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Coalescence in foams and emulsions: similarities and differences

Coalescence in emulsions and foams is far from being understood, despite of many years of investigations. The phenomenon is not easy to characterize because it is extremely rapid and coupled to several others, gravity effects, leading to vertical motion of drops/bubbles and ripening, leading to their growth. Coalescence implies the rupture of films between drops/bubbles and involves contributions from hydrodynamics, surface rheology, surface forces and thermal fluctuations. Different coalescence scenarios were identified and are described. There are close similarities between emulsions and foams behavior, as remarked early by several researchers. Ivan Ivanov, to whom this paper is dedicated, was one of them. He and his group pioneered parallel studies in both emulsions and foams, aiming to clarify coalescence mechanisms. As discussed in this review, such an approach proved very successful and deserves to be continued in the future.

1.Introduction

Emulsions and foams are frequently considered to be different types of systems, although they are both dispersions, of oil and water in the case of emulsions and of gas and liquid in the case of foams. These dispersions are stabilized by the same type of surface-active agents, surfactants, polymers, proteins or particles. They are produced by the same type of procedures, usually based on the application of shear. Their rheological properties are similar: when the continuous phase volume fraction  is above * ~ 36%, they behave as liquids and when  is below *, they behave as solids. In the first case, the gas dispersions are called "bubbly liquids" rather than foams. In the second case, the oil-water dispersions are called "HIPEs" (high internal phase emulsions) or "creams". Due to rapid liquid drainage,  is usually smaller than * in foams. The dispersions with small  are soft solids that flow (melt) under the action of small mechanical stresses. Emulsions and foams are thermodynamically unstable and destabilize through the same three processes:

 gravity leading to sedimentation or creaming in the case of emulsions and drainage in the case of foams (creaming of bubbles),

 ripening or transfer of the dispersed phase across the continuous phase due to pressure differences in drops/bubbles,  coalescence or fusion of drops/bubbles.

The two last processes lead to an increase of drop/bubble size with time, and are not easy to distinguish.

The main difference between emulsions and foams is the dispersion scale: emulsion drops have radii, typically between 100nm and 10m, while foam bubbles have radii typically between 100m and a few millimeters. Their aspect is thus different: emulsions are turbid with a homogeneous aspect, while foams are more transparent, bubbles being frequently visible to the eye. Because of the size difference, the methods used to characterize emulsions and foams are generally different: for instance, among the most popular ones, light scattering is currently used to measure emulsion drop size, while light imaging is more suitable to many foams. The main physico-chemical phenomena responsible for the properties of these dispersions being the same, combining emulsion and foam studies using different techniques is an interesting approach for the study of these phenomena.

Despite emulsion and foam research is currently carried out by different scientific communities, several groups are studying them in parallel. Ivan Ivanov was one of the first scientists who adopted this approach. He and his group in Sofia, Bulgaria, studied in detail the properties of liquid films that form between approaching drops and bubbles. Coalescence in emulsion and foams occur when the films rupture. Many early experiments were performed with large vertical films in air [START_REF] Mysels | Soap Films[END_REF] . These vertical films drain and usually rupture without even reaching an equilibrium thickness 2 , at the difference of small horizontal films. The existence of an equilibrium thickness was reported early by Derjaguin and Kussakov in studies of films formed by bubbles pressed against flat solid surfaces 3 . They attributed the origin of the equilibrium thickness to the balance between the pressure in the film borders (capillary pressure) and the force between films surfaces counted per unit area, that they called "disjoining pressure". These experiments opened the way to the measurement of surface forces and led to the development of the well-known DLVO theory of stability of colloidal dispersions by Derjaguin and Landau 4 , and independently Vervey and Overbeek [START_REF] Verwey | Theory of the stability of lyophobic colloids[END_REF] . The study of small freely suspended horizontal films was developed later by Sheludko in Sofia. For this purpose, he introduced an experimental device now known as "Sheludko cell" and still used today [START_REF] Sheludko | Thin liquid films[END_REF] . This device stimulated much work in the area, in particular in his laboratory with his collaborators at the time, Dotchi Exerowa and Ivan Ivanov. Ivan Ivanov edited a comprehensive and well cited book on the topic in 1988 that summarized the existing knowledge in the 80's 7 . At that time, studies were focused to a large extent on films with parallel surfaces. It was however recognized that liquid films do not always have a constant thickness and that hydrodynamic instabilities such as dimpling (figure 1a) were frequent, eventually leading to film rupture before an equilibrium thickness is reached. Derjaguin and Kussakov indeed reported the formation of dimples when the compression of the bubbles at the solid surface was not sufficiently slow and gradual and when the area of the compressed bubble was large [START_REF] Derjaguin | Anomalousproperties of thin polymolecular films V. An experimental investigation of polymolecular solvate (adsorbed) films as applied to the development of a mathematical theory of the stability of colloids[END_REF] . Analytical calculations of the deformations were proposed, they were reviewed by Ivanov in his book [START_REF] Ivanov | Thin Liquid Films[END_REF] . Such calculations were hampered by many approximations and it is only very recently that it became possible to achieve a full quantitative analysis of film drainage and rupture in surfactant-free systems, thanks to improved computation tools 8 **.

