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On the reversibility of asphaltene adsorption at oil-water interfaces

The irreversibility of asphaltene adsorption at oil-water interfaces is still debated in the literature. We have used a Tracker instrument (Teclis) in which both liquid drops and bridges can be analyzed and interfacial tensions measured. Rinsing in the liquid bridge configuration is possible, making possible the study of opaque fluids. We confirmed that asphaltene adsorption is irreversible, for (bulk) concentrations below and above the CNAC, even at short times, when the interfacial layers are not yet consolidated. Despite working with a highly purified sample and avoiding part of the problems linked to the competition of different species for the interface, we did not observe significant differences in adsorption times and in the behavior upon compression with respect to asphaltenes with wider mass distribution.

Introduction

Crude oils contain a variety of molecular species, from small molecules such as alkanes up to large molecules, polycyclic and with branched hydrocarbon chains, commonly named asphaltenes. Asphaltenes are usually obtained by precipitation of crude oils using pentane or heptane (called C5 and C7 asphaltenes respectively). Recent atomic force and scanning tunneling microscopy studies have evidenced the great variety of the polycyclic parts of the molecules [START_REF] Schuler | Unraveling the Molecular Structures of Asphaltenes by Atomic Force Microscopy[END_REF]. The asphaltenes average molecular weight is around 750, but they only exist in monomer form at very low concentration in the oil [START_REF] Mullins | The Modified Yen Model[END_REF]. Asphaltenes aggregate above a concentration called CNAC (critical nanoaggregate concentration), typically of order 0.1 g/L [START_REF] Mullins | The Modified Yen Model[END_REF]. Neutron and X-ray scattering combined studies of asphaltenes in toluene showed that the aggregates are flat disks of average radius 3 nm and height 0.7 nm; they contain about 20 asphaltene molecules and they have an aromatic core surrounded by a predominantly aliphatic shell [START_REF] Eyssautier | Insight into Asphaltene Nanoaggregate Structure Inferred by Small Angle Neutron and X-ray Scattering[END_REF]. The disk-aggregates associate themselves into larger structures, fractal-like with radii of order 8 nm, rather independent of concentration and even of asphaltene type [START_REF] Eyssautier | Insight into Asphaltene Nanoaggregate Structure Inferred by Small Angle Neutron and X-ray Scattering[END_REF]. In the following, the name aggregate will be used for the largest structures. When the oil is not a good solvent for asphaltenes, the aggregates may grow and eventually phase separate, a well-known problem when handling asphaltenic oils. The soluble aggregates contain about 10 disk-like aggregates and are much more polydisperse; their radius is between 5 and 10 nm and they are swollen by large amounts of the surrounding oil solvent, typically 90 % (4). The scattering data analysis is compatible with the whole amount of asphaltenes in an associated form. Recent comparisons with other techniques suggested however that there could be a small amount (10%) of non-associated species, while all the non-asphaltenic species of the crude oil do not associate [START_REF] Yarranton | On the Size Distribution of Self-Associated Asphaltenes[END_REF]. The authors noted that the aggregates have more uniform properties than the nonassociating species, suggesting that self-association brings together a random selection of associating monomers in each aggregate. Nanofiltration experiments confirmed the independence of the aggregate average size on asphaltene concentration (above 0.1 g/L) and showed that the aggregates are long-lived: the time of exchange between aggregates and monomers is longer than a week, even at high temperatures (up to 70 °C) [START_REF] Dechaine | Membrane Diffusion Measurements Do Not Detect Exchange between Asphaltene Aggregates and Solution Phase[END_REF].

Apart from unwanted precipitation, other problems posed by asphaltenes results from their adsorption at interfaces, either oil-air, oil-water or oil-solid [START_REF] Langevin | Interfacial behavior of asphaltenes[END_REF]. This adsorption may lead to fouling problems in rock reservoirs and to the formation of very stable foams or emulsions, making it difficult to recover the oil at the end of the extraction process. When the asphaltene concentration is very low, below the CNAC, asphaltenes adsorb as monomers [START_REF] Rane | Adsorption Kinetics of Asphaltenes at the Oil-Water Interface and Nanoaggregation in the Bulk[END_REF]. At higher concentrations, small angle scattering experiments have shown that asphaltenes adsorb in the form of aggregates [START_REF] Jestin | A small angle neutron scattering study of the adsorbed asphaltene layer in water-in-hydrocarbon emulsions: Structural description related to stability[END_REF][START_REF] Jouault | Asphaltene Adsorption Mechanisms on the Local Scale Probed by Neutron Reflectivity: Transition from Monolayer to Multilayer Growth above the Flocculation Threshold[END_REF][START_REF] Alvarez | Small-Angle Neutron Scattering Study of Crude Oil Emulsions: Structure of the Oil-Water Interfaces[END_REF]. Whatever the conditions (concentration, type of asphaltenes, water pH), the thickness of the interface is about twice the radius of gyration of the bulk aggregates. In the case of oil-water interfaces, it has been shown that the larger aggregates are preferentially adsorbed at the liquidliquid interface to the detriment of the smaller, the amplitude of the increase of the mean values of the radius of gyration being however small, about 10%. Washing procedures with silica particles also showed that the average molecular weight of interfacial asphaltenes is larger than that of bulk asphaltenes; in addition, it was shown that these interfacial asphaltenes contain more sulfur, nickel and vanadium [START_REF] Ligiero | Characterization of Crude Oil Interfacial Material Isolated by the Wet Silica Method. Part 1: Gel Permeation Chromatography Inductively Coupled Plasma High-Resolution Mass Spectrometry Analysis[END_REF]. The amount adsorbed is however relatively independent of the conditions, about 3-4 mg/m 2 .

