José M Zamora 
  
Ronald Marquez 
  
Ana M Forgiarini 
  
Dominique Langevin 
  
Jean-Louis Salager 
  
Interfacial rheology of low interfacial tension systems using a new oscillating spinning drop method

Keywords: Surfactants, asphaltenes, surface elasticity, surface viscosity, spinning drop

come    

Introduction

Surface active agents, such as surfactants, adsorb at surfaces. In the case of fluid surfaces such as airwater or oil-water interfaces, the interfacial tension  decreases. In addition, the adsorbed layers confer rheological properties to the interface, i.e. responses to compression and shear deformations [START_REF] Edwards | Interfacial Transport Processes and Rheology[END_REF]. These rheological properties affect many phenomena involving interfacial flow such as wetting, multiphase flow, emulsification and emulsion stability, foaming and foaming stability, motion of drops or bubbles, propagation of waves at surfaces. It is now recognized that it is not possible to model these different phenomena taking into account only the interfacial tension.

The measurement of the interfacial rheological properties is much more difficult than the measurement of the interfacial tension and it is only recently that suitable commercial instruments became available. A recent review can be found in [START_REF] Langevin | Rheology of Adsorbed Surfactant Monolayers at Fluid Surfaces[END_REF]. As in bulk viscoelastic fluids, the rheological behavior is described by storage and loss moduli. In the case of a linear response to a sinusoidal deformation, the loss modulus is the product of the viscosity by the frequency. One of the difficulties come from the fact that the adsorbed layers are usually rather compressible (at the difference of bulk fluids which are essentially incompressible), and both compression and shear parameters should be determined. This determination requires different type of instruments, for instance oscillating drops for the compression properties and oscillating bicones for the shear properties [START_REF] Langevin | Rheology of Adsorbed Surfactant Monolayers at Fluid Surfaces[END_REF]. These two methods allow investigating the variation of the parameters upon the amplitude of the deformation. This is very useful as the responses of adsorbed layers to deformations are frequently non-linear.

Surfactant adsorbed layers are fluid-like, their shear storage modulus is zero, leaving only three independent rheological parameters for their characterization: compression modulus E, compression viscosity E and shear viscosity S. Surfactants can exchange between the bulk and the interface, which results into an apparent but important frequency variation of the measured values of E and E. The rheological parameters can be also frequency dependent due to of relaxation processes in the interface. Oscillating drops and bicones allow measuring rheological parameters at low frequencies (typically below 10 Hz). Other techniques, such as wave propagation allow to explore rheological responses at higher frequencies [START_REF] Langevin | Rheology of Adsorbed Surfactant Monolayers at Fluid Surfaces[END_REF].

The commercial instruments were developed for the determination of interfacial properties of systems with interfacial tensions above a few mN/m. Most interfaces have tensions in this range, even the oil-water interfaces in the presence of surfactant, currently found in emulsions. In some cases however, the interfacial tensions are ultralow, and these instruments cannot be used. In microemulsion systems for example, the interfacial tensions can only be measured with spinning drop tensiometers [START_REF] Cayias | Utilization of petroleum sulfonates for producing low interfacial-tensions between hydrocarbons and water[END_REF] or surface light scattering [START_REF] Pouchelon | Low interfacial-tensions in 3phase systems obtained with oil-water surfactant mixtures[END_REF]. Spinning drop tensiometers were used as routine apparatus since the pioneering EOR studies back in the 70's in the University of Texas, where the first models were commercialized. Slattery et al proposed to measure the surface compression properties in these systems by varying sinusoïdally the drop area [START_REF] Slattery | Spinning drop interfacial viscometer[END_REF]. This method has been developed in the FIRP laboratory [START_REF] Salager | Principles of the spinning drop tensiometer[END_REF] and the present paper will give examples of its potential. An instrument based on this principle has been recently commercialized by DataPhysics. [7] So far and to our knowledge, only three publications reported the use of this instrument with surfactant systems of interfacial tensions between about 2 and 10 mN/m. [START_REF] Zhang | Study of Interfacial Dilational Properties by the Spinning Drop Technique[END_REF][START_REF] Wang | Effect of interfacial dilational rheology on the breakage of dispersed droplets in a dilute oil-water emulsion[END_REF][START_REF] Wei | Influence of Individual Ions on Oil/Brine/Rock Interfacial Interactions and Oil-Water Flow Behaviors in Porous Media[END_REF] Note that spinning drop instruments were used to investigate the deformation of polymerized capsules [START_REF] Rehage | From two-dimensional model networks to microcapsules[END_REF] and of interfaces between polymeric liquids [START_REF] Martin | Unusual behavior of PEG/PPG/Pluronic interfaces studied by a spinning drop tensiometer[END_REF]. In these cases, the interfaces have a large shear modulus and the behavior observed was complex.