Despite many years of research, coalescence is still poorly understood. First, only few experiments measuring simultaneously the time variation of forces and deformations have been performed, while this approach, together with numerical analysis showed to be necessary to achieve a good understanding of coalescence in surfactant-free systems 9 **. Second, the coalescence scenario identified in these systems is not relevant in the presence of surface active species, which generate repulsive forces between drops/bubbles; in this case, several different scenarios have been proposed, depending on experimental conditions such as concentration and type of surface-active agents, or external contamination. Because of this complexity, there is not yet a satisfactory understanding of coalescence. Such an understanding is highly desirable, it will help for instance to design and operate industrial equipment handling emulsions and foams. For the time being, it is known that the dispersion size is not always determined by the specifications of the emulsification/foaming machines, but also by the chemical nature and concentration of the ingredients 10 . A better understanding of the coalescence phenomena would allow optimizing the processes. In this article, the different approaches will be presented and the present knowledge summarized.

Unstable emulsions and foams

Emulsions and foams can be very unstable and destabilize in a few tens of minutes. This happens when no or few surface-active molecules are present. In the case of emulsions and foams stabilized by a surfactant, rapid destabilization occurs when the surfactant concentration C is much lower than the concentration called critical micellar concentration (cmc), at which micelles (surfactant aggregates) form in the solution. In this case, when two drops/bubbles approach, their surface is deformed and an instability called "dimple" is generally observed. Other types of deformations are possible 8 , but will not be discussed here.

Figure 1a shows an example with two glycerol drops in silicon oil approaching vertically. The points in figure 1a are the positions of the upper drop surface in a vertical cut across drop center 9 . The dimpling instability develops with time until the dimple border gets close to the symmetrical dimple border of the lower second drop. The lines are calculated with a model including hydrodynamic and capillary pressures without adjustable parameters. The images in figure 1a are interference images of the film seen from above, the left part being the experimental image, the right part, a computed image. The coalescence time is calculated assuming that when the drops are close enough (a few nanometers) for the van der Waals attraction to become significant, the drops fuse. The results are shown in Figure 1b: the agreement with theory is again very good still without adjustable parameters. Figure 1b also shows that coalescence occurs more easily during drop separation than during drop approach. This was attributed to the increased hydrodynamic suction upon drop separation, an effect already evidenced in microfluidic devices [START_REF] Bremond | Decompressing emulsion droplets favors coalescence[END_REF] .

a) b) In an earlier theory, Sheludko [START_REF] Sheludko | Thin liquid films[END_REF] and independently Vrij [START_REF] Vrij | Possible mechanism for spontaneous rupture of thin free liquid films Discussions of the Faraday[END_REF] assumed that the film surfaces remain parallel during film thinning and that coalescence arises from the amplification of thermal fluctuations of film thickness once van der Waals attraction becomes significant, i.e. when the film is quite thin. This theory is clearly not appropriate for drops/bubbles in systems containing no or little surfactant, because of the significant deformation of their surfaces during their approach [START_REF] ** Chan | Film drainage and coalescence between deformable drops and bubbles[END_REF] .

It should be stressed that in the model of references 8** and 9** , the drop/bubble surfaces are assumed to be immobile. This condition is by no means obvious. However, when the velocity of approach is not too high, small surface tension gradients coming from residual impurities are able to immobilize the surfaces 13* .

Other types of film instabilities were reported to occur during rapid film thinning, analog to marginal regeneration in vertical films 1 : after formation, a dimple can lose its circular symmetry, in particular with films made from surfactant solutions when the surface viscosity is small 14 . An image is shown in Figure 4 left.

