Jesus F Ontiveros 
email: jesus-fermin.ontiveros@centralelille.fr
  
Roberto Company 
  
Mike Ortega Vaz 
  
Véronique Nardello-Rataj 
  
Microfluidic Emulsification: Process and Formulation Variables Effects in Flow Behavior Pattern on a Flow-Focusing Device

Keywords: Microfluidics, Flow focusing, Salinity scan, Oil scan, Interfacial tension, HLD

Formulation and process variables in surfactant/oil/water (SOW) systems can strongly modify the water/oil interfacial tension leading to different behaviors. Pre-equilibration time of the SDS/toluene/1-butanol/NaCl(aq) system was studied as a process variable and the flow regimes were described at different continuous and dispersed flow rates through a flow focusing geometry. Salinity and oil nature for the SDS/n-alkane/alcohol/NaCl(aq) equilibrated system were studied as formulation variables at fixed dispersed flow rates, changing the continuous flow rate and the formulation variable in order to get O/W or W/O emulsions in hydrophilic and hydrophobic chips, respectively. Preequilibration time modifies the flow regimes depending on the differences observed in the interfacial tension at t = 0 and t = 24h of equilibration. Under very hydrophilic conditions, when γt=24 > γt=0, the entire droplet area is slightly higher for equilibrated systems. At WIII condition, when γt=0 >> γt=24, droplets are formed only in jetting regime for not equilibrated systems. For salinity scan, monodispersed oil droplets were obtained at low salinities, S = 0-0.25% and in the oil scan, water droplets were obtained when using cyclohexane and cyclohexane-hexane mixtures. In both cases, flow regimes are reported into the formulation maps, using the Hydrophilic Lipophilic Deviation as formulation variable (HLD vs flow rate ratio). Droplet size was fitted into the same equation ( ≈ .

), and it is noteworthy that the interfacial tension in CaC is lower than in most of reported works using flow-focusing geometries and both emulsions (W/O and O/W) were obtained with the same surfactant.

Introduction

Since the pioneering work of Thorsen et al. [START_REF] Thorsen | Dynamic Pattern Formation in a Vesicle-Generating Microfluidic Device[END_REF], who reported the first microfluidics system producing monodisperse droplets, the number of fundamental studies and the development of further applications have continuously increased to reach 7000 references todays. Indeed, microfluidics, which is characterized by a laminar regime in opposite to batch reactors, can be used for many purposes as it allows the regular generation of monodispersed droplets which can be used for example as microreactors [START_REF] Song | Reactions in Droplets in Microfluidic Channels[END_REF], for the synthesis of solid nanoparticles [START_REF] Kim | Droplet Microfluidics for Producing Functional Microparticles[END_REF] as well as for the formulation of various dispersed systems such as emulsions [START_REF] Engl | Controlled production of emulsions and particles by milli-and microfluidic techniques[END_REF], from simple oil-in-water and water-in-oil ones to multiple emulsions [START_REF] Nisisako | Controlled formulation of monodisperse double emulsions in a multiple-phase microfluidic system[END_REF][START_REF] Chu | Controllable Monodisperse Multiple Emulsions[END_REF]), vesicles [START_REF] Akbarzadeh | Liposome: classification, preparation, and applications[END_REF] and even more complex colloidal systems [START_REF] Nardello-Rataj | Microfluidique et formulation -Émulsions et systèmes colloïdaux complexes[END_REF].

At the micrometer scale, capillary forces and wettability outweigh the gravitational forces that govern the behavior and flow in channels [START_REF] Baroud | Multiphase flows in microfluidics[END_REF]. The capillary number (Ca), the Reynolds number (Re) and the ratio of viscosities (λ) and flow rates (φ) are the most important dimensionless parameters to characterize the droplets formation under microfluidic conditions [START_REF] Christopher | Microfluidic methods for generating continuous droplet streams[END_REF]. Besides the physical chemical properties of the fluids (viscosity, density, interfacial tension), the wettability of the channel is one of the most important parameters in the droplets formation phenomena [START_REF] Li | Screening of the Effect of Surface Energy of Microchannels on Microfluidic Emulsification[END_REF]. Most of earlier works in microfluidics, related to the formation of droplets, have studied the influence of various variables such as the geometry of the chip, the flow rates of water and oil phases, the properties of the fluids, etc. with different surfactant/oil/water systems.