In the following, we will focus on the adsorption at oil-water interfaces. The adsorption kinetics has been extensively studied using the time variation of the interfacial tension. These studies were performed in a quiescent situation, i.e. in the absence of hydrodynamic convection. Below the CNAC, it has been established that adsorption is controlled by the diffusion of monomers to the interface [START_REF] Rane | Adsorption Kinetics of Asphaltenes at the Oil-Water Interface and Nanoaggregation in the Bulk[END_REF]. Above the CNAC, while the diffusion time decreases rapidly (as the square of the concentration), the characteristic time of variation of the interfacial tension does not decrease significantly. It has been postulated that this is because there is a reorganization of asphaltenes at the interface and equilibrium is reached only slowly [START_REF] Jeribi | Adsorption kinetics of asphaltenes at liquid interfaces[END_REF]. Other explanations assume that only a small part of the asphaltenes are adsorbed at the interface (no more than 0.015 %) [START_REF] Chaverot | Interfacial tension of bitumen-water interfaces. Part 1: Influence of endogenous surfactants at acidic pH[END_REF]. Recent experiments using washing procedures of emulsions evaluate the asphaltene adsorbed amount to 2 % of bulk asphaltenes [START_REF] Yang | Asphaltene Subfractions Responsible for Stabilizing Water-in-Crude Oil Emulsions. Part 1: Interfacial Behaviors[END_REF]. However, earlier measurements using the same technique but smaller asphaltene concentrations showed that all the asphaltenes were adsorbed at the interface [START_REF] Yarranton | Water-in-hydrocarbon emulsions stabilized by asphaltenes at low concentrations[END_REF]. This suggests that the fraction of adsorbed asphaltenes depends on the ratio between the area occupied by the asphaltenes (~ 0.3 m 2 /mg) and the available area. In interfacial tension studies, the area available is very small, possibly explaining why the adsorption times are long: the more interfacially active asphaltenes might have to replace less active ones, arrived first at the interface. In a way, this is equivalent to a reorganization of the layer. Understanding adsorption specificity is however not obvious, since above the CNAC, the asphaltenes adsorb in the form of aggregates. These aggregates could exhibit multiple functional groups at their periphery, and their interactions with interfaces and other aggregates would be much less specific than those between monomers. Furthermore, the aggregates likely hide the less soluble species in the interior while the more soluble species sit at the periphery. This is for instance the case for protein aggregates such as casein micelles [START_REF] Walstra | On the stability of casein micelles[END_REF]. The aggregates need therefore to unfold at the interface to expose the more interfacially active species. Because asphaltene aggregates are long-lived, this process is certainly long and could account for the long adsorption times.

Another issue is the irreversibility of the adsorption. Most authors assume that adsorption is irreversible. This is supported by a number of indirect evidences. For instance, even when the asphaltene concentration is below the CNAC (down to 2 mg/L), the equilibrium interfacial tension is the same (18). This means that adsorption goes on until the equilibrium coverage is reached, at the difference of surfactant solutions, where adsorption and desorption compete before equilibrium is reached. Another observation in favor of adsorption irreversibility is the formation of "skins" at the interface upon compression (19; 20). Such skins are characteristic of buckling of rigid interfacial layers. Skins were observed with various types of surface-active agents irreversibly adsorbed at interfaces: insoluble surfactants [START_REF] Binks | Insoluble monolayers of weakly ionising low molar mass materials and their deposition to form Langmuir-Blodgett multilayers[END_REF], proteins [START_REF] Li | Multilayer formation on a curved drop surface[END_REF], particles [START_REF] Zang | Shearing particle monolayers: Strain-rate frequency superposition[END_REF]. They occur at the onset of layer collapse when the maximum surface coverage is reached. However, in the case of asphaltenes, the skins disappear after a certain time while the tension increases (24), and one cannot exclude the possibility of asphaltene desorption.

