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A new spinning drop tensiometer with an oscillating rotation velocity was used to measure the interfacial rheological properties of systems with very low interfacial tensions in the zone close to the so-called optimum formulation of surfactant-oil-water systems. Two simple formulation scans were selected: one with an extended anionic surfactant using a salinity variation in the water phase, and another with a mixture of two nonionic surfactants in a scan produced by changing their proportion. With both systems it was corroborated that at optimum formulation, (i.e. at HLD = 0), both the interfacial tension and the emulsion stability exhibit a deep minimum. A clear relationship was also found between the phase behavior and the interfacial rheological properties (dilational elasticity and viscosity). For the very first time and in both kinds of scans (salinity or average ethylene oxide number), it was found for the first time that the interfacial elastic modulus E, the interfacial viscosity, as well as the phase angle, also exhibit a minimum at optimum formulation. These groundbreaking findings could be applied to emulsion instability at optimum formulation and to its applications in emulsion breaking.

Introduction

Emulsions are dispersions of oil and water stabilized by surface active agents which can be small molecule surfactants, large molecules such as polymers and proteins, or particles as in Pickering emulsions [START_REF] Bibette | Emulsion Science : Basic Principles[END_REF]. Despite its practical importance, emulsion stability is far from being fully understood. Empirical rules are still used for formulation purposes and a better knowledge of stabilisation mechanisms is clearly needed. Emulsions containing non-ionic surfactants have been formulated for more than 50 years by using the notion of hydrophilic-lipophilic balance (HLB) (ICI 1976). However this is a very simple and empirical concept that does not adequately describe the effect of variables, such as temperature, oil nature or water salinity.

A generalization also applicable to ionic surfactants has been proposed by Salager and colleagues [START_REF] Salager | Optimum formulation of surfactant-water-oil systems for minimum interfacial tension or phase-behavior[END_REF][START_REF] Bourrel | A correlation for phase behavior of nonionic surfactants[END_REF]) who introduced a hydrophilic-lipophilic deviation (HLD) multivariable expression [START_REF] Salager | Quantifying the concept of physico-chemical formulation in surfactant-oilwater systems -State of the art[END_REF]2000a;2000b;2013a) The HLD is very useful to formulate surfactant-oil-water systems, in particular emulsions because it numerically gathers the effects of actual variables such as the surfactant nature, oil and water characteristic parameters, as well as temperature and pressure, on general property trends. The HLD = 0 physico-chemical situation, so-called optimum in a formulation scan [START_REF] Morgan | Recent advances in the study of low interfacial tensions[END_REF][START_REF] Reed | Some physicochemical aspects of microemulsion flooding: a review[END_REF][START_REF] Salager | Optimum formulation of surfactant-water-oil systems for minimum interfacial tension or phase-behavior[END_REF][START_REF] Bourrel | A correlation for phase behavior of nonionic surfactants[END_REF][START_REF] Pouchelon | Low interfacial-tensions in 3-phase systems obtained with oil-water surfactant mixtures[END_REF], corresponds to the Winsor III phase behavior and a low interfacial tension. As far as emulsions are concerned, the optimum formulation corresponds to their type inversion, and to their minimum stability in the scan (Salager 2013a ;[START_REF] Salager | How to attain an ultralow interfacial tension and a three-phase behavior with a surfactant formulation for enhanced oil recovery -A review. Part 2 Performance improvement trends from Winsor's premise to currently proposed inter-and intra-molecular mixtures[END_REF][START_REF] Lake | Enhanced Oil Recovery[END_REF] The minimum persistence time at optimum formulation is in general quite low, much lower than for HLD away from it. However, the actual minimum value cannot be predicted because it depends on many effects that take place during several processes involved in the destabilization (e.g. the sedimentation of drops, the creaming and external phase separation, due to the action of gravity on the oil or water drops); the sedimentation velocity is enhanced by drop flocculation and droplets growth due to Ostwald ripening (transfer of internal phase between drops due to pressure difference). As a result, a sedimentation front appears between the separated external phase and the remaining concentrated emulsion. The other determinant step is the thin film formation between close droplets and its drainage before its final fusion (coalescence), which results in the appearance of another front between the emulsion and the separated internal phase. The time required to separate a clear phase volume, which involves many effects, is usually taken as an overall measurement of the emulsion persistence, generally referred to as stability.

