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Abstract  

We have studied emulsions made with two and three-phase oil-water-surfactant systems in which 

one of the phases is a microemulsion, the other phases being water or/and oil excess phases. Such 

systems have been extensively studied  in the 70-80’s for applications in enhanced oil recovery. It 

was found at that time that the emulsions became very unstable in the three-phase systems, but so 

far few explanations have been proposed. In the most complete one, Kabalnov and colleagues 

related the emulsion stability to the probability of hole nucleation in the liquid film separating two 

nearby  emulsion drops, and associated this probability to the curvature elastic energy of the 

surfactant layer covering drop surfaces. We propose a different explanation, linked to another type 

of interfacial elastic energy, associated to compression of the surfactant layers. As found long ago, 

the three-phase systems are found near optimum formulation (Hydrophile Lipophile Difference HLD 

= 0), where the interfacial tension exhibits a deep minimum. The determination of interfacial elastic 

properties in low interfacial tension systems is not straightforward. In our present work, we used a 

spinning drop tensiometer with an oscillating rotation velocity. We show that  the interfacial 

compression elastic modulus and viscosity also exhibit a minimum at optimum formulation. We 

propose that this minimum is related to the acceleration of the surfactant exchanges between the 

interface, oil and water, near the optimum formulation. Furthermore, we find that the surfactant 

partitions close to equally between oil and water at the optimum, as in earlier studies. The interfacial 

tension gradients that slow down the thinning of liquid films between drops are reduced by 

surfactant exchanges between drops and interface, which are fast whatever the type of drop, oil or 

water; film thinning is therefore very rapid and emulsions are almost as unstable as in the absence of 

surfactant. 
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Introduction 

Emulsions are dispersions of oil and water stabilized by surface active agents, either surfactants 

which are small molecules, larger molecules such as polymers and proteins, or particles (Pickering 

emulsions) 1.  Despite its practical importance, emulsion stability is far from being fully understood. 

Empirical rules are still used for formulation purposes, such as the HLB parameter (hydrophilic-

lipophilic balance). Significant improvements were obtained with the HLD parameter (hydrophilic-

lipophilic deviation) introduced by Salager and his colleagues. The HLD takes into account in a simple 

way many variables such as surfactant, oil and water type, as well as temperature 2 3, and even 

pressure 4.  However, no easily accessible parameter predicts yet emulsion stability.  

Emulsions destabilize because of one or more of the following processes: 

-sedimentation or creaming, due to the action of gravity on the oil or water drops. 

-Ostwald ripening, produced by diffusive transfer of liquid between drops due to pressure 

differences.  

-coalescence (fusion) of droplets during encounters 

All droplets encounters may not be followed by coalescence, and in very stable emulsions, the two 

first processes have time to proceed before complete emulsion destabilization. In turn, unstable 

emulsions destabilize mainly through coalescence. 

The three processes listed above could involve many different mechanisms. Among others, viscosity 

or viscoelasticity of the liquid phases affect them in different ways. For instance, the presence of 

surfactant lamellar phases leads to very stable emulsions 5. When the surface active agents are 

particles (Pickering emulsions), they form very rigid interfacial layers and the emulsions may be very 

stable 6. In this article, we will restrict the topic to emulsions made with similar volumes of water and 

of non-viscous oils and small quantities of a pure surfactant, in order to simplify the discussion. 

Furthermore, we will focus on low interfacial tension systems which have other specific properties. 

We will present measurements of interfacial tension and of interfacial compression elasticity in 

mixtures of brine, oil and an ionic surfactant, using a new instrument, the oscillating spinning drop 

tensiometer  7. The interfacial tension is found to strongly vary by changing the amount of salt in 

water. In this way, an interfacial tension minimum is obtained at an optimum salinity. The interfacial 

compression parameters are also minimum. This feature has been reported for the first time in a 

recent study with various types of commercial surfactants, ionic and nonionic 8. It had been ignored 

so far because of the lack of suitable instruments allowing interfacial rheology measurements with 

low tension systems. In the present study, we used a pure surfactant that allows us to discuss in 

depth the behaviour of interfacial rheology and to relate it with emulsion stability. 
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Background 

Winsor systems 

The interfacial tension  between oil and water is currently about 30-50 mN/m. When suitable 

surfactants are used, it can be lowered to 0.01 mN/m or less. Stable systems called microemulsions, 

made of very small oil or water drops, can be then obtained. Microemulsion droplets are much 

smaller than emulsion drops, implying a higher surface energy ( times total interfacial area).  The 

number of droplets is however larger than in emulsions and the dispersion entropy compensates the 

surface energy. The same compensation occurs in microemulsion bicontinous structures, made of 

small interconnected domains that form in some particular cases. As a result, microemulsions are 

thermodynamically stable 9.  

The type of droplet formed is related to the spontaneous curvature C0 of the surfactant layer: if by 

convention C0 >0, oil droplets are formed and if C0<0, water droplets are formed.  The spontaneous 

curvature is itself related to the surfactant geometry, as pointed out by Tanford 10. Israelachvili, 

Mitchell and Ninham introduced later a packing parameter in order to quantify this surfactant 

geometry 11. The actual curvature C is in general different from C0, and is associated to a curvature 

energy as proposed by Helfrich 12 

Ecurv =  
1

2
 K (C1 + C2-2C0)2 + K̅ C1C2     (1) 

where K and  𝐾̅  are respectively the mean and gaussian bending moduli, C1 and C2 are the two 

principal curvatures of the surfactant layer (for droplets of radius R, C1 = C2 =1/R) 

When oil is added to an oil in water (O/W) microemulsion, the drops grow until their curvature 

reaches C0, after which excess oil separates into an oil phase in order to minimize the curvature 

energy: this phenomenon was called emulsification failure 13. A similar behaviour is observed with 

water in oil (W/O) microemulsions that coexist with excess water once C0 is attained. The case C0 ~0 

is peculiar, the corresponding microemulsions coexisting with both excess oil and water. Their 

structure is not made of droplets, but is rather sponge-like, bicontinuous in oil and water, with oil 

and water domains separated by surfactant monolayers 14. The typical size in this case is not the 

inverse spontaneous curvature; it is smaller due to thermal fluctuations and is equal to  the 

persistence length  of the surfactant layer :  ~ b  exp (2 K/kBT), b being a molecular length kB the 

Boltzmann constant and T the absolute temperature 9.  

These three different phase equilibria were described by Winsor in the 50’s and called after him 

Winsor I (O/W microemulsion in equilibrium with excess oil), Winsor II (W/O microemulsion in 

equilibrium with excess water) and Winsor III (bicontinuous microemulsion in equilibrium with excess 

oil and water). These systems attracted much interest in the 70-80s for enhanced oil recovery (EOR) 

applications. Indeed, the interfacial tensions between the different phases are very low, allowing for 

efficient release of oil trapped in the pores of the oil reservoirs, by reducing capillary pressures. The 

lowest tensions were found in the Winsor III region, and research to formulate such systems became 

active.  Formulation variables were identified and include surfactant type, water salinity, oil nature 

and temperature. When changing a single variable in so-called formulation scans, interfacial tension 

minima were systematically found in the Winsor III region corresponding to physicochemical 

conditions which were referred to as the optimum formulation15  16.  
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Emulsion stability 

The three emulsion destabilization processes mentioned in the introduction, sedimentation, ripening 

and coalescence occur simultaneously and are coupled: for instance if the drop size increases 

because of coalescence, sedimentation will be faster. The fastest step is usually drops approach. If 

coalescence occurs during this approach, the emulsion is very unstable. This is the case of oil and 

water mixtures without surfactant. When surfactant is present and its concentration not too small 

with respect to the critical micellar concentration (Cmc), the coalescence probability decreases and 

sedimentation has time to proceed. As a result, a sedimentation (or creaming) front appears 

between the continuous phase and a more concentrated emulsion that moves downwards (resp. 

upwards). The motion is accelerated in the case of drop flocculation, frequent in water in oil 

emulsions 1. The front motion slows down considerably once the drops are compacted and touch 

each other, and the drop volume fraction reaches the value for random close packing of spheres 

(~64%). These compacted emulsions are solid-like (they do not flow) and are frequently called 

creams.  Ostwald ripening and coalescence lead to the growth of drops and to another phase 

separation, this time between the emulsion and the released internal phase.  

