by dispersing the salt in a single O/W emulsion instead of water.

Methods

A preliminary study was conducted in order to determine the optimal sonication time and internal water fraction of the primary emulsion. First, the optimal sonication time of the primary emulsion was varied over the range of 30, 60, 90 and 120 s. The internal weight fraction at 20 %. The obtained mean inner droplet diameters (Z-average) were = 540, 425, 394, 360 nm. The emulsification time of the primary emulsion was fixed at 60 s since beyond this limit the inner droplet did not show an important decrease in their size and the emulsions were stable with 60 s emulsification. Second, the internal fraction was varied over the range of 10 %, 20 %, 30 % and 40 %. It was found that different energy levels would be required in order to ensure uniform emulsification of the different fractions. In order to allow a straightforward comparison between the different experimental sets, the internal fraction was maintained at 10 % with the energy level at 20 % amplitude (i.e. P = 16 W).

Thereafter, different key process parameters were investigated during the preparation of the double emulsions: including the sonication time of the second step, the primary emulsion fraction, the oil viscosity and the salt fraction (see Table 1). The internal and external droplet sizes were measured as well as the conductivity at the end of the emulsification. The mean dissipation energy by ultrasound was determined using the following equation , where is the specific heat capacity of the liquid and its temperature [START_REF] Leong | Preparation of Water-in-Oil-in-Water Emulsions by Low Frequency Ultrasound Using Skim Milk and Sunflower Oil[END_REF][START_REF] O'sullivan | Comparison of Batch and Continuous Ultrasonic Emulsification Processes[END_REF][START_REF] Zhao | Liquid-Liquid Two-Phase Flow in Ultrasonic Microreactors: Cavitation, Emulsification, and Mass Transfer Enhancement[END_REF] .

Modeling

The outer droplet size and the encapsulation efficiency, or the escape of inner droplets during preparation, are the two main process variables that are interesting to model and predict during the emulsification by ultrasonication as a function of the different operating conditions that were found in the literature review to affect these variables.

Mean droplet diameter

In the turbulent regime, the Kolmogorov length scale of the smallest vortices is , where is the kinematic viscosity and the energy dissipation [START_REF] Kolmogorov | The Local Structure of Turbulence in Incompressible Viscous Fluid for Very Large Reynolds Numbers[END_REF] . At high Reynolds numbers, (i.e. a turbulence Reynolds number [START_REF] Fox | Computational Models for Turbulent Reacting Flows[END_REF] ), the universal equilibrium range is divided into two subranges with regards to the eddy/vortex size ( ):

(1) The inertial subrange, , in which the motion is dominated merely by the energy dissipation rate, thus the mean velocity fluctuation of an eddy of size is given by , where is the scale of largest vortices;

(2) The dissipation or viscous subrange, , where the motion is dominated by both the energy dissipation rate and the kinematic viscosity, thus the velocity is given by .

The limits of the inertial subrange, L/6 and 60, are valid only at high Reynolds number, while for moderate Reynolds they can reach L/2 and 15 [START_REF] Pope | Turbulent Flows[END_REF][START_REF] Karimi | An Exploratory Study on Fluid Particles Breakup Rate Models for the Entire Spectrum of Turbulent Energy[END_REF] . In this study, the outer droplet mean diameters are in the range of 10 to 60 µm, so below the limit between the inertial and viscous subranges (70-280 µm assuming 15-60 . The main correlations proposed to estimate the droplet size in this subrange (i.e. dissipation) are given in Table 2. They will be modified to account for the properties of the different phases (i.e. fractions, viscosities), in analogy with the methodologies developed for the inertial subrange, shown in the same table. The correlations used for simple emulsions were also used in double emulsions, with some adaptations, mainly the effect of internal phase fraction [START_REF] Sharma | Drop Size Prediction in Liquid Membrane Systems[END_REF] and adding a swelling factor [START_REF] Gallego-Lizon | Drop Sizes in Liquid Membrane Dispersions[END_REF] (Table 3). The equations proposed in the present work for double emulsions appear in the same table, and they will be developed in the following section. This work (Eq. 9)