Fully reversible adsorption of asphaltenes is even claimed in the literature [START_REF] Liu | Mixture Effect on the Dilatation Rheology of Asphaltenes-Laden Interfaces[END_REF], again based on indirect evidences: as with soluble surfactant layers the interfacial elastic compression modulus exhibits a maximum at a certain concentration (in the range 0.1-1 g/L) and similar frequency variations. The same type of concentration variations were however observed for irreversibly adsorbed polymers [START_REF] Mann | Poly(dimethylsiloxane) molecular layers at the surface of water and of aqueous surfactant solutions[END_REF], proteins [START_REF] Freer | Shear and dilatational relaxation mechanisms of globular and flexible proteins at the hexadecane/water interface[END_REF] or particles [START_REF] Zang | Viscoelastic properties of silica nanoparticle monolayers at the air-water interface[END_REF]and attributed to monolayer collapse. The frequency variations observed with proteins were attributed to relaxations of glassy layers [START_REF] Freer | Shear and dilatational relaxation mechanisms of globular and flexible proteins at the hexadecane/water interface[END_REF], as also postulated for asphaltenes layers [START_REF] Dicharry | Stability of water/crude oil emulsions based on interfacial dilatational rheology[END_REF] Direct checks of adsorption reversibility are simple: first adsorb the asphaltenes at an oil-water interface, then desorb them replacing the oil with an asphaltene solvent (rinsing). This simple experiment is however tricky: indeed and counterintuitively, desorption is very slow and the experiments reported in the literature were stopped too early to allow a clear conclusion (for instance see ref [START_REF] Zhang | Langmuir and Langmuir-Blodgett Films of Mixed Asphaltene and a Demulsifier[END_REF]). An easier way to proceed is to flow the solvent below the interface at a constant velocity as done by Freer and Radke [START_REF] Freer | Relaxation of asphaltenes at the toluene/water interface: Diffusion exchange and surface rearrangement[END_REF]. The desorption time depends on the liquid velocity, and no information on this velocity was given in ref [START_REF] Freer | Relaxation of asphaltenes at the toluene/water interface: Diffusion exchange and surface rearrangement[END_REF], preventing clear conclusions to be drawn (although the authors were well aware of the problem [START_REF] Svitova | Dynamics of surfactant sorption at the air/water interface: continuous-flow tensiometry[END_REF]). More importantly, the experiments of ref [START_REF] Freer | Relaxation of asphaltenes at the toluene/water interface: Diffusion exchange and surface rearrangement[END_REF] were performed with water drops in order to be able to rinse the oil, and only transparent oils containing very small amounts of asphaltenes have been studied.

In this paper we address the problem of adsorption reversibility, with the help of a new instrument equipped for controlled rinsing procedures while monitoring the interfacial tension. Instead of drops, we use liquid bridges, allowing the study of dark oils containing large amounts of asphaltenes. We have used the specially purified asphaltenes provided by the University of Pau in order to make an interlaboratory comparison of a large number of asphaltene properties using the same sample. In order to complete this comparison, we also performed adsorption kinetics experiments as well as interfacial compression experiments. Since the asphaltene layers composition is still a matter of debate, working with a highly purified sample should help to limit problems linked to the competition of different species for the interface and allow reaching clearer conclusions.

Materials and methods

Chemicals

We have dissolved the asphaltenes in toluene (Sigma, 99.8% purity) with concentrations below the CNAC (0.05 g/L) and above (up to 5 g/L). The water was distilled and 5 g/L of sodium chloride was added for the purpose of comparison with former works. The salt was roasted overnight at 500°C to remove organic impurities. The interfacial tension between pure toluene and brine was found equal to (34±1) mN/m, confirming the absence of interfacial contamination. In order to test the new instrument, we used aqueous solutions of 0.015 g/L of penta-ethylene glycol dodecyl ether (C 12 E 5 ) a nonionic surfactant from Sigma. All experiments were performed at room temperature (20±1)°C.

Liquid bridge instrument

In this work, the interfacial properties are determined from the shape of a drop or of a liquid bridge formed between two approaching drops. The device used is an implementation of the original Tracker device by Teclis [START_REF] Lucassen-Reynders | Gibbs elasticity, surface dilational modulus and diffusional relaxation in nonionic surfactant monolayers[END_REF] and is represented in Figure 1. It includes two sets of syringe pumps (syringe volume 500mL) allowing to form the drops at the end of vertical needles (inside diameter 0.84 mm). The drops face each other vertically and are immersed in a cuvette (25 mL) containing the second phase (air or another liquid). The vertical position of the needles is manually adjustable so that the two drops can be brought into contact. Liquid bridges are then formed between two drops In order to ensure the spherical symmetry of the liquid bridge, the vertical alignment of the liquid bridge must me rigorously adjusted. This is done by image analysis via a second camera taking images perpendicularly to the optical axes. The alignment of the needles is precisely controlled in the x and y direction by a software controlled "micro-positioners".