Typically, water-in-oil (W/O) or oil-in-water (O/W) droplets are stabilized using a surfactant which play a leading role as it prevent from droplets coalescence by electrostatic, steric or entropic repulsions through its adsorption at the water/oil interface [START_REF] Salager | Emulsion properties and related know-how to attain them[END_REF]. The physicochemical properties (e.g. stability, droplet size, polydispersity) of the emulsions are accordingly related to the Surfactant/Oil/Water (SOW) phase behavior which is driven by i) the formulation variables, ii) the composition variables and iii) the process variables. Formulation variables are able to induce changes of the interfacial film (i.e. the surfactant) affinity for the aqueous or oily phase. They are the nature of the surfactant, the nature of the oily phase, the salinity, the presence of additives and the temperature. The composition variables are related to the changes in the relative amount of surfactant and the water/oil ratio. The process variables are related to the order of addition of components, the agitation speed, the pre-equilibration time, or the nature of the mixing process [START_REF] Salager | Emulsion properties and related know-how to attain them[END_REF]. Shui et al. have shown that in microfluidic emulsification, the surfactant role on the morphology of the emulsion (i.e. O/W or W/O) is secondary [START_REF] Shui | Interfacial tension controlled W/O and O/W 2-phase flows in microchannel[END_REF]. The emulsion type in these systems is indeed determined by wall wettability [START_REF] Li | Screening of the Effect of Surface Energy of Microchannels on Microfluidic Emulsification[END_REF][START_REF] Shui | Interfacial tension controlled W/O and O/W 2-phase flows in microchannel[END_REF]. When emulsions are prepared using microfluidics, the process variables are different from conventional emulsions and they are linked to the methods to get droplets, to the wettability of the chip [START_REF] Li | Screening of the Effect of Surface Energy of Microchannels on Microfluidic Emulsification[END_REF] and to the geometry of the system [START_REF] Anna | Formation of dispersions using "flow focusing" in microchannels[END_REF]. The methods to obtain droplets from microfluidics devices are passive when the droplet formation is entirely due to the flow field, and active when an external force (electrical, mechanical, acoustic) mediates on the growth and breakup of the droplet [START_REF] Christopher | Microfluidic methods for generating continuous droplet streams[END_REF]. There are three passive typical geometries: co-flowing [START_REF] Umbanhowar | Monodisperse Emulsion Generation via Drop Break Off in a Coflowing Stream[END_REF], cross-flowing [START_REF] Thorsen | Dynamic Pattern Formation in a Vesicle-Generating Microfluidic Device[END_REF] and flow focusing [START_REF] Anna | Formation of dispersions using "flow focusing" in microchannels[END_REF]. Despite numerous studies on drops formation by microfluidics using these geometries [START_REF] Song | Reactions in Droplets in Microfluidic Channels[END_REF][START_REF] Garstecki | Formation of droplets and bubbles in a microfluidic T-junction-scaling and mechanism of break-up[END_REF][START_REF] Griffiths | Miniaturising the laboratory in emulsion droplets[END_REF][START_REF] Tice | Formation of Droplets and Mixing in Multiphase Microfluidics at Low Values of the Reynolds and the Capillary Numbers[END_REF], most of the work deals with changes on the physical properties of fluids [START_REF] Nie | Emulsification in a microfluidic flow-focusing device: effect of the viscosities of the liquids[END_REF] isolating the influence of formulation variables on the response of the system. These variables, so important to design emulsions in a conventional way, have not been deeply studied in microfluidics with SOW systems.

The effects of the formulation variable are gathered in the generalized formulation variable [START_REF] Salager | Partitioning of Ethoxylated Octylphenol Surfactants in Microemulsion-Oil-Water Systems: Influence of Temperature and Relation between Partitioning Coefficient and Physicochemical Formulation[END_REF] called Hydrophilic Lipophilic Deviation (HLD) which is a semi-empirical dimensionless expression of the difference of affinity of the surfactant for the water and oil phases. For ionic surfactants the HLD equation may be expressed as follows:

= + ln ( ) - + ( ) + ( -25) (3) 
Where β, k and at are characteristic parameters of the surfactant, S is the salinity (g/dL of NaCl), T is the temperature (°C), A is the alcohol concentration (g/dL), and ACN represents the oil nature (ACN, alkane carbon number). Figure 1 shows the relationship between the phase behavior of SOW systems at equilibrium with the HLD and after stirring. Scanning one formulation variable changes the affinity of the surfactant (HLD) as well as the interfacial tension of the system [START_REF] Salager | How to Attain Ultralow Interfacial Tension and Three-Phase Behavior with Surfactant Formulation for Enhanced Oil Recovery: A Review. Part 1. Optimum Formulation for Simple Surfactant-Oil-Water Ternary Systems[END_REF]. Acosta et al. have proposed the net-average curvature model (HLD-NAC) to reproduce the solubility, the equivalent droplet radius and the interfacial tension of microemulsion based on a statistical description of the curvature using a net curvature HN (for the surfactant membrane) and an average curvature HA (related to the mean size of oil and water regions in microemulsion) [START_REF] Acosta | Net-Average Curvature Model for Solubilization and Supersolubilization in Surfactant Microemulsions[END_REF]. From experimental data, a length parameter "L" can be estimated for each surfactant. In addition, using the HLD equation and the proposed model, the interfacial tension can be fitted and the interfacial rigidity (ER) of the system calculated [START_REF] Acosta | Net-Average Curvature Model for Solubilization and Supersolubilization in Surfactant Microemulsions[END_REF]. The minimum of interfacial tension, which corresponds to the so-called "optimal formulation", delimits a zone where emulsions are not stable. For a fixed protocol and a surfactant concentration, the properties of macroemulsions (size, viscosity and stability) obtained by the agitation of SOW systems are strongly related to the changes on formulation and the ratio oil/water [START_REF] Salager | Emulsion properties and related know-how to attain them[END_REF].

Salinity scan is the typical tool that allows engineers working into enhanced oil recovery to test different surfactants in order to get ultra-low interfacial tension with a specific crude oil at the reservoir temperature. Several authors have claimed that microfluidics could be used as a screening technology for EOR [START_REF] Lifton | Microfluidics: an enabling screening technology for enhanced oil recovery (EOR)[END_REF]. However, there are few works which deals with salinity influence into the flow behavior of SOW systems [START_REF] Bolognesi | Microfluidic generation of monodisperse ultra-low interfacial tension oil droplets in water[END_REF][START_REF] Moiré | Ultralow Interfacial Tension Measurement through Jetting/Dripping Transition[END_REF].