While the theoretical description of sedimentation (or creaming) and of Ostwald ripening is well 

advanced, coalescence is much less well understood. Different mechanisms can lead to drop fusion. 

When emulsions are very unstable (lifetimes of a few minutes), the drops approach rapidly (due to 

buoyancy, Brownian motion or another applied body force), a liquid film is formed between them 

(unless they are very small) which thins rapidly if the compression elastic modulus is small 17. Note 

that this modulus is different from the curvature elastic moduli introduced in the section Winsor 

systems 18. If the amount of surfactants is small, the compression modulus is small and cannot 

prevent film instability, coalescence is then rapid. In these cases, the emulsions have no time to 

reach a compact state. With more stable emulsions (lasting for more than a few hours), instabilities 

may still occur, but do not necessarily lead to film rupture. The emulsions then reach the compact 

state, films form between drops and the film thickness stabilizes at an equilibrium value determined 

by the balance between the external force (capillary pressure due to the curvature of film borders 

and gravity, generally smaller) and the force between film surfaces, which, counted per unit area, is 

called disjoining pressure 19. In Winsor systems, the surfactants used are either non-ionic, or ionic 

generally  in the presence of large amounts of salt (with only a few exceptions 20), meaning that the 

disjoining pressure d only contains repulsive contributions from short range forces, steric and 

hydration : the equilibrium film thickness is very small, of the order of 5nm.  

The rupture of these very thin films, called Newton black films, remains mysterious. This rupture is 

possibly controlled by thermally activated hole nucleation in the film, as proposed by de Vries 21 and 

later by Exerowa et al 22. The energy barrier associated to the nucleation process is the surface 

energy cost and is large. This led de Gennes to postulate later on that this type of intrinsic 

coalescence is a myth 23.  However, in systems with low interfacial tensions, the energy cost is 

smaller, as shown by Kabalnov and Wennerstrom 24. These authors addressed the case of the rather 

stable cream emulsions and highlighted the importance of the interfacial curvature elastic energy. 

However, their model is not suitable to emulsions that destabilize in minutes when the interfacial 

tension is ultralow. Another type of interfacial elasticity might then become important, the 

compression elasticity, which controls the surfactant mobility on emulsion drop and film surfaces.  
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Winsor systems can be emulsified as other oil-water-surfactant systems. The emulsions made with 

Winsor I and II systems have a fair to good stability. In the WI (respectively WII) systems, most of the 

surfactant is in the water (respectively oil) phase and an O/W (respectively (W/O) emulsion is 

formed. This is in agreement with the Bancroft rule that states that the emulsion that forms is the 

one for which the continuous phase contains the surfactant 25 26 27. The inversion from O/W to W/O 

emulsion occurs in the WIII region, as evidenced from electrical conductivity studies and coincides 

with the minimum in interfacial tension. It was also recognized that there is a considerable change in 

emulsion stability when moving away from the interfacial tension minimum, even in regions where 

creams form. Emulsions are also obtained with Winsor III systems, but in this case the stability is very 

poor and the emulsion destabilizes in a few minutes, leading back to the equilibrium three phases.  

The first clear observations were made in 1979-1980 28 29 30.  Most papers show a strong decrease in 

emulsion stability close to the interfacial tension minimum 31 28 32 33. Some studies went further and 

correlated the stability minimum with the inversion from an O/W to a W/O emulsion   29 34 35 36 37 33. A 

few  studies investigated the link between coalescence and  interfacial elasticity, but of still different 

type (shear) 38 39 40. Boyd and coworkers showed that the elastic shear modulus had more influence 

than the interfacial shear viscosity, but the change in stability of the emulsions with temperature was 

much larger than that of the interfacial shear parameters. Hazlett and Schechter proposed that the 

reduced stability close to the interfacial tension minimum was due to the presence of microemulsion 

structures that could percolate into the thin emulsion films and rupture them  37.  It was shown later 

however that the presence of the microemulsion was not necessary and that the emulsion low 

stability was the same if it is removed  36. The stability of emulsions made with these systems was 

related to the interfacial curvature elasticity by Kabalnov et al 24 41. It is however mentioned by 

Kabalnov and Wennerstrom that their model is limited to the case of “stable” emulsions which 

lifetimes are on the order of hours or more. They write in ref 24: the short-term rupture may be 

dependent on film thinning hydrodynamics and hydrodynamic stability while the long-term stability is 

controlled predominantly by hole nucleation in emulsion film. 

In the following, we will recall in more detail the general knowledge concerning emulsion stability, 

distinguishing the case of stable and unstable emulsions, which rely on different mechanisms.  

Case of long lifetimes 

Kabalnov and Wennerstrom calculated the coalescence energy barrier W* and found a strong 

dependence on the monolayer spontaneous curvature. They modelled polyethoxylated nonionic 

surfactant-oil-water mixtures in which the evolution from WI to WII systems is obtained by increasing 

temperature. For the octane-C10E5-water system, they found that close to the temperature T* at 

which the interfacial tension is minimum, W*/kBT  is equal to 0.43 + 30.9 T with T= I T-T*I. Farther 

from T* (but T ≤ 5°), W*/kBT approaches values equal to about 40. They however used values of K 

and K̅  deduced from an incomplete fit of interfacial tension data: K = 0.6 kBT and K̅ = 0.3 kBT,  while 

the correct values are rather K =  kBT and and K̅ = -0.36 kBT 42 leading to W*/kBT  ~ 11.5 + 41.8 T. 

The variation of W* is more important than stated, and would lead to an increase in emulsion 

stability three times larger than observed. But in view of the uncertainties on the values of K and K̅ , 

the model could well still account for the observations. 

Another model of hole opening has been proposed by de Gennes, who related the energy barrier to 

the compression elastic energy. This model could explain why the stability of emulsions frequently 
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appears correlated with the interfacial compression modulus E. He estimated the energy barrier as 23 
43  44 : 

W =  E [ 
ΔΓ2

〈ΔΓ2〉
] S        (2) 

where S  is the hole area,   the surface concentration in the surfactant monolayer,   its variation 

and < 2> the mean square amplitude of these variations due to thermal fluctuations.  

When a surface layer is compressed, it resists compression with an elastic force characterized by a 

compression modulus   given by: 

E = - A  
𝜕Π

𝜕𝐴
         (3) 

where   is the surface pressure, equal to the difference between interfacial tensions with and 

without surfactant,  and A is the surface area 45. The modulus E is also called dilational or dilatational 

modulus in the literature.  Assuming that when compressed, the surfactant remains at the interface, 

  is inversely proportional to A and : 

E =  
𝜕Π

𝜕Γ
         (4) 

The mean square value of  in equation 2 is then < 2> ~ kB T   2 /E S .  

De Gennes showed that when a film ruptures, the critical radius of the hole r* is half the film 

thickness 43. The critical hole radius being half the film thickness, is of the order of the surfactant size 

in Newton black films: r* ~ 2 nm.  The compression modulus E is close to twice the surface pressure 

of the monolayer or smaller 46 47 48. We will use here a maximum value of 100 mN/m. The remaining 

term in equation 2 can be estimated as  ~, in which case the hole surfaces are free of surfactant 

before hole opening. The coalescence barrier W* is then of the order of 100 kB T.  

This led de Gennes to assert that the nucleation of holes in surfactant rich systems was forbidden. 

However, it is probably not necessary to have a fully bare surface before film rupture. It is well 

known that emulsions become stable when the surfactant concentration C reaches a value C*, 

somewhat below the critical micellar concentration (Cmc) and close to the point below which the 

surface concentration starts decreasing appreciably 49. At these concentrations, the repulsive forces 

disappear and no equilibrium film is formed 50. This means that   in equation 2 can be smaller than 

    for the hole to nucleate. If we take for instance  ~ /3, the energy barrier W* falls to 30 kBT, 

i.e. even smaller than that estimated for the curvature energy contribution only one degree away 

from the interfacial tension minimum in the C10E5-octane water system.   