It has been shown in many studies that emulsion stability correlates well with interfacial rheology, especially when the stabilizing species are irreversibly adsorbed at the oil-water interfaces, as for instance with crude oils containing asphaltene molecules [START_REF] Langevin | Interfacial behavior of asphaltenes[END_REF]. It is not yet clear which are the most important rheological parameters, compression or shear, storage or loss moduli. This is likely because these parameters are all correlated with the molecular packing in the interfacial layer: the denser the packing, the higher the moduli. The rheological parameters have also been found correlated with the efficiency of demulsifiers: the lower the moduli in the presence of demulsifiers, the better their efficiency [START_REF] Kilpatrick | Water-in-Crude Oil Emulsion Stabilization: Review and Unanswered Questions[END_REF]. Again, it is not clear yet which parameter best describes the demulsifier action: shear viscosity [START_REF] Wasan | Role of coalescence phenomena and interfacial rheological properties in enhanced oil-recovery -overview[END_REF], shear storage modulus [START_REF] Fan | Interfacial shear rheology of asphaltenes at oil-water interface and its relation to emulsion stability: Influence of concentration, solvent aromaticity and nonionic surfactant[END_REF], both shear modulus and shear viscosity [START_REF] Kang | Influence of demulsifier on interfacial film between oil and water[END_REF] both shear and compression viscosities [START_REF] Mukherjee | Effect of Demulsifiers on Interfacial Properties Governing Crude Oil Demulsification[END_REF], storage compression modulus (and not loss modulus) [START_REF] Tao | Effect of Rheology Properties of Oil/Water Interface on Demulsification of Crude Oil Emulsions[END_REF] or high frequency compression modulus [START_REF] Kim | A study of dynamic interfacial mechanisms for demulsification of water-in-oil emulsions[END_REF]. More investigations are therefore needed. The measurements of the interfacial rheological parameters become difficult when the interfacial tension falls below a few mN/m. The oscillating spinning drop is therefore a promising instrument to explore the rheological behavior of interfaces in this low tension range, which is often found with demulsifiers in petroleum production [START_REF] Salager | Fundamental basis for the action of a chemical dehydrant. Influence of the physical and chemical formulation on the stability of an emulsion[END_REF] [22] [START_REF] Rondon | Breaking of water-in-crude oil emulsions. 1. Physicochemical phenomenology of demulsifier action[END_REF] In the following, we will recall the theoretical background of interfacial rheology, then describe the custom built instrument used and end showing various examples of applications: surfaces of pure fluids or of surfactant solution, crude oil-water interfaces with and without surfactant added.

Definition of surface rheological parameters

Gibbs proposed to define surface properties as excess properties [START_REF] Gibbs | The Collected works[END_REF]. Let us consider for instance a solution of surfactant with a bulk concentration C equal to C0 far from the surface and increasing close to the surface due to the adsorption process. The surface concentration, also called surface excess can be obtained as:

Γ = ∫ 𝐶(𝑧) -𝐶 0 0 -∞ 𝑑𝑧 -∫ 𝐶(𝑧) +∞ 0 𝑑𝑧
where the position of the surface is the plane z=0. This position is arbitrary, and is usually chosen so that the surface excess of the solvent is zero. The formalism of excess properties can be applied to surface rheological parameters as well [START_REF] Goodrich | The theory of capillary excess viscosities[END_REF].

The measurement of the surface shear modulus with an oscillating bicone is made by measuring the total torque opposing the rotation of the bicone, and then subtracting the contributions of the two bulk liquids. The measurement of the surface compression modulus with an oscillating drop is more direct, although based on the same formalism. After adsorption, the interfacial tension  is lowered with respect to the tension of the bare interface 0 by a quantity  called surface pressure. When the layer is compressed along the axis x, an interfacial tension gradient arises associated to a force Fx = ∂/∂x = -∂/∂x, analog to the bulk force in a medium where the pressure p is not uniform. This force is sometimes called Marangoni force. By analogy with the three dimensional case, the compression modulus can be written as:

E = -A 𝜕Π 𝜕𝐴 (1)
Since for insoluble surface layers,  is inversely proportional to A:

Einsol =  𝜕Π 𝜕Γ (2)
When dissipation is present, the force per unit area is the sum of elastic and viscous contributions. If the deformation is small (linear response) and sinusoidal, of angular frequency , the expressions of the force can be generalized using complex moduli : 𝐸 ̃ = E'+ iE" = E' + iE = E exp (i) for compression and 𝐺 ̃ = G'+iG" = G' + iS = G exp (i') for shear Let us note that many authors use the name dilational or dilatational instead of compression rheology. One can obtain the real E' and imaginary E'' components from the phase angle φ: E' = E cos φ, E" =  E = E sin φ. In the absence of relaxation processes affecting the compression modulus, the phase angle  is zero 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 a phase angle between 0º and 90º are viscoelastic.

When the surface active species is soluble in one of the two fluids in contact, it can be expelled from the surface upon compression. This is frequently the case with short chain surfactants, especially the nonionic surfactants that can exchange freely between the adsorbed layer and the bulk solution. In the case of air-water interfaces in quiescent conditions, the surfactant motion in the bulk is controlled by diffusion. Levich [START_REF] Levich | Physicochemical Hydrodynamics[END_REF] calculated the effective compression modulus in the case of a sinusoidal compression of the surface with a frequency  for a pure nonionic surfactants Using the common formulation of Lucassen and van den Tempel [START_REF] Lucassen | Dynamic measurements of dilational properties of a liquid interface[END_REF] :

E' = Einsol 1+Ω 1+2Ω+2Ω 2 Einsol = 𝜕Π 𝜕Γ  = √ 𝐷 2𝜔 𝜕𝐶 𝜕Γ (3)
where D is the surfactant diffusion coefficient in bulk; E' is equal to Einsol at high frequencies, and tends to zero when  become small. The characteristic relaxation time is such as D=1 and =1, i.e.:

D = 2 𝐷 ( 𝜕Γ 𝜕𝐶 ) 2 (4)
This relaxation produces a dissipation, resulting in a contribution to the surface compression viscosity E:

E = 𝐸 𝑖𝑛𝑠𝑜𝑙 𝜔 Ω 1+2Ω+2Ω 2 (5)
E is small at small and high frequencies and is maximum around D=1. It should be stressed that the compression parameters given in equations 3 and 5 are not intrinsic to the system. For instance, when the thickness h of the bulk phase is very small and when the amount of surfactant in bulk is less than the amount of surfactant at the surface (C < /h), the exchanges between bulk and surface are constrained, and E is closer to Einsol than predicted by eq. 3 [START_REF] Sonin | Role of surface elasticity in the drainage of soap films[END_REF].