As established by Whitesides [START_REF] Whitesides | The origins and the future of microfluidics[END_REF], the future of microfluidics depends on "a great deal of work" to overcome the academic field. The aim of the present work is to investigate the influence of the formulation variables onto the flow behavior patterns and droplets formation of SOW systems in a flow-focusing device. Salinity (S) and nature of the oil (quantified through the Equivalent Alkane

Carbon Number -EACN) were chosen as the formulation variables. The SOW system was based on sodium dodecyl sulfate and contained some alcohol, a typical additive use to avoid liquid crystal phases while reaching very low interfacial tension. One process variable, i.e. the pre-equilibration time, was also studied. The evolution of flow patterns, droplets size with flow rates at different HLD conditions both in hydrophilic and hydrophobic chips has been established and the relation between droplets size and the physical properties as interfacial tension or viscosity is discussed.

Experimental

2.1 Materials.

Chemicals:

Hexane (≥ 99%), octane (≥ 99%), decane (≥ 99%), dodecane (≥ 99%), hexadecane (99%), squalane (99%), toluene (99.9%) and cyclohexane (99.5%) were purchased from Sigma Aldrich. Sodium dodecyl sulfate (SDS) (99%) and 1-butanol (99%) were obtained from Acros.

Hexadecyl trimethyl ammonium bromide (98%), n-tetradecane (99%) and 1-pentanol (≥ 99%) were supplied by Alfa Aesar. Sodium chloride (99.8%) was from Fischer. Milli-Q water (18.2 MΩ•cm) was used in all experiments.

2.1.2 Microfluidics: equipment was composed of a glass chip with flow focusing geometry with a junction of 100 µm depth from DOLOMITE (references 3000158 and 3000301 for the hydrophilic and the hydrophobic chip, respectively). The continuous and dispersed phases entered the device in three separated identical micro-channels (elliptical cross section, width=300µm, depth=100µm) and they come into contact after entering a small junction channel (elliptical cross section, width=105µm, depth=100µm) as schematized in Figure 2. This glass chip was linked to two P-pumps pressure pumps also from DOLOMITE connected to the chip by a PTFE tubing of I.D.100 µm. The flow rate was quantified by a Mitos flow rate sensor and controlled with a software. In order to get the appropriated flow, flow resistors (F-10, F-30 or F-100) were sometimes added to the system.

Observation of the flow behavior was made thanks to a stereoscopic microscope with 7.5 x zoom range, up to 50 x zoom and was analyzed after 5 min of dynamic equilibration of the system, assuming that steady state had been reached. Droplet size was determined using ImageJ software. After each set of experiments, the tubing and the chip were cleaned with ethanol for 1 hour. Additionally, the chip was submerged into an ultrasound bath with ethanol or dichloromethane.

Interfacial tension, density and viscosity measurements: Interfacial tension (IFT) measurements

were performed by using a spinning drop tensiometer (SDT) Site 100 from KRUSS equipped with drop shape analysis software DSA2 and a temperature control. IFT measurements were realized at least three times for two different samples. Density and viscosity measurements were carried out with a Densimeter DMA4100M with a microviscometer Lovis 2000ME.

Experimental Design.

Two surfactant/oil/water (SOW) systems were investigated: 1) sodium dodecyl sulfate-SDS (2 wt.%)/toluene/1-butanol (4 wt.%.)/NaCl(aq) and 2) SDS (0.66 wt.%)/1-pentanol (4.6 wt.%)/oil/NaCl(aq) (3.5 wt.%) system. It is noteworthy that percentage of salinity refers to the weight of NaCl into the aqueous phase while surfactant and alcohol concentrations refer to the total weight of the SOW system. The first system was described by Belocq et al. [START_REF] Bellocq | Three-dimensional phase diagram of the brine-toluene-butanol-sodium dodecyl sulfate system[END_REF] and by Pouchelon et al. [START_REF] Pouchelon | Light scattering from oil-water interfaces: measurements of low interfacial tensions[END_REF] and the second one by Salager et al. [START_REF] Salager | Surfactant-oil-water systems near the affinity inversion part III: The two kinds of emulsion inversion[END_REF]. The concentration of surfactant and cosurfactants of these systems are used approximately as in the references. For pre-equilibrated samples, the systems were prepared
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Dispersed Phase using the same weight of water and oil (fw=0.5). Microfluidics experiments were all done at a fixed dispersed flow rate, only the continuous flow rate was changed.

Formulation Variables: salinity and oil scan

The SDS/1-butanol/toluene/NaCl(aq) system, whose interfacial tensions are reported in the literature [START_REF] Pouchelon | Light scattering from oil-water interfaces: measurements of low interfacial tensions[END_REF], was studied at different salinities from 0 to 20 wt.%. It is important to The SDS/1pentanol/oil/NaCl(aq) system was studied with different oils of variable hydrophobicity from squalane (EACN = 24) [START_REF] Queste | The EACN scale for oil classification revisited thanks to fish diagrams[END_REF] to cyclohexane (EACN = 2.2) [START_REF] Bouton | A QSPR Model for the Prediction of the "Fish-Tail" Temperature of C i E 4 /Water/Polar Hydrocarbon Oil Systems[END_REF]. Increasing the salinity of the aqueous phase or decreasing the hydrophobicity of the oil induce phase transitions from Winsor I (surfactant in the aqueous phase) to Winsor II systems (surfactant in the oily phase), passing through a three-phase behavior, i.e. the so-called Winsor III. The SOW systems were gently mixed to assist the contact of phases while avoiding emulsification. Samples were placed in a thermostatic bath HUBER Ministat 125 at 25 °C until phase separation and equilibrium were reached. Visual inspection of samples allowed the determination of the phase behavior in order to classify them according to the Winsor nomenclature [START_REF] Alan | Solvent properties of amphiphilic compounds[END_REF]. After 24 h, the oily and aqueous phases were carefully separated using one syringe for each phase. Both oily and aqueous phases were injected in the microfluidics system.