Unstable dispersions include oil foams. Oils have a low surface tension and most surfactants do not adsorb in sufficient quantity to be able to generate the surface tension gradients required to immobilize film surfaces. In this case, film thinning is very rapid and film rupture follows once van der Waals attraction becomes significant.

Other types of unstable dispersions are the emulsions made by agitation of ternary systems in which a microemulsion coexists with both oil and water, called Winsor III systems. At the difference of emulsions, microemulsions are thermodynamically stable dispersions, with very small sizes, a few tens of nanometers. Winsor III systems have been extensively studied in relation to tertiary petroleum recovery, because the interfacial tensions between microemulsions, oil and water are ultralow (below 10 -2 mN/m, the typical oil-water interfacial tension being 50 mN/m) [START_REF] Salager | How to Attain Ultralow Interfacial Tension and Three-Phase Behavior with Surfactant Formulation for Enhanced Oil Recovery: A Review. Part 1. Optimum Formulation for Simple Surfactant-Oil-Water Ternary Systems[END_REF] . These low tensions allow the microemulsions to penetrate in the small pores of petroleum rock reservoirs and to push the oil out without the need to apply very high pressures. It has been remarked already in the 80's that the emulsions formed with Winsor III systems phase-separated after only a few minutes, despite surfactant is present in large quantities. The mystery was solved recently, thanks to the development of a new experimental method (oscillating spinning drop [START_REF] Zamora | Interfacial rheology of low interfacial tension systems using a new oscillating spinning drop method[END_REF] ). The method allows the measurement of the interfacial compression elastic modulus E that quantifies the surface tension gradients in systems where the tension is ultralow. The modulus E is defined as:
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where  is the surface tension and A the surface area.

The experiments revealed that not only  but also E is very small 17 *, explaining why film thinning is very rapid. On the other hand, these microemulsion systems have an unusual property: the surfactant is equally soluble in oil and in water. This means that, according to the Bancroft rule and to its justification by Hildebrand 18 , such a surfactant cannot stabilize an emulsion. Bancroft rule states that when oil and water are mixed, the surfactant is soluble in the continuous phase of the emulsion that forms. Hildebrand wrote: "Why does the film resist rupture better when the soap in the interfaces comes from the film solution than when it comes from the larger reserve in the droplet? The answer I suggest is that the resistance to sudden rupture is much stronger if the emulsifying agent is present in the film liquid, which is the external phase, than if it is in the larger mass of emulsified drop, the internal phase. The reason for this is that there is very little soap available in a thin film to migrate to the new surface and weaken it, while there is an ample supply if it is soluble in the liquid outside of the film." 18 Later on, Ivan Ivanov formalized the theory of film thinning in both cases and published the first experiments showing that confirmed this theory: film thinning is indeed slower when the surfactant is in the liquid of the film and faster if the surfactant is in the dispersion phase 19* . As he used to say: "Experiments without theory are meaningless" but "Theory without experiments is useless".

The basis of the theory is as follows: during the thinning of films between approaching emulsion drops, surfactant is entrained towards the film borders. Because the surface tension is smaller when the surface concentration  is larger, tension gradients appear, giving rise to forces opposing film thinning, called "Marangoni" forces. The tension gradients persist longer when the surfactant is in the continuous phase, because when the films are very thin, they do not contain enough surfactant to replenish the film surfaces. This happens when the film thickness h is smaller than h*= /C. In turn, when the surfactant is in the drops, surface replenishment is rapid, Marangoni forces are suppressed and film thinning is very rapid; instabilities then lead to film rupture before an equilibrium thickness is reached. A scheme illustrating these ideas is shown in figure 2. These arguments also explain why anti-bubbles (liquid drops surrounded by air films, dispersed in the liquid of the drops) are much less stable than bubbles prepared with the same surfactant solution 20 *.

When the surfactant is partitioned equally between oil and water, surface tension gradients cannot be sustained: whatever the type of drop, they always contain surfactant able to rapidly adsorb at surfaces depleted during film thinning and to suppress the Marangoni forces 17 *.

Stable emulsions and foams

When surface active agents are in present in sufficient quantities in the continuous phase and are absent in the drops, and when these agents are able to form dense enough surface layers, the dimples eventually formed during film thinning heal and films of constant thickness are obtained.