Effect of the dispersed phase viscosity

Taylor basis. Based on Taylor's theory of droplet deformation, there exists a critical generalized Weber group, , below which breakup does not occur, where is the droplet diameter, the interfacial tension and the external force per unit area (i.e. the stress) acting on the surface of the droplet [START_REF] Hinze | Fundamentals of the Hydrodynamic Mechanism of Splitting in Dispersion Processes[END_REF] . In the inertial subrange, represents the dynamic pressure , from which the original Webber number can be obtained, , thus allowing to derive the Kolmogorov droplet size correlation for the inertial subrange (Table 2) [START_REF] Hinze | Fundamentals of the Hydrodynamic Mechanism of Splitting in Dispersion Processes[END_REF] . For the viscous subrange, which is of interest here, is a viscous stress which gives the Capillary number 66,67 , (below which the droplets will not break). By applying the Kolmogorov velocity of the dissipation subrange into this equation, the following correlation can be obtained for the maximum droplet size at equilibrium [START_REF] Hinze | Fundamentals of the Hydrodynamic Mechanism of Splitting in Dispersion Processes[END_REF][START_REF] Shinnar | On the Behaviour of Liquid Dispersions in Mixing Vessels[END_REF][START_REF] Janssen | Droplet Breakup Mechanisms: Stepwise Equilibrium versus Transient Dispersion[END_REF] :

. The critical Capillary number can be described as a function of the viscosity ratio [START_REF] Taylor | Conical free surfaces and fluid interfaces[END_REF][START_REF] Hinch | Long Slender Drops in a Simple Shear Flow[END_REF] , i.e.

, where is a constant, which gives:
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Where and are respectively the density and viscosity, and the subscripts and are indicators of the dispersed and continuous phases respectively. The curve of against the viscosity ratio is known to first decrease with this ratio up to (i.e. is negative) and then increases with the viscosity ratio (i.e becomes positive), approximately when (Grace curve) [START_REF] Hinze | Fundamentals of the Hydrodynamic Mechanism of Splitting in Dispersion Processes[END_REF][START_REF] Hinch | Long Slender Drops in a Simple Shear Flow[END_REF][START_REF] Rallison | A Numerical Study of the Deformation and Burst of a Viscous Drop in General Shear Flows[END_REF][START_REF] Bentley | An Experimental Investigation of Drop Deformation and Breakup in Steady, Two-Dimensional Linear Flows[END_REF] . Nazarzadeh and Sajjadi [START_REF] Nazarzadeh | Viscosity Effects in Miniemulsification via Ultrasound[END_REF] implemented the values of the critical Capillary of Bentley and Leal (1986) [START_REF] Bentley | An Experimental Investigation of Drop Deformation and Breakup in Steady, Two-Dimensional Linear Flows[END_REF] and fitted equation 1 in ultrasound emulsification operating in the viscous subrange, in which they observed a decrease then an increase in the mean droplet size with the viscosity ratio.

Hinze basis. Hinze (1955) [START_REF] Hinze | Fundamentals of the Hydrodynamic Mechanism of Splitting in Dispersion Processes[END_REF] suggested that besides the generalized Weber group, the viscosity group that accounts for the viscosity of the droplet (i.e. the Ohnesorge number ) also controls the droplet deformation. Following this suggestion, the Critical capillary is defined as . Based on this, Gupta at al. (2016) [START_REF] Gupta | Controlling and Predicting Droplet Size of Nanoemulsions: Scaling Relations with Experimental Validation[END_REF] developed a correlation for the dissipation subrange with as a constant. However, in the suggestion of Hinze [START_REF] Hinze | Fundamentals of the Hydrodynamic Mechanism of Splitting in Dispersion Processes[END_REF] , is function of the viscosity ratio . In this case, the following correlation can be proposed:

2
This correlation is valid for large Oh values, where the high viscous stresses inside the droplet necessitate higher inertial stress to break it.

Equations 1 and 2 will constitute the two main model basis, in which other properties of the double emulsions will be incorporated. In order to have a comparable effect of the viscosity of the dispersed phase in both models, we assume (as equation 2 contains a separate term ). However, the power of the viscosity ratio will still be different in the two models.