While the theoretical description of drop sedimentation is well advanced, film thinning and coalescence are less clearly understood mechanisms. As will be discussed hereafter, many phenomena have been suggested to be significant, in particular the drainage of the liquid film between neighbouring drops followed by drop fusion. It was suggested that this last step was suggested to occur when a hole is nucleated in the film separating the drops. Such a process is very rapid when no surfactant is present, and, in such case, the theory accounts well for the phenomenon observed [START_REF] Chan | Film drainage and coalescence between deformable drops and bubbles[END_REF] In the presence of surface active agents, their adsorption results in interfacial properties changes, and drop fusion was suggested to occur when a hole is nucleated in the film separating the drops. The nucleation of holes implies compression of the surface layers at the film surfaces and is in principle related to the surface compression (dilatational or dilational) modulus E: de Gennes predicted that the film lifetime should be an exponential function of the modulus E (de Gennes 2001), which was verified for foam films [START_REF] Bauget | Dynamic surface properties of asphaltenes and resins at the oil -air interface[END_REF]. In many cases, there is a good correlation between emulsion stability and the modulus E, especially when the surface active agents are irreversibly adsorbed at the oil-water interface, such as the asphaltenes present in crude oil. Asphaltenes tend to behave as lipophilic surface active substances of high molecular weight that associate and result in interfacial rheology compression effects in the film drainage, and is thus related with the emulsion stability [START_REF] Dicharry | Stability of water/crude oil emulsions based on interfacial dilatational rheology[END_REF]. When adsorption is reversible, the surface active agent can be expelled from the surface upon compression, and the effective modulus decreases. It is then difficult to know which modulus value ought to be considered. [START_REF] Kabalnov | Macroemulsion stability: The oriented wedge theory revisited[END_REF]) proposed a different model, based on the curvature energy of the surface layer, which describes well the change in emulsion stability when HLD is close to zero, as many empirical studies had reported 15 years earlier. A few reports only investigated the link between coalescence and other types of interfacial rheology such as shear rheology in systems close to the optimum formulation. [START_REF] Boyd | Factors affecting emulsion stability and the HLB concept[END_REF][START_REF] Wasan | Interfacial rheological properties of fluid interfaces containing surfactants[END_REF]1979[START_REF] Baldauf | The relationship between surfactant phase-behavior and the creaming and coalescence of macroemulsions[END_REF]. Apart from its (ultra)low interfacial tension crucial advantage for enhanced oil recovery (Shah 1977, Bourrel 1977[START_REF] Pope | Recent development and remaining challenges of enhanced oil recovery[END_REF], the zero HLD condition was been found to be the right formulation choice during demulsification processes, to produce drastic emulsion instability [START_REF] Salager | The fundamental basis for the action of a chemical dehydrant. Influence of the physical and chemical formulation on the stability of an emulsion[END_REF][START_REF] Goldszal | Demulsification of crude oil emulsions: correlation to microemulsion phase behavior[END_REF][START_REF] Rondon | Breaking of water-in-crude oil emulsions. Part 1: Physicochemical phenomenology of demulsifier action[END_REF][START_REF] Rondon | Breaking of water-in-crude oil emulsions. 2: Influence of asphaltene concentration and diluent nature on demulsifier action[END_REF] The relationship between interfacial rheological properties and the stability of water-in-oil emulsions in presence of demulsifiers has been widely studied in relation to crude oil emulsions [START_REF] Wasan | Role of coalescence phenomena and interfacial rheological properties in enhanced oil-recovery -overview[END_REF][START_REF] Kim | Effect of demulsifier partitioning on the destabilization of water-in-oil emulsions[END_REF][START_REF] Kang | Influence of demulsifier on interfacial film between oil and water[END_REF], but not at optimum formulation where the pendent drop apparatus does not work. Measuring the dilational rheological effect close to optimum formulation is therefore a critical information that is presented for the first time in the present paper with data on simple surfactant-oil-water systems i.e. cyclohexane, water and surfactant with HLD close to zero using a brand new instrument, the oscillating spinning drop interfacial rheometer described elsewhere (Zamora 2018).

Forthcoming articles using this approach with more complex systems (in particular with asphaltenes, which are both lipophilic natural surfactants and polar oils in crude,) will allow us to better understand the different phenomena involved and to compare film thinning and coalescence theories to better predict the practical results in applications, such as crude oil dehydration or desalting.

Background

Winsor systems

When suitable surfactants are used, the interfacial tension γ between oil and water can be very small, typically 0.01 mN/m or less, as compared with 30-50 mN/m for pure oil-water interfaces without adsorbed surfactant species. In Winsor studies (Winsor 1954[START_REF] Bourrel | Microemulsions and related systems -Formulation, solvency and physical properties[END_REF]) the surfactant-oil-water phase behavior types are three. Two of them with diphasic zones so-called WI and WII close to the oil-water side in the ternary diagram. In WI (respectively WII) zone essentially pure oil (respectively water) is at equilibrium with a water (respectively oil) phase containing most of the surfactant. When the interactions of the surfactant for oil and water are equal (HLD = 0), a WIII three phase system appears, with a bicontinuous microemulsion containing most of the surfactant which is at equilibrium with an excess oil and an excess water. A bicontinuous microemulsion is a stable single phase and does not contain any drop but has complex geometry where the average curvature is zero as shown elsewhere [START_REF] Scriven | Equilibrium bicontinuous structures[END_REF][START_REF] Clausse | Bicontinuous structure zones in microemulsions[END_REF][START_REF] Jahn | Microstructure of microemulsions by freeze-fracture electronmicroscopy[END_REF].This happens when the formulation characteristic parameter R introduced by Winsor to describe the ratio of molecular interactions of the surfactant for the oil and water phases is unity. When R is different from unity but very close to it, stable systems made of very small oil or water drops can then be obtained. They are also called microemulsions, but this time they are stable diphasic systems in WI and WII zones close to WIII. Their drops are much smaller than common emulsion drops, and they could rather considered as swollen micelles, therefore resulting in a high surface energy (γA where A is the total interfacial area). The number of drops is quite larger than that found in common emulsions and the dispersion entropy can compensate the surface energy so that such microemulsions are thermodynamically stable (de Gennes 1982).