The drops or bridges are illuminated by a diffuse light source (LED light), and their profile is analysed by a CCD camera (100 frames per second. The camera is connected to a dedicated computer equipped with fast image analysis) software. A motor enables regulation of drop or bridge area (or volume). The area can be kept constant throughout the experiment or varied sinusoidally, in order to measure the viscoelastic parameters of the interface. Crenellations, compressions and expansions can also be performed. The box containing the syringes and needles is enclosed in an aluminium container through which water from a temperature controlled bath (Julabo) is circulated. When a bridge is formed, thanks to the motor regulation, it is possible to circulate a flow of liquid between the two syringes while imposing a constant volume of the liquid bridge. One can thus replace the liquid in the bridge by another liquid, the solvent for a solution for instance (rinsing). This is particularly interesting for opaque liquids that need to be placed in the drops in order to make possible the image analysis. A movie illustrating the rinsing procedure is provided as supplementary information.

The shape of an isolated drop is determined by the balance between interfacial tension and gravitational forces. The balance is characterized by the Bond number B = ∆ρ gL 2 /γ, where ∆ρ is the density difference between the two fluids, g the gravity acceleration, L the drop size and γ the interfacial tension. The calculation is performed by numerical integration of the Laplace equation using the initial conditions at the apex of the drop; this calculation depends on two parameters, the radius of curvature at the apex and the capillary length. For the accuracy of the measurements, it is important to know precisely the coordinates of the apex of the drop. When the drop is in contact with a solid surface or when two drops are fused and form a bridge, it is difficult or impossible to measure these coordinates and the method is no longer applicable (34; 35). We have therefore developed a new algorithm allowing determining by numerical integration the surface/interfacial tension and the contact angles for drops without apex. The software, called drop without apex, has been specially implemented on Teclis Tracker tensiometers [START_REF] Cagna | System and process for analyzing the interaction between a drop of fluid and another drop or a solid surface[END_REF].

The accuracy of the technique depends on the quality of the experimental profile extracted by the edge detection procedure. The image analysis had to be improved by using cameras with higher resolutions (4 megapixels) and higher image acquisition speed (100 frames/ second). By superimposing several images before software treatment, drops with low Bond numbers (less than 0.1, like in Figure 2) can be analyzed with a good precision. For example, for n-decane/water at 25°C we obtain γ = (50.41 ± 0.05) mN/m, in good agreement with the literature value, 50.1 mN/m. We validated the liquid bridge method with various liquids. For example and again with n-decane-water, a series of 10 to 50 images was acquired from the liquid bridge, leading to γ = (50.7 ± 0.34) mN/m. The accuracy is somewhat lower than with single drops, but still quite acceptable We first evaluated the validity of interfacial tension measurements with the liquid bridge configuration. The measurements were performed with two 25 µL toluene drops formed in water. The interfacial tension was measured as a function of time using the drop without apex software. The tensions for the drops in contact were the same than those measured with the isolated drops (before the approach). The drops were then fused and the same protocol was applied to a 30 μL oil bridge formed between two needles. Figure 2 illustrates the results and shows that there is a good agreement between the tensions measured with the drops and the bridge. The noise in the signals seen in Figure 2 is likely due in large part to vibrations. Tests are planned with a higher resolution camera to understand better the origin of the noise.

Another example concerning asphaltene solutions is shown in Figure 3. The interfacial tension here decreases with time reflecting the adsorption kinetics process. Again, there is a good agreement between interfacial tensions deduced from the drop and liquid bridge shapes within error bar (± 0.5 mN/m), fully validating the drop without apex software.

Figure 3. Interfacial tension between brine and 5g/L asphaltenes in toluene versus time.

Rinsing method

Let us consider a rinsing procedure in which a solution is to be replaced by the pure solvent. The solution is not immediately replaced by the solvent, because of the presence of boundary layers close to the interface in which the liquid velocity is zero. The solute has to diffuse across these layers in order to be fully eliminated. We will recall briefly below the theoretical basis for boundary layers.