Effect of the dispersed phase fraction (damping effect)

Calderbank (1958) [START_REF] Calderbank | Physical Rate Processes in Industrial Fermentations Part I : The Interfacial Area in Gas-Liquid Contacting with Mechanical Agitation[END_REF] and Brown and Pitt (1970) [START_REF] Brinkman | Brownian Motion in a Field of Force and the Diffusion Theory of Chemical Reactions[END_REF] included the damping effect of the dispersed phase volume fraction ( on energy dissipation, , with equal to 3.75 and 3.14 respectively. Based on series expansion, Doulah (1975) [START_REF] Doulah | An Effect of Hold-up on Drop Sizes in Liquid-Liquid Dispersions[END_REF] estimated for the inertial subrange. By analogy, we can make the same development for the dissipation subrange. Based on the Kolmogorov length scale, the ratio of energy dissipation between the damped and nondamped system is . By approximating the viscosity ratio using Einstein's equation, , one obtains with , where is the power of in the correlation of . Doulah 61 used in the inertial subrange. In the dissipation subrange, one should use and for equations 1 and 2, respectively.

Effect of time, transitionary state

The available droplet size correlations are usually valid for stationary state, thus giving the equilibrium droplet size. For continuous emulsifications, it was suggested that the droplet diameter depends on the residence time, for instance (Koglin, 1981) [START_REF] Koglin | Kontinuierliches Emulgieren Mit Rotor/Stator-Maschinen: Einfluß Der Volumenbezogenen Dispergierleistung Und Der Verweilzeit Auf Die Emulsionsfeinheit: Kontinuierliches Emulgieren Mit Rotor/Stator-Maschinen: Einfluß Der Volumenbezogenen Dispergierleistung Und Der Verweilzeit Auf Die Emulsionsfeinheit[END_REF] , or with being the energy density and for turbulent breakage (Karbstein and Schubert [START_REF] Karbstein | Developments in the Continuous Mechanical Production of Oil-in-Water Macro-Emulsions[END_REF] ). In order to predict the evolution of the droplet size with time in the present system, the following correlation is proposed:

3 Where is the breakage frequency and is the equilibrium diameter that can be obtained from the stationary correlations, for instance using equations 1 and 2. When ,

Adaptations to double emulsions

In double emulsions the dispersed phase is itself an emulsion, which requires specific correlations to calculate the outer droplets viscosity ( ) and density ( ). Moreover, the presence of salt may lead to swelling of the outer droplets, thus affecting their size and the escape rate. The properties of the inner (micro-) and outer (macro-) phases/droplets are distinguished and indicated with the indices and respectively.

Viscosity and density. The apparent viscosity and density of a liquid-liquid dispersion (i.e. outer droplets here) can be obtained by the models of Vermeulen (1955) [START_REF] Vermeulen | Interfacial Area in Liquid-Liquid and Gas-Liquid Agitation[END_REF] and Miller and Mann (1944) [START_REF] Miller | Agitation of Two-Phase Systems of Immiscible Liquids[END_REF] respectively: The subscripts and refer to the dispersed (i.e. internal water) and continuous (i.e. oil) phases respectively.

Effect of salt.

The concentration difference of salt between the internal and external phases creates a force on the surface of inner and outer droplets (i.e. osmotic pressure). The work required to strain a droplet containing other droplets is thus modified compared to the work required to strain a pure droplet [START_REF] Michaut | Interface Composition of Multiple Emulsions: Rheology as a Probe[END_REF] . This force can be added into the surface force group, and therefore the balance between the Laplace and osmotic pressures gives 4,78,79 :

6

Where is the salt concentration in the inner droplets, the ideal gas constant, the temperature, the van't Hoff factor and is the reflection coefficient of the membrane.

Assuming the surface of the inner droplet to play the role of a membrane during release, it may be considered that . Thus, the effective surface tension can be calculated by: 7

Where is a parameter regrouping the different unknown constants (i.e. and ) or deviations from an ideal behavior, and is the surface tension of the outer droplets having no salt (in this work considered as the oil-water surface tension, i.e. with ).

Complete droplet size correlation for double emulsions in ultrasonication

The different properties of the double emulsion discussed above were included into equations 1 and 2, which gives, based on the Taylor approach (eq. 1):

8

And by incorporating the Hinze suggestion into Taylor's approach, through Gupta development (eq. 2), the correlation becomes:

Where , , , , , and are constants to be determined by fitting to the experimental data. The breakage frequency and the pre-exponential factor should have the same values in both models. The main differences between these correlations mainly lay in the powers of different terms.