In practice, the intrinsic compression modulus Einsol can be calculated when the variation of the interfacial tension with concentration is known. Indeed one can then calculate the surface concentration  using the Gibbs equation

Γ = 1 𝑘 𝐵 𝑇 𝜕𝛾 𝜕𝑙𝑛𝐶 (6)
for a nonionic surfactant. Note that this equation can only be used below the critical micellar concentration (cmc), because above this concentration, micelles form and the surface tension remains constant [START_REF] Evans | The Colloidal Domain[END_REF]. In general, the surface concentration reaches a limit value ∞ close to the cmc [START_REF] Lu | Direct Determination by Neutron Reflection of the Structure of Triethylene Glycol Monododecyl Ether Layers at the Air/Water Interface[END_REF]. Above the cmc, micelles are present, and the exchange time between micelles and surface can become long and equations 3-5 need to be modified [START_REF] Lucassen | Adsorption-kinetics in micellar systems[END_REF]. These equations were also generalized for binary surfactant mixtures, including soluble and insoluble surfactants [START_REF] Jiang | Theoretical-models for dynamic dilational surface-properties of binary surfactant mixtures[END_REF]. In the case of ionic surfactants, equations 3-5 are not valid and more complex treatments are necessary [START_REF] Bonfillon | Electrostatic model for the viscoelasticity of ionic surfactant monolayers[END_REF].

The relation between equilibrium bulk and surface concentrations is frequently approximated by the Langmuir equation:

𝐶 𝑎 = Γ/Γ ∞ 1-Γ/Γ ∞ (7)
where a is the Szyszkowski concentration, smaller than the cmc. One can see from equation 7 that the derivative d/dC becomes very small when  approaches ∞, meaning that the characteristic frequency  becomes high and the elastic modulus E small. More complex expressions incorporate interactions between molecules at the surface, such as the Frumkin equation and others.

Equations 3-7 do not apply to irreversibly adsorbed species at the interface, such as asphaltenes [START_REF] Freer | Relaxation of asphaltenes at the toluene/water interface: Diffusion exchange and surface rearrangement[END_REF]. In this case, the elastic modulus can also depend on frequency due to relaxations inside the surface layer. Consolidated (aged) asphaltene layers are frequently glassy and the elastic modulus exhibits frequency variations similar to those seen with glasses [START_REF] Dicharry | Stability of water/crude oil emulsions based on interfacial dilatational rheology[END_REF].

Oscillatory Spinning Drop Interfacial Rheometer

Description of the instrument

The determination of interfacial tension (IFT) with a spinning drop instrument is based on the axial elongation of a drop of the less dense phase in the denser continuous phase [START_REF] Slattery | Spinning drop interfacial viscometer[END_REF]. If the drop length L is larger than four times its radius a, the IFT is determined using Vonnegut's approximation [START_REF] Couper | A simple derivation of vonnegut equation for the determination of interfacial-tension by the spinning drop technique[END_REF]:

𝛾 = 𝜔 𝑟𝑜𝑡 2 𝑎 3 Δ𝜌 4 (8)
where Δρ is the density difference between the two fluids and rot is the angular frequency of rotation. Expressions for L <4a were derived, but are less easy to handle. Experiments are usually performed with long drops for which equation 8 applies. Typical drop volumes are around 10 L.

The oscillating spinning drop method was analysed theoretically by Slattery et al. [START_REF] Slattery | Spinning drop interfacial viscometer[END_REF]. A custom built instrument was devised in the FIRP laboratory and is depicted in Figure 1. The instrument is a standard spinning drop tensiometer to which an additional software has been added : model RI-1000 (FIRP Laboratory-CITEC, Universidad de Los Andes, Venezuela) made in the CITEC workshop [START_REF] Couper | A simple derivation of vonnegut equation for the determination of interfacial-tension by the spinning drop technique[END_REF]. It includes a spinning capillary of internal diameter 4 mm which is coupled to a motor and to a transducer. The capillary rotates at a speed which is controlled by a PID unit. In order to vary the drop area, the rotational speed can be varied sinusoïdally at frequencies between 0.0166 and 0.25 Hz. The device automatically takes pictures at desired time intervals (down to 0.05 sec). Each picture allows determining the droplet diameter, which is automatically recorded together with the rotational speed. Then, the droplet diameter and the rotational speed are used to calculate the IFT using equation 8. The interfacial area is calculated assuming that the drop is a cylinder with two hemi-spherical caps. 

Description of the liquid samples

The instrument was tested with the following liquids:

• oil phases :

-toluene and cyclohexane, technical grade, provided by Sigma Aldrich and Fisher Scientific respectively -Hamaca crude oil from the Orinoco oil belt (Venezuela). This heavy oil contains 17 % asphaltenes, its API number is 8, its acid number is 2 mg KOH/g. Asphaltenes were extracted from Hamaca crude oil by precipitation in n-heptane as presented in [START_REF] Aguilera | Water-in-Oil Emulsions Stabilized by Asphaltenes Obtained from Venezuelan Crude Oils[END_REF] • water phase :

-double distilled water (pure water) -double distilled water containing 5 g/L NaCl, analytical grade, from Merck, Germany (brine).

• Surfactants :

-sodium dodecyl benzene sulfonate (SDBS), an anionic surfactant, from Sigma-Aldrich, USA.

-ethoxylated nonylphenols, with an average number of ethylene oxide groups per molecule of 6 (NPEO6, MW = 440, HLB = 10.9) and 8 (NPEO8 MW = 572 Da, HLB = 12.3), nonionic surfactants, from WITCO.

In the 70's, the equilibration was carried out inside the capillary tube and was often taking a long time, sometimes with inconvenience such as the dissolution of the drop during equilibration.

Another disadvantage with such a water-to-oil ratio very different from unity, is the alteration of the bulk and interfacial compositions because of partitioning effects. Here, we pre-equilibrate equal volumes of oil and water in test tubes for about 24 h before loading the capillary. With this procedure, a constant tension value is attained very quickly, generally in less than 1 h.

Various systems were studied in order to assess the validity of the technique:

• Pure liquid: Sec-butanol/air

• Soluble surfactants:

C B E D A o SDBS solutions in water (1 g/L)/air
o Mixed solutions of NPEO6 and NPEO8 in water/ cyclohexane. The composition of the surfactant mixture was adjusted in order to be in the vicinity of the minimum interfacial tension (equivalent EO number 6.4). The surfactant concentration was varied between 0.015 and 2 g/L.

