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A pure water drop coalesces almost immediately with a pure water surface. Minute amounts of
surfactant can alter this process dramatically. When the drop is released towards the surface of the
solution from a certain height smaller than a well defined critical height, the drop of surfactant solution
either remains on the surface for a specific time or coalesces immediately. The statistics of the residence
time are systematically measured along with the critical heights necessary for coalescence. It turns out
that the surface elasticity controls coalescence in such a situation.
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Fusion between two fluid bodies or the fission of a fluid
body into two is of both fundamental and practical inter-
est. The detachment of a fluid drop from a faucet or the
breaking of a fluid jet are examples of a fission problem
which has provided a wealth of information on the non-
linear dynamics of the processes leading to the observed
singular behavior [1]. On the practical side, the stability of
liquid foams and emulsions which are very widespread is
also a problem of either enhancing the coalescence rates or
inhibiting them [2]. The mechanisms that enter into play
[3] are, however, not completely known and understood
since it amounts to resolving the problem of thin film rup-
ture which remains an active research area [4,5]. Here we
revisit the case of a liquid drop that can sit on top of the
same liquid for some time before coalescing with the liquid
surface as is well known [6,7]. Reynolds pointed out this
phenomenon more than a hundred years ago [8]. These
drops can float on top of the surface for long times by sim-
ply setting the drop into motion as is well documented even
for pure liquids or by imposing temperature gradients as
has been recently put forth and quantified [9].

The aim of this contribution is to characterize this pro-
cess in a simple example where the coalescence is inhibited
for a short time by the presence of surfactants. Basically
we use pure water with variable amounts of surfactant and
study the coalescence of drops of this solution with the
surface of the same solution. For pure water, the drop
coalesces with the surface in a matter of milliseconds or
less [10], but for very small quantities of surfactant added
the time the drop rests on the surface is at least 2 orders
of magnitude larger. Here two quantities are determined,
namely, a critical height 4, such that if the drop is released
towards the surface of the solution from a position higher
than %, it coalesces immediately with the surface; this
gives the energy barrier necessary for coalescence to oc-
cur. The other quantity we measure is the residence time 7,
the drop stays on the surface when released from a height
smaller than A.. We construct histograms of the residence
time of the drop and from such histograms we determine
the critical height. An intriguing feature of our results is
the existence of a range of heights below the critical height
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h., for which the histograms of ¢, show two bumps; the
distribution of residence times is bimodal. A simple pic-
ture of coalescence emerges from the observations we have
made. It turns out that the surface elasticity of the surfac-
tant monolayers governs the barrier to coalescence as we
show in a semiquantitative way.

The experiments use a fast video camera and a VCR to
record the sequence of images before the drops coalesce
to determine the time of residence. The drops of fluid are
released from a pipette mounted on a translation stage
for precise vertical positioning. The noncoalescence is
observed for different surfactants of both the ionic and the
nonionic type. Here we present results for two different
surfactant systems. The surfactant solutions used are pre-
pared using ultrapure water and a commercial pure ionic
surfactant (AOT: bis-ethylhexylsulfosuccinate) or a non-
ionic surfactant (Triton X-100). The critical micellar
concentration (cmc) for the AOT surfactant in water is
1.33 g/L, while for the Triton X-100 it is 0.5 g/L. Above
this concentration aggregates start to form in the bulk
of the solution. The surface tension of the solution was
determined using the drop weight method.

Figure 1 shows photographs of a drop approaching, im-
pacting, and rebounding before coming to rest on the sur-
face of the solution it was made from. The resting drop
deforms the surface underneath it due to its weight. The
drop is slightly elliptical giving a high contact angle (close
to 180°) with the surface. This indicates a nonwetting situ-
ation which implies directly the existence of an air film
between the drop and the surface. Despite the dramatic
impact of the drop with the surface which can make the
drop penetrate almost in its entirety in the solution it still
does not coalesce with the surface (Fig. 1b). Figure 2 is
a typical series of histograms of the time the drop stays
on the surface for a fixed concentration but for different
release heights. For small heights, the histogram is wide
and presents only a rounded bump at a finite time. As
the height is increased, the bump becomes sharper with a
distinct peak at 6/25 s, while a peak at zero time indicat-
ing almost immediate coalescence events starts to emerge.
Once a certain height which we call &, is reached, the
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FIG. 1. Photograph of a drop of surfactant falling (a), impact-
ing the surface (b), and rebounding (c) before coming to rest (d).