Leakage

During the preparation by ultrasound, molecular diffusion of salt can be neglected due to the low solubility of the used salt in the oil phase and the short preparation time. Similarly, the escape of the inner droplets by diffusion is slow and can be neglected during preparation.

Therefore, the main phenomena responsible for the release is inner droplets leakage, which is defined as the escape of inner droplets joining the breakage of outer droplets. The leakage rate can thus be correlated to the breakage rate, i.e. equations 8 and 9.

The leakage rate is also proportional to the concentration of encapsulated salt. The concentration of salt in the outer droplets, , can be obtained from the following balance (here the release is measured by conductivity) [START_REF] Okazaki | Leakage Suppressing Oe W/O Emulsion Using High Viscous Solvent[END_REF] :

10

The leakage constant is suggested to be correlated to the droplet diameter (determined from equations 8 or 9) as follows:

11

Where is a tuning parameter. By this way, the leakage rate is related to the same phenomena governing breakage. Moreover, when the droplet size reaches equilibrium between breakage and coalescence, the leakage continues at a constant rate until emptying the outer droplets from the inner droplets. The encapsulation efficiency fraction, therefore, can be obtained by .

Results and discussions

The De Broukere mean diameter, d 43 , was considered in fitting equations 8 and 9. However, any other mean diameter can be used if preferred in some applications [START_REF] Sprow | Distribution of Drop Sizes Produced in Turbulent Liquid-Liquid Dispersion[END_REF][START_REF] Farzi | Droplet Formation Study in Emulsification Process by KSM Using a Novel In Situ Visualization System[END_REF] . The unknown constants in equations 8, 9 and 11, were identified using a least square minimization in MatLab® environment (Table 4). It was found that both correlations 8 and 9 give similar curves in general (but with different constant values). Therefore, only the results of equation 8 are shown in the following figures, except for the case with fractions of salt higher than 0.21 %, where a deviation is observed.

Table 4. Constants of the mean droplet diameter and leakage correlations

Constants of the mean diameter correlations Leakage

Model 1 (Eq. 8) Model 2 (Eq. 9) Both models Eq. 11 

K 1 K 2 C 1 C 2  K 3 K 4 K L0 0.

Sonication time of the second step

The sonication time of the second step was varied over the range 5, 10, 15, and 20 s, and its effect on the droplet size and leakage was investigated (Set 1, Table 1). The primary emulsion was prepared with 60 s of sonication and 20 % energy amplitude (16 W). The size distribution of the internal emulsion is presented in Figure 1A giving a mean diameter of 425 nm. This primary emulsion was stable over several hours, thus giving safely enough time for the preparation of the double emulsion.

Figures 1B and1C show the outer droplet size distribution and the mean diameter respectively.

It can be seen that increasing the sonication time leads to the production of smaller outer droplets, until reaching an equilibrium between breakage and coalescence approximately after 15 s where further sonication a negligible effect. The encapsulation rate (Figure 1D) indicates that increasing the second step emulsification time leads to a higher leakage and thus to a lower yield. Indeed, in each breakage event, a number of inner droplets can leak out to the outer droplets due to the generated surface and the kinetic energy gained by the outer droplets. This confirms the fact that leakage is directly correlated to breakage. Consequently, bigger outer emulsions are recommended as they ensure a higher encapsulation efficiency, as far as these double emulsions are physically stable during storage and induce the final desired properties (e.g. transparence).

The models of the mean droplet diameter (equation 8) and the yield (equations 10-11) are shown on the same figures. The part of the mean diameter correlation that accounts for the sonication (emulsification) time of the second step is: . It can be seen that the proposed correlations allow a good prediction of the tendencies as well as the final steady state of the outer droplet size. Note that even after reaching the equilibrium droplet size, the escape of inner droplet continues. Indeed, at equilibrium the breakage rate equals the coalescence rate, but breakage events persist, thus leading to inner droplet escape. In the next sections, the second emulsions will be prepared in 10 s, which provides a good compromise between outer droplet size and encapsulation rate (around 80 %).

