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Wetting of Emulsions Droplets: From Macroscopic to Colloidal Scale
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By using large oil-in-water droplets covered with ionic surfactant we measure contact angles to
deduce the adhesive energy between macroscopic interfaces as a function of the tempeaatlithe
salt concentratiorC. A wetting transition takes place at a well defined temperaflig). At the
colloidal scale, we have observed that submicron droplets covered by the same monolayers undergo
a phases separation. We show that the phases diagram can be quantitatively predicted from the
macroscopic contact angles. However, to describe the colloidal phase separation we have to account
for both the entropy and the deformation induced by the wetting of the droplets. Finally, our results
show how the macroscopic wetting transition can be shifted at the colloidal scale where droplets entropy
plays an important role. [S0031-9007(97)04232-4]

PACS numbers: 82.70.Kj, 82.70.Dd

Various surfactants may adsorb on solid or liquid in-a function of temperature and electrolyte concentration.
terfaces and govern surface interactions. Surface interaétowever, to describe the colloidal phase separation we
tions are essential in controlling colloidal stability, fusion, have to account for both the entropy and the deformation
or coalescence of liquid interfaces encountered in foamsnduced by the wetting of the droplets. Because the ad-
emulsions, or biological membranes [1]. When broughthesive interaction is supposed to be very short range, we
into contact, surfactant monolayers may either repel eacbonsider the wetted droplets to be truncated spheres and
other or adhere. The adhesion between macroscopic drofiserefore neglect the role of long range forces [6]. Our
or between a drop and a substrate is also known as wettirrgsults show how the macroscopic wetting transition can
[2]. Repulsion is suitable for stabilizing colloidal disper- be moved for droplets on the colloidal scale where droplet
sions, whereas adhesion or wetting is useful for stickingentropy plays an important role.
colloidal droplets or particles to get colloidal gels, or to  Oil droplets of several tens of microns in diameter are
coat surfaces. In this Letter, we measure the interactiorasily formed by slowly mixing 5% of hexadecane in
between ionic charged monolayers adsorbed at the oidl solution of an ionic surfactant, SDS (sodium dodecyl
water interfaces of oil-in-water drops which can becomesulfate) at a concentration equal 20X 10~* mol/Il, in
adhesive, and we show the consequences of this adhesitre presence of salt (NaCl). We use these rather large
on colloidal stability. droplets, which are nevertheless smaller than the capil-

Adhesion between two interfaces arises from the predary length (1 mm), to probe the adhesive properties of
ence of attractive interactions which lower the tensionmacroscopic interfaces. The possibility that oil-in-water
of interfaces [3]. Dictated by mechanical equilibrium, adroplets adhere in the presence of various salt and SDS
contact angle is formed at the junction between isolatedurfactant has been previously reported [4,7]. The authors
and adhering interfaces which have a lower tension, abave clearly shown that the adhesion between droplets fol-
sketched in Fig. 1. The relation between the adhesivéows the same trends as the formation of the so-called
energy € and the resultant contact angle is known as
the Young Dupré equations = 2y[1 — cog#)] where /

v is the oil/water interfacial tension in the presence of I
surfactant andd, the contact angle. By measuring water /
and #, we show that charged monolayers may become |‘
strongly adhesive as previously observed [4], wetting be-
tween drops occurring above a well defined wetting tran-
sition. Such transition is in contrast with what is expected

from mean field calculations for the electrostatic interac-
tions between homogeneously charged surfaces (Poisson-
Boltzmann) [5]. At the colloidal scale, we have observed

that submicron droplets covered by the same monolay-

ers undergo a phase separation. We show that the phase

diagram of submicron suspensions can be quantitatively 1 schematic representation of two adhesive droplets of