peak at zero is the only thing left and coalescence occurs
almost immediately. Different concentrations of surfactant
gave very similar behavior as the height changes. The only
difference is a change of h. versus concentration. While
h. is only 6.7 mm for the solution at 10~ times the cmc,
it is almost 25 mm for the solution at the cmc/3 for the
AOT surfactant. As explained below, the peak at finite
time reflects the slow drainage of the air film trapped be-
tween the drop and the surface. The peak at zero time,
however, may indicate the presence of some roughness or
inhomogeneities at the interfaces which alter the way the
air escapes from the layer between the drop and the sur-
face. Whether they are created by the air flow as the drop
is approaching the flat surface or whether they are created
by the impact itself is an open question. The coexistence
of both immediate and delayed coalescence has not been
reported before and may provide new insights on the coars-
ening of foams and emulsions even though the physics of
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FIG. 2. Probability distributions of the residence time of a drop
on the surface of the liquid for four different heights of release
and 1 mM AQT solution.
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the impact used here is different from the collisions which
occur in such systems.

Figure 3 shows the critical height /. and the surface ten-
sion of the solution-air interface as a function of concen-
tration for the two surfactant systems. /. starts out small
at low concentrations, then starts to increase up to concen-
trations well below the cmc; &, then goes through a maxi-
mum and starts decreasing just below the cmc. Above the
cmc, &, saturates at a constant value up to at least 10 times
the cmc. The variation of /. clearly indicates that the bar-
rier for coalescence changes in a similar fashion versus
concentration; note that there is no resemblance with the
variation of the surface tension. A better estimate of the
barrier to coalescence is mgh., where m is the mass of
the drop and g is the gravitational constant. This energy
barrier also goes through a maximum at a concentration
well below the cmc and then decreases to saturate at con-
centrations above the cmc.

This barrier could be directly related to the surface elas-
ticity of the monolayers. To tear up the surfactant mono-
layers, large concentration gradients must be generated
at the interface. The surface elasticity also known as a
Marangoni elasticity normally measures the energy neces-
sary for such gradients. Basically, the drop impacts the
surface with a typical velocity ~+/2gh; part of the im-
pact energy goes into the deformations of the surface and
part of it goes into the draining of the air film. Both pro-
cesses can reduce the surfactant surface concentration by
increasing the surface area or, if the velocity of the draining
is high, by flow entrainment of the surfactant molecules.
If these gradients are large enough, the surface resembles
water and coalescence may occur.

A direct test of the relevance of some surface elasticity
in determining the barrier to coalescence comes from mea-
surements done at a fixed concentration but varying drop
radius R. Figure 4 shows A, versus R in the inset and
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FIG. 3. The critical release height for coalescence to occur
versus surfactant concentration and two different surfactant sys-
tems. Inset: Variation of surface tension versus concentration;
the solid lines are fits using the Langmuir-Szyszkowski adsorp-
tion isotherm.
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FIG. 4. Energy barrier and energy barrier normalized by the
square of the drop radius R versus R for a concentration of
1 mM AOT. Inset: Variation of 4, versus R.

the energy mgh, as well as the energy normalized by the
surface of the drop mgh./R? in the main figure. h. de-
creases with R, while mgh. seems to increase. The most
surprising feature which points to the relevance of some
surface elasticity is that the energy normalized by the sur-
face of the drop turns out to be constant as a function of
the radius. Clearly the physical parameter governing this
process is an energy per unit surface. More quantitatively,
we compare the extracted values for this energy barrier
normalized by the surface of the drop to models of the
surface elasticity developed by Lucassen et al. [11,12] in
Fig. 5. It turns out that such simple models can account
reasonably well for the variation of this barrier to coales-
cence versus concentration. The Lucassen model for the
surface elasticity of monolayers of soluble surfactants pre-
dicts that e = dy/dIna = € %, where a is a sur-
face element, vy is the surface tension, and () is a reduced
frequency given by \/D/2w dc/dT. Here D is the diffu-
sion constant of the surfactant molecules in the bulk so-
lution (typically 6 X 10710 m?/s [11]) and its presence
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FIG. 5. The energy barrier per unit surface versus concentra-

tion for the two surfactant systems. The solid lines are fits using
the Lucassen model.
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reflects the fact that the model uses diffusion from the
bulk to the surface as the main factor governing surfac-
tant adsorption and desorption at the interface. w is the
frequency of the perturbation at the surface, c is the bulk
surfactant concentration, and I' is the surface concentra-
tion of surfactant. The variation of surface versus bulk
concentration is obtained from the surface tension varia-
tion versus concentration using the Langmuir-Szyszkowski
adsorption isotherm [13] (Fig. 3 inset). The intrinsic sur-
face elasticity €p (also known as the Marangoni elasticity
which measures the Marangoni interfacial stress) is given
by —I'dy/dT and is the elastic response of the surface for
an infinite frequency of the perturbation. If the frequency
of the excitation is reduced, the surfactant in the bulk can
have enough time to adsorb at the interface and relax the
increase in area giving a reduction of the elastic response
of the monolayer. The fits have two free parameters which
are the frequency of the excitation and the area with which
the energy barrier is normalized (S = amR?). The fre-
quency comes out to be about 1 Hz which could be related
to the rate of increase of the surface area (MT/‘”), while
the area S comes out to be about 5 times the drop surface
and may be assimilated to the increase in area of the lig-
uid surface upon impact. We find a much better agreement
in the case of Triton X-100 (the nonionic surfactant) since
the model does not take the electrostatic effects into con-
sideration. These electrostatic effects are important for the
ionic surfactant AOT and are expected to create additional
barriers to the surfactant adsorption at the interface [14].