The properties of the WIII systems were a curiosity for many years although several studies had tried to quantify the R ratio with different equivalent parameters as discussed in a historical review [START_REF] Salager | Quantifying the concept of physico-chemical formulation in surfactant-oilwater systems -State of the art[END_REF]. These WIII systems were rediscovered with much interest in the mid-1970s for enhanced oil recovery (EOR) applications because the WIII case was associated with the attainment of the very low interfacial tension (0.001 mN/m) between oil and water required between the injected water fluid and the reservoir crude oil. With such a low tension, it was then possible to increase the capillary number by three orders of magnitude and to displace the oil out of the ground. Abundant basic information is available in symposia proceedings (Shah 1977;Miller 2009) or in review books [START_REF] Bourrel | Microemulsions and related systems -Formulation, solvency and physical properties[END_REF][START_REF] Lake | Enhanced Oil Recovery[END_REF][START_REF] Sheng | Modern chemical enhanced oil recovery -Theory and practice[END_REF]. The studies were carried out by using the formulation scan method, which consists in the variation of the phase behavior and of the interfacial tension between oil and water when a single variable is changed. In a typical scan carried out in a proper range of variation, a WIII three-phase behavior was found to coincide with a minimum interfacial tension at a so-called optimum formulation. [START_REF] Morgan | Recent advances in the study of low interfacial tensions[END_REF][START_REF] Reed | Some physicochemical aspects of microemulsion flooding: a review[END_REF][START_REF] Bourrel | Formulation optimum des systèmes micellaires pour la récupération assistée du pétrole: Comparaison des tensioactifs anioniques et nonioniques[END_REF].

Hydrophilic-Lipophilic Deviation HLD

Since it was found that the attainment of the interfacial tension minimum for EOR requires a highly accurate formulation, the use of approximate descriptors like Griffins' surfactant HLB or Winsor's R ratio was not sufficient as discussed elsewhere [START_REF] Salager | Quantifying the concept of physico-chemical formulation in surfactant-oilwater systems -State of the art[END_REF]. Consequently, quantitative studies had to be carried out so as to determine a precise rendering of the general SOW formulation concept.

Early relations were empirically found as an experimentally verified condition to attain an optimum formulation in a scan, so that WIII phase behavior and minimum interfacial tension were taking place with similar expressions for anionic surfactant systems [START_REF] Salager | Optimum formulation of surfactant-water-oil systems for minimum interfacial tension or phase-behavior[END_REF])

Ln S -k ACN + f(A) + σ -a T (T-25) = 0 (1)
and with polyethoxylated nonionic ones [START_REF] Bourrel | A correlation for phase behavior of nonionic surfactants[END_REF] b S -k' ACN + Φ(A)

+ β + c T (T-25) = 0 (2)
where S is the salinity of the aqueous phase, ACN the oil alkane carbon number, σ and β the characteristic parameters of the anionic and nonionic surfactants, f(A) and Φ(A) the alcohol type and concentration effects, and T the temperature. β was found to linearly decrease with the ethoxylation of the nonionic (β = α -EON) and both terms α and σ were found to linearly increase with the number of carbon atoms in the surfactant tail [START_REF] Salager | Formulation des microémulsions par la méthode du HLD. In Techniques de l' ingénieur[END_REF]. The ks, a T , c T and b are positive constants depending of the system components.

Later, this linear relationship between independent formulation variables was explained through a chemical potential reasoning as rendering an equal affinity of the surfactant for the water and oil phase, i.e. a zero surfactant affinity difference (SAD). The dimensionless equivalent SAD/RTso-called the hydrophilic-lipophilic deviation (HLD) -was introduced as a numerical descriptor of the state of the SOW system (Salager 2000a). The expression was completed with new terms for describing oils different from alkanes (i.e. equivalent alkane carbon number EACN), introduced in the seventies [START_REF] Cayias | Modeling crude oils for low interfacial tension[END_REF]) and recently reviewed with other determination methods [START_REF] Queste | The EACN scale for oil classification revisited thanks to fish diagrams[END_REF][START_REF] Bouton | A QSPR model for the prediction of the "fish-tail" temperature of CiEj/water/polar hydrocarbon oil systems[END_REF], and even the introduction of the pressure effects [START_REF] Skauge | Effect of pressure and temperature on the phase behavior of microemulsions[END_REF]. Recent reviews may be consulted for further details (Salager 2013a, Ghosh 2016)

A typical example of the general expression of the HLD multivariable function with two decimal accuracy is expressed as follows for a system containing an oligomerically pure n-alcohol ethoxylate, a pure water and a pure n-alkane, at temperature T (Salager 2014):

HLD = 2.00 + 0.34 N T -EON -0.15 ACN + 0.05 (T -25) (3) 
In this numerical relation N T is the number of carbon atoms in the linear tail of the surfactant and EON its exact number of ethylene oxide groups. Similar relations are available for many other systems although with less accuracy, in particular with non-pure ingredients.

Emulsion stability

When Winsor I and II systems are stirred, they form emulsions which have a fair to good stability which depends on many factors, among them the formulation variables (ingredients, T and P), the formation process and other characteristics such as the water/oil ratio, the drop size, fluid properties among others as explained in books and encyclopedia [START_REF] Becher | Encyclopedia of Emulsion Technology in 4 volumes[END_REF]-96, Tadros 2009).