• Insoluble surface-active species: Hamaca crude oil (or its asphaltenes) diluted in toluene or cyclohexane. Asphaltene concentrations were varied between 0.1 and 10 g/L, in order to reduce the viscosity below about 10 mPa.s

• Mixtures of soluble and insoluble surface active species o SDBS solutions (1 g/L) in brine/Hamaca crude oil diluted in toluene o NPEO8 surfactant solutions in brine /Hamaca crude oil diluted in cyclohexane to achieve an asphaltene concentrations of 2 g/L (surfactant concentration scan from 0 to 800 mg/L). This system was used by Delgado et al. in a demulsification study [START_REF] Delgado-Linares | Breaking of Water-in-Crude Oil Emulsions. 6. Estimating the Demulsifier Performance at Optimum Formulation from Both the Required Dose and the Attained Instability[END_REF].

The experiments were performed at a temperature of 30 °C ± 1°C.

Description of the experimental procedure and of the data analysis

The previously equilibrated aqueous and oil phases are inserted then into the capillary, then equilibrated at 30 ºC and the drops formed. The magnification of the camera is adjusted from 10X to 40X according to the drop radius (for high IFT, 10X is used, while for low and ultralow IFTs, 20X to 40X are used). Then the rotation velocity is chosen according to IFT. The ranges usually used for high, low and ultralow IFTs are 7000-10000 rpm, 4000-7000 rpm and 3000 to 4000 rpm respectively. The frequency of variation of the rotation speed was generally set to 0.1 Hz. The amplitude of the oscillation was about 1000 rpm in order that the variation of interfacial area remains below 10% and to keep the rheological response linear.

A photograph of filaments of known diameter is used to calibrate the instrument. The corresponding error on the diameter is estimated to be about ± 1m, which leads to an error of 0.3 % for the tensions in the range of 10 mN/m (drop radius ~1 mm) and up to 2 % for tensions of the order of 0.01 mN/m. The error on rotation speed is ±50 rpm, corresponding to an error on the tension of about 2 % for a rotation velocity of 5,000 rpm. The densities are measured with an Anton Paar density meter (model DMA 4500 M) to within ± 0.0001, and the corresponding error on  and  is about 0.1%. The overall error on the interfacial tension measurements is then between 2 to 5%, being the lowest for the largest tensions. Note that this estimated error is consistent with the measurement reproducibility.

The data shown in ref 8 indicate that the accuracy on the tensions measured with the Dataphysics instrument during the variation of the rotation speed is about 2% while the tensions measured are of the order of 10 mN/m. The overall accuracy of our instrument is therefore quite similar to that of the commercial one.

We show in Figure 2 experiments performed with interfaces between brine containing 800 ppm NPEO8 and Hamaca crude oil diluted in cyclohexane with an asphaltene content of 2 g/L of interfacial tension 0.84 mN/m. Figure 2 shows the sinusoidal variation of the rotational speed versus time together with the drop aspect when the angular velocity is maximum and minimum. In the following, it will be assumed that the viscoelastic response of the interface is linear. When the interfacial area is varied sinusoïdally with a given angular frequency , the response is the sum of an elastic response, in phase with the excitation, and of a viscous response, shifted by 90° with respect to the excitation. Using complex numbers as in §2:

𝐸 ̃= E'+ iE"= E exp (i)

with : E' = E cos φ and E" =  E = E sin φ; E' is sometimes called storage modulus and E" loss modulus. The amplitude of the response is related to E, the phase shift being φ.

Here the excitation is the area change :

A = Ai + A exp (it)
and the response is the change in interfacial tension

 = i +  exp (it + i)
From Equation 1, we can write the interfacial compression modulus E as:

E = -A 𝜕Π 𝜕𝐴 = A 𝜕γ 𝜕𝐴 = 𝐴 𝑖 Δγ ΔA (9) 
Here we use quasi-static interfacial tension data, exactly as in the well-known pendent drop method. Bulk viscous stresses can introduce an apparent sinusoidal contribution to the interfacial tension, even for surfactant-free systems [START_REF] Freer | Oscillating drop/bubble tensiometry: effect of viscous forces on the measurement of interfacial tension[END_REF]. This contributions together with other possible sources of errors made using equation 9 will be discussed in § 4 together with experimental data.

In the present instrument, the parameters E, , E', E'' and ηE are calculated by the computational software. Figure 3 shows a typical sinusoidal variation of interfacial tension and interfacial area. The experimental error combines the error on the surface tension and on the surface area. The overall error on the interfacial moduli is then between 4 to 10%, being the lowest for the largest tensions and larger for the lowest tensions.

Example of measurements

Surfactant free system

In order to check if the calibration of the instrument was correct, the behaviour of an air bubble in secondary butanol was first checked. One sees in figure 4 that the surface tension does not change when the drop area is varied, the modulus E is zero as expected when no surface layer is present. The measured surface tension was ( 22.0 ±0.5) mN/m, while the literature value is 23.0 mN/m at 20°C [40]. Taking into account the fact that surface tensions decrease with temperature by about 0.1 mN/m per degree [START_REF] Adamson | Physical Chemistry of Surfaces[END_REF], the measured tension is in good agreement with the literature value 

Soluble surfactant systems

Aqueous solutions of 1 g/L SDBS were studied. The critical micellar concentration (cmc) of this surfactant in water is 2 mM, or 0.7 g/L [START_REF] Ray | A critical and comprehensive assessment of interfacial and bulk properties of aqueous binary mixtures of anionic surfactants, sodium dodecylsulfate, and sodium dodecylbenzenesulfonate[END_REF] . The surface tension that we measured for the solution is 27 mN/m, comparable to a reported one [START_REF] Ray | A critical and comprehensive assessment of interfacial and bulk properties of aqueous binary mixtures of anionic surfactants, sodium dodecylsulfate, and sodium dodecylbenzenesulfonate[END_REF] (~32 mN/m). The difference is likely due to residual impurities. The elastic modulus E measured at a frequency of 0. The measured E' and E" are not intrinsic parameters, and are affected by diffusion as seen in §2.