Let us consider a fluid arriving at a velocity U 0 tangentially to a flat obstacle (plane). There will be a region of thickness δ 0 growing linearly with the distance y to the edge of the plane, in which the velocity will be small (it must cancel at the surface of the plane) [START_REF] Levich | Physicochemical Hydrodynamics[END_REF]. The thickness δ 0 is given by:

δ 0 ~ 5 (νy/U 0 ) 1/2 (1)
ν being the kinematic viscosity of the fluid (viscosity η / density ρ). This layer is called hydrodynamic boundary layer.

If the fluid contains a solute with a concentration C 0 away from the obstacle, there will also be a concentration profile near the plane with a thickness δ given by:

δ ~ 3 (D/ν) 1/3 (νy/U 0 ) 1/2 ~ 0.6 (D/ν) 1/3 δ 0 ( 2 
)
where D is the diffusion coefficient of the solute. This second layer is called diffusion boundary layer.

Let us estimate the layers' thickness using classical values D ~ 4 10 -10 m 2 /s for a surfactant molecule, 

δ 0 ~ 5 mm δ ~ 0.3 mm (3) 
The desorption problem that we are addressing is inverse, with C=0 far from the plane and C=C 0 being the equilibrium concentration before rinsing. A numerical solution of the problem has been proposed in the case of rinsing procedures in a Langmuir through [START_REF] Morgan | Kinetics of Surfactant Desorption at an Air-Solution Interface[END_REF]. The surfactant solutions were replaced by pure water flowing at the velocity U. The authors found a diffusion boundary layer of thickness proportional to U -1/2 as δ in Equation 2.

Detailed calculations and even numerical simulations in the liquid bridge geometry will be extremely difficult. In order to check the order of magnitude of δ, we chose to perform experiments with aqueous surfactant solutions, using the nonionic surfactant C 12 E 5 known to adsorb and desorb freely.

Radke et al used earlier this approach with drop rinsing experiments, which has the advantage to select optimal values of the rinsing velocity : a thin diffusion layer is desired to speed up desorption, but perturbations of the drop shape need to be avoided [START_REF] Svitova | Dynamics of surfactant sorption at the air/water interface: continuous-flow tensiometry[END_REF].

Note also that residual vibrations can reduce the mass transfer resistance in the external phase.

Results and discussion

Desorption of surfactants from the air-solution interface

Two drops of the surfactant solution were held by the two syringes in air and fused together to form a liquid bridge. Figure 4 shows the time variation of the surface tension of the C 12 E 5 surfactant solution (0.015 g/L) measured in the liquid bridge configuration. The first part of the curve shows the adsorption process. After 1000 s, the solution is replaced by water with a flow rate of 0.2 mm 3 /s. The figure shows that after another 1000 s, the surface tension is back to the pure water value, confirming that all the surfactant has been removed from the surface of the bridge. The figure also shows that the surfactant desorbs with a characteristic time of order 500 s. From this value, we can estimate the thickness of the diffusion layer (where the liquid velocity vanishes and where the surfactant is transported by diffusion) using: δ ~ (Dt) ½ . With D ~ 4 10 -10 m 2 /s and t ~ 500 s we find δ ~ 0.5 mm, comparable to the estimations given in Equation 3. This result shows that the rinsing experiment is working as expected

Desorption of asphaltenes from the oil-water interface

Figure 5 shows the interfacial tensions between brine and asphaltene solutions measured in the liquid bridge configuration, before and after rinsing, as in Figure 4. The flow rate is 0.2 mm 3 /s as before. One sees in Figure 5 that the tension does not change appreciably during rinsing, it just becomes noisier. This is because of the residual vibrations arising from the liquid flow (see movie).

Let us recall that the tension of the asphaltene free interface is 34 mN/m. The noise is slightly larger (during all periods) than for air-water interface (Figure 4) for which the tensions are larger and the bridge shape less sensitive to the tension values. The diffusion length varies with the viscosity as η 1/6 (Equation 2), so by less than 10% between toluene and water. The diffusion coefficient D is comparable for asphaltene monomers and C 12 E 5 . Knowing that D is inversely proportional to the solvent viscosity and to the molecular size, itself approximately proportional to the cubic root of the molecular weight, using a molecular weight of 400 for C 12 E 5 and 750 for asphaltenes, a ratio of toluene to water viscosities of 0.6, we estimate a diffusion coefficient of asphaltene molecules of about 5 10 -10 m 2 /s. This means that the time needed to retrieve the interfacial tension of the bare interface for the dilute asphaltene solution should be close to the corresponding time for C 12 E 5 , i.e. about 500 s. However, after rinsing during 1500 s, no significant variation of the tension has occurred.