Pre-equilibration time

For non-pre-equilibrated systems, 1-butanol, SDS and 1-pentanol were added to the aqueous phase and to the oily phase, respectively in the needed amounts to formulate a system at fw=0.5 (same weight aqueous and oil phases) at the same concentration as for the equilibrated system. As a matter of fact, the real concentration in the microfluidic chip is different because the flow rate of continuous and dispersed phases are variable and they do not keep their initial weight ratio (in both equilibrated and not equilibrated experiments). The phases were then placed directly into the pumps without any preequilibration contact. Table 1 indicates the viscosity and interfacial tension of representative SOW systems studied in this work. The interfacial tension values of the SDS/1-butanol/toluene/NaCl(aq) system when salinity is higher than 4% have already been reported by Pouchelon et al. [START_REF] Pouchelon | Light scattering from oil-water interfaces: measurements of low interfacial tensions[END_REF]. a IFT was measured between the microemulsion and the aqueous phase.

Results and Discussion

Influence of the pre-equilibration time of the SOW system

Salager et al. have shown that for a SOW system, the morphology of the resulting emulsion after agitation depends on the pre-equilibration time [START_REF] Salager | Apparent Equilibration Time Required for a Surfactant-Oil-Water System to Emulsify into the Morphology Imposed by the Formulation[END_REF]. There is a minimum of pre-equilibration time to produce the emulsion consistent with the phase behavior observed at equilibrium. This parameter, known as the apparent equilibration time (tAPE) is strongly dependent on the formulation: the closer to the optimum formulation the sample is, the more tAPE decreases.

The influence of two variables was studied, i.e. the phases flow rate ratio (#′) and the pre-equilibrium time (tEq) under the same formulation conditions for the SDS/1-butanol/toluene/water system free of salt. Under these conditions, the affinity of the surfactant for the aqueous phase is higher and the phase behavior at equilibrium is a Winsor I (WI) system. The capillary number Ca was calculated as proposed by Anna et al. [START_REF] Anna | Microscale tipstreaming in a microfluidic flow focusing device[END_REF], taking into account the change of velocity of the continuous phase flow through the flow focusing chip and the viscosity of the continuous phase (Eq. 4). The flow rate ratio was calculated analogously to the water fraction fw described in the literature for SOW systems (Eq.

5)
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The flow behavior map for the SDS/1-butanol/toluene/water system is shown in Figure 3 for both teq = 0 and teq = 24 h. 
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Flow Rate Ratio (φ') (geometry-controlled or squeezing, dripping and jetting) allow droplets breakup formation while the jet flow does not. In geometry-controlled or squeezing regime, the droplets size is in the same order or higher than the orifice size; in dripping regime the droplets are smaller than orifice but in both cases the droplet formation happens inside the junction. In jetting flow, the jet of the dispersed phase breaks after the exit of the junction [START_REF] Christopher | Microfluidic methods for generating continuous droplet streams[END_REF][START_REF] Anna | Microscale tipstreaming in a microfluidic flow focusing device[END_REF]. Tip-streaming or thread formation regimes reported in the literature (at φ'=0.976-0.996) [START_REF] Anna | Microscale tipstreaming in a microfluidic flow focusing device[END_REF][START_REF] Moyle | Predicting conditions for microscale surfactant mediated tipstreaming[END_REF] are not observed in our SOW systems probably because the dispersed flow rate is not low enough compared to that of the continuous flow rate and the maximum φ' ratio is 0.97.

t eq =24h Q D =2µL/min Q D =5µL/min Q D =9µL/min Q D =40µL/min Q D =17µL/min
Monodispersed droplet formation in geometry-controlled or dripping regime is possible only at low disperse phase flow rates in both cases. However, the dripping and geometry controlled zones are smaller for the equilibrated sample. If polydispersed droplets obtained in jetting regime are taken into account, the flow rate interval in which droplets are obtained is slightly larger for the equilibrated system. At 8 µL/min, the non-equilibrated sample presents 3 droplets regimes but after 24h of preequilibration, it presents just jetting flow. By maintaining the same dispersed flow rate QD, an increase of the continuous flow rate (increasing at the same time Ca and the flow rate ratio) produces a transition from geometry-controlled to jetting regime as reported by Anna et al. [START_REF] Anna | Microscale tipstreaming in a microfluidic flow focusing device[END_REF] at higher volume flow rate ratios (0.975 < #′ < 0.998 ; QC >> QD) for the C12E8/light mineral oil/water system. At high dispersed flow-rate, there is no droplet formation but a continuous jet, whatever the Ca value. Even if the continuous flow rates are similar, the values of Ca for the not pre-equilibrated system are higher than those of the equilibrated one, since the interfacial tension of this system is higher as indicated in Table 1 (1.42 vs. 0.53 mN/m). To get the same Ca, the equilibrated sample requires a higher continuous flow rate.