Case of short lifetimes 

In short life emulsions, two drops that collide fuse shortly afterwards, and creamed emulsions have 

no time to form. Upon approach, the drops start deforming and a film of uniform thickness may form 

between them, depending on their relative velocity and size, as well as on the disjoining pressure. 

The film may also have a dimpled shape, in which case, it will thin more slowly provided it remains 

axisymmetrical 51. The velocity of film thinning depends on the mobility of film surfaces: if they are 

rigid-like, the thinning velocity is controlled by bulk viscosity, and if the surfaces are mobile, the 

velocity becomes very large, being controlled by inertia 52. In the intermediate case, film drainage is 
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closely related to interfacial rheology: indeed, when a film thins, the surfactant at the film surfaces is 

entrained, surface concentration gradients arise and create interfacial tension gradients. This results 

in huge forces opposing film thinning (Marangoni forces), which magnitude is related to the 

interfacial elastic modulus E. Interfacial viscosity can also limit the surfactant motion and slow down 

thinning. Theories relating the thinning velocity to interfacial rheology have been proposed 53 54.  

In concentrated surfactant solutions, the resistance to compression is generally lowered by 

dissolution of surfactant in the bulk. The interfacial motion is then described by an effective 

compression modulus, smaller than E. The exchanges between bulk and interface result in a large 

dissipation and the resistance to compression includes both an elastic contribution, characterized by 

a storage modulus Eeff’, and a viscous contribution, characterized by a loss modulus Eeff”. If we 

consider for instance the case of air-water interfaces in quiescent conditions, and a sinusoidal 

compression with a frequency  the effective storage and loss moduli in the linear regime are given 

by a diffusion model  45 55  

 Eeff’ = E    
1+Ω

1+2Ω+2Ω2                (5)         

 Eeff” = E    
Ω

1+2Ω+2Ω2             (6)             

 = 
1

√𝜔𝜏𝐷
= √

𝐷

2𝜔

𝜕𝐶

𝜕Γ  
 with    D = 

2

𝐷
 (

𝜕Γ

𝜕𝐶
)

2
     (7) 

where D is the surfactant diffusion coefficient in bulk; Eeff’ is equal to E at high frequencies, and tends 

to zero when  become small, while Eeff” tends to zero at both small and large . 

In liquid films, the situation can be different, in particular when the film thickness h falls below h* ~ 

/C. Indeed, during film thinning, the surfactant is dragged along the film border and when h < h*, 

there is not enough surfactant in the film to replenish the film surfaces (see figure 1). Because there 

are no longer exchanges between bulk and surfaces, the surfactant layer behaves as if it were 

insoluble and the elastic modulus to be considered is the intrinsic modulus given by equation 4. Film 

thinning studies confirmed this picture 17. The situation is different if the surfactant is solubilized in 

the droplets: in this case the interface is easily replenished during film thinning, and the modulus to 

be considered is that given by equation 5 for a frequency  of the order of the inverse thinning time, 

much smaller than E in general. It has been indeed observed that the thinning of air films in 

surfactant solutions is much faster than the thinning of films of the same surfactant solutions in air 56. 

In the case of low interfacial tension systems, it has also been shown that the lifetimes of drops 

colliding the oil-water interfaces depended on the type of drops: oil drop lifetimes were longer than 

those of water drops in the WI region and the reverse was observed in the Winsor II region 57. This 

behavior was predicted by Hildebrand in order to account for the Bancroft rule 25 

Note that interfaces between pure fluids are most of the time contaminated by small amount of 

surface active impurities and counterintuitively behave as rigid : there is not enough contaminant to 

replenish surfaces and even very small surface tension gradients can stabilize the interface 52. When 

sufficient surfactant is present, the interfaces are easily remobilized and can behave as mobile ones 
58 (excepted in confinement situations such as in thin films, as discussed above). 
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Figure 1. Schematic of surfactant motion during the approach of two emulsion drops (in blue color). In the two 
top figures, the film surfaces in the central region are completely depleted in surfactant in order to appreciate 
better the contrast with the bottom figure 

The faster the film thinning, the easier is the occurrence of instabilities. The development of 

asymmetrical instabilities leading to rapid rupture is frequent in films with small interfacial elastic 

and viscous moduli 51 59. This is likely because the surfactant is locally displaced, hence the repulsive 

forces between surfaces vanish, only attractive van der Waals forces are left and rupture follows.  

The instabilities prevent the formation of the thin equilibrium films, hence the hole nucleation 

mechanism discussed in the section case of long lifetimes  cannot take place. 

Interfacial compression rheology  

When a surface layer is compressed, it resists compression with an elastic force characterized by a 

modulus E when the compression is fast enough and surfactant dissolution had no time to proceed. 

When the compression is slower, the resistance is smaller and includes elastic and viscous 

contributions. When the exchanges between interface and bulk are governed by diffusion, these 

contributions can be calculated using equations 5 and 6.  The storage modulus is equal to the 

intrinsic modulus E at high frequencies and approaches zero at low frequencies. The loss modulus is 

zero at both high and low frequencies but is large and of the order of E/5 when  ~ 1. The 

corresponding interfacial viscosity is huge: E ~ Eint”/ much larger than intrinsic interfacial 

viscosities of surfactant layers 60.   

In practice, the intrinsic compression modulus E can be calculated when the variation of the 

interfacial tension with concentration is known. Indeed one can then deduce the surface 

concentration  using the Gibbs equation: 
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 Γ =  -  
1

kBT
 

∂γ

∂lnC
              (8) 

for a nonionic surfactant or an ionic surfactant in the presence of excess salt. 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 19. In general, the surface concentration 

reaches a limit value ∞ close to the Cmc  61.  Above the Cmc, micelles are present, and the exchange 

time between micelles and surface can become limiting. Equations 5-7 then need to be modified 62. 

These equations were also generalized for binary surfactant mixtures, including soluble and insoluble 

surfactants 63 and surfactant partitioning between oil and water 64. In the case of ionic surfactants 

and low ionic strength, equations 5-7 are not valid and more complex treatments are necessary 65. 

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

Langmuir equation: 

𝐶

𝑎
=  

Γ/Γ∞

1−Γ/Γ∞
         (9) 

where a is the Szyszkowski concentration, smaller than the Cmc. One can see from equation 9 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. However, 

surfactants at oil-water interfaces are usually well described by equation 9 66. 

The equipment used for measuring the interfacial compression rheology is mainly based on the 

oscillating pendent drop and oscillating barrier methods 67. Instruments are commercially available 

and can be used at low frequencies, 1Hz and below 68 . However, they are not suitable for systems 

with interfacial tensions below a few mN/m: the pendent drops detach from the holding capillaries 

and the barrier methods make use of interfacial tension measurements with transducers that are not 

sensitive enough to measure very low tensions. Another drop method, called spinning drop 

technique, and developed in the 70s in the University of Texas at Austin69, was extensively used for 

the study of low interfacial tensions in Winsor systems. The idea of oscillating the area of a spinning 

drop was proposed by Slattery 70 and implemented in a new instrument developed by the FIRP 

Laboratory and CITEC workshop at the Universidad de Los Andes (ULA), Mérida-Venezuela. With this 

apparatus, the surface rheological properties can be measured for systems with interfacial tensions 

as low as 10-3 - 10-4 mN/m 7. 

 

Materials and methods 

Chemicals and sample preparation 

The surfactant used is sodium dodecyl benzene sulfonate (SDBS), an anionic surfactant, from Sigma-

Aldrich, USA. The oil is cyclohexane, technical grade, provided by Fisher Scientific. Water is MilliQ 

water containing sodium chloride (NaCl), analytical grade, from Merck, Germany.  We have also used 

a short chain alcohol (co-surfactant), known to increase the fluidity of the interfacial layers. We 
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chose sec-butanol (reactive grade, from Scharlau) that has the advantage of bringing minimum 

changes of the HLD, and therefore does not significantly affect the formulation 71.  