Thinning is driven by the capillary pressure P c arising from film border curvature:

(2) r being the radius of curvature of film border, called "Plateau border" in foams; for small < 10%), r is related to the average drop/bubble radius R : r ~ R√. Thinning stops when P c is equilibrated by the disjoining pressure  d . Note that the pressure can have a contribution from gravity, important in large vertical films. The gravity contribution to pressure is however generally negligible in the small films found in emulsions and foams. Figure 3a shows the schematic variation of the disjoining pressure with film thickness for films made of aqueous solutions of an ionic surfactant. At large film thickness (h ~ a few tens of nanometers), electrical repulsion and van der Waals attraction dominate (DLVO forces), while at very small thicknesses (h < 10 nm), short range forces (hydration, steric) dominate. Depending on the applied pressure, the equilibrium film thickness can be determined by DLVO forces (h = h 1 in figure 3a), the film is then called "common black film". If the applied pressure is larger than the DLVO maximum, the equilibrium film thickness is very small and determined by the short range forces (h = h 2 in figure 3a), the film is then called "Newton black film", being essentially a surfactant bilayer.

Figure 4 shows examples of film aspect when the surfactant concentration is varied. The films are usually very inhomogeneous in thickness (left image) when h is of the order of microns. After thinning and when the surfactant concentration is large enough, equilibrium black films of constant thickness can form (right images). More regular dimpling instabilities can also be observed (bottom right image) 21** . In this example, the surfactant is nonionic and the films are never very stable (lifetimes not much higher than drainage time), as usual for most nonionic surfactants (notable exceptions being alkyl glucoside surfactants).

Thinning of small horizontal films of surfactant solutions is usually rather rapid and equilibrium black films can be observed after a few tens of seconds. Emulsions and foams are therefore only stable if the lifetime of the black films is much longer. When the black films are sufficiently stable, emulsions and foams have time to drain or cream. They eventually reach a gravitational equilibrium in which hydrostatic pressure is equilibrated by the osmotic pressure 22 . Because emulsion drop size is usually
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2  /q h 0 u q water small compared to the capillary length l c (l c ~ 1mm), a rather homogeneous emulsion with a continuous phase volume fraction close to * then coexists with the drained/creamed continuous phase. Note that larger drop volume fractions can be obtained if the emulsion is prepared with small amounts of continuous phase. Foam bubbles being larger than emulsion drops, and bubble size not much smaller than l c , the liquid volume fraction in foams usually significantly varies with height and can be very large at the top (> 99% with millimetric bubbles). After reaching hydrostatic equilibrium, the drops/bubbles grow due to ripening and eventually coalesce. It has been proposed that coalescence occurs when the capillary pressure exceeds a critical pressure 23 24 , or when the radius exceeds a critical radius 25 26 . In fact, the two criteria are linked, since P c ~ /r, r being proportional to the average drop/bubble radius R (for very dry foams for instance, equation 2 gives P c = /r, with r ~R√). It was shown indeed that the critical pressure decreases with increasing drop size 27 *. A device was recently proposed to vary independently the capillary pressure and the bubble size in two-dimensional foams. The experiments show that the parameter controlling coalescence is not the capillary pressure, but rather the bubble size 28 *. Figure 5 shows an example of time variation of drop size in octane in water emulsions. The transition between ripening at short times (average diameter D ~ t 1/3 ) and coalescence at long times (D increasing much faster than linearly with time) occurs once the drops reach a critical diameter, that depends on the surfactant used [START_REF] Georgieva | On the Possible Role of Surface Elasticity in Emulsion Stability[END_REF] . The coalescence mechanisms are however not yet clear. In the model by Sheludko and Vrij and in the more recent one by Vakarelski et al 9** , coalescence is possible when there are attractive forces between film surfaces. When surfactant is present, the formation of black films reveals the existence of repulsive forces that should prevent coalescence, in the same way that they prevent coagulation of solid colloidal particles. In the DLVO theory, coagulation occurs when the electrostatic repulsion is suppressed by adding electrolytes, such as salts. Emulsions and foams are usually more stable when ionic surfactants are used and salt avoided, but they are never stable over very long times, especially foams that typically last for an hour or so. Their stability cannot therefore be easily related to surface forces as in dispersions of colloidal particles.
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At the difference of solid colloidal particles, thermal fluctuations of surface coverage are easy in films with liquid surfaces. These fluctuations can lead to the transient suppression of the repulsion between film surfaces (figure 3c) and to subsequent film rupture. However, the activation energy W for such a process is much too large for the films stabilized by electrostatic repulsion (common black films, figure 3a): because the diameter of the hole that has to be nucleated is comparable to film thickness h, W ~ E h 2 , E being the surface compression modulus (equation 1) 29 30 ; this leads to activation energies hundredths times larger than the thermal energy k B T, k B being the Boltzmann constant and T the absolute temperature. It is however possible that the process is made of two steps for ionic surfactants: first, surface concentration fluctuations lead to a decrease of the electrostatic repulsion barrier (figure 3a) and to a transition between a common black film (CBF, thickness h 1 in figure 3a) and a much thinner Newton black film (NBF, thickness h 2 in figure 3a). The second step is the nucleation of holes, easier in these ultrathin films, the activation energy being not much larger than k B T. The higher the capillary pressure, the easier the transition between CBF and NBF, since smaller fluctuations are needed to overcome the barrier [START_REF] Bergeron | Disjoining pressures and film stability of alkyltrimethylammonium bromide foam films[END_REF] . In the case of non-ionic surfactants, the electrostatic barrier is absent and film rupture could proceed directly by hole nucleation. Both the transition between CBF and NBF and the nucleation of holes in the NBF require local surface concentration variations, which are easier if the film area is larger. This is perhaps why coalescence is easier with large drops/bubbles.