The attained emulsion type is relatively easy to predict according to Bancroft rule [START_REF] Ruckenstein | Microemulsions, macroemulsions, and the Bancroft rule[END_REF] which states that the external phase is the one that contains most of the surfactant, and is thus related with the WI or WII emulsion type that result in different curvature at the drop surface. This is a rather general trend, but the actual properties, particularly the stability, depends of many effects as generally discussed in reviews [START_REF] Salager | Emulsion Formulation Engineering for the Practitioner[END_REF]. One of the few general effects is that in Winsor III systems, the emulsion stability is very poor, with the phases separating in a few minutes and going back to the equilibrium three phases. The logic behind that is that in WIII systems the surfactant is not in the oil, nor in the water, and the Bancroft rule does not apply. The interface average curvature is thus zero, a situation that would not favor a drop curvature. This peculiar emulsion stability behavior has been reported by many authors from only a tendency only [START_REF] Boyd | Factors affecting emulsion stability and the HLB concept[END_REF]) to a deep minimum characteristic [START_REF] Bourrel | Relation of emulsion stability to phase-behavior and interfacial tension of surfactant systems[END_REF], Salager 1980[START_REF] Vinatieri | Correlation of emulsion stability with phase behavior in surfactant systems[END_REF], and a systematic occurrence in a variety of formulation scans with all kinds of surfactants and diverse oil phases [START_REF] Salager | Surfactant-oil-water systems near the affinity inversion -Part I. Relationship between equilibrium phase behavior and emulsion type and stability[END_REF][START_REF] Baldauf | The relationship between surfactant phase-behavior and the creaming and coalescence of macroemulsions[END_REF][START_REF] Milos | Emulsion stability of surfactant systems near the 3 phase region[END_REF][START_REF] Aveyard | Interfacial-tension minima in oil + water + surfactant systems -Effects of salt and temperature in systems containing non-ionic surfactants[END_REF][START_REF] Anton | Emulsion instability in the 3-phase behavior region of surfactant/alcohol/oil/brine systems[END_REF][START_REF] Hazlett | Stability of macroemulsions[END_REF]). This extreme emulsion instability is critical at optimum formulation for EOR, since a low tension could result in the easy formation of small droplet emulsions that could be quite viscous, and thus difficult to displace in a porous media. It may thus be said that both the easy elongation and the instantaneous coalescence of the droplets thus formed is crucial in EOR efficacy.

In some sophisticated discussions, this remarkable instability was explained by arguing that the rupture of the emulsion film formed between two approaching drops is thermally activated [START_REF] Kabalnov | Macroemulsion stability: The oriented wedge theory revisited[END_REF]. This idea was based on the hole mechanism introduced a long time ago by de Vries (de Vries 1958) who proposed that the rupture of an equilibrium film requires the nucleation of a hole in the film. The monolayer at the edge of a nucleation hole in the emulsion or foam film is strongly curved and could thus exhibit a strong pressure instability.

Other models of hole opening have been proposed in the literature where the energy barrier was related to interfacial tension. It is however more easily conceivable that this barrier could be related to the compression elastic energy, which would then explain why the stability of emulsions frequently appears to be correlated with the dilational modulus E. [START_REF] Exerowa | Stability and permeability of amphiphile bilayers[END_REF][START_REF] De Gennes | The Physics of Liquid Crystals[END_REF][START_REF] De Gennes | Some remarks on coalescence in emulsions or foams[END_REF]. The effect of the formulation on the interfacial rheology properties is presented here from experimental evidence, and the possible complex mechanisms related to it will be discussed in a forthcoming article. [START_REF] Marquez | On the stability of emulsions made with surfactant-oil water systems close to the formulation for ultralow interfacial tensions[END_REF] 

Interfacial dilational rheology

The following paragraph presents the equations used to calculate the rheological properties from the measurements with a spinning drop interfacial rheometer described elsewhere (Zamora 2018).

The compressed surface layer resists compression with an elastic force characterized by a dilational modulus E given by

E = -A !! !" ( 4 
)
where Π is the surface pressure and A is the surface area [START_REF] Levich | Dynamic measurements of dilational properties of a liquid interface[END_REF] In presence of dissipation, the force per unit area contains both elastic and viscous contributions. In the case of a small sinusoidal deformation (linear response) of angular frequency ω, a complex modulus can be conveniently used for compression such as:

𝐸 = E'+ i E" = E exp(iφ) = E' + i ω η E . ( 5 
)
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For soluble surfactants below the Cmc, the dilational modulus can be calculated according to the Lucassen and van den Tempel equations (Lucassen 1972)

E 0 = Γ !! !! Ω = ! !! !! !! 𝐸 = E 0 ! !!!! (6)
where D is the surfactant diffusion coefficient in bulk, and the dimensionless parameter Ω is determined by the ratio of the time scales of the experiment and of the diffusion process.

The intrinsic modulus E tends to zero at low frequency ω and is E 0 at high frequency. A dissipation results from the relaxation, and contributes to a reduction of the surface dilational viscosity η E at low and high ω and to a maximum around ωτ D =1.

As discussed elsewhere (Zamora 2018) the real E' and imaginary E'' components of E can be calculated from the phase angle φ as :

E' = E cos φ E" = ω η E = E sin φ and tan φ = E"/E' (7) 
In the absence of relaxation processes affecting the compression modulus, the phase angle φ is 0 and the adsorbed layer behaves as a pure elastic solid body, whereas if the viscous dissipative losses dominate, then the phase angle is close to 90°. Interfaces with an intermediate phase angle are said to be viscoelastic.