Equal volumes (5 mL) of cyclohexane and of the aqueous phases containing the surfactant and NaCl 

were contacted while placed into graduated test tubes. They were very slightly shaken and then 

allowed to stand 24 h in a thermostatic bath at 30 °C until equilibrium was reached. The salinity of 

the aqueous phase was varied from 2.75 to 5 wt% NaCl (corresponding to 0.47-0.9 M). The surfactant 

concentration used is 0.02 wt%, close to the Cmc. We chose a low surfactant concentration in order 

to slow down diffusion and to minimize exchanges between bulk and interface. In this way, the 

measured moduli are expected not to be too small. Another advantage is to limit the formation of 

microemulsions. With this low surfactant concentration indeed, very small amounts of middle phase 

were visible close to optimal salinity (none in the absence of alcohol). The alcohol concentration, 

when used, is 1 wt%. The amount of surfactant in aqueous and organic phases was measured with a 

UV-visible spectrometer. 

The HLD can be obtained simply using the reported parameters for the SDBS/cyclohexane/brine 

system 71 72 73: 

HLD= ln S – k ACN + f(A) + σ – aT T = 0       (10) 

where T is the temperature difference with respect to 25°C. In the studied system, T = 30°C, σ = - 

0.60, k = 0.16 for sulfonate anionic surfactants, EACN = 3.5 for cyclohexane, aT = 0.01; f(A) is a term 

depending on the alcohol co-surfactant, here f(A) ≈ 0. 

Emulsion stability. 

Emulsions were obtained by mixing equal volumes of oil and surfactant aqueous solutions. The two 

liquids were pre-equilibrated for a period of 24 h and then mixed with an Ultraturrax blender at 

30000 rpm for 30 s. We measured the time necessary for the separation of 60% of the aqueous and 

oil phases. In WI systems, resolution of water is due to microemulsion drop creaming, while oil 

resolution is due to coalescence. The reverse occurs in WII systems.  

Interfacial tension and interfacial rheology measurements with an oscillating 

spinning drop apparatus 

The determination of interfacial tension and interfacial area of the drop by means of the spinning 

drop method is based on the axial elongation of an oil drop in the aqueous phase. The interfacial 

tension is determined using Vonnegut’s equation 74   

 = 0.25   rot
2 r3         (11)   

where  is the interfacial tension, r is the radius of the droplet at central equator,  is the density 

difference between the two fluids, and rot is the rotational velocity. This equation is valid for 

sufficiently elongated drops, i.e. longer than 4 times their diameter. 
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This method can be used to measure interfacial rheology, by modulating the rotation frequency, i.e. 

expanding or contracting the drop during its rotation 7. The effective interfacial compression 

modulus Eeff is calculated using: 

Eeff =  A0  
Δγ

ΔA
         (12) 

where  is the change in interfacial tension, A is the amplitude of variation of the area and A0 is 

the initial area of the drop. The phase angle is the phase difference between the sinusoidal curves of 

the interfacial tension and area. The storage elastic modulus is Eeff’=Eeff cos and the loss modulus is 

Eeff”=Eeff sin.  

A Spinning Drop Oscillatory Interfacial Rheometer, model RI-1000 (FIRP Laboratory-CITEC, ULA, 

Venezuela) 7 was used to perform the interfacial rheological measurements. The interfacial elastic 

moduli were determined using the previously equilibrated systems (during 24 hours). A drop of oil 

phase is placed in a capillary containing the aqueous phase. The temperature is controlled at 30° C. 

The rotational speed and consequently the drop area are varied sinusoidally at a frequency  = 0.1 

Hz in the experiments presented in this paper. The oscillation amplitude was maintained below 10%, 

which guarantees that the response is linear. This oscillation amplitude was generally 1000 rpm, the 

selected rotating speed variation according to the interfacial tension (the lowest values being 3000 to 

4000 rpm for ultralow interfacial tensions).  

 

Results 

At low salinity, a WI two-phase system is obtained; the surfactant-rich phase is the lower aqueous 

phase and the oil phase is the upper phase. At high salinity, the surfactant-rich phase is the upper oil 

phase. The corresponding emulsions are of O/W and W/O type respectively. They are associated to 

Winsor type I and II equilibria far from optimal salinity (figure 2). The time needed to reach 

equilibrium for the interfacial tension measurements was about 15 min for systems without alcohol 

and 5 min for systems containing sec-butanol.  

The amount of surfactant in the aqueous and oil phases is given in Table 1, for systems without and 

with alcohol. One sees in table 1 that the surfactant partition coefficient k is close to one in the 

three-phase region for the system containing alcohol. This is as observed previously with other ionic 

surfactant systems 75, including commercial mixtures 69, 76 77, and first reported by Salager 78.  It is 

close but smaller than one in the system free of alcohol. Note that in this case, the surfactant 

becomes insoluble in water and precipitates just above 5 wt% NaCl. In both cases, the sum of the 

amounts present in oil and water phases is equal to the total amount of surfactant (0.02 wt%) within 

error bar.  
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 0% sec-butanol 1 % sec-butanol 

%NaCl 

% SDBS in 

water  

% SDBS in 

oil k 

% SDBS in 

water  

% SDBS in 

oil k 

2.75 0.0135 0.007 0.52 0.0131 0.0065 0.50 

3 0.0133 0.0078 0.59 0.0131 0.006 0.46 

3.25 0.0131 0.0076 0.58 0.0122 0.0077 0.63 

3.5 0.0126 0.0084 0.67 0.0112 0.0064 0.57 

3.75 0.0115 0.0075 0.65 0.0101 0.0098 0.97 

4 0.0107 0.0078 0.79 0.0097 0.0104 1.07 

4.25 0.0102 0.0081 0.79 0.0095 0.0105 1.11 

5 0.0094 0.0082 0.87 0.0088 0.0104 1.18 

Table 1. Amount of surfactant in the aqueous phases for systems without and with alcohol. Brine-cyclohexane-

SDBS-sec-butanol mixtures. 

Figure 2 shows the aspect of the samples containing alcohol. A very small amount of middle phase 

(volume fraction less than 1%) is visible in the systems close to optimum formulation at HLD=0. The 

phases in samples containing no alcohol are fully transparent.  

 

Figure 2. Aspect of the systems containing alcohol at equilibrium. NaCl (wt%) concentrations indicated at the 
bottom. Brine-cyclohexane-SDBS-sec-butanol mixtures. 

Interfacial properties measurements. 

Figure 3 represents the interfacial tension  , interfacial effective modulus Eeff  and phase angle  for 

systems with and without alcohol,  as a function of the aqueous phase salinity. The optimal salinity is 

3.50 % NaCl without alcohol and slightly larger, i.e. 3.75 % NaCl with alcohol, in line with the very 

slight effect of sec-butanol on optimum formulation 71. The salinity at optimum formulation 

calculated with equation 10 is S*=3.4 % NaCl, which is a fairly good agreement with the measured 
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values. The small deviations with respect to the measurements could be due to residual impurities in 

the chemicals used. The HLD = 0 data points are indicated with a star in figures 3 and 5. 

 

 

   

  

 

Figure 3. Interfacial tension  (top left), interfacial effective elastic modulus Eeff (top right), and phase angle  
(bottom) as a function of salinity as formulation scan variable. Brine-cyclohexane-SDBS-sec-butanol mixtures, 
SDBS concentration 0.02 wt%, T =30 °C. Circles: alcohol-free systems; squares: systems containing 1 wt% sec-
butanol. The lines are guides to the eye 

As usual in this type of systems, an interfacial tension minimum is observed at optimal salinity (Figure 

3 top left). The interfacial rheological parameters also show a minimum at optimal salinity. The 

amount of surfactant in both oil and water is small but sufficient to replenish the surface when 

stretched. Because of this small amount, the replenishment being controlled by diffusion is slow and 

the effective elastic modulus is therefore small, but non-zero. The fact that Eeff is minimum for HLD=0 

suggests that the exchange times are the shortest at this point.  