Kabalnov and Wennerstrom proposed that the activation energy is related to surface curvature elasticity rather than to compression elasticity in emulsions with low oil-water interfacial tensions [START_REF] Kabalnov | Macroemulsion stability: The oriented wedge theory revisited[END_REF] .

In their model, the surface concentration remains constant, the surfactant formerly occupying the hole area is moved to the curved hole borders. The activation energy includes the cost of changing film area (interfacial tension cost) and the cost of bending the surfactant layers. Numerical estimations show that this activation energy is usually larger than the activation energy related to compression of the surface layers [START_REF] Marquez | Instability of Emulsions Made with Surfactant-Oil-Water Systems at Optimum Formulation with Ultralow Interfacial Tension[END_REF] , so this mechanism is likely infrequent.

Other coalescence scenarios

Other coalescence mechanisms were reported in foams, linked to bubble reorganization induced by ripening. In very dry foams, when the amount of liquid in the interstices between bubbles (Plateau borders) is too small to allow the switch between bubble neighbors, the films were observed to break 33 *. When the bubbles are very small, the films generated after a rearrangement have no time to be covered by surfactant and they break as well 34 *.

Coalescence can also be induced by external actions: applied pressure (helping to overcome the disjoining pressure barrier), evaporation in the case of foams (inducing evaporation in films, which thin and can burst, and also reducing the liquid foam content, hence increasing capillary pressure) [START_REF] Li | Effect of Environmental Humidity on Static Foam Stability[END_REF] , electro-coalescence in water in oil emulsions (electric fields creating attractive forces between drops) [START_REF] Thiam | Breaking of an Emulsion under an ac Electric Field[END_REF] , action of shear for emulsions stabilized by proteins (protein surface layers can be brittle and rupture under small mechanical stresses) [START_REF] Bos | Interfacial rheological properties of adsorbed protein layers and surfactants: a review[END_REF] .

Formation of emulsions and foams can sometimes be a problem, for instance in oil recovery when petroleum has to be separated from emulsified water or in detergency where excessive foam formation can be detrimental. Agents known as demulsifiers, defoamers or antifoams are frequently used. Efficient demulsifiers are chemicals soluble in both oil and water, therefore able to suppress surface tension gradients 38 * as in the scenario described earlier for three-phase microemulsion systems [START_REF] Marquez | Instability of Emulsions Made with Surfactant-Oil-Water Systems at Optimum Formulation with Ultralow Interfacial Tension[END_REF] . The action of defoamers and antifoam agents is based on different mechanisms, because they obviously cannot partition in gas. In the case of aqueous foams, these agents can be hydrophobic liquids or solid particles. Liquids spread onto the foam films, accelerating film thinning. Particles enter the film surfaces, bridge them and once the films are thin enough, they break due to particle dewetting [START_REF] Denkov | Mechanisms of foam destruction by oil-based antifoams[END_REF] . A similar bridging-dewetting mechanism was evidenced in emulsions and foams stabilized by nonionic surfactant above the cloud point 40 41 : the surfactant solution phase-separates between surfactant-rich and surfactant-poor phases, the drops of the surfactant-rich phase acting as antifoam particles. De Gennes conjectured that coalescence in emulsions and foams could be frequently due to heterogeneous nucleation (as opposed to the homogeneous nucleation mechanism described in section 3) caused by residual contamination in the fluids used to prepare the dispersions [START_REF] De Gennes | Some remarks on coalescence in emulsions or foams[END_REF] .