predicted from macroscopic contact angle measurementgdiusr, forming a contact anglé and a flat adhesive film of
which allows quantification of the energy of adhesion agadiusr.
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Newton black soap films [8,9]. The latter consists ofstability of submicron monodisperse droplets. When
closely contacting air/water interfaces covered with thesurfactant is adsorbed at the interfaces of such droplets
same surfactant. The films associated with the oil droplettheir stability should also be related to their wetting
are also remarkably metastable when adhesive. In othgroperties.
words, they do not coalesce within the time scale of By using the fractionated crystallization technique we
our experiment, which allows us to measure the contagbroduced monodisperse hexadecane-in-water droplets of
angle by using an optical microscope. The interfacialvarious diameters (0.3, 0.8,8 um) from a crude poly-
tensiony is measured by using the pendant drop techdisperse emulsion [10]. We used SDS to stabilize the
nique. Figure 2 shows the evolution efat various salt droplets. By using a microscope and a thermostated cell
concentrationsC (from 0.4 to 0.8 mall) as a function we investigated the phase behavior when NaCl salt is
of temperature. For each salt concentrat@nthere is added and the temperature is changed. At high tempera-
a temperature thresholf*(C) below which the contact ture the droplets remain dispersed; at a well defined tem-
angle and therefore the adhesive energy becomes nonzeperaturesT,(C) a phase separation takes place between
T*(C) defines the wetting transition temperature at whichdense aggregates and a more dilute phase composed of
the surface energy becomes temperature dependent. Fr@mownian droplets. The coexistence zone between ag-
these data we get an empirical form for the adhesivegregates and Brownian droplets extends over a rather
energy as a function of" and C (see inset of Fig. 2): small temperature range (less than T3 At a tempera-
e =214 X 107* C3% (T + 12.5 — 100C)* for T < ture slightly belowT,(C) (about 0.3 below), no Brown-
T*(C), whereT*(C) is given by(100C — 12.5). eisex- ian droplets are left. We did not observe any hysteretic
pressed in mXm, C in mol/l, and T or T* in degrees effects. Interestingly, the phase transition may exhibit
Celsius. This empirical expression yields a convenientrends of both colloidal aggregation and spinodal decom-
function for the surface interaction which we use below.position even though the dense phase is more analogous
However, such an empirical quadratic equation suggest® a glass or gel [11]. In Fig. 3, we pldt,(C) for the
that the wetting transition is continuous. Since the filmthree distinct droplet sizes. We also report the onset of
thickness (monolayer separation) is not changing continuadhesion (revealed by the existence of a nonzero con-
ously when the monolayers become adhesive, the traract angle) of macroscopic droplets stabilized with the
sition is actually first order [2]. Indeed, as revealed bysame SDS surfactant. The distinction betw&éfC) and
neutron scattering experiments [7], the equilibrium film7,(C) reflects the fact that colloidal droplets can remain
thickness actually jumps to a constant value of about 30 Alispersed, whereas large droplets under the same condi-
at 7*(C). This equilibrium thickness does not changetions are already exhibiting a measurable contact angle.
with a decrease in temperature bel@#(C) or with an ~ We observed that the difference betw&&handT, is in-
increase in salt concentration, whereas the adhesive enreasing with decreasing the droplet diameter and with in-
ergy continues to increase (see Fig. 2). The same trendseasing salt concentratiori’,(C) depends upon the salt
have been found for the transition between common blackoncentration and droplet sizes, but is essentially indepen-
soap films and Newton black films [8,9]. dent of the droplet volume fractiogp when varied from

We now consider the implications of this adhesion0.5% to 30%. When rapidly quenched &r 2° below
and of this wetting transition in determining the colloidal
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FIG. 2. Evolution of the energy of adhesion between oil-in-

water droplets as a function of temperature for various NaCFIG. 3. Evolution of the wetting transition temperaturgC)
concentrations (0.4, 0.5, 0.6, 0.7, and 0.8 ffjol The inset for macroscopic interfaces (black squards),C) for emulsions
shows a plot of an empirical expression of the adhesive energgf various droplet sizes. The solid lines are predictions of
as a function off andC (see text). T,(C) (see text).
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T,(C), the emulsion turns into a gel made out of con-of a degree uncertainty at which the transition takes place.
nected nearly equally sized clusters [11]. If we assumeu?iq > uY, allowing us to neglect’; and
From the determination ofe(7,C) we attempt to takingz = 12, we directly computd’,(C) and compare it
predict the colloidal phase diagrams. In addition to thewith experiments in Fig. 3 (see continuous lines). There
attractive interaction, obviously the role of entropy andis a clear agreement between this crude model and our
the droplet deformation arising from adhesion should bexperimental data for the three droplet sizes. Indeed, as
introduced. The total pair contact interactibhbetween observed experimentally we predict tHat(C) decreases
droplets results from a combination of deformation andwith decreasing the droplet size. This effect is essen-
adhesive energies which have opposite signs. The energially due to the quadratic variation df as a function
due to deformation,, for two adhesive droplets ByAs  of R. Moreover, the difference betwe@ti(C) andT,(C)
where As is the surface difference between a sphere anis also predicted to increase with as a consequence of
a truncated sphere of equal volume (see Fig.Aly;is a  theU versusC dependency. We believe that, considering
function of R, the droplet radius, and of the contact anglethe many approximations involved in our calculations, the
6 which is related to the radius of the flat thin adhesive fairly good agreement that we observe is certainly due to
film. The energy of adhesio,q for two droplets is the very sharp rise of/ with temperature which rapidly
—mr’e. U is deduced from minimizingg, + E,q as a smooths out more subtle contributions. TherefatgC)
function of r, leading toU = _7”2*;82(1 + %) [6]. Since Is quantitatively predicted, clearly demonstrating that the
the formation of flat adhesive films between dropletscolloidal phase transition is mainly driven by the short
requires the formation of additional surface (from sphergange adhesive forces, droplet entropy, and deformabil-
to a constant volume truncated sphere) the resulting totdly. This rules out the importance of some other contri-
attractive energy is less than (half) what is expectedutions such as line tension effects including the role of
from two flat surfaces. We further assume that the paitong range forces.
interaction U is the only enthalpic contribution to the  As previously reported [7], neutron scattering experi-
colloidal phase transition and that the phase separatioents performed on the dense phase have revealed the
is liquid-solid-like. Taking into account that the fluid presence of flat thin films in between colloidal droplets
phase is fairly diluted ¢y, < 20%) and the solid phase Of about0.2 um in radius. The surface area of these flat
mostly incompressible and compact (oil volume fractionfilms is increased by lowering the temperature or increas-
fixed at random closed packing valyg,; = 64%), we ing salt concentration as found for macroscopic droplets
can work out the following simple model [12]. The fluid according to their wetting transition. The experiments