It is to be noted that the sonication causes an increase in the temperature that may affect the viscosity of the different phases and their interfacial properties [START_REF] Leong | Ultrasonic Production of Nano-Emulsions for Bioactive Delivery in Drug and Food Applications[END_REF] or may lead to degradation of some materials, such as proteins or surfactants [START_REF] Leong | Ultrasonic Encapsulation -A Review[END_REF] . In this first set of experiments, the temperature increased from 23 ℃ to 30.5 ℃ when the sonication time was the highest (20 s).

However, the increase of 7.5 ℃ was found to have a negligible effect on the viscosity. Indeed, the viscosity-temperature correlation of Stanciu (2012)82 was used and its parameters were identified for mineral oil, giving: . Using this correlation, the viscosities were predicted to be: 45 mPa s at 23 ℃, 42 mPa s at 24.5 ℃, 34.8 mPa s at 28.5 ℃, and 31.7 mPa s at 30.5 ℃. When implementing this viscosity change in the proposed models (equations 8 and 9), only a slight effect could be perceived on the final size and the leakage fraction. As mentioned above, in the following sets of experiments, the emulsification time is fixed at 10 s, therefore, the increase in temperature is of 3.5 °C, which makes the change in viscosity negligible. Therefore, the viscosity of the oil at room temperature can reasonably be considered in both models, and any change due to the increase in temperature can be neglected. Nevertheless, in order to prevent any undesired side effects in case of big thermal increase, a cooling jacketed system may help to maintain the temperature constant during emulsification by sonication17. The model curve is obtained by eq. 8 for the droplet diameter (giving similar results as eq. 9 here) and using equations 10-11 for the yield.

Effect of the oil viscosity

In order to investigate the effect of the oil phase viscosity, four paraffin oils with different viscosities were used: , , and mPa.s. As in the previous section, the primary emulsions were sonicated with 20 % energy amplitude for 60 s (16 W).

Figure 2A shows the size distribution of the inner droplets obtained with the different oil viscosities. While similar sonication energies and times were employed for all oils, bigger water inner droplets were produced when increasing the oil viscosity. These primary emulsions were then used to produce double emulsions by sonication at an energy amplitude of 20 % for 10 s (11 W). Figure 2B shows the size distribution of the outer droplets of different oil viscosities. It can be seen that increasing the oil viscosity leads to the production of slightly bigger outer droplets, except the distribution obtained with the oil of 6 mPa.s which is wider.

In order to explain these observations, the critical capillary is investigated for both the internal and external emulsions. For the primary emulsion, where water constitutes the dispersed phase and oil the continuous phase, the range of viscosity ratios is 0.02, 0.028, 0.04 and 0.15 (corresponding to oil viscosities of 45, 32, 22 and 6 mPa.s), thus less than unity. Based on the Taylor theory [START_REF] Nazarzadeh | Viscosity Effects in Miniemulsification via Ultrasound[END_REF] , the critical capillary decreases with when . Therefore, the primary emulsions have bigger sizes when the oil viscosities are higher (i.e. lower viscosity ratios) (Figure 2A). For the external emulsions, the range of viscosity ratios is 6.7-55. The critical capillary starts to increase with when . Therefore, the outer droplets move towards bigger sizes (Figure 2B and C), i.e., the turbulent disrupting force needs to overcome interfacial forces besides an increasing viscous force. With an oil viscosity of 6 mPa.s, the viscosity ratio is in the intermediate range, i.e.

, where a small effect of the viscosity ratio is observed on the size, and starts changing of sign. In other words, the factor in is negative for the inner droplet and positive for the outer droplets in this study. This allows to predict the droplet size over the whole region of , considering updating the parameter .

Nazarzadeh and Sajjadi [START_REF] Nazarzadeh | Viscosity Effects in Miniemulsification via Ultrasound[END_REF] , studied the effect of viscosity ratio between 0.4 and 100 on the size of emulsions prepared with ultrasound and observed a similar decrease, followed by an almost constant range, then an increase in the droplet size for , , and respectively. 4), and the encapsulation efficiency is obtained by equations 10-11.

The model results for the outer droplet size and encapsulation efficiency are shown in figures 2C and 2D respectively. In order to demonstrate the interest of incorporating the viscosity ratio in the model, equation 8 is plotted with the optimized value of as well as with , thus assuming C to be constant in , as done by Gupta model [START_REF] Gupta | Controlling and Predicting Droplet Size of Nanoemulsions: Scaling Relations with Experimental Validation[END_REF] . It can be seen that accounting for the viscosity ratio leads to a better agreement. However, a different values of would be required for oil viscosities lower than 6 mPa.s, as explained above.