The interfacial tension was measured as a function of surfactant concentration, in order to obtain the 

value (Cc) above which a middle phase appears for the systems with HLD=0. Figure 4a and b are in 
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log-log and linear-log units respectively. Figure 4b allows visualizing the position of the Cµc, while 

Figure 4a shows that the tension continues to decrease slowly above the Cµc and reaches ultralow 

values. The modulus and the phase angle were also measured and the data is shown in figure 4c and 

4d.  

     

  

Figure 4. Interfacial tension versus surfactant concentration in log-log units (top left) and linear-log units (top 
right). Effective modulus (bottom left) and phase angle (bottom right) versus surfactant concentration. Data at 
optimal salinity, S= 3.50% for alcohol-free samples and 3.75% with alcohol (HLD=0). Brine-cyclohexane-SDBS-
sec-butanol mixtures. Open circles: alcohol-free systems; closed squares : systems containing 1 wt% sec-
butanol. The lines are guides to the eye. 

Note that the optimal salinity may vary with surfactant concentration 69, and that only the data for 

0.02 wt% SDBS corresponds strictly speaking to the optimal salinity.  

Emulsion stability measurements 

Figure 5 shows the variation of emulsion stability evaluated as the time of separation of 60% of water 

or oil versus salinity.  

.  
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Figure 5. Stability as a function of salinity, with (right) and without (left) alcohol. Surfactant concentration 0.02 
wt%  alcohol concentration 1 wt%, T = 30 °C. Open symbols: time to separate 60% oil, closed symbols: time to 
separate 60% water. The lines are guides to the eye. 

The time needed to separate 60% of oil or water shows a minimum at optimal salinity, as reported in 

the literature for other low interfacial tension systems (see section Emulsion stability). The time 

corresponding to water resolution is shorter, whatever the emulsion type (excepted at salinities 

higher than 4.75%); it corresponds to creaming in O/W emulsions and to coalescence in W/O 

emulsions. In the Winsor III region, the microemulsion separates from both excess oil and water by 

coalescence. Indeed, the phase separation is too rapid to allow for significant 

creaming/sedimentation.  Whatever the separation criterion, figure 5 clearly corroborate that the 

emulsion stability is minimum at optimum formulation, as the interfacial properties shown in figure 

3. Note that we used logarithmic units in Figure 5, in order to be able to display the lifetimes away 

from optimum salinity; the minimum is much more visible in linear units. The WII emulsions are less 

stable than the WI emulsions as in other similar systems 34, the reason for the dissymmetry being not 

clear so far.     

 

Discussion 

Interfacial properties 

The area per molecule 1/ close to the Cc  above which the microemulsion phase is present was 

calculated using the data of figure 4 and the Gibbs equation (equation 8); 1/ is around 70 Å2 in the 

presence of alcohol and 60 Å2 without alcohol. The Cµc is 0.027 g/L with no alcohol and 0.019 g/L 

with alcohol. The Cmc has also been measured in aqueous solutions and found to be somewhat 

higher, 0.037 g/L with and without alcohol. Note that due to surfactant partitioning between oil and 

water phases, the surfactant concentration in water at the Cc is smaller than this Cc.  It can be 

seen in figure 4 that when log  is plotted versus log C, the tension continues to decrease after the 

Cc before saturating at a higher concentration (~0.07 g/L). This behaviour is not unusual and has 

been observed with other surfactants in aqueous solutions 79.  Here the interfacial tension is very low 

at the Cc; the variations observed beyond are very small and associated to small chemical potential 

changes, which origin remains to be elucidated.  
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The interfacial layer is not expected to change significantly in the salinity range explored. Interfacial 

compression properties have been measured before in these systems, but it has been shown that the 

elastic bending modulus K that also reflects the mechanical behaviour of the interfacial layer remains 

unchanged in similar conditions 80. The variations of the modulus Eeff are therefore likely due to 

relaxations. If we assume that these relaxations originate from exchanges between the interface and 

the bulk phases, we can first think of surfactant monomer exchanges, as described by equations 5-7 

of the diffusion model. The interfacial tension data could unfortunately not be used to estimate Eeff, 

because the interfacial tension remains proportional to ln C in the concentration range explored. This 

is as found with other surfactants, which behave more ideally at oil-water interfaces than at air-

water interfaces 66. We can nevertheless estimate the reduced frequency  at a frequency 0.1 Hz, 

using the Langmuir equation 9 to relate  and C: we find  ~600 with D = 5 10-10 m2/s and a ~ 

Cmc/20 ~ 0.002 g/L. The reduced frequency  is then very large and from equations 5 and 6, one 

sees that both Eeff’ and Eeff” are small and of the order of 1/(2) Using E ≤100 mN/m, we estimate 

Eeff’ ≤ 0.125 mN/m, a value not far from the measured value of 0.034 mN/m. The corresponding 

relaxation time D is small, about 5 ms. However, the model also predicts that the storage and loss 

moduli should be comparable, while experiments show that the phase angle is quite small and close 

to zero (figure 4). As the bending modulus K , the surface concentration does not change with salinity 

in similar systems 81. Equations 5 and 9 then predict that the measured elastic modulus Eeff should 

not change either, unless the Szyszkowski concentration a changes.  

In view of the limited agreement with the diffusion model, in particular for the phase angle , we can 

conclude that this model is not appropriate and that the effective modulus is affected by other 

exchange processes. The exchange times of surfactant between microemulsion structures and oil or 

water are extremely fast (nanoseconds) as revealed by inelastic neutron scattering 82 83, too fast to 

affect the modulus. The decrease of the modulus in the Winsor III region is however certainly linked 

to the exchanges between oil, water and the interfacial layer. It is known that these exchanges 

become more rapid close to optimum formulation 84. A new model accounting for these observations 

remains to be established.  

Let us finally recall that the phase angle  drops to low values above the Cc and remains low in the 

Winsor III region. Since the middle phase microemulsion does not wet the oil-water interface 85 86 87, 

the stretching of microemulsion lenses during the spinning drop elongation might affect the elastic 

response, even if the amount of microemulsion present is very small. It is however not obvious to 

evaluate the role of this behaviour on the phase angle .  

Emulsion stability 

It may seem surprising that phase separation due to coalescence and to sedimentation/creaming 

change with salinity in similar ways. In fact, when coalescence is rapid, the emulsion drop size 

increases and sedimentation/creaming is also rapid. The literature studies are difficult to compare, 

because emulsion stability depends on the emulsion drop size, which is determined by the amount of 

surfactant and the emulsification method used, and largely differs between studies. In a given study, 

differences can also arise because of changes of interfacial tension (smaller tensions lead to smaller 

drops 34), of density difference between phases and of emulsion viscosity, all these changes affecting 

sedimentation or creaming.  
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Let us now discuss the question of emulsion stability in light of the models presented earlier.  Close 

to the surfactant concentration for which HLD=0, the interfacial tension is ultralow and the emulsions 

are quite unstable as if no surfactant were present at interface, with lifetimes less than minutes 36. In 

such a case, the only fast destabilization process is emulsion drop coalescence, 

creaming/sedimentation or Ostwald ripening being too slow. As explained in the Background section 

, in order for two drops to coalesce, they have to approach and the liquid film between them needs 

to thin before drop fusion proceeds. The fusion step in moderately stable emulsions is rapid 88. It 

occurs via asymmetrical film instabilities, when the film thickness is still large and well before it has 

reached its equilibrium thickness. These instabilities lead to surfactant depletion at the film surfaces, 

suppression of the repulsive forces and fast drop coalescence. Their threshold depends on interfacial 

rheology: the smallest the modulus E, the easier the instabilities occur 59. Let us now discuss which 

modulus needs to be taken into account for film thinning and instability threshold. 

When the surfactant is soluble in the drop phase, it can exchange rapidly by diffusion between 

interface and drops, and replenish film surfaces during film thinning; the modulus to be taken into 

account is Eeff and the Marangoni force almost vanishes. But when the surfactant is soluble in the 

emulsion external phase and when the film between two drops is thin enough, there is not enough 

surfactant to replenish the surfaces and the surfactant has to come back from the film boundaries; 

this motion takes time, film thinning is controlled by the intrinsic modulus E and proceeds much 

more slowly, as if the surfactant were insoluble (figure 1). When the surfactant is partitioned 

between oil and water, the exchanges between the interface and both oil or water drops are fast 

because all these drops contain surfactant.  