In the case of the 5 g/L solution, aggregates are expected to populate the interface. D is about ten times smaller for the asphaltene aggregates, D ~ 5 10 -11 m 2 /s, as estimated from the Stokes formula: D = k B T/(6πηR), k B being the Boltzmann constant, T the absolute temperature and R the aggregate radius, R ~ 8 nm. The diffusion length varies as D 1/3 , so the thickness of the diffusion boundary layer will be only twice smaller. The desorption time should then be smaller by the same factor, about 250s. However, after rinsing during 2500 s, no significant increase of the tension is observed within the error bar (~ 1 mN/m). Let us recall that the tension of the asphaltene-free interface is 34 mN/m.

Within our experimental accuracy, we can therefore conclude that asphaltene adsorption is irreversible, both below and above the CNAC and even before the interface is consolidated. This is in agreement with the results of Freer and Radke [START_REF] Freer | Relaxation of asphaltenes at the toluene/water interface: Diffusion exchange and surface rearrangement[END_REF], who reported however a small increase in interfacial tension after rinsing (1.5 mN/m) using the drop method and very dilute asphaltene solutions (0.05 g/L). The accuracy of the bridge method is somewhat smaller than that of the drop method, but should have allowed detecting a similar change. Freer and Radke worked with a model sea water and used a pH 8, whereas we used brine with pH 5.5. At high pH, the interfaces could be populated with small amounts of asphaltene acidic species, possibly easier to remove by rinsing.

In the following, we will describe experiments performed with drops, aiming to investigate the adsorption kinetics and the compression properties of the interfacial layers.

Adsorption kinetics

We show the time variation of interfacial tension measured with drops of an asphaltene solution in toluene at a concentration below the CNAC in Figure 6. Note that this data is different than that of Figure 5, which was obtained with the bridge method.

The interfacial tension γ decreases with time t reflecting the adsorption kinetics process. If we assume that adsorption is diffusion controlled, at early times [START_REF] He | Adsorption-desorption kinetics of surfactants at liquid surfaces[END_REF] :

γ ∼ γ 0 -2k B T C � 𝐷𝐷𝐷𝐷 𝜋𝜋 (4) 
where γ 0 is the interfacial tension of the bare interface (brine-toluene) and C the asphaltene concentration expressed in number of molecules per unit volume. The slope of the curve γ versus √t is here 0.14 mN.m -1 s -1/2 , which leads according to Equation 4 to a diffusion coefficient D of 6 10 -13 m 2 /s. The estimated diffusion coefficient of asphaltene molecules in toluene is 5 10 -10 m 2 /s (see §3.2), i.e. about 1000 times higher than the coefficient deduced from Equation 4. Because the solution does not contain asphaltene aggregates, one may conclude that only 3% of the asphaltenes adsorb, which contradicts the emulsion experiments made at low asphaltene concentrations [START_REF] Yarranton | Water-in-hydrocarbon emulsions stabilized by asphaltenes at low concentrations[END_REF]. A similar, but smaller discrepancy was reported by Pauchard et al [START_REF] Rane | Adsorption Kinetics of Asphaltenes at the Oil-Water Interface and Nanoaggregation in the Bulk[END_REF], which led them to assume that about 50% of the asphaltenes were aggregated below the CNAC. In the present experiments, we will have to assume that 97% of the asphaltenes are aggregated at concentrations below the CNAC, which is unlikely. Note that the aggregates also adsorb, but their concentration is small since there are about 200 asphaltene monomers per aggregate and their diffusion coefficient is also small (about ten times smaller than for monomers), their contribution to Equation 4 is therefore negligible compared to that of monomers. Interfacial tension (mN/m) time (sec) Figure 6. Time variation of the interfacial tension between brine and the 0.05 g/L asphaltene solution (circles). The red line is an exponential fit and the black line a fit with the diffusion Equation 4.

Another option is to assume that asphaltenes arrive very rapidly at the interface and that the adsorption is controlled by energy barriers. In this case, one may use the Langmuir adsorption equation:

( ) Γ - Γ - Γ = Γ ∞ d a k C k dt d (5)
denoting the surface concentration by Γ and the surface concentration at saturation by Γ ∞ ; k a and k d are respectively the adsorption and desorption constants, related to the adsorption and desorption energy barriers E a and E d by : k a,d = k a,d 0 exp (-E a,d /k B T) [START_REF] He | Adsorption-desorption kinetics of surfactants at liquid surfaces[END_REF]. Here, the asphaltenes are irreversibly adsorbed, so k d = 0. If we assume that k a is independent of Γ, Equation 5 predicts an exponential variation of the surface concentration Γ with time.