They might also be affected by convection in the spinning drop instrument, due to the high rotation velocities, possibly explaining the higher measured dissipation. We therefore made experiments changing the hydrodynamic conditions: velocity of rotation, amplitude of the deformation, bubble volume. The results are shown in table 1. One sees in table 1, that the values of the modulus and phase angle are not significantly affected by the hydrodynamic conditions. We varied the frequency of rotation by a factor 3, the amplitude of deformation by a factor 6 and the bubble volume by a factor 10. If the adsorption-desorption process was affected by convection, the value of the modulus should depend on the velocity of rotation, but it does not. Furthermore, the storage modulus is the same than for the pendent drop measurement, which is only affected by diffusion. In fact and as shown by Slattery et al [START_REF] Slattery | Spinning drop interfacial viscometer[END_REF], the velocity of the fluid is mainly parallel to the drop (or bubble) surface, and the only convection expected is that induced from the sinusoidal variation in drop radius. However, this variation is similar to that used in pendent drop instruments, where convection was shown to be negligible.

Rotation

The significant phase difference between the two drop methods led us to investigate other possible sources of artifacts.

• One possible source or error could arise from viscous dissipation in the bulk liquid. This effect has been addressed by Freer and Radke in the case of the oscillating pendent drop [START_REF] Freer | Oscillating drop/bubble tensiometry: effect of viscous forces on the measurement of interfacial tension[END_REF], as mentioned in §2. They report that viscous dissipation leads to an apparent additional interfacial tension variation, negative and proportional to the capillary number, i.e. to the amplitude of area variation, to its frequency and to the difference in viscosity between the drop and the exterior. This contribution is shifted by /2 with respect to the excitation. This result holds for the spinning drop case. Table 1 shows that the phase does not change when the amplitude of area variation increases. Numerical estimations confirm that the bulk viscous friction cannot be responsible for the high value of the phase.

• Another source of error could be the friction with the wall of the capillary. This effect has been calculated by Slattery et al and could be significant if the radius of the drop is not much smaller than the radius of the capillary [START_REF] Slattery | Spinning drop interfacial viscometer[END_REF]. In order to change the drop radius, different intervals of speed were studied. Measurements with a very small bubble were also performed. One sees in table 1 that neither the modulus, nor the phase change within error bars, while the radius changed by a factor 10.

Table 1 also shows that in the range of amplitudes used, the rheological response is linear for the amplitudes of area variation used. The difference in phase measurements between pendent and spinning drops will be further discussed in § 4.5

We show now measurements performed with surfactant systems of very low tension. In this case, we could not compare the data with pendent drop experiments, because the technique is no longer suitable in the range of tensions studied. Figure 5 illustrates the variation of interfacial tension and elastic modulus for the interface between cyclohexane and the mixed solution of nonionic surfactants.

One sees in figure 5 that the tension and the modulus decrease with surfactant concentration, the cmc being around 0.4 g/L. The elastic modulus also decreases with concentration as expected from a diffusion controlled mechanism (equations 3-5). The systems studied here contain two surfactants which are about as soluble in water and in oil. Equations 3-5 are therefore not appropriate for the calculations of the elastic modulus. However, theories for mixtures show that if the surfactants are similar (similar surface activities and diffusion coefficients), equations 3-5 are good approximations.

In the case of partitioned surfactants, theory also shows that these equations are good approximations, provided an effective diffusion coefficient is used [43]. We have therefore used equations 3-5 and 7 in order to estimate roughly the modulus E. 

Insoluble surface active species : asphaltenes in a solvent/brine interfaces

At the difference of the nonionic system presented above, the interfaces in the systems containing asphaltenes do not have low tensions and can be studied with other methods. The study of these systems was performed for the sake of comparison with literature studies.

Time evolution

The interfacial elastic modulus for the Hamaca crude oil dissolved in toluene containing 10 g/L asphaltenes/brine (5 g/l NaCl) is shown in Figure 6. As commonly observed, the interfacial tension decreases slowly with time, the decrease being generally attributed to the irreversibility of the adsorption and to the consolidation of the interfacial layer [START_REF] Langevin | Interfacial behavior of asphaltenes[END_REF]. One sees in figure 6 that the elastic modulus increases as well, also a consequence of the consolidation of the layer. In the following, we have limited the measurements to aging times of 1 to 2 hours. The interfacial tensions do not evolve anymore, while the moduli continued to increase. Since our purpose is here to test the instrument, the precise age of the interface will not influence the discussion, provided of course that the measurements are performed rapidly enough. A typical measurement time, including about 5 trials to test the repeatability requires 10 min.

The values of the elastic modulus are comparable to those measured by other authors [START_REF] Alvarez | Heavy Oil-Water Interfacial Properties and Emulsion Stability: Influence of Dilution[END_REF][START_REF] Rane | Applicability of the Langmuir Equation of State for Asphaltene Adsorption at the Oil-Water Interface: Coal-Derived, Petroleum, and Synthetic Asphaltenes[END_REF][START_REF] Liu | Mixture Effect on the Dilatation Rheology of Asphaltenes-Laden Interfaces[END_REF][START_REF] Ligiero | Characterization of Crude Oil Interfacial Material Isolated by the Wet Silica Method. Part 2: Dilatational and Shear Interfacial Properties[END_REF][START_REF] Angle | Dilational Interfacial Rheology for Increasingly Deasphalted Bitumens and n-C5 Asphaltenes in Toluene/NaHCO3 Solution[END_REF][START_REF] Yarranton | Effect of interfacial rheology on model emulsion coalescence -I. Interfacial rheology[END_REF]. However, in these other works the phase angle was small and the loss modulus E" small compared to E'. Here, the phase  is higher than values currently reported in these systems and close to 90°. This means that the loss modulus E" is larger than the storage modulus E', while in pendent drop experiments E' is usually larger.