free-energy density is taken to be the ideal-gas one, presented here nevertheless show that there is a tempera-
kT ture shift of the wetting transition when the droplet size
fiiq = <7>[¢ Ing + ¢(,u?iq - 1], reaches the colloidal scale. Our very simple model as-

sumes that once colloidal droplets belong to the dense
where v is the volume of an oil droplet, anyi?iq the  phase the contact angle is the same as the one observed at
reference chqmical potential of the liquid phase witha macroscopic scale. Even though the agreement between
:“?iq = kTIn(%), where A is the de Broglie length and this picture and our data is quite satisfying, there might

kT the thermal energy. The solid free-energy density is €Xist a more subtle mechanism for the coupling between
U the wetting transition and the droplet entropy. However,

fsol = <k§>¢sol<7 + Mgﬂ), we b_elieve that the coupling is corr_ectl_y accoynted by
our simple model because the adhesive interaction is very
whereu?, is the reference chemical potential of the solidshort range.
phase and: the nearest-neighbor numberp;, at the We are pleased to thank B. Cabane and P. Garrett for
coexistence point is a solution of the equation helpful discussions.

fliq + (¢sol - d’liq)dfliq/dd)liq = fsol(¢sol)-

By introducing the expressions given above and neglect-

ing the linear term we getT In ¢yiq = TU + (ud, - [1] J.N. Israelachvili, Intermolecular and Surfaces Forces
ulq). Therefore, this equation permits predictiongf, (Academic Press, New York, 1992).

[2] P.G. de Gennes, Rev. Mod. Phy, 827 (1985).

as a function off and C, providedU is known. Here . e B .
. p v [3] Thin Liquid Films,edited by I. B. lvanov (Marcel Dekker,

U is varied very sharply withl", ¢4 is weakly depen- New York, 1988)

dent onT: ¢4 varies from a few tenths of a percent to &4] M. P. Aronson and H.M. Princen, Nature (Londo2g6,
30% when the temperature decreases by about a tenth 370 (1980).

a degree. Therefore, as observed experimentally, the cop5) R_j. Hunter, Foundations of Colloid SciencéOxford
existence zone is very narrow afig(C) is essentially in- University Press, Oxford, 1989), Vol. 1.

dependent ofp, onced is greater than 0.1%. Therefore [6] N.D. Denkov, D.N. Petsev, and K.D. Danov, Phys. Rev.
we can consider a unique temperature within a few tenths  Lett. 71, 3226 (1993).

3292



VOLUME 79, NUMBER 17 PHYSICAL REVIEW LETTERS 27 OTOBER 1997

[7] P. Poulin, F. Nallet, B. Cabane, and J. Bibette, Phys. Rev[10] J. Bibette, J. Colloid Interface Sci47, 477 (1991).

Lett. 77, 3248 (1996). [11] P. Poulin, J. Bibette, and D.A. Weitz (to be published);
[8] J.A. De Feijter and A. Vrij, J. Colloid Interface Sdb4, J. Bibette, T.G. Mason, H. Gang, D.A. Weitz, and

269 (1978). P. Poulin, Langmui®, 3352 (1993).
[9] O. Bélorgey and J.J. Benattar, Phys. Rev. L6868, 313  [12] J. Bibette, D. Roux, and B. Pouligny, J. Phys. Il (France)
(1991). 2, 401 (1992).

3293