The equipment that has most frequently been used for measuring the compression interfacial rheology is mainly based on the oscillating pendent drop method initially developed for air-water interfaces [START_REF] Wantke | Measurements of the surface elasticity in medium frequency range using the oscillating bubble method[END_REF]. Such an instrument has been commercially available for a longtime, and can be used at low frequencies, e.g. at 1 Hz and below [START_REF] Leser | Limits of oscillation frequencies in drop and bubble shape tensiometry[END_REF]). However, it is not suitable for systems with interfacial tension below a few mN/m because the pendant drop quickly falls from the capillary tip. To avoid this problem, a modified spinning drop tensiometer with oscillating rotational velocity -and thus a variable surface area -was proposed a long time ago by Slattery, who explained how to calculate the interfacial properties with such a device [START_REF] Slattery | Spinning drop interfacial viscometer[END_REF]).

Nevertheless, thanks to technological advances, the building of a practical instrument has only recently been possibl. Indeed, a few years ago the FIRP Laboratory and the CITEC workshop at the Universidad de Los Andes (ULA, Mérida-Venezuela), designed and constructed an apparatus which performs interfacial compression rheology measurements with such an oscillatory spinning drop method. The description and use of this equipment is available elsewhere (Zamora 2018).

Recently, a surface equipment manufacturer (Data Physics) has adapted its commercial spinning drop tensiometer to use it as an interfacial rheometer too.

The importance of such an apparatus is that the minimum value of interfacial tension that can be achieved is 10 -3 -10 -4 mN/m, i.e. the ultralow value found at optimum formulation for enhanced oil recovery and dehydration applications.
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Experimental

Chemicals

The surfactant was chosen so as to be able to scan the formulation from Winsor I to Winsor III and Winsor II behavior or reversely. The well known variations along the scan of the oil-water interfacial tension and the emulsion stability with a minimum of both properties at optimum formulation would then be compared with the interfacial rheology property changes.

The small nonionic surfactants selected, i.e., ethoxylated nonylphenols, were obtained from Witco Chemicals. The average number of ethylene oxide groups per molecule is 6 and 8 in the two commercial substances indicated as NPEO6 and NPEO8. Continuous variation of EON is obtained by mixing NPEO6 and NPEO8 in different proportions on a molar basis. The water phase of these systems with nonionic surfactants mixture contains 1 wt% NaCl to facilitate the determination of the emulsion type by measuring its conductivity. The anionic surfactant selected is an extended surfactant (ExS) molecule with a polypropylene oxide intermediate between its head and tail parts. It was introduced a long time ago (Miñana-Perez 1995a, 1995b) as an intramolecular combination of a lipophilic linker (Graciaa 1993a;1993b[START_REF] Salager | Improving solubilization in microemulsions with additives. Part III: Optimization of the lipophilic linker[END_REF]) and a surfactant to produce a low tension and a high solubilization with polar oils. Its average formula C 12 PO 14 EO 2 SO 4 Na indicates a long central PO 14 extension added by our industrial partner LIPESA (Venezuela) in our synthesis. It is a molecule three times longer than the typical water-soluble alkyl sulfate which behaves in the same way.

The main characteristics as well as the nomenclature of the typical surfactants selected are shown in Table 1. Sodium chloride is an analytical grade reagent, from J.T. Baker (Mexico).

Cyclohexane is a technical grade hydrocarbon provided by Sigma Aldrich (USA). All chemicals were employed without further purification and Milli-Q water was used. The critical microemulsion concentration at HLD=0 above which the minimum interfacial tension stays constant for the nonionic mixture system containing cyclohexane at WOR=1, EON = 6.4, Salinity = 1wt% NaCl, is CµC = 0.04 wt%. For the extended anionic system with cyclohexane at WOR=1 and Salinity = 3.75%, it is CµC = 0.1 wt%. (Zamora 2018). The used concentrations in these experiments are essentiall at the CMC, i.e. so low that no liquid crystal is likely to occur. At optimum formulation no third phase is seen between the oil and water, either in the test tube with the naked eye, nor by microscopic observation of the perfectly cylindrical microdrop in the spinning capillary tube.

Molecule

Methods

Formulation scans

It is known that whatever the variable selected for the formulation scan, the phenomena are qualitatively the same. In the present case the salinity scan is selected for the ExS (sulfate anionic head) and the EON scan for the polyethoxylated non-ionic mixture. In order to obtain another variation in practice, the extended anionic is taken as a much larger molecule than the non-ionic mixture.

The formulation scans were made according to the standard procedure proposed in the late seventies [START_REF] Reed | Some physicochemical aspects of microemulsion flooding: a review[END_REF][START_REF] Salager | Optimum formulation of surfactant-water-oil systems for minimum interfacial tension or phase-behavior[END_REF][START_REF] Bourrel | A correlation for phase behavior of nonionic surfactants[END_REF]. Aqueous phases containing surfactant and electrolyte (NaCl) were contacted with the same 5 ml volume of cyclohexane oil phase and placed into graduated test tubes where they were very slightly shaken and allowed to stand until equilibrium was reached in a thermostatic bath at 30 °C, typically after 24 h. Two types of formulation scan were then carried out. In the case of a nonionic system, the EON of the nonylphenol ethoxylated surfactant blend was varied systematically between EON = 6 and 7 by mixing NPEO6 and NPEO8, with all other variables constant. For the anionic system, the NaCl salinity of the aqueous phase was varied from 1.8 to 6 wt% NaCl keeping the other parameters at a constant value. The surfactant concentration used in both series of experiments was 0.1 wt%, unless otherwise specified.