In order to see if the phase is also smaller in pendent drop experiments as in the case of SDBS solutions, we also performed pendent drop experiments with the crude oil system. The result were  = 14.9 ± 0.16 mN/m, E = 8.4 ± 1.1 mN/m and  = 30.6 ± 1.8°, leading to E' = 7.2 ± 1.9 mN/m. Similarly to the SDBS solution, the values of E' are compatible with those measured with the spinning drop (see figure 6) but the phases  are very different, about 30° with the pendent drop, similar to those reported by many authors with similar asphaltene systems, while the phase is close to 90° with the spinning drop. There is therefore again a big discrepancy on the values of the loss modulus: E'' = 4.3 ± 2.1 mN/m for the pendant drop and E'' = 45.4 ± 0.78 mN/m for the spinning drop. This difference led us to check if the measured values depended on hydrodynamic conditions (velocity of rotation, amplitude of deformation). The results are shown on table 2. Again neither the modulus, nor the phase change within error bars, ruling out the effect of viscous dissipation in the bulk liquid: the phase does not change when the velocity of rotation or the amplitude are changed.

The friction with the wall of the capillary can be ruled out as well. 

Role of solvent

Figure 7 shows results for Hamaca crude oil diluted in various solvents: toluene, a good solvent of asphaltenes and cyclohexane, a solvent intermediate between toluene (good solvent) and alkanes (poor solvents). The total modulus E is larger for the toluene solutions, while the storage modulus E' is lower. The last result correlates with the stability of the emulsions made with these systems: the emulsions made with the toluene dilutions of crude oil are less stable than those made with cyclohexane dilutions [START_REF] Rondon | Breaking of water-incrude-oil emulsions. 2. Influence of asphaltene concentration and diluent nature on demulsifier action[END_REF]. As discussed in the introduction, it is indeed considered that the largest the elastic modulus, the better the emulsion stability. We see here that the modulus to be considered appears to be the storage modulus. The total modulus is large for toluene, because the loss modulus is large.

Many authors reported the formation of skins at these interfaces upon compression, especially with asphaltene poor solvents [START_REF] Strassner | Effect of ph on interfacial films and stability of crude oil-water emulsions[END_REF][START_REF] Czarnecki | On the stabilization mechanism of water-in-oil emulsions in petroleum systems[END_REF]. We sometimes noted in the instrument used here the formation of patches looking like pieces of skins, but a skin covering the whole drop was never observed. This is probably because the layers studied do not possess a large enough elastic shear storage moduli.

Comparison between dilutions of crude oil and asphaltene solutions

Figure 8 shows the frequency variation of the elastic modulus, storage elastic modulus and phase angle of Hamaca crude oil dissolved in toluene and Hamaca crude oil asphaltenes dissolved in toluene (same asphaltene concentration, 10 g/L) against brine (5 g/l NaCl) interfaces. It is observed that the system with asphaltene diluted in toluene possesses an interfacial elastic modulus higher than the system with crude oil diluted in toluene system, whatever the frequency. This is associated with a better emulsion stability, as found by Angle et al. with bitumen [START_REF] Angle | Dilational Interfacial Rheology for Increasingly Deasphalted Bitumens and n-C5 Asphaltenes in Toluene/NaHCO3 Solution[END_REF] This lower value of the elastic modulus for the crude oil dilutions or asphaltene solutions is related to the fact that the other components of the oil, among them the resins, contribute to improve the asphaltene solubility, hence decrease the adsorbed amounts. Figure 8 also shows that the elastic modulus increases with the frequency, as observed by many authors with other instruments [START_REF] Fan | Interfacial shear rheology of asphaltenes at oil-water interface and its relation to emulsion stability: Influence of concentration, solvent aromaticity and nonionic surfactant[END_REF][START_REF] Freer | Relaxation of asphaltenes at the toluene/water interface: Diffusion exchange and surface rearrangement[END_REF][START_REF] Dicharry | Stability of water/crude oil emulsions based on interfacial dilatational rheology[END_REF][START_REF] Rane | Applicability of the Langmuir Equation of State for Asphaltene Adsorption at the Oil-Water Interface: Coal-Derived, Petroleum, and Synthetic Asphaltenes[END_REF][START_REF] Ligiero | Characterization of Crude Oil Interfacial Material Isolated by the Wet Silica Method. Part 2: Dilatational and Shear Interfacial Properties[END_REF][START_REF] Angle | Dilational Interfacial Rheology for Increasingly Deasphalted Bitumens and n-C5 Asphaltenes in Toluene/NaHCO3 Solution[END_REF][START_REF] Yarranton | Effect of interfacial rheology on model emulsion coalescence -I. Interfacial rheology[END_REF][START_REF] Bouriat | Properties of a two-dimensional asphaltene network at the water -Cyclohexane interface deduced from dynamic tensiometry[END_REF][START_REF] Anton | Dilatational rheology of a gel point network formed by nonionic soluble surfactants at the oil-water interface[END_REF][START_REF] Sun | Dynamic dilational properties of oil-water interfacial films containing surface active fractions from crude oil[END_REF][START_REF] Quintero | Formation Kinetics and Viscoelastic Properties of Water/Crude Oil Interfacial Films[END_REF].

Mixtures of soluble and insoluble surfactants : surfactant solutions in brine/diluted crude oil interfaces

In order to evaluate the potential of the technique in the range of low interfacial tensions, systems containing surfactant were investigated, in particular a surfactant with a demulsifier action [START_REF] Delgado-Linares | Breaking of Water-in-Crude Oil Emulsions. 6. Estimating the Demulsifier Performance at Optimum Formulation from Both the Required Dose and the Attained Instability[END_REF]. Demulsifiers are surfactants that stabilize emulsions of the opposite nature, for instance here, oil in water emulsions, while asphaltenes stabilize water in oil emulsions. When well chosen demulsifiers are added to asphaltene stabilized emulsions, they destabilize them. However, as mentioned in the introduction, the precise mechanism of their action is not yet fully elucidated. Since it is likely related to interfacial rheology, measurements are desirable, especially in the low IFT range where no method was available until now.