These interfacial tensions are different as expected because of the different diffusion rates of the chemical species (surfactant and alcohol) to the interface. For the experiments with pre-equilibrated phases, the interfacial tension in the microfluidic chip must be close to the equilibrium value (see Table 1,t=24h). For non-equilibrated fluids, the interfacial tension used to calculate the Ca in Figure 3 is the instantaneous interfacial tension (see Table 1,t=0h). The interfacial tension for the nonequilibrated samples certainly depends on the phase flow rates but its estimation is beyond the scope of this paper.

Table 2 shows photos at the same salinities and flow rates but different pre-equilibration times. At 0% NaCl, QD = 3 and QC = 100 µL/min, there is a jetting regime for both samples (teq = 0 and 24h).

However, the critical thread length "LC" is shorter for the pre-equilibrated sample. According to Cubaud et al. [START_REF] Cubaud | Capillary threads and viscous droplets in square microchannels[END_REF], the LC is inversely proportional to the interfacial tension so the lower value for the pre-equilibrated sample justifies the longer thread. The same behavior is observed for the sample at 2 wt.% NaCl, where Lc is shorter for the equilibrated sample. If the salinity of the system increases to 2%, a more dramatic situation regarding the interfacial tension is observed. In this case, the results of the instantaneous interfacial tension show the same tendency as in the case of the salt-free system and the interfacial tension is higher for the equilibrated system (see Table 2). However, when measuring the IFT, the drop of pure toluene dissolves gradually in the aqueous solution, containing 1-butanol and SDS, and finally disappears after 25 s when the phases are not previously equilibrated. With the spinning drop tensiometer (SDT), the high speed of rotation (2000 rpm in this case) enhances the mass transfer and oil is finally dissolved. The droplets formed in the flow focusing chip are not under the same shear stress as in the SDT and very low Reynolds numbers are obtained (laminar regime), decreasing the rate of mass transfer in the system.

These facts, and the differences in the limits between the flow behaviors in Figure 2, suggest that droplets obtained by microfluidics must be analyzed carefully according to the physicochemical behavior of the fluids at the equilibrium. Even if droplets can be obtained under a certain flow rate conditions, their stability depends on the equilibrated behavior and the mass transfer after their formation can be reduced by pre-equilibration of the system. In the next sections, the influence of salinity and oil are investigated under equilibrated conditions.

Influence of salinity

Increasing NaCl concentration decreases the affinity of ionic surfactants for the aqueous phase. Figure 4 shows a salinity scan for the SDS (2 wt.%)/ 1-butanol (4 wt.%)/toluene/NaCl(aq) system at 25 °C and a water fraction of 0.5. Hydrophilic (Brilliant Blue FCF) and hydrophobic (quinoline yellow) dyes were added to facilitate identification of different behaviors. The green phase indicates the surfactantrich phase. In WI systems, the affinity of the surfactant for the aqueous phase is higher while in WIII systems, its affinity for the aqueous and oily phases is equal. In the absence of NaCl, the surfactant solubilizes only small amounts of oil, as evidenced by the blue color of the aqueous phase. The system changes from WI (i.e. below 5 wt.% salt) to WII systems (i.e. above 8 wt.% salt) passing through the three-phase WIII system (i.e. at 6 and 7 wt.% salt). In order to study the effect of salinity in the flow behavior, the separated aqueous and oily phases from WI and WII systems were introduced into the flow focusing device. WI and WII systems were studied into hydrophilic (aqueous phase as the continuous phase) and hydrophobic devices (oily phase as the continuous phase) respectively. Figure 5 shows the different patterns of flow obtained at different salinities. As most of the droplets formation regimes were obtained with low dispersed flow rates in Figure 3, it was maintained at 3µL/min and the continuous phase was changed in the 3-100µL/min interval. Salinity is expressed in a logarithmic scale as in the HLD equation for ionic surfactants (Eq.

1)

. The values of HLD for each salinity were calculated from equation 3. EACN of toluene was considered equal to 1 and the parameters , and ( ) were taken from literature [START_REF] Salager | Formulation des micro-émulsions par la méthode HLD[END_REF]. between 0.009 and 0.07 at flow rate ratios of 0.5-0.9.

The droplets formation in flow focusing geometry is the consequence of both capillarity instability and viscous drag [START_REF] Zhou | Formation of simple and compound drops in microfluidic devices[END_REF]. At low salinities, the increase of flow rate ratio produces a Geometry-controlled → Dripping → Jetting transition as observed in section 3.1.

- Equilibrated three phases systems (WIII) do not present a stable flow regime when the excess oil, water or microemulsion equilibrated phases are disposed in hydrophilic or hydrophobic chip, at least at the studied flow rate conditions. In these systems, the surfactant affinity is quite similar for oil and water, so the wetting properties of the microemulsion and the wall of microfluidic chips (both hydrophilic and hydrophobic) are partial, explaining that dispersed phase is continuously or intermittently adhering to the wall as described by Dreyfus et al. [START_REF] Dreyfus | Ordered and Disordered Patterns in Two-Phase Flows in Microchannels[END_REF]. Moiré et al. [START_REF] Moiré | Ultralow Interfacial Tension Measurement through Jetting/Dripping Transition[END_REF], using a sodium dodecyl benzene sulfonate/iso-butanol/n-decane/NaCl(aq) equilibrated system in a vertical coflowing geometry, obtained a jet / jetting transition when microemulsion and water (or oil) are the dispersed and continuous phases, respectively. They did not observed droplets in a dripping or geometry controlled regime at these ultralow interfacial tensions.