Effect of NaCl fraction

The primary emulsions were sonicated during 60 s with 20 % energy amplitude (16 W) using different NaCl fractions, : 0.025 %, 0.05 %, 0.1 %, and 0.15 % (Set 3, Table 1). Figure 3A shows a slight increase in the size of the inner droplets when increasing the salt fraction, however the minimal size is obtained using 0.05 %. The presence of ions is known to have an effect on the adsorption of surfactant or its spreading on the interface, thus increasing the interfacial tension. This leads to a lower breakage rate, and so to the formation of bigger droplets. Kent and Saunders (2001) similarly indicated that the presence of salt generated higher interfacial tension that was justified by a possible delay in the absorption of surfactant at the oil-water interface [START_REF] Kent | The Role of Added Electrolyte in the Stabilization of Inverse Emulsions[END_REF] .

Double emulsions were then sonicated with an energy amplitude of 20 % for 10 s (11 W). The part of equations 8 and 9 that accounts for the effect of salt fraction is described by or respectively. Accordingly, an increase in the outer droplet size is expected when increasing the salt fraction. Figures 3B and3C indicate an increase in the outer droplet size and Figure 3D shows a higher encapsulation efficiency, when increasing the salt in the internal phase. The observed lower breakage rate when increasing the salt concentration is a consequence of the increased effective interfacial tension term that includes the osmotic pressure. It can be seen that the model allows describing accurately this phenomena. Indeed, using equation 7, is found to be equal to 0.008, 0.009, 0.013, and 0.02 N.m -1 for 0.025 %, 0.05 %, 0.1 %, and 0.15 %, respectively, while the measured is 0.007 N.m -1 .

Note that while the two models predict similar mean diameters over the investigated range of salt fractions (up to =0.15 %), when extrapolating to higher salt fractions the models deviate from each other (figure 3C). Usually the salt fraction is never so high, but if required, this region should be investigated experimentally to check which model would be more appropriate in regions with extremely high salt fractions. 

Effect of the primary emulsion fraction

A primary emulsion was prepared as previously, with 60 s of sonication and 20 % energy amplitude (16 W). The size distribution of the inner droplets is presented in Figure 4A. Then, the double emulsions were sonicated with an energy amplitude 20 % (11 W) during 10 s using different fractions of the primary emulsion, : 10 %, 20 %, 30 % and 40 %. The terms accounting for the fraction of the dispersed phase in the droplet correction are given by and for equations 8 and 9 respectively. This term indicates a damping effect, where increasing lowers the energy dissipation rate and thus hinders the breakage of outer droplet. Figures 4B and4C show respectively the size distribution of the outer droplets and their mean diameters as a function of the fraction of the primary emulsion.

A general increase in the outer droplet size can be observed when increasing . This can be due to a decreased breakage rate (due to the energy dissipation damping) or to an enhanced coalescence rate (due to the higher collision frequency when increasing the dispersed phase fraction). However, Figure 4D indicates that the encapsulation efficiency increases slightly with , as observed by Leong et al. (2017) [START_REF] Leong | Preparation of Water-in-Oil-in-Water Emulsions by Low Frequency Ultrasound Using Skim Milk and Sunflower Oil[END_REF] . From these combined observations, it can be concluded that when increasing the fraction of the primary emulsion, the effective energy imposing on the surface of the outer droplets is damped, leading to a decrease in the breakage and so leakage. Indeed, outer droplet coalescence would not have a direct effect on the encapsulation efficiency and cannot explain both observations. As the model takes into account the damping effect for dissipation subrange, by an analogical derivation of the method of Doulah [START_REF] Doulah | An Effect of Hold-up on Drop Sizes in Liquid-Liquid Dispersions[END_REF] , it shows a good agreement with the experimental data. Leong et al. (2017) [START_REF] Leong | Preparation of Water-in-Oil-in-Water Emulsions by Low Frequency Ultrasound Using Skim Milk and Sunflower Oil[END_REF] did not observe an effect of (varied up to 20 %) on the outer droplet size, except when employing extremely low calorimetric power of 2 W or extremely high power of 26W, where an increase in the outer droplet size was increasing with .