If we assume that once the surface concentration reaches a given value Γ, the surface layer is equilibrated, the interfacial tension γ will be a unique function of Γ. We will use the Frumkin equation of state to relate γ and Γ, frequently used to describe surfactant monolayers [START_REF] Eh | Adsorption of Surfactant Monolayers at Gas/Liquid and Liquid/Liquid Interfaces[END_REF]:

γ= γ 0 + k B T Γ ∞ {ln (1-Γ/Γ ∞ ) -H (Γ/Γ ∞ ) 2 } (6)
The first term in the brackets in Equation 6is the classical Langmuir term assuming no interactions between adsorption sites. The second term accounts for binary interactions in the surface layer quantified by the non-ideality parameter H. At short times, Γ is small and γ ∼ γ 0 -k B T Γ, so that the tension also varies exponentially with time. An exponential fit is shown in Figure 6, where one can see that the agreement is good, even when the tension has substantially decreased. The characteristic time is about 1400 s, similar to that found for dilute toluene solutions of asphaltenes with a broader mass distribution [START_REF] Freer | Relaxation of asphaltenes at the toluene/water interface: Diffusion exchange and surface rearrangement[END_REF].

The time variation of the interfacial tensions was measured for various asphaltene concentrations, between 0.05 and 5 g/L. The measurements were started 11 seconds after drop formation. The tension value measured at this time is close to the tension of the bare interface for the more dilute solutions while it drops to 28 mN/m for C=5g/l. As the concentration increases, the initial adsorption step becomes faster, explaining why the tension measured after 11s with the more concentrated solution dropped by 6 mN/m. This initial step is likely a mixed diffusion-barrier controlled process, difficult to model. In the following, we will consider the intermediate time decrease (100-3000s) for which the characteristic time depends little on concentration. Figure 7 shows the time variation of the interfacial tensions in this time range, together with exponential fits. One sees that above the CNAC, the fits quality become poorer. This could be due to the variation of the adsorption constant k a with surface concentration. Note that the interfacial tensions did not reach equilibrium in any of the experiments performed, meaning that there are still longer relaxation processes than those discussed above, as already observed before [START_REF] Jeribi | Adsorption kinetics of asphaltenes at liquid interfaces[END_REF]. The adsorption time does not vary significantly with asphaltene concentration above the CNAC. It is equal to about 700 s for 0.08 and 0.1 g/L, 1400 s for 0.25 g/L and 2500 s for 5 g/L, values similar to those found earlier for other types of asphaltenes (13; 31) and other solvents [START_REF] Rane | Adsorption Kinetics of Asphaltenes at the Oil-Water Interface and Nanoaggregation in the Bulk[END_REF]. The relaxation time increases slightly with increasing asphaltene concentration, while it decreases rapidly (as C 2 ) when adsorption is diffusion-controlled. Equation 4 predicts that the characteristic time is τ=1/(k a C), so that it should decrease proportionally to concentration if k a is constant. The fact that τ is rather constant is likely due to the concentration variation of k a . In this case, the integration of Equation 4becomes less simple and this is also probably why the tension decays cannot be well fitted with single exponentials as the interfacial tensions become lower (and Γ higher) (Figure 7). Note also that the fits do not account for the short time period (the tension does not extrapolate to 34 mN/m at time zero) in which diffusion should play a role.

Compression rheology

During the adsorption process, sinusoidal variations of drop area were performed in order to measure the response to a surface compression. The frequency used was 0.2 Hz. At this frequency, the loss modulus was found much smaller than the storage modulus, that will be denoted E in the following. As in all similar systems, the interfacial modulus increases with time, the increase reflecting the consolidation processes in the interfacial layer. If we continue to assume that once the interfacial concentration reaches a given value Γ, the interfacial layer is equilibrated, the compression modulus E will be also be a unique function of Γ. In the following, we will use the surface pressure Π = γ 0 -γ instead of γ, which directly reflects the interactions in the interfacial layers. Equation 6becomes