The salinity interval in which WIII behavior was observed is highlighted as scratched area in Figure 4. For salinities higher than 8 wt.%, the interfacial tension must increase according to the scheme on Figure 1 and to the experimental tension data reported by Poucheron et al. [START_REF] Pouchelon | Light scattering from oil-water interfaces: measurements of low interfacial tensions[END_REF]. The obtained flow behavior is "jet flow" or "jetting", and the increase of salinity increases the size of the "jetting" flow behavior zone.

Influence of the nature of oil

The hydrophobicity of the oil phase is an important parameter into the hydrophilic-lipophilic deviation of a SOW system. It can be quantified with the EACN, i.e. Equivalent Alkane Carbon Number, which is equal to the number of carbon atoms (ACN) when the oil is an n-alkane [START_REF] Salager | How to Attain Ultralow Interfacial Tension and Three-Phase Behavior with Surfactant Formulation for Enhanced Oil Recovery: A Review. Part 1. Optimum Formulation for Simple Surfactant-Oil-Water Ternary Systems[END_REF][START_REF] Cayias | Modeling crude oils for low interfacial tension[END_REF]. For n-alkanes, the interactions between the alkyl chains increase with their length, favoring the affinity of the surfactant for the aqueous phase. When the alkyl chain of alkane decreases (or increasing the polarity of the oil), the surfactant affinity tends to increase for the oily phase. The phase behavior for the SDS (0.66 wt.%)/pentanol (4.6 wt.%)/oil/NaCl(aq) (3.5 wt.%) indicates that the system presents WII systems when the equivalent alkane carbon number (EACN) of the oil is lower than 6 (hexane). When the EACN is higher than 10 (decane), the affinity is higher for the aqueous phase (WI). Interfacial tension follows the typical trend with formulation variables, as shown in Table 1, with a minimum of interfacial tension close for octane. Figure 6 shows the different patterns of flows obtained for each oil.

Hydrophilic device was used for EACN > 10 and the hydrophobic ones when EACN < 6. Values are presented in reverse order to be consistent with the HLD equation (negative coefficient for EACN variable). The values of HLD for the different oils were calculated from equation 3. ( ) was considered equal to 2.5 due to the high concentration of n-pentanol. Parameters and were taken from literature [START_REF] Salager | Formulation des micro-émulsions par la méthode HLD[END_REF]. Near the three phase systems, the low interfacial tension enhances the jet flow behavior as shown for the SDS / 1-butanol / toluene / NaCl(aq) system. However, contrary to the observed behavior in the salinity scan, there is a jet flow for almost all the tested oils in the WI zone and only a small area with jetting flow using hexadecane (ACN = 16) as the oil. For the WII systems, there is a dripping zone when cyclohexane or a cyclohexane/hexane mixture (EACN = 2.2-3) were used.

In terms of physical properties, capillary number Ca depends on the viscosity of the continuous phase and on the interfacial tension of the system and it is well established that an increase of Ca number enhances the jetting formation. When EACN passes from 10 to 24, aqueous viscosity slightly decreases (from 1.70 to 1.02 mPa•s) and interfacial tension increases (from 0.023 to 0.62 mN/m). The increase of viscosity in the vicinity of the three phase behavior has been reported previously by Pouchelon et al [START_REF] Pouchelon | Light scattering from oil-water interfaces: measurements of low interfacial tensions[END_REF] and in our system, it is the consequence of the high solubility of decane into the aqueous microemulsion.

Under the same continuous flow rate, Ca decreases. In other words, when the jetting flow is reached with hexadecane, jetting or other droplet flow regimes were expected using a mixture of hexadecane/squalene (EACN = 18.8) or pure squalene (EACN = 24) because of the decrease of Ca.

However, a jet regime was always obtained. This behavior could be explained by the relative high viscosity of the dispersed phase. The viscosity ratio λ in the WI zone increases from 0.52 with decane to 20.88 with squalane as the oil. These values are higher than those obtained in the WII zone (λ = 1.85 at EACN 5 to λ = 0.88 at EACN 2.1) as well as those observed for the salinity scan. For the oil scan in the WI zone, the flow behavior is not much affected by the changes in the flow rate of the continuous phase, which is the less viscous one. According to Kovalchuk et al. [START_REF] Kovalchuk | Effect of surfactant on emulsification in microchannels[END_REF], when there is a high difference between the viscosity of the fluids, the transition jetting/dripping is determined for the capillary number of the more viscous liquid which is, in this case, the dispersed phase. Moreover, Cubaud et al. [START_REF] Cubaud | Capillary threads and viscous droplets in square microchannels[END_REF] studied the flow behavior of several fluids pairs in a focusing geometry with high differences in their viscosities (22 < λ < 1484) and demonstrated that transition between jetting and dripping regimes occurs around a critical value of CaD ≈ 0.1. However, the authors indicated that this value also depends on CaC. Cubaud et al. [START_REF] Cubaud | Capillary threads and viscous droplets in square microchannels[END_REF] calculated Ca number referred to each fluid and its properties. For the flow focusing geometry used in this work, Ca can be written as follows:

5 = % 5 ' () * 4, 5 -ℎ . 1 - 1 12 (6) 
In our system, droplets are obtained when capillary number for the dispersed phase CaD is between 0.070 and 0.067 (i.e. at EACN = 2.1 and 3 respectively) and for the continuous phase, when Ca is between 0.19 and 0.75. In the WI region, the CaD passes from 0.30 (EACN = 10) to 0.27 (EACN = 24)

with a minimum of 0.22 (EACN = 13), higher in all cases than the CaD for the observed dripping regime in the WII zone. These results proved that the dripping/jetting transition depends on both continuous and dispersed capillary number.