The close relation between stability and elastic modulus found in the experiments performed can 

thus be rationalized. Table I confirms that the partition coefficients k are close to one at optimal 

salinity for the studied systems. Because exchanges are possible between the interface and both oil 

and water, the modulus playing a role in film thinning is the effective modulus measured at a 

frequency equal to about the inverse thinning time. Thinning times have recently been measured by 

Denkov and coworkers for emulsion systems of stability comparable to those investigated here, and 

found to be of the order of 1-10 s for drops of radius 10-1000m 89. This time scale corresponds well 

to the frequency of 0.1 Hz used in our measurements. Hence, we are correlating emulsion stability to 

the interfacial rheology performed at the proper time scale. The threshold for asymmetric film 

instabilities is low when the effective modulus Eeff is small, leading to unstable emulsions. At optimal 

salinity, Eeff is is extremely small (figure3) and the stability is minimum as expected from the above 

considerations. Because of surfactant partitioning, all the Marangoni forces are then very small and 

everything happens as if there were no or very little surfactant at the interface. 

Our emulsion experiments use low surfactant concentrations and little microemulsion is present at 

equilibrium. That might not be the case in practical applications if higher surfactant concentrations 

are used. Hazlett and Schechter considered that the microemulsion phase could be trapped at the 

oil-water interface bridging the film and causing instability 37. However, since the microemulsion 

does not wet the oil-water interface in the Winsor III region, it is excluded from the interfacial region 

during film thinning and cannot affect film stability. As shown by Anton and Salager, emulsion 

stability indeed does not depend on surfactant concentration close to optimal formulation36. 
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Away from the optimal formulation and on the O/W emulsion side, coalescence is less easy and 

cream emulsions are observed. Here, the surfactant is mainly in the continuous phase, 

replenishment of film surfaces during thinning is slow and Marangoni forces are important (see 

figure 1). The hole nucleation models might then become applicable. The curvature energy barrier 

appears however to be higher than the compression energy barrier far enough from optimal 

formulation. The hole nucleation is a very fast process, implying that the compression elastic 

modulus to be considered is the intrinsic modulus E. In our estimations, we have used a value of 100 

mN/m, much larger than the measured effective values shown in Figure 3.  

It is also important to stress that in the general case, there could be no correlation between emulsion 

stability and the modulus Eeff measured at low frequency, because Eeff incorporates surfactant 

exchange processes that have no time to occur during hole nucleation. This is probably why the 

correlation between emulsion stability and moduli measured at low frequencies is generally only 

good with insoluble surface-active species, for which E and Eeff are close.  

 

Conclusions 

Interfacial rheological properties were measured with a new spinning drop interfacial rheometer, a 

device that is able to provide accurate data, even for low interfacial tension systems found near the 

optimum formulation.   

The interfacial compression elastic modulus and the phase angle exhibit a minimum at optimum 

formulation, coinciding with the minimum in interfacial tension and in emulsion stability. The fact 

that the surfactant is soluble both in oil and water results in fast film thinning, occurrence of 

axisymmetric instabilities and rapid film rupture, whatever the type of film, oil or water. It is well 

known that interfacial tension gradients, quantified by the compression modulus E, usually stabilize 

one emulsion type (the one with a continuous phase containing the surfactant). Here these gradients 

are all suppressed because surfactant is always present in emulsion drops. In view of the timescales 

involved in film thinning, the performed rheological measurements allow the characterization of the 

actual interfacial tension gradients acting during film thinning. The effective compression modulus is 

is minimum at optimal salinity, explaining why emulsion stability is also minimum. 

Going away from optimal salinity, emulsion stability could become progressively controlled by the 

hole opening mechanism. We propose that emulsion stability is still related to the compression 

elasticity, but this time to the intrinsic compression modulus which governs the magnitude of the 

coalescence energy barrier W*.  

 

Acknowledgements 

France TOTAL petroleum company is thanked for supporting Ronald Marquez  PhD dissertation. The 

Postgraduate Cooperation Program (PCP franco-venezolano) is thanked for having helped professors 

and students to travel between France and Venezuela in the past years. 



19 
 

References 

1. Bibette, J.; Leal Calderon, F.; Schmitt, V.; Poulin, P., Emulsion Science : Basic Principles. second ed.; 
Springer: 2007. 

2. Salager, J. L.; Marquez, N.; Graciaa, A.; Lachaise, J., Partitioning of ethoxylated octylphenol 
surfactants in microemulsion-oil-water systems: Influence of temperature and relation between 
partitioning coefficient and physicochemical formulation. Langmuir 2000, 16 (13), 5534-5539. 

3. Salager, J. L.; Bullon, J.; A.Pizzino; M.Rondon-Gonzalez; L.Tolosa, Emulsion Formulation 
Engineering for the Practitioner. In Encyclopedia of Surface and Colloid Science, Somasundaran, P., 
Ed. Taylor & Francis: 2010; Vol. 1, pp 1-6. 

4. Ghosh, S.; Johns, R. T., An Equation-of-State Model To Predict Surfactant/Oil/Brine-Phase 
Behavior. Spe Journal 2016, 21 (4), 1106-1125. 

5. Friberg, S. E.; Solans, C., The Kendall award address - surfactant association structures and the 
stability of emulsions and foams. Langmuir 1986, 2 (2), 121-126. 

6. Binks, B. P., Particles as surfactants - similarities and differences. Curr. Opin. Colloid Interface Sci. 
2002, 7, 21-41. 

7. Zamora, J. M.; Marquez, R.; Forgiarini, A. M.; Langevin, D.; Salager, J.-L., Interfacial rheology of low 
interfacial tension systems using a new oscillating spinning drop method. Journal of Colloid and 
Interface Science 2018, 519, 27-37. 

8. Marquez, R.; Forgiarini, A. M.; Férnandez, J.; Langevin, D.; Salager, J. L., New interfacial rheology 
characteristics measured with a spinning drop rheometer at the optimum formulation of a simple 
surfactant-oil-water system. Journal of Surfactants and Detergents 2018, DOI:10.1002/jsde.12163. 

9. de Gennes, P. G.; Taupin, C., Microemulsions and the flexibility of oil-water interfaces. Journal of 
Physical Chemistry 1982, 86 (13), 2294-2304. 

10. Tanford, C., The Hydrophobic Effect. Wiley: 1973. 
11. Israelachvili, J. N.; Mitchell, D. J.; Ninham, B. W., Theory of self assembly of hydrocarbon 

amphiphiles into micelles and bilayers Journal of the Chemical Society-Faraday Transactions Ii 
1976, 72, 1525-1568. 

12. Helfrich, W., Elastic properties of lipid bilayers - theory and possible experiments. Zeitschrift Fur 
Naturforschung C-a Journal of Biosciences 1973, C 28 (11-1), 693-703. 

13. Safran, S. A.; Turkevich, L. A., Phase diagrams for microemulsions. Physical Review Letters 1983, 
50 (24), 1930-1933. 

14. Jahn, W.; Strey, R., Microstructure of microemulsions by freeze-fracture electron-microscopy. 
Journal of Physical Chemistry 1988, 92 (8), 2294-2301. 

15. Morgan, J. C.; Schechter, R. S.; Wade, W. H., Recent advances in the study of low interfacial 
tensions. In Improved Oil Recovery by Surfactant and Polymer Flooding. , Eds; Shah;, D. O.; 
Schechter, R. S., Eds. Academic Press: 1977. 

16. Reed, R. L.; Healy, R. N., Some physicochemical aspects of microemulsion flooding: a review. In 
Improved Oil Recovery by Surfactant and Polymer Flooding, Eds; Shah;, D. O.; Schechter, R. S., Eds. 
Academic Press 1977; pp 383-437. 

17. Sonin, A. A.; Bonfillon, A.; Langevin, D., Thinning of soap films-The role of surface viscoelasticity 
Journal of Colloid and Interface Science 1994, 162 (2), 323-330. 