With this low surfactant concentration, no middle phase formation is observed. It was chosen so as to minimize exchanges between bulk and interface slowing down diffusion. In such a way, the moduli measured are not too small.

Emulsion stability.

Emulsions were obtained by emulsifying the SOW systems with water/oil ratio (WOR) equal to unity. After a pre-equilibration for 24 h the systems were emulsified with an Ultraturrax blender at 30,000 rpm during 30 s. The emulsion stability value was taken as the time necessary for the separation of 60% of the aqueous phase. In WI systems, the resolution of water is due to

Paper JSD-18-0081-R1 submitted to Journal of Surfactants and Detergents 10 emulsion drop creaming, while oil resolution is due to coalescence. The opposite occurs in WII systems. The use of the separation of water or oil has been showed to give similar results for the purpose of comparison and detection of optimum [START_REF] Anton | Emulsion instability in the 3-phase behavior region of surfactant/alcohol/oil/brine systems[END_REF].

Interfacial rheology measurements with an oscillating spinning drop apparatus

The determination of the drop interfacial tension and interfacial area by means of the spinning drop method is based on the axial elongation to which a drop of dispersed less dense oil phase is staying in the continuous aqueous phase. Because of the low surfactant concentration (0.1 wt%) there is no visible middle phase at optimum, and no difficulty in detecting the optimum formulation through the tension minimum or the emulsion conductivity change or stability minimum. The interfacial tension is determined using the simple Vonnegut's equation which is valid for elongated drops, i.e. at least four times longer than its diameter [START_REF] Vonnegut | Rotating bubble method for the determination of surface and interfacial tensions[END_REF][START_REF] Salager | Principles of the spinning drop tensiometer[END_REF] since it is easy to attain with a low tension and with a velocity in the 3.000-6.000 rpm range .

γ = Δρ ω rot 2 d 3 /32 (8)
In equation ( 8) γ is the interfacial tension in mN/m, d is the diameter of the droplet at central equator in mm, Δρ is the density difference between the two fluids in g/mL, and ω rot is the rotational velocity in rev/msec. This technique allows the measurement of the interfacial rheology by modulating the rotation frequency, i.e. expanding or contracting the spinning drop (Zamora 2018) even at very low interfacial tension when the formulation is at or close to optimum. The apparatus used has a temperature control in the metallic bloc located around the spinning tube, which warranties ± 1°C of accuracy up to 70°C.

The interfacial dilational modulus E is calculated using:

𝐸 = 𝐴 ! !" !! (9)
where Δγ is the change in interfacial tension (γ maxγ min ), ΔA is the amplitude of variation of the area and A 0 is the initial area of the drop. The phase angle φ is calculated as the difference of angle in degrees between the phase of the sinusoidal curves of interfacial tension and of interfacial area. The complex dilational elasticity can be expressed as the sum of the dilational storage elastic modulus E' and the dilational loss modulus E'' as can be seen in equation ( 7). The interfacial dilational viscosity can be calculated as:
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𝜂 ! = !" ! (10)
In our apparatus experiments, the interfacial dilational rheological properties E, φ, E', E'' and η E were calculated with a computational software according to the previously indicated equations.

Conditions for the interfacial rheology measurements.

A Spinning Drop Oscillatory Interfacial Rheometer, model RI-1000 (FIRP Laboratory-CITEC, ULA, Venezuela) was used to perform the interfacial rheological tests. Interfacial elasticity and viscosity were determined as follows using a previously equilibrated system. A drop of oil phase was placed in a capillary containing the aqueous phase. The tension and the drop area were varied periodically with a sinusoidal oscillation of the rotation velocity at a constant frequency.

In the present investigation the systems for interfacial rheology measurements were performed first by pre-equilibrating the systems for 24 h. The aqueous and oil phases were then inserted into the capillary, and equilibrated at 30 ºC. The capillary was then introduced into the apparatus. The frequency used was 0.1 Hz, unless otherwise stated. The oscillation amplitude is maintained below ±10% of the average rotational velocity, which guarantees that the response is linear. This oscillation amplitude was generally 1000 rpm, the selected rotating speed varying according to the interfacial tension (the lowest values being 3000 to 4000 rpm for ultralow interfacial tensions).

4.

Results : Nonionic or anionic extended surfactant/cyclohexane/brine systems.

Interfacial tension and emulsion stability

Figure 1 represents the interfacial tension and emulsion stability of the surfactant-cyclohexanewater systems as a function of the formulation variable, which is the aqueous phase salinity with the anionic extended surfactant ExS, and the average EON with mixtures of nonionics NPEO6 and NPEO8 species. The cyclohexane was selected because it exhibits a good solubilization of both surfactants, and also because it has a low EACN. Nevertheless, the principal reason lies in the fact that, in forthcoming articles, the present phenomenology will be compared in the next articles with systems containing asphaltenes which are not well solubilized in ordinary n-alkanes and are too dispersed with aromatic solvents, such as toluene. The phase behavior is indicated as WI or WII for two phase systems in which the surfactant-rich phase is the lower aqueous or the upper oily phase, corresponding to Winsor type I and II behavior.

HLD was calculated through equations ( 1) and (2) with the numerical values of coefficients for the anionic extended surfactant and for the polyethoxylated nonionic one as indicated in equations (11)(12). HLD AI = -0.92 + lnS -0.10 x 3.5 -0.01 x (30-25) (

HLD NI = 6.5 -EON + 0.13 x 1-0.15 x 3.5 + 0.06 x (30-25)

In equation ( 11) σ = -0.92 for the extended surfactant, k = 0.10 for sulfate anionic surfactants, EACN = 3.5 for cyclohexane, a T = 0.01 for sulfate anionic head and T = 30 °C.