Due to the unstable behavior of the WIII systems (lowest w/o interfacial tension) for the salinity scan in the microfluidic chip, the pre-equilibrated WIII systems in the oil scan were not tested. Hence, The jetting flow produces a polydispersed population of droplets (presence of small satellite droplets is inferred from Figure 7A, and confirmed in Figure 7B with an average diameter of 56 µm for the biggest ones. Though droplets can be formed with a specific formulation (Fig. 7A), their stability depends on the behavior at equilibrium. The three-phase behavior (WIII) is well known to give unstable emulsions which thus must be formulated far away from this condition [START_REF] Salager | Emulsion properties and related know-how to attain them[END_REF] in order to increase their stability. As expected, Figures 7B and7C show a high coalescence rate for the obtained droplets whose size has increased in few minutes. Bolognesi et al. [START_REF] Bolognesi | Microfluidic generation of monodisperse ultra-low interfacial tension oil droplets in water[END_REF] have reported the formation of monodispersed droplets using the AOT / heptane / NaCl(aq) system which presents ultralow interfacial tension systems in a microfluidic chip (d = 17µm ; D = 500µm). The microfluidics experiments were also carried out with tEq = 0, and monodispersed droplets were obtained only when the interfacial tension of the equilibrated system was higher than 0.1 mN/m. Indeed, these droplets were formulated at T > PIT and the authors studied the thermal capillary waves when cooling the droplets at a temperature close to the inversion in which the interfacial tension at equilibrium is ultralow. These results confirm the observations in section 3.1 on the influence of the pre-equilibration time in the flow-regimes.

Droplets diameter and formulation variables

Figures 8A and8B show the droplet size obtained with salinity and oil scan as a function of the flow rate ratio or capillary number of the continuous phase. Jetting presents polydispersed droplets and some of the geometry controlled droplets were more "plugs" than spherical, so only dripping and geometry controlled regimes which d < D were taken into account in these figures. Whatever the representation, i.e. considering either the flow rate ratio or the continuous capillary number, the droplet diameter decreases when these variables increase as reported elsewhere [START_REF] Lee | Role of geometry and fluid properties in droplet and thread formation processes in planar flow focusing[END_REF]. At the same flow rate ratio, the water droplets are quite smaller than the oil droplets (Fig. 8A), due to the lower interfacial tension measured for the system used to formulate the oil scan. CaC, that takes into account the viscosity of the continuous phase and the interfacial tension of the system, allows a representation where both oil and water droplets diameters can be fitted in a power law model:

3 3 6 = 0.403 . (6) 
Lee et al. [START_REF] Lee | Role of geometry and fluid properties in droplet and thread formation processes in planar flow focusing[END_REF] using several oils and C12E8/Water as dispersed phase reported an exponent of -0.33 and Tan et al. [START_REF] Tan | Drop dispenser in a cross-junction microfluidic device: Scaling and mechanism of break-up[END_REF] using oleic acid and water reported exponents between -0.27 and -0.34 with a flow focusing system for W/O systems. The exponent of the power law obtained is close to the values reported in the literature for similar flow focusing geometries. It is noteworthy that the interfacial tension reported in our case is lower than in most of these works and it is the first work in which both morphologies of emulsions (W/O and O/W) are obtained with the same surfactant.

Conclusion

Water/oil interfacial tension is one of the most important variables in flow behavior when oil and water dispersions are formulated in microfluidics devices. A process variable as the pre-equilibration time influences the flow behavior depending on the differences observed in the interfacial tension between phases with and without equilibration. For systems exhibiting a three-phase behavior at equilibrium, the mixing of non-equilibrated phases allows obtaining droplets in jetting regime, even if their coalescence rate is high. For system with a Winsor I behavior, the mixing of equilibrated phases slightly reduces the zones in which dripping and geometry-controlled regimes exists.

Formulation variables such as salinity or nature of the oil are able to induce major changes in the interfacial tension of SOW systems. This work clearly established the different flow patterns for the SDS/1-butanol/toluene/NaCl(aq) system at different salinities and for the SDS/1-pentanol/oil/NaCl(aq) (3.5 wt.%) system with different oils. In both cases it is the first time that formulation maps, described in literature for conventional emulsions (HLD vs. water fraction) [START_REF] Salager | Surfactant-oil-water systems near the affinity inversion part III: The two kinds of emulsion inversion[END_REF], are established in a microfluidic configuration using the Hydrophilic Lipophilic Deviation (HLD) to rationalize the changes in the Capillary number. Systems near the "optimal formulation" are not able to produce monodispersed droplets at the studied flow rate intervals (3 or 6 µL/min of dispersed phase), by the low values of the interfacial tension and jetting or jet flow regimes are always observed.