18. Langevin, D., Viscoelasticity of Monolayers. Encyclopedia of Surface and Colloid Science: Second 
Edition 2006, 6547 - 6561. 

19. Evans, F.; Wennerström, W., The Colloidal Domain. second ed.; Wiley: 1999. 
20. Binks, B. P.; Cho, W. G.; Fletcher, P. D. I.; Petsev, D. N., Stability of oil-in-water emulsions in a low 

interfacial tension system. Langmuir 2000, 16 (3), 1025-1034. 
21. de Vries, A. J., Foam stability: Part V. Mechanism of film rupture. Recueil des Travaux Chimiques 

des Pays-Bas 1958, 77 (5), 441-461. 
22. Exerowa, D.; Kashchiev, D.; Platikanov, D., Stability and permeability of amphiphile bilayers 

Advances in Colloid and Interface Science 1992, 40, 201-256. 



20 
 

23. de Gennes, P. G., Some remarks on coalescence in emulsions or foams. Chemical Engineering 
Science 2001, 56 (19), 5449-5450. 

24. Kabalnov, A.; Wennerstrom, H., Macroemulsion stability: The oriented wedge theory revisited. 
Langmuir 1996, 12 (2), 276-292. 

25. Hildebrand, J. H., Emulsion type. Journal of Physical Chemistry 1941, 45 (8), 1303-1305. 
26. Binks, B. P., Relationship between microemulsion phase behavior and macroemulsion type in 

systems containing nonionic surfactant. Langmuir 1993, 9 (1), 25-28. 
27. Ruckenstein, E., Microemulsions, macroemulsions, and the Bancroft rule. Langmuir 1996, 12 (26), 

6351-6353. 
28. Bourrel, M.; Graciaa, A.; Schechter, R. S.; Wade, W. H., Relation of emulsion stability to phase-

behavior and interfacial-tension of surfactant systems. Journal of Colloid and Interface Science 
1979, 72 (1), 162-163. 

29. Salager, J. L.; Quintero, L.; Ramos, E.; Anderez, J., Properties of surfactant/oil/water emulsified 
systems in the neighborhood of the three-phase transition. Journal of Colloid and Interface 
Science 1980, 77 (1), 288-289. 

30. Vinatieri, J. E., Correlation of emulsion stability with phase-behavior in surfactant systems for 
tertiary oil-recovery. Society of Petroleum Engineers Journal 1980, 20 (5), 402-406. 

31. Shinoda, K., The correlation between the dissolution state of nonionic surfactant and the type of 
dispersion stabilized with the surfactant. Journal of Colloid and Interface Science 1967, 24 (1), 4-9. 

32. Milos, F. S.; Wasan, D. T., Emulsion stability of surfactant systems near the 3 phase region. Colloids 
and Surfaces 1982, 4 (1), 91-96. 

33. Selle, M. H.; Sjoblom, J.; Skurtveit, R., Emulsions under elevated pressure and temperature 
conditions .2. The model system water (electrolyte)-octanoic acid-sodium octanoate-n-heptane at 
20-degrees-c. Journal of Colloid and Interface Science 1991, 144 (1), 36-44. 

34. Salager, J. L.; Loaiza-Maldonado, I.; Minana-Perez, M.; Silva, F., Surfactant-oil-water systems near 
the affinity inversion .1. Relationship between equilibrium phase-behavior and emulsion type and 
stability. Journal of Dispersion Science and Technology 1982, 3 (3), 279-292. 

35. Aveyard, R.; Binks, B. P.; Lawless, T. A.; Mead, J., Interfacial-tension minima in oil + water + 
surfactant systems - effects of salt and temperature in systems containing non-ionic surfactants. 
Journal of the Chemical Society-Faraday Transactions I 1985, 81, 2155-2168. 

36. Anton, R. E.; Salager, J. L., Emulsion instability in the 3-phase behavior region of surfactant alcohol 
oil brine systems. Journal of Colloid and Interface Science 1986, 111 (1), 54-59. 

37. Hazlett, R. D.; Schechter, R. S., Stability of macroemulsions. Colloids and Surfaces 1988, 29 (1), 53-
69. 

38. Boyd, J.; Parkinson, C.; Sherman, P., Factors affecting emulsion stability, and the HLB concept. 
Journal of Colloid and Interface Science 1972, 41 (2), 359-370. 

39. Wasan, D. T.; McNamara, J. J.; Shah, S. M.; Sampath, K.; Aderangi, N., Role of coalescence 
phenomena and interfacial rheological properties in enhanced oil-recovery - overview. Journal of 
Rheology 1979, 23 (2), 181-207. 

40. Baldauf, L. M.; Schechter, R. S.; Wade, W. H.; Graciaa, A., The relationship between surfactant 
phase-behavior and the creaming and coalescence of macroemulsions. Journal of Colloid and 
Interface Science 1982, 85 (1), 187-197. 

41. Kabalnov, A.; Weers, J., Macroemulsion Stability within the Winsor III Region:  Theory versus 
Experiment. Langmuir 1996, 12 (8), 1931-1935. 

42. Leitao, H.; Somoza, A. M.; daGama, M. M. T.; Sottmann, T.; Strey, R., Scaling of the interfacial 
tension of microemulsions: A phenomenological description. Journal of Chemical Physics 1996, 
105 (7), 2875-2883. 

43. de Gennes, P. G.; Prost, J., The Physics of Liquid Crystals. Clarendon Press, Oxford: 1993. 
44. Langevin, D., Bubble coalescence in pure liquids and in surfactant solutions. Current Opinion in 

Colloid & Interface Science 2015, 20 (2), 92-97. 
45. Levich, V. G., Physicochemical Hydrodynamics. Prentice Hall: 1962. 



21 
 

46. Lucassen, J.; Giles, D., Dynamic surface properties of nonionic surfactant solutions. Journal of the 
Chemical Society, Faraday Transactions 1: Physical Chemistry in Condensed Phases 1975, 71, 217-
232. 

47. Jayalakshmi, Y.; Ozanne, L.; Langevin, D., Viscoelasticity of surfactant monolayers Journal of 
Colloid and Interface Science 1995, 170 (2), 358-366. 

48. Georgieva, D.; Schmitt, V.; Leal-Calderon, F.; Langevin, D., On the Possible Role of Surface 
Elasticity in Emulsion Stability. Langmuir 2009, 25 (10), 5565-5573. 

49. Tcholakova, S.; Denkov, N. D.; Danner, T., Role of surfactant type and concentration for the mean 
drop size during emulsification in turbulent flow. Langmuir 2004, 20 (18), 7444-7458. 

50. Aveyard, R.; Binks, B. P.; Cho, W. G.; Fisher, L. R.; Fletcher, P. D. I.; Klinkhammer, F., Investigation 
of the force-distance relationship for a small liquid drop approaching a liquid-liquid interface. 
Langmuir 1996, 12 (26), 6561-6569. 

51. Mysels, K.; Shinoda, K.; Frankel, S., Soap Films. Pergamon press: 1959. 
52. Chan, D. Y. C.; Klaseboer, E.; Manica, R., Film drainage and coalescence between deformable 

drops and bubbles. Soft Matter 2011, 7 (6), 2235-2264. 
53. Tambe, D. E.; Sharma, M. M., Hydrodynamics of thin liquid-films bounded by viscoelastic 

interfaces. Journal of Colloid and Interface Science 1991, 147 (1), 137-151. 
54. Singh, G.; Hirasaki, G. J.; Miller, C. A., Effect of material properties on the drainage of symmetric, 

plane parallel, mobile foam films. Journal of Colloid and Interface Science 1996, 184 (1), 92-105. 
55. Lucassen, J.; Van Den Tempel, M., Dynamic measurements of dilational properties of a liquid 

interface. Chemical Engineering Science 1972, 27 (6), 1283-1291. 
56. Scheid, B.; Dorbolo, S.; Arriaga, L. R.; Rio, E., Antibubble Dynamics: The Drainage of an Air Film 

with Viscous Interfaces. Physical Review Letters 2012, 109, 264502. 
57. Aveyard, R.; Binks, B. P.; Fletcher, P. D. I.; Ye, X., Coalescence lifetimes of oil and water drops at 

the planar oil-water interface and their relation to emulsion phase inversion In Trends in Colloid 
and Interface Science VI, Springer: Berlin-Heidelberg, 1992; pp 114-117. 