Figure 9 shows the frequency variations of the modulus and phase for interfaces between Hamaca crude oil diluted in toluene and brine with or without 1 g/L SDBS . As before, the elastic modulus E increases with frequency; E decreases by two orders of magnitude when surfactant is added. The addition of surfactant decreases the phase angle as seen by Chavez et al for the shear rheology [START_REF] Chavez-Miyauchi | Nonmonotonic Elasticity of the Crude Oil-Brine Interface in Relation to Improved Oil Recovery[END_REF] . Experiments have also been done with a hydrophilic non-ionic surfactant, NPEO8, used as demulsifier in a previous work [START_REF] Rondon | Breaking of water-in-crude oil emulsions. 1. Physicochemical phenomenology of demulsifier action[END_REF]. The time variation of the interfacial tension between surfactant solutions in water and 2 g/L Hamaca crude oil in cyclohexane is depicted in figure 10. The interfacial tension decreases with time due to the adsorption of surfactant and asphaltenes at the interface. The decrease is more pronounced for small surfactant concentrations as expected. The tension is also smaller for larger surfactant concentrations as discussed in the introduction. In these systems, the interfacial tensions reach constant values after about 1 h varying between 5.89 and 0.74 mN/m when the surfactant concentration increases from 25 to 800 mg/L. The moduli decrease with surfactant concentration and increase with frequency also as usual. The phase angle remains high and varies between 82 and 86º.

These type of surfactants have a demulsifier action with crude oil emulsions [38] [51]. It is thus seen that the spinning drop instrument allows obtaining information not only on interfacial tension, but also on interfacial rheology, offering a way to understand better demulsifier action.

More complete studies, including systems with ultralow interfacial tensions will be presented in forthcoming publications.

Comparison with the oscillating pendent drop method

Asphaltenes are irreversibly adsorbed and as a consequence, the measured rheological parameters are intrinsic ones. The two interfacial viscosities are therefore expected to be comparable. In their calculations, Slattery et al included both interfacial viscosities, compression and shear (but no storage moduli) [START_REF] Slattery | Spinning drop interfacial viscometer[END_REF]. Because the spinning drop is studied in a configuration where its length is much larger than its radius, one can view the drop deformation as an elongational deformation, in which case, the modulus measured is the Young modulus Eyoung. In two dimensions, this modulus is the sum of the compression and shear moduli : EYoung = E + G [START_REF] Landau | Theory of Elasticity[END_REF]. The modulus measured with methods using spinning and pendent drops are therefore different.

The fact that the measured E' are similar here is also understandable, since for interfaces with surfactant solutions, the shear modulus G is zero. In the case of asphaltene solutions in a good solvent such as toluene, G becomes only measurable after a day or so [START_REF] Fan | Interfacial shear rheology of asphaltenes at oil-water interface and its relation to emulsion stability: Influence of concentration, solvent aromaticity and nonionic surfactant[END_REF]. The values of E" are different, because they include Surface shear viscosity contributions.

The differences in E" observed with the SDBS solutions are more surprising, because pure surfactants usually have low shear viscosities [START_REF] Langevin | Rheology of Adsorbed Surfactant Monolayers at Fluid Surfaces[END_REF]. But the SDBS used contains surface active impurities that may increase the surface shear viscosities, as for instance dodecanol with sodium dodecyl sulfate.

It should finally be mentioned that because the shape of the pendent drop is not perfectly spherical, the modulus measured with this method is not exactly the compression modulus, but also contains contributions of the shear modulus [START_REF] Yeung | Shear effects in interfacial rheology and their implications on oscillating pendant drop experiments[END_REF].

Conclusions

Surface rheology is a complex notion but it seems to control many applications [1] [2]. It therefore deserves attention and progresses are desirable. The necessity to take into account surface elastic effects due to surface tension gradients when the interface is compressed is now recognized. Surface viscous effects also play important role in surface motion. When irreversibly adsorbed surface agents are present, the interfacial layers can also behave as solid bodies and present a resistance to shear Various types of instruments are available for the measurements of surface rheological parameters, elastic and loss moduli, for both compression and shear [START_REF] Langevin | Rheology of Adsorbed Surfactant Monolayers at Fluid Surfaces[END_REF]. The most common instruments make use of oscillating pendent drops or are rheometers equiped with bicones. These instruments are applicable to systems with large enough interfacial tension, typically above a few mN/m.

In order to go beyond this limitation, we used a new type of instrument based on oscillating spinning drops. We demonstrate the capability of the new technique presenting examples of surface rheological studies of systems with high, low and ultralow interfacial tensions. We discussed the possible artifacts arising from surfactant convection, viscous losses in the bulk fluid or when the drop is too close to the wall of the container. We have shown that the interfacial moduli can be determined with a very good accuracy (a few %), even for interfacial tensions as low as 0.01 mN/m. This is not actually the lowest limit and in a future paper we will present results for systems with tensions down to 0.001 mN/m.

The rheological parameters determined with the instrument are related to uniaxial compression, the elastic modulus being a surface Young modulus. For an interface, this modulus is the sum of the compression and the shear moduli. For soluble surfactants, the shear modulus is zero, but when irreversibly adsorbed molecules such as asphaltenes are present, the shear modulus can take appreciable values. The loss modulus is also the sum of the corresponding compression and shear loss moduli. It would be interesting to make a comparison between the moduli measured with a spinning drop and the pure shear response as measured with an interfacial shear rheometer. Such a comparison is planned in a future work.

The new instrument opens the way to rheological characterizations of interfaces with low tension, which has been so far impossible due to the limitations of the existing instruments. Interfacial rheology studies of low tension systems for enhanced oil recovery is now possible and no doubt it will important new findings for the understanding of the stability of the corresponding emulsions. It also opens the way to new studies of demulsifiers, which frequently lower oil-water interfacial tensions below 1 mN/m, and thus to a better understanding of their action. Demulsification is a very general problem, encountered only in dehydration or desalting in the petroleum production and refining but also in many other industries. Future work along these lines is currently in progress.

Figure 1 .

 1 Figure 1. Recent version of a spinning drop rheometer made at CITEC-FIRP ULA. A: Digital Camera B: Microscope C: Mechanical arm and spinning chamber where the capillary is placed D: Body of the equipment and digital screen where rpm and temperature of the capillary are shown E: computer with computational software where the data is acquired and processed.