In equation ( 12), α = 6.5, b = 0.13, k = 0.15 for ethoxylated nonylphenols, EACN = 3.5 for cyclohexane, c T = 0.06 and T = 30 °C.

The HLD = 0 data point is indicated with a star without mentioning of the WIII three phase behaviour occurrence, because the low concentration close to the CµC does not allow to see it visually.

As expected from previous research findings, Figure 1 (left plot) shows a deep minimum in interfacial tension, attained somewhere in the scan along which the formulation is systematically changed by varying salinity or EON. The abscissa formulation scale is also indicated as the corresponding HLD value calculated from equations (11-12). It is worth noting that in both cases, the interfacial tension changes considerably over a small variation in formulation, e.g. typically ± 0.1 unit around HLD = 0. 

Interfacial Rheological Properties

Figure 2 shows the interfacial elastic modulus E (left plot) and the interfacial viscosity (right plot) variations when the salinity and EON formulations are scanned in the two systems studied.

The most significant result in Fig 2 is that independently of the formulation variable, both rheological parameters E and η E exhibit a low minimum values at HLD = 0, with a quick variation slightly away from it. For the first time, it may thus be stated that the optimum formulation situation considerably influences the interfacial rheology of the SOW system. This phenomenon seems to be general from other data to be reported in forthcoming papers. It can also be seen that in these Figure 2 plots the values of E and η E in WI systems, where the surfactant is mostly in the aqueous phase, are higher than those of WII type where the surfactant is mostly in the oil phase. However this change is not very significant and it might not be a general trend. Consequently, it may be said as a new divulgation that the well-known deep minima of emulsion stability and interfacial tension at HLD = 0 seen in Figure 1 thus coincides with a significant minimum in elastic modulus and interfacial viscosity.

Figure 3 shows the phase angle φ variation in the same formulation scans. The phase angle decreases only slightly for the nonionic system studied by an EON scan, while it reaches a deep minimum value at the optimum formulation of the salinity scan for the anionic extended surfactant. It should be remembered that the phase angle quantifies the relationship between two aspects, i.e. a totally elastic behavior of the interface is found when φ = 0 and a fully viscous one when φ = 90°. The values shown in Figure 3 indicate some viscoelasticity for both cases but with a clear distinction. The nonionic system with highly disorganized small molecule mixtures has a rather viscous behavior all over the formulation scan. On the contrary, the system containing extended anionic surfactant, i.e. considerably longer molecules, clearly reveals a more elastic behavior at optimum formulation. It is not known whether this phase angle reduction is an artefact of the measurement; this is why it will have to be examined in various specific cases to make sure it is not a measurement artefact. Nonetheless, it is possible that this effective rigidity could be due to the presence of a transient layer of the bicontinuous microemulsion found at optimum formulation.

Figure 3. Phase angle as a function of salinity for anionic extended surfactant and EON for nonionic systems. Surfactant concentration 0.1 wt%, T = 30° C, ω = 0.1 Hz Middle phase microemulsions do not wet the oil-water interface at equilibrium [START_REF] Langevin | Interfacial Tension : Theory and Experiment[END_REF] .

The microemulsion layer should rapidly dewet the oil-water interface and while doing so, entrain the surfactant present at the interface, thus facilitating film rupture. It is somewhat paradoxical to find that at optimum formulation the phase angle is minimum, indicating that there is a higher rigidity of the structure, and at the same time that the dilational modulus E is minimum. More studies have to be dedicated to explain this coincidence, in particular with a higher surfactant concentration at which a liquid crystal structure can happen (Meunier 1985[START_REF] Kahlweit | Search for tricritical points in ternary systems: wateroil-nonionic amphiphile[END_REF][START_REF] Burauer | On microemulsion phase behavior and the monomeric solubility of surfactant[END_REF][START_REF] Salager | How to attain an ultralow interfacial tension and a three-phase behavior with a surfactant formulation for enhanced oil recovery -A review. Part 2 Performance improvement trends from Winsor's premise to currently proposed inter-and intra-molecular mixtures[END_REF].

It can thus be said that there is a deep minimum in all interfacial rheological properties at optimum formulation (HLD=0), while for WI and WII systems away from it (HLD ≠ 0), high dilational elasticities and high interfacial viscosities are found. It should be remembered that microemulsion structures are transient, and that there are fast surfactant exchanges between the interface and the bulk of oil and water phases, which has been reported elsewhere [START_REF] Fillous | Interfacial mass transfer vs. formulation in multiple phase anionic surfactant-oil-water systems[END_REF]. The interfacial viscoelasticity is therefore certainly also affected by these exchanges.

Unfortunately equations ( 6) accounting for exchanges are not applicable in the presence of microstructures; they are only valid below the CµC and relevant models are still lacking.

The results presented in figures 1-3 indicate that when systems at the same non-zero HLD value are compared, those with a higher phase angle and a lower E exhibit a lower emulsion stability. This is possibly related to a more liquid-like behavior (less rigidity) at the interface. On the contrary systems with a lower phase angle and a higher E have a more solid like behavior, resulting in a higher emulsion stability out of the optimum formulation. All these phenomena have been found in other systems and are likely to be very general. These will be further recognized and established in a forthcoming paper dealing with a crude oil containing asphaltenes, which are well known to influence the interfacial region.