58. Stebe, K. J.; Maldarelli, C., Remobilizing surfactant retarded fluid particle interfaces.2.Controlling 
the surface mobility at interfaces of solutions containing surface active components. . Journal of 
Colloid and Interface Science 1994, 163 (1), 177-189. 

59. Joye, J. L.; Hirasaki, G. J.; Miller, C. A., Asymmetric drainage in foam films Langmuir 1994, 10 (9), 
3174-3179. 

60. Langevin, D., Rheology of Adsorbed Surfactant Monolayers at Fluid Surfaces. In Annual Review of 
Fluid Mechanics, Vol 46, Davis, S. H.; Moin, P., Eds. 2014; Vol. 46, pp 47-65. 

61. Lu, J. R.; Li, Z. X.; Thomas, R. K.; Staples, E. J.; Tucker, I.; Penfold, J., Neutron reflection from a layer 
of monododecyl hexaethylene glycol adsorbed at the air-liquid interface - the configuration of the 
ethylene-glycol chain. Journal of Physical Chemistry 1993, 97 (30), 8012-8020. 

62. Lucassen, J., Adsorption-kinetics in micellar systems. Faraday Discussions 1975, 59, 76-87. 
63. Jiang, Q.; Valentini, J. E.; Chiew, Y. C., Theoretical-models for dynamic dilational surface-properties 

of binary surfactant mixtures. Journal of Colloid and Interface Science 1995, 174 (1), 268-271. 
64. Kovalchuk, V. I., personal communication, manuscript in preparation. 
65. Bonfillon, A.; Langevin, D., Electrostatic model for the viscoelasticity of ionic surfactant 

monolayers Langmuir 1994, 10 (9), 2965-2971. 
66. Lucassen-Reynders, E. H., Adsorption of Surfactant Monolayers at Gas/Liquid and Liquid/Liquid 

Interfaces. Progress in Surface and Membrane Science 1976, 10, 253-360. 
67. Wantke, K. D.; Fruhner, H.; Fang, J. P.; Lunkenheimer, K., Measurements of the surface elasticity in 

medium frequency range using the oscillating bubble method. Journal of Colloid and Interface 
Science 1998, 208 (1), 34-48. 

68. Leser, M. E.; Acquistapace, S.; Cagna, A.; Makievski, A. V.; Miller, R., Limits of oscillation 
frequencies in drop and bubble shape tensiometry. Colloids and Surfaces a-Physicochemical and 
Engineering Aspects 2005, 261 (1-3), 25-28. 

69. Wade, W. H.; Morgan, J. C.; Schechter, R. S.; Jacobson, J. K.; Salager, J. L., Interfacial tension and 
phase behavior of surfactant systems. Soc Pet Eng AIME J 1978, 18 (4), 242-252. 



22 
 

70. Slattery, J. C.; Chen, J. D.; Thomas, C. P.; Fleming, P. D., Spinning drop interfacial viscometer. 
Journal of Colloid and Interface Science 1980, 73 (2), 483-499. 

71. Salager, J. L.; Morgan, J. C.; Schechter, R. S.; Wade, W. H.; Vasquez, E., Optimum formulation of 
surfactant-water-oil systems for minimum interfacial-tension or phase-behavior. Society of 
Petroleum Engineers Journal 1979, 19 (2), 107-115. 

72. Salager, J.-L.; Anton, R.; Andérez, J. M.; Aubry, J.-M., Formulation des microémulsions par la 
méthode du HLD. Techniques de l'ingénieur Principes de formulation 2001, article : j2157. 

73. Salager, J. L.; Forgiarini, A. M.; Marquez, L.; Manchego, L.; Bullon, J., How to Attain an Ultralow 
Interfacial Tension and a Three-Phase Behavior with a Surfactant Formulation for Enhanced Oil 
Recovery: A Review. Part 2. Performance Improvement Trends from Winsor's Premise to 
Currently Proposed Inter- and Intra-Molecular Mixtures. Journal of Surfactants and Detergents 
2013, 16 (5), 631-663. 

74. Vonnegut, B., Rotating bubble method for the determination of surface and interfacial tensions. 
Review of Scientific Instruments 1942, 13 (1), 6-9. 

75. Wade, W.; Vasquez, E.; Salager, J.; El-Emary, M.; Koukounis Ch, S. R., Interfacial tension and phase 
behavior of pure surfactant systems. Solution chemistry of surfactants 1979, 2, 801-817. 

76. Chan, K. S.; Shah, D. O., The Effect Of Surfactant Partitioning On The Phase Behavior And Phase 
Inversion Of The Middle Phase Microemulsions. In SPE Oilfield and Geothermal Chemistry 
Symposium, Society of Petroleum Engineers: Houston, Texas, 1979. 

77. Marquez, N.; Anton, R.; Graciaa, A.; Lachaise, J.; Salager, J.-L., Partitioning of ethoxylated 
alkylphenol surfactants in microemulsion-oil-water systems. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects 1995, 100, 225-231. 

78. Salager, J.-L. Physico-chemical properties of surfactant–oil–water mixture: phase behavior, 
microemulsion formation and interfacial tension PhD dissertation, University of Texas at Austin, 
1977. 

79. Mann, E. K.; Langevin, D., Poly(dimethylsiloxane) molecular layers at the surface of water and of 
aqueous surfactant solutions. Langmuir 1991, 7 (6), 1112-1117. 

80. Binks, B. P.; Meunier, J.; Abillon, O.; Langevin, D., Measurement of film rigidity and interfacial 
tensions in several ionic surfactant oil-water microemulsion systems Langmuir 1989, 5 (2), 415-
421. 

81. Guest, D.; Auvray, L.; Langevin, D., Persistence length measurements in middle phase 
microemulsions Journal De Physique Lettres 1985, 46 (22), 1055-1063. 

82. Hellweg, T.; Langevin, D., Bending elasticity of the surfactant monolayer in droplet 
microemulsions: Determination by a combination of dynamic light scattering and neutron spin-
echo spectroscopy. Physical Review E 1998, 57 (6), 6825-6834. 

83. Holderer, O.; Frielinghaus, H.; Monkenbusch, M.; Klostermann, M.; Sottmann, T.; Richter, D., 
Experimental determination of bending rigidity and saddle splay modulus in bicontinuous 
microemulsions. Soft Matter 2013, 9 (7), 2308-2313. 

84. Fillous, L.; Cardenas, A.; Rouivere, J.; Salager, J.-L., Interfacial mass transfer vs. Formulation in 
multiple phase anionic surfactant-oil-water systems. Journal of Surfactants and Detergents 1999, 
2 (3), 303-307. 

85. Borzi, C.; Lipowsky, R.; Widom, B., Interfacial phase-transitions of microemulsions. Journal of the 
Chemical Society-Faraday Transactions Ii 1986, 82, 1739-1752. 

86. Abillon, O.; Lee, L. T.; Langevin, D.; Wong, K., Microemulsions - structures, surfactant layer 
properties and wetting transitions. Physica A 1991, 172 (1-2), 209-218. 

87. Aratono, M.; Kahlweit, M., Wetting in water-oil-nonionic amphiphile mixturesetting in water-oil-
nonionic amphiphile mixtures. Journal of Chemical Physics 1991, 95 (11), 8578-8583. 

88. Politova, N.; Tcholakova, S.; Denkov, N. D., Factors affecting the stability of water-oil-water 
emulsion films. Colloids and Surfaces a-Physicochemical and Engineering Aspects 2017, 522, 608-
620. 



23 
 

89. Politova, N. I.; Tcholakova, S.; Tsibranska, S.; Denkov, N. D.; Muelheims, K., Coalescence stability 
of water-in-oil drops: Effects of drop size and surfactant concentration. Colloids and Surfaces a-
Physicochemical and Engineering Aspects 2017, 531, 32-39. 

 

 
 