For the salinity scan, oil droplets in water were obtained at very low salinities (0-0.25%) when interfacial tension is close to 1 mN/m. For the oil scan, water droplets in oil were obtained using cyclohexane (EACN = 2.1) and a mixture cyclohexane-hexane (EACN = 3), when interfacial tension is 0.1 mN/m. For oils with an equivalent or higher interfacial tension than the one measured for the cyclohexane system, droplets were not obtained. Oil scan flow behavior is more complex because this variable induces also major changes in the viscosity of the oil. The oil scan illustrates well that Ca of both continuous and dispersed phase are important to define the dripping/jetting transition. Finally, droplet size is fitted and both morphologies of emulsions (W/O and O/W) follow a power law model ( ≈ .

).
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Figure 1 .

 1 Figure 1. Phase behavior at equilibrium and interfacial tension of Surfactant/Oil/Water systems when scanning one formulation variable.

Figure 2 .

 2 Figure 2. Scheme and photography of the flow focusing geometry chip.

Figure 3 . 3 .

 33 Figure 3. Capillary number Ca vs. Volume flow rate ratio (φ') at 0 wt.% NaCl for the 2 wt.%. SDS/1butanol/toluene/water system with A) teq = 0 and B) teq = 24h. Dotted lines correspond to iso-flow rates of dispersed phase. • Geometry-controlled/Squeezing • Dripping • Jetting • Jet flow.

Table 2 .

 2 Examples of flow regimes at different pre-equilibration times for the SDS/1butanol/toluene/water system.

Figure 4 .

 4 Figure 4. Phase behavior of the SDS/1-butanol/toluene/water system for different salinities from 0 to 10 wt.% at 25 °C.

Figure 5 .

 5 Figure 5. Flow behavior map. Salinity / HLD vs. volume flow rate ratio (φ') for the SDS (2 wt.%) / 1butanol (4 wt.%) / toluene / NaCl(aq) system at room temperature after 24h of equilibration. QD = 3µL/min. • Geometry-controlled/Squeezing • Dripping • Jetting • Jet flow.

Figure 6 .

 6 Figure 6. Flow behavior map. EACN / HLD vs. Volume flow rate ratio (φ') for the SDS (0.66 wt.%) / pentanol (4.6 wt.%) / oil / NaCl(aq) (3.5 wt.%) system at room temperature after 24h of equilibration. QD = 6µL/min. • Geometry-controlled/Squeezing • Dripping • Jetting • Jet flow.

Figure 6 Figure 7 .

 67 Figure6also shows a scratched area as Figure4does. However, the non-equilibrated SDS / octane / 1-pentanol / NaCl (3.5 wt.%) system was injected in the hydrophilic chip. The aqueous solution of surfactant and salt is the continuous phase and the 1-pentanol mixed with the octane is the dispersed phase. Several flow rate ratios were tested and jet flow was obtained for all cases, in order to get a jetting regime, the dispersed rate was decreased to 1 µL/min. Figure7Ashows a photo for the jetting regime obtained at QC = 27µL/min and QD = 1µL/min while Figures 7B and 7C are microscopic images for the sample 10 and 20 min after preparation.A

Figure 8 .

 8 Figure 8. Dependence of the drop diameter of flow rate ratio (A) and Capillary number based on continuous flow (B).

  

Table 1 .

 1 Viscosity

	System	Phase	Pre-	Viscosity	Viscosity	Interfacial
	Surfactant/Alcohol/Oil/	behavior at	equilibration	µoily phase	µaq phase	tension
	Water	equilibrium	time teq (h)	(mPa•s)	(mPa•s)	(mN/m)
	SDS/1-butanol/toluene/ Water	WI	0 24	0.560 0.566	1.657 1.831	0.53±0.07 1.42±0.05
	SDS/1-butanol/toluene/ 0.147% NaCl	WI	24	0.595	1.616	0.80±0.05
	SDS/1-butanol/toluene/ 0.215% NaCl	WI	24	0.578	1.606	0.94±0.09
	SDS/1-butanol/toluene/ 0.464% NaCl	WI	24	0.581	1.410	0.75±0.03
	SDS/1-butanol/toluene/ 2% NaCl	WI	0 24	0.560 0.571	1.601 1.530	0.015±0.001 0.276±0.004
	SDS/1-pentanol/cyclohexane (EACN = 2.1)/ NaCl(aq)	WII	24	1.112	0.971	0.109±0.006
	SDS/1-pentanol/cyclohexane-hexane (EACN = 3)/NaCl(aq)	WII	24	0.648	0.846	0.10±0.01
	SDS/1-pentanol/cyclohexane-hexane (EACN = 4)/NaCl(aq)	WII	24	0.628	0.967	0.100±0.002
	SDS/1-pentanol/cyclohexane-hexane (EACN = 5)/NaCl(aq)	WII	24	0.437	0.807	0.08±0.01 a
	SDS/1-pentanol/octane/NaCl(aq)	WIII	0 24	0.593 0.553	1.075 1.064	0.7±0.2 0.006±0.002
	SDS/1-pentanol/decane/NaCl(aq)	WI	24	0.888	1.697	0.023±0.001
	SDS/1-pentanol/ dodecane/NaCl(aq)	WI	24	1.664	1.397	0.061±0.002
	SDS/1-pentanol/hexadecane/ NaCl(aq)	WI	24	2.991	1.272	0.107±0.002
	SDS/1-pentanol/hexadecane-					
	squalane (EACN = 18.8)/	WI	24	7.163	1.15	0.21±0.02
	NaCl(aq)					
	SDS/1-pentanol/squalane (EACN = 24)/ NaCl(aq)	WI	24	21.24	1.017	0.62±0.06

and interfacial tension of all the surfactant/oil/alcohol/water systems investigated in this work.
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