Frequency sweep

In order to investigate the relaxation processes, it is possible to vary the frequency in the instrument used. Figures 4 and5 show frequency sweeps for the interfacial dilational rheological properties, i.e. elastic E' and viscous E'' moduli for both surfactant systems, at the optimum formulation at HLD = 0, as well as slightly away for HLD = ± 0.2. It can be seen that the behavior is similar for the three formulations, with an increase in the moduli when the frequency increases, until it reaches a limit value at a frequency near 0.1 Hz for both systems. The anionic extended surfactant system (Fig 4 and 5 left plots) exhibits an elastic modulus slightly higher than the viscous modulus at optimum formulation, while the nonionic surfactant system (Fig 4

and 5 right plots) shows the opposite, i.e. it has viscous modulus that is slightly greater than the elastic one. However the differences are not very significant. It is seen in Figures 4 and5 that the variations of the dilational modulus real and imaginary parts versus frequency are not very large, and that they are similar for E' and E" at different formulation. As a consequence of that and of equation ( 7) tan φ = E"/E', the phase angle does not vary very much with frequency either, and the minimum found at optimum in Figure 3 is the significant characteristic for the phase angle. 

Conclusions

Interfacial rheology properties were measured with a new spinning drop interfacial rheometer, a device that is able to provide accurate data even for systems of very low interfacial tension found near the optimum formulation required in enhanced oil recovery and crude dehydration or desalting applications.

The results presented here show, for the first time, that the interfacial rheological properties such as the dilational elasticity, the interfacial viscosity and the phase angle exhibit a strong diminution at optimum formulation, coinciding with the deep minimum found at the same place in interfacial tension and in emulsion stability. This is thus an additional specific property taking place at optimum formulation of a surfactant-oil-water system, which is likely to be general.

The occurrence of such a specific decrease of the elastic modulus at optimum formulation could lower the nucleation barrier for drop coalescence and accelerate the interdrop film thinning, which is of critical importance in EOR efficacy. Finally, the equal distribution of the surfactant between the two phases at optimum formulation as it happens with anionic surfactants (Wade 1978[START_REF] Chan | The molecular mechanism for achieving ultralow interfacial tension mimimum in a petroleum surfonate/oil/brine system[END_REF], Salager 2000a ) helps its rapid adsorption from the bulk to eliminate the formation of a tension gradient as well as the corresponding Gibbs-Marangoni effect, among other mechanisms susceptible of influencing the emulsion stability (Tambe 1991).

In following articles, more complex and more realistic systems containing asphaltenes will be tested in the same way as they have been tested here so as to move realistically deal with the interfacial rheology effects in enhanced oil recovery and crude oil dehydration phenomena at optimum formulation.

  Fig 1 (right) shows the typical variation of the emulsion stability (as the time in minutes to separate 60% of water) along the same formulation scans. As expected from the literature cited in the previous section on emulsion stability, this right plot shows the coincidence of the stability minimum with the tension minimum according to left plot.

Figure 1 .

 1 Figure1. Interfacial tension (left) and stability (right) of water-cyclohexane-surfactant systems as the function of brine salinity for the anionic surfactant systems and of the average EON for the nonionic mixtures cases, as well as HLD for both. Surfactant concentration is 0.1 wt%, T = 30 °C, ω = 0.1 Hz

Figure 2 .

 2 Figure 2. Interfacial elastic modulus E (left) and interfacial viscosity η E (right) as a function of salinity and EON for the two systems. Surfactant concentration 0.1 wt%, T = 30°C, ω = 0.1 Hz.

  The main result in Fig4and 5 is probably that for the anionic extended surfactant systems, the dilational elastic and viscous moduli are particularly small at optimum when compared to the HLD = ±0.2 formulation cases. This greater variation at optimum formulation is consistent with the trend shown in Fig 2 left plot.

Figure 4 .

 4 Figure 4. Dilational elastic modulus E' when a frequency sweep is made in the anionic (left) and nonionic (right) surfactant/cyclohexane/brine systems. Surfactant concentration 0.1 wt%. Temperature T = 30 °C.

Figure 5 .

 5 Figure 5. Dilational viscous modulus E'' when a frequency sweep is made in the anionic (left) and nonionic (right) surfactant/cyclohexane/brine systems. Surfactant concentration 0.1 wt%. Temperature T = 30 °C.

  

Table 1 .

 1 Properties of the surfactants used

		(EON) MW HLB	β a or σ	Label
	C 9 H 19 C 6 H 4 (EO) 6 OH	6	440	10.9	0.5	NPEO6
	C 9 H 19 C 6 H 4 (EO) 8 OH	8	572	12.3	-1.5	NPEO8
	C 12 (PO) 14 (EO) 2 -SO 4 -Na b		1188		-0.92	ExS
	a Defined as β = α -EON, with α = 6.5 b C 12 = C 12 H 25 -; PO is the propylene oxide group (-CHCH 3 CH 2 O-); EO is the ethylene oxide
	group (-CH 2 CH 2 -O-), SO4Na sodium sulfate head..		

Paper JSD-18-0081-R1 submitted to Journal of Surfactants and Detergents

Acknowledgements

Help from the Venezuelan LIPESA Company to carry out the propoxylation and ethoxylation of the anionic extended surfactant synthesis is greatly appreciated. France TOTAL petroleum Company is thanked for supporting the first author's PhD research.