Ultrastable emulsions and foams

When the three destabilization processes, gravity sedimentation or creaming, ripening and coalescence are suppressed, extremely stable emulsions and foams are obtained. An obvious and efficient action is to use a jellified or solidified continuous phase. Gravity effects are suppressed if the yield stress  y of the continuous phase is larger than the buoyant force on drops/bubbles counted per unit area:  y > y grav ~ g R/3 [START_REF] Briceno-Ahumada | On the stability of foams made with surfactant bilayer phases[END_REF] . Ripening effects are suppressed if  y is larger than the capillary pressure:  y > y rip > P c
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. The second condition is more restrictive, since in general  y rip >>  y grav . Once drops are immobilized and no longer grow, coalescence is prevented.

Emulsions drops can be also partially solidified in which case drops bridging can be observed without coalescence. This mechanism is frequent in food emulsions containing partially crystallized fat [START_REF] Golemanov | Selection of surfactants for stable paraffin-in-water dispersions, undergoing solid-liquid transition of the dispersed particles[END_REF] .

Emulsions and foams can also be stabilized by particles dispersed in the continuous phase when they block the interstices between drops/bubbles and arrest drainage [START_REF] Louvet | Capture of particles in soft porous media[END_REF] . It is however difficult to distinguish this effect from gelation due to confinement: the continuous phase may be fluid, but jellify in confinement due to wall effects 46 47 .

When the surface layers are solidified, gravity effects are not suppressed, but ripening and coalescence may stop. This happens with proteins, particles or asphaltenes, which are natural surfactants in crude oils [START_REF] Rio | Unusually stable liquid foams[END_REF] . Once adsorbed, these substances may form very dense, solid-like and brittle layers, susceptible to rupture. Substances forming viscoelastic layers, such as mixtures of polymers and surfactants [START_REF] Espinosa | Interfacial Shear Rheology of Mixed Polyelectrolyte-Surfactant Layers[END_REF] , are more able to stabilize emulsions and foams than those forming solid brittle layers.

Conclusion

The coalescence phenomenon is not easy to characterize because it is extremely rapid. Film rupture involves contributions from hydrodynamics, surface rheology, surface forces and thermal fluctuations. The rupture mechanisms of small films in surfactant-free systems begin to be understood. Coalescence in emulsions and foams is still more complex, because it is coupled to other destabilization mechanisms such as gravity effects (drainage or creaming) and ripening. Different scenarios were identified, possibly others remain to be discovered. The most complex one corresponds to the homogeneous nucleation of holes in films, which is far from being completely understood and modelled. This paper highlights the close similarities in the phenomena leading to coalescence in emulsions and foams. Ivan Ivanov and his group developed early an interesting approach with parallel studies in both types of systems. Such an approach proved very successful and it deserves to be continued in the future.

Figure 1 .

 1 Figure 1. a) profile of a silicone oil film between glycerol drops at various times: experiments (symbols) and theory (lines). The inset shows interference fringes observed when illuminating the film perpendicularly to its surfaces: experiments (left) and theory (right). b) Comparison of experimental and theoretical coalescence times measured from the start of the approach for: coalescence-on-separation (∆), coalescence-on-approach (◊), and coalescence on stopping of the piezo-electric drive after approach (o).Reprinted with permission from references 8 ** and 9 **.

Figure 2 .

 2 Figure 2. Schematic representation of the thinning of films between approaching emulsion drops; top: surfactant is entrained during thinning towards the film borders, resulting in surface tension gradients, hence Marangoni forces opposing thinning; bottom: the tension gradients heal more rapidly when the surfactant is present in the drops.

  Figure 3a): Schematic representation of the disjoining pressure  d variation with film thickness h for ionic surfactants. The horizontal dashed lines correspond to different capillary pressures P c and the intersections with the  d curve; h 1 and h 2 are the corresponding equilibrium thicknesses of the films. Type of fluctuations leading to film rupture: b) thickness fluctuations; c) surface coverage fluctuations.

Figure 4 .

 4 Figure 4. Film lifetime versus surfactant concentration together with film images. Films formed between a drop of hexadecane pressed by gravity against an interface between hexadecane and an aqueous solution of the nonionic surfactant Span 80. The distance between the dark vertical bars is 50 m. Reprinted with permission from reference 21**
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