Conclusions

The droplet size and encapsulation efficiency are key parameters of the final product properties of double emulsions. The effect of the process variables on these parameters were investigated experimentally and by modelling. Two correlations for the outer droplet mean diameter were proposed based on fundamental developments for the dissipation energy subrange and accounting for different properties, including the interfacial tension, the viscosities and densities of both phases, the fraction of salt and the sonication time and energy. A correlation is also proposed to estimate the leakage rate.

 Increasing the second step sonication time was found to create smaller outer droplets and consequently higher leakage, until reaching the equilibrium size. At equilibrium, the breakage rate is equal to the coalescence rate and therefore the size does not evolve but the inner droplet leakage continues at a constant rate.

 Increasing the oil viscosity of W/O/W double emulsions was found to form bigger inner droplets (where water represents the dispersed phase) and bigger outer droplets (where the water-oil dispersion represents the dispersed phase) and to lower the leakage rate. This could be explained by the capillary critical, where is negative for the inner droplets and positive for the outer droplets.

 Increasing the salt fraction was found to hinder the breakage, and leakage, and thus to form bigger outer droplets. This phenomenon is driven by the osmotic pressure that adds a force to the droplets interface.

 Increasing the fraction of the primary emulsion was found to dampen the effective energy dissipation rate and thus to form bigger outer droplets and less leakage.

As a perspective, there is still a need to account for the inner droplet size and fraction in the breakage rate, for instance through the outer droplets viscosity and cohesion forces. Moreover, it would be interesting to implement a population balance model to predict the evolution of the droplet size distribution with time.
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 1 Figure 1. Effect of the sonication time in the second emulsification step. (A) Size distribution of inner droplets, (B) size distribution of outer droplets, (C) mean diameter of outer droplets, and (D) encapsulation efficiency.The model curve is obtained by eq. 8 for the droplet diameter (giving similar results as eq. 9 here) and using equations 10-11 for the yield.

Figure 2 .

 2 Figure 2. Effect of the oil viscosity. (A) Size distribution of inner droplets, (B) size distribution of outer droplets, (C) mean size of outer droplets, and (D) encapsulation efficiency. The estimated size is given by eq. 8, both for  = 0 (with

Figure 3 .

 3 Figure 3. Effect of the NaCl fraction. (A) Size distribution of inner droplets, (B) size distribution of outer droplets, (C) mean size of outer droplets, and (D) encapsulation efficiency. The model curve is based on equations 8 and 9 for the droplet diameter and equations 10-11 for the yield.

Figure 4 .

 4 Figure 4. Effect of the primary emulsion fraction. (A) size distribution of inner droplets, (B) size distribution of outer droplets, (C) mean size of outer droplets, and (D) encapsulation efficiency. The model is based on equation 8 for the droplet diameter and equations 10-11 for the yield.

  

Table 1 . Weight fractions and operating conditions First preparation step 1 Second preparation step 1

 1 

					Fractions (wt. %)			Fractions (wt. %)		Operating parameters
	Set	Effect of	(mPa.s)	water NaCl Span 80 Oil Primary water Tween 80 t 2 (s) ∆T (K)	(W)
											5	1.5	9.4
	1	t 2	45	10	0.05	9.95	80	10	89	1	10 15	3.5 5.5	11 11.5
											20	7.5	11.76
			6										
	2		22 32	10	0.05	9.95	80	10	89	1	10	3.5	11
			45										

Table 2 .

 2 Mean diameter correlations for single emulsions, at equilibrium, under turbulent conditions

	Mean (or maximum) diameter correlation		Range		Ref.
						Kolmogorov 60
	Or,	, with	,	(with the impeller diameter)	Hinze	40
	To account for the dispersed phase fraction, :			
					Inertial	Calderbank	63
	With =3.75 for Calderbank (1958). Other values of are available	42,61,62 .	
	To account for the dispersed phase viscosity, :		
						Davies	64
	To account for the viscosity ratio (with D the static mixer diameter):	Chen & Libby	65
		which gives			Dissipation	66,67 Shinnar Taylor 68
						Gupta et al.

51

Table 3 .

 3 Mean outer droplet diameter correlations in double emulsions

	Inertial	Sharma et al.
	With	
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