Π= k B T Γ ∞ {-ln (1-Γ/Γ ∞ ) + H (Γ/Γ ∞ ) 2 } (7)
and the modulus is

E=Γ dΠ/dΓ = k B T Γ ∞ { (Γ/Γ ∞ )/(1-Γ/Γ ∞ ) +2 H (Γ/Γ ∞ ) 2 } (8) 
We have plotted in Figure 8 the variation of E versus Π measured at the same time One sees, as already reported by Pauchard and coworkers (41) that there is a universal curve E (Π), confirming that despite of the adsorption process being long, once adsorbed, the molecules equilibrate fast in the interfacial layer. Note that the data of Figure corresponds to bulk concentrations essentially below the CNAC. However, the data for concentrations above the CNAC also fall on the same curve. This is probably because due to the large amount of solvent present in the aggregates, the surface concentration Γ (expressed in terms of mass per unit area or equivalently in terms of number of monomers per unit area) is the same than for asphaltene monomers. The slope of the curve E (Π) is close to 2, meaning that the quadratic term in Equations 7 and 8 dominates. This is as found earlier for nonionic surfactants by Lucassen and Giles (using the high frequency elasticity to correct for desorption effects) [START_REF] Lucassen | Dynamic surface properties of nonionic surfactant solutions[END_REF]. In the case of polymers and proteins, the slope of the curve E (Π) is higher, close to 3 in general [START_REF] Puff | Effect of ethanol on the structure and properties of beta-casein adsorption layers at the air/buffer interface[END_REF]. The asphaltene data by Pauchard et al also shows a slope E(Π) close to 2, although these authors did not introduce the quadratic terms in their fits [START_REF] Rane | Interfacial Rheology of Asphaltenes at Oil-Water Interfaces and Interpretation of the Equation of State[END_REF]. We have attempted to use Equations 7 and 8 to fit our data. Knowing that the adsorbed amount at saturation is 3-4mg/m 2 and using an average molecular weight of 750, we estimated that k B T Γ ∞ = 12 mN/m. The best fit is shown in Figure 6 and corresponds to H ~ 8. H is positive and large, meaning that the interactions between adsorbed asphaltenes are strongly repulsive (for surfactants H is usually negative and around -1, interactions are slightly attractive [START_REF] Eh | Adsorption of Surfactant Monolayers at Gas/Liquid and Liquid/Liquid Interfaces[END_REF]). The fit also indicates that for the maximum values of E and Π measured here, Γ/Γ ∞ ~ 0.25, i.e. that adsorption is far from complete and adsorption equilibrium is not reached. Note that in the fit with Equation 4, only the surface pressures below 5 mN/m were used; for these pressures, Γ/Γ ∞ < 0.15 and the approximation ln (1-Γ/Γ ∞ ) ~ Γ/Γ ∞ used in the exponential fit shown in Figure 6 was correct within better than 10%.

Conclusion

In conclusion, a new experimental device for the study of liquid bridges was presented. The device allowed to demonstrate that asphaltene adsorption is irreversible with the rinsing procedure applied (velocities of order 1mm/s and millimetric sized liquid volumes). Adsorption irreversibility was observed both above and below the CNAC and even after only one hour of equilibration time, i.e. well before full interfacial coverage is attained. This conclusion is in agreement with most other literature reports and is demonstrated here without any ambiguity.

As in previous works, the adsorption kinetics was found slower than predicted by a mechanism involving diffusive motion of the species towards the interface. Even below the CNAC, longer processes take part in the interfacial region, of still unknown nature. The adsorption times are quite similar to those of asphaltene samples containing wider molecular weight distributions. This suggests that the competition of different molecular species for the interface is maybe not the dominant process controlling adsorption.

Compression experiments suggest, also as in previous works, that even if the adsorption process is long, equilibrium is rapidly reached in the interfacial layer. The experiments presented here also suggest the existence of strong repulsive interactions in the layer, apparently stronger than for asphaltenes with broader size distribution. It could be interesting to investigate further if these interactions are more specific to the type of asphaltenes than most other surface properties.

Figure 1 .

 1 Figure 1. Schematic of the device showing the two vertical syringes facing each other, allowing the formation of a liquid bridge between them. A,B: motors driving syringes; C:camera: D:syringes; E:light source, F:electronic cabinet; G:motorized needles; H: computer

Figure 2 .

 2 Figure 2. Interfacial tension versus time for two drops of toluene in water in contact at the apex. After coalescence of the drops, a liquid bridge is formed and the tension values are also shown. In all cases, the interfacial tension values were obtained with the drop without apex software.

η ~ 10 - 3

 103 Pa.s, ρ ~ 10 3 Kg/m 3 , and for the instrument used, U 0 ~ 1 mm/s and y ~ 1 mm. We find the following typical values:

Figure 4 .

 4 Figure 4. Surface tension versus time for C 12 E 5 0.015 g/L. The rinsing procedure starts after 1000 s.

Figure 5 .

 5 Figure 5. Interfacial tension versus time for brine-asphaltene solutions interfaces. The rinsing was started after 3500 s and stopped 1500 s later for the 0.05 g/L solution and 2500 s later for the 5 g/L solution

Figure 7 .

 7 Figure 7. Time variation of the interfacial tension between brine and asphaltene solutions in toluene with various concentrations between 0.05 and 5 g/L. The circles are measurements, the lines are exponential fits.

Figure 8 .

 8 Figure 8. Interfacial compression modulus versus interfacial pressure. Circles are experimental data, the line is a fit with Equations 7 and 8, using k B T Γ ∞ = 12 mN/m and H=8.
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