As in previous studies of noncoalescing drops, the air
layer trapped between the drop and the surface can take
a long time to thin when other forces can maintain it [9].
When surfactants are present it is probably the friction of
air against the surfactant layer which is responsible for the
delay in the thinning of the air film. The air film can thin
very fast when pure water is used since the surface of pure
water can move freely with little resistance to the air which
entrains it. The only resistance would be viscous dissipa-
tion in the bulk which is small considering the small value
of the water viscosity. When surfactants are present, the
surface possesses its own rheological properties such as
a surface viscosity and a surface elasticity associated with
surfactant concentration gradients at the surface giving rise
to Marangoni stresses [11,14,15]. In short, the surface of
the surfactant solution presents extra resistance to the flow
of air trapped in the layer. The boundary conditions on the
surface of the drop and on the surface of the solution with
respect to air flow would change from slip (for water) to at
least partial nonslip for the surfactant solutions [16]. Theo-
retical work has recently addressed the complicated issue
of the coupling between the bulk flow and the interfacial
dynamics due to surfactant redistribution at interfaces for
insoluble surfactants [17,18].

The mean residence time of the drop at the surface of
the solution depends on the radius of the drop. This varia-
tion turns out to be roughly linear as shown in Fig. 6. Such
a linear variation may seem to be consistent with a simple
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FIG. 6. Residence time versus drop radius for a fixed surfac-
tant concentration (10 mM AOT). Upper inset: Variation of the
residence time versus concentration (AOT system). Lower in-
set: Radius R of the contact area (A) between drop and surface
versus R.

draining law for the thickness of the air film between the
drop and the surface. One has to assume that the area of
contact between the drop and the surface is proportional
to the square of the drop radius [the radius Ry of this con-
tact area is proportional to R (see lower inset)] and that
the trapped film drains under the action of gravity. The
residence time under these conditions can be written as
te ~ Au/F(d;? — d; %), where the force F = mg, m is
the drop mass, g is the gravitational constant, A is the area
of the film between the drop and the surface, u is the vis-
cosity of the intermediate fluid (air), and d. is the critical
thickness of the air film at breakup, while d; is the ini-
tial thickness of this film. This would surprisingly indicate
that this film drains in a similar fashion as in the so called
Reynolds limit for the draining of a fluid between two rigid
plates of finite radius. An estimate of d, from such an ex-
pression gives a value of about 1 uwm which appears quite
large. Usually in previous studies this length was estimated
to be close to 1000 A. It has been argued theoretically that
the mobility of the interfaces may contribute to the dynam-
ics of thinning of thin fluid films and renders the thinning
much faster [19]. Other effects which are hydrodynamic
in origin or geometrical such as the formation of a dimple
also affect the draining [20]. The physics is that of a less
dense layer of fluid between two layers that are more dense,
a typical scenario for the development of a Rayleigh-
Taylor instability. Such a situation has been studied for
the case where the liquids are confined in a Hele-Shaw cell
where it was shown that rupture occurs in finite time [4].
The case in our experiment is different as we have two
flat planes approaching each other. When the two inter-
faces are coated with surfactant, there is more friction of
the air against the interfaces which would increase the time
of draining of the air film. At some point rupture would
occur triggered by the instability of the interfaces [21]. In
any case, the residence time given by the above expression
is only indicative; the rupture of the film is a difficult non-
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linear process to understand fully. The upper inset (Fig. 6)
shows that the residence time depends on the concentra-
tion of surfactant and goes through a maximum just as the
barrier to coalescence which points to the relevance of the
surface viscoelasticity in the draining and breakup of thin
films. Above the cmc the residence time stays roughly
constant just as the surface elasticity mentioned above.

In summary, we present a detailed study of the coales-
cence of surfactant laden drops on surfactant laden inter-
faces. The existence of a well defined energy barrier for
coalescence to occur and the existence of a well defined
residence time of the drop on the surface gives rise to a
simple picture for this coalescence process. The energy
barrier is controlled by a surface elasticity while the well
defined residence time indicates that this process resembles
finite time singularities as is the case in droplet fission.
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