Figure 2 .

 2 Figure 2. Sinusoïdal variation of the rotational speed with time. The microphotographs shown were taken at minimum and maximum interfacial area. Each point marks the moment where the photographs are taken and the drop diameter measured. Interfaces between brine containing 0.8 g/L NPEO8 and Hamaca crude oil diluted in cyclohexane with an asphaltene content of 2 g/L.

Figure 3 .

 3 Figure 3. Oscillatory variation of the interfacial area and of the interfacial tension for an oscillatory deformation Frequency 0.1 Hz. Same system as in figure 2.

Figure 4 .

 4 Figure 4. Surface tension (left) and surface area (right) for a drop of sec-butanol. Rotation velocity between 6000 and 7000 rpm

Figure 5 .

 5 Figure 5. Interfacial tension and elastic modulus for the interface between cyclohexane and the mixed solution of nonionic surfactants (EO=6.4). Equilibration time 1h. . We used typical values for surfactants Eins = 2  ~ 100 mN/m , D = 4 10 -10 m 2 /s , ∞ ~ 1mg/m 2 , a ~ cmc/10 =0.04 g/L [44] and equations 3-5 and 7, one finds and E ~ 30 mN/m for a surfactant concentration of 0.04 g/L (0.004%), E ~ 2.5 mN/m for a surfactant concentration of 0.1 g/L (0.01%) and E ~ 0.25 mN/m for a surfactant concentration of 0.3 g/L (0.03%). Although very rough, these estimations leads to numbers of the same order than those measured.

Figure 6 .

 6 Figure 6. Interfacial tension, elastic modulus E, storage modulus E' and phase angle  versus aging time for the interface between brine and Hamaca crude oil diluted in toluene (asphaltene concentration of 10 g/L). Frequency=0.1 Hz.

Figure 7 .

 7 Figure 7. Interfacial tension, elastic modulus, storage elastic modulus and phase angle versus asphaltene concentration for interfaces between brine and dilutions of Hamaca crude oil in two solvents, toluene and cyclohexane. Equilibration time 1 h.

Figure 8 .

 8 Figure 8. Frequency sweep for the Hamaca crude oil diluted in toluene and Hamaca asphaltenes diluted in toluene interfaces with brine. IFT=11.6 mN/m for the crude oil diluted in toluene and IFT=11.9 mN/m for the asphaltene diluted in toluene systems. Equilibration time 1 h.

Figure 9 .

 9 Figure 9. Frequency sweep for the Hamaca crude oil diluted in toluene (10 g/L asphaltenes)/brine and brine with SDBS (1 g/L). With the surfactant, the IFT is 0.11 mN/m. Equilibration time 1h.

Figure 10 .

 10 Figure 10. Left: Dynamic interfacial tension for the NPEO8/Hamaca crude oil diluted in cyclohexane (asphaltene concentration 2 g/L)/water. Right: Elastic modulus measured after 100 min.

  In order to check if these parameters are similar to those measured with other methods, we performed pendent drop experiments with a KSV CAM 200 instrument and this SDBS solution. The result were E = 4.3 ± 0.1 mN/m and  = 36.0 ± 2.5°, leading to E' = 3.4 ± 1.2 mN/m. The value of E' is compatible with that measured with the spinning drop instrument, but the phases  are very different. There is therefore a big discrepancy on the values of the loss modulus: E'' = 2.5 ± 1.7 mN/m for the pendent drop and E'' = 42.6 ± 2.0 mN/m for the spinning drop.

	1 Hz is 42.8 ± 1.8 mN/m and the
	phase angle 85.1 ± 2.3°, leading to a storage modulus of 3.6 ± 2.0 mN/m .

Table 1

 1 

		E	Phase angle 	Bubble's
	velocity rpm	mN/m	degrees	volume L
	3,500-4,500	39.5 ± 0.3	89 ± 1.2	23
	3,500-5,500	41.9 ± 0.3	89 ± 1.5	26.7
	4,000-5,000	40.2 ± 0.9	89 ± 1.5	23
		40.1± 1.3	87 ± 1.6	26.7
	4,250-4,750	45.3 ± 2.6	81 ± 3.1	26.7
	5,000-6,000	41.6 ± 1.4	90 ± 1.1	23
	5,000-7,000	42.5 ± 1.9	85 ± 2.1	26.7
	5,000-8,000	43 ± 1.4	85 ± 2	26.7
	5,500-6,500	41.8 ± 1.5	85 ±1.7	26.7
	5,750-6,250	45 ± 2.5	86 ±1.8	26.7
	6,000-7,000	41.7 ± 2.5	80 ± 2.5	23
	7,000-8,000	44.8 ± 1.4	90 ± 1.4	23
	8,000-9,000	45.8 ± 1.6	89 ± 1.4	23
	9,000-9,500	44.8 ± 3.1	88 ± 3.5	2.3
	9,000-10,000	38.9 ± 2.2	87.5 ± 3.5	2.3

. Modulus E and phase angle for bubbles in the SDBS solution . The errors quoted are the mean square deviation of the measurements (typically 5)

Table 2

 2 

	Rotation	E	Phase angle 	Relative area
	velocity rpm	mN/m		variation %
	7,000-8,000	39.6 ± 1.1	85.9 ± 1.5	6.0
	8,000-9,000	45.7 ± 1	86.7 ± 0.7	5.2
	9,000-10,000	47.5 ± 3.9	84.9 ± 2.6	4.4
	7,500-9,500	44.5 ± 3.3	85.6 ± 2.3	8.8
	7,000-10,000	47.5 ± 1.6	86.4 ± 2.2	16.0

also shows that in the range of amplitudes used, the rheological response is linear for the amplitudes of area variation used.

Table 2 .

 2 Modulus E and phase angle for interfaces between brine and Hamaca crude oil diluted in toluene (10g/L asphaltenes). The errors quoted are the mean square deviation of the measurements (typically 5)
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