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ABSTRACT: A single drop experiment based on the collision of 
one drop of liquid on a small solid target is used to produce liquid 
sheets that are visualized with a fast camera. Upon impact, the 
drop flattens into a sheet that is bounded by a thicker rim and 
radially expanding in air. Emulsion based liquid sheets are 
destabilized through the nucleation of holes that perforate the
sheet during its expansion. The holes grow until they merge together and form a web of ligaments, which are then destabilized
into drops. We propose the perforation mechanism as a sequence of two necessary steps. The emulsion oil droplets first enter the
air/water interface, and then spread at the interface. We show that the formulation of the emulsion is a critical parameter to
control the perforation as the addition of salt or amphiphilic copolymers can trigger or completely inhibit the perforation
mechanism. We demonstrate that the entering of the droplets at the air/water interface is the limiting step of the mechanism.
Thin film forces such as electrostatic or steric repulsion forces stabilize the thin film formed between the interface and the
approaching oil droplets, thus preventing the entering of droplets at the interface and in turn inhibiting the perforation process.
We theoretically rationalize the successive steps in the approach and entering of an oil droplet at the film interface and the role of
salt and amphiphilic polymer in the different steps.

INTRODUCTION

One of the major environmental issues related to the spraying
of pesticides on cultivated crops is the drift phenomenon.
Because of the wind, small droplets may drift away from the
targeted crop and cause contamination. One way to reduce the
drift is to decrease the proportion of the smallest drops in the
spray (typically, drops with a diameter smaller than 150 μm). In
this context, an active area concerns the development of
antidrift additive, including dilute oil in water emulsions. When
sprayed through a hydraulic nozzle, dilute emulsions have been
found to increase the volume median diameter of the drops
issued from the spray and decrease the volume fraction of small
drops.1−4 At the exit of the nozzle, a free liquid sheet is formed
and subsequently destabilized into ligaments that break into
droplets. In a seminal publication, Dombrovski and Fraser5

observed that liquid sheets produced from dilute emulsions
experience a supplementary specific destabilization process
which implies perforation events: holes nucleate in the liquid
sheet and grow until forming a network of ligaments, which
fragments into drops. In a spray, the thickness of the sheet
decreases inversely to the distance from the nozzle.6 The size of
the drops resulting from the Rayleigh Plateau destabilization of
a ligament scales with the diameter of the ligaments which itself
is expected to scale with the thickness of the sheet.
Consequently, the drops resulting from the sheet destabiliza
tion will be larger as the sheet is thicker, yielding bigger
droplets as observed experimentally.3,4 The physical origin of
the perforation events have long remained controversial and
two mechanisms were generally invoked: (i) dewetting an oil
droplet inclusion by the fluid when its size exceeds the sheet

thickness, so that inclusions cause perforation by puncturing
both interfaces5 or (ii) entering and spreading of an oil droplet
at the air/water interface inducing a thinning of the film by a
Marangoni effect leading ultimately to the film rupture.7 But
these mechanisms had never been confronted to robust
experimental results up to recently.8 To address this question,
we have used a milli fluidic experiment based on the collision of
one drop of liquid on a small solid target to produce and
visualize free liquid sheets using fast video imaging.9 Upon
impact, the drop flattens into a sheet, which is bounded by a
thicker rim and radially expands in air, and exhibits
destabilization mechanisms similar to those of liquid sheets
formed through hydraulic nozzles.4 A very good quantitative
correlation between the cumulated number of perforation
events in a liquid sheet of emulsion in the milli fluidic
experiment and the proportion of smallest droplets in a real
spray of the same emulsion has been obtained, the higher is the
number of perforation events, the smaller is the proportion of
driftable droplets in the spray. These results suggest that the
emulsion droplets are at the origin of the perforation events
and that the single drop model experiment is appropriate to
investigate and gain understanding of the physical mechanisms
governing the perforation mechanism and the spray drop size
distribution of antidrift formulations. Thanks to time and
space resolved measurements of the thickness field of a dyed
sheet, we have found that each perforation event is systemati
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cally preceded by the formation of a prehole that thins locally
the sheet and widens with time.8 The growth dynamics of the
prehole, whose radius scales with time t as t3/4, follows the
theoretically predicted law for a liquid spreading on another
liquid of higher surface tension due to Marangoni stresses.10−12

The driving stress due to the surface tension gradient is
associated with the presence of an oil droplet at the air/liquid
interface. This stress induces the spreading of the oil and results
in a viscous shear stress that causes the liquid in the film to flow
along the surface tension gradient leading to a localized
thinning of the film down to its rupture. Note that the
spreading of the oil droplet at the air/water interface requires a
positive spreading coefficient S defined as S = γair/aq − γaq/oil −
γair/oil where γa/b stands for the interfacial tension between
phases “a” and “b”, and “aq” stands for the aqueous phase.
Before to spread at the air/water interface, a first necessary

step is the entry of the oil droplet from the solvent subphase to
the air/water interface. This first step is facilitated by the
thinning of the liquid sheet with time due to its expansion. The
entry is thermodynamically described by the entering
coefficient, E, defined as E = γair/aq + γaq/oil − γair/oil. The
value of E predicts whether a droplet will enter the interface or
remain submerged,13 E > 0 meaning that it is thermodynami
cally favorable for an oil droplet to enter the air/aqueous phase
interface from the aqueous phase (see Figure 1).

A positive entering coefficient is a necessary condition for
drop entry, but it is not sufficient. E only indicates if the
entering of oil droplets is thermodynamically favorable but does
not take into account various surface forces (including
electrostatic repulsions, van der Waals attractions and steric
forces) that are susceptible to stabilize the thin aqueous film
formed between the air/aqueous phase interface and the
approaching oil droplet.15 These thin film forces may stabilize
the aqueous film and so kinetically hinder or suppress the drop
entering if the lifetime of the liquid sheet is smaller that the
typical time to overcome the energy barrier for entry. The aim
of this work is to investigate the influence of the formulation of
the emulsions in the perforation process of liquids sheets using
a milli fluidic model experiment. Formulation is indeed
expected to be a critical parameter to control the thin film
forces, thus the typical time scale for perforation events, and in
fine the antidrift performance of agricultural sprays.
We study emulsions stabilized by ionic (either anionic or

cationic) water soluble surfactants. We quantify successively the
role of surfactant concentration, addition of electrolyte and
addition of amphiphilic copolymer on the two steps of the
perforation process: the entering and the spreading of oil
droplets at the air/water interface. Finally, we discuss these
experimental results in the light of simple theoretical
considerations.

MATERIALS AND METHODS
Materials. We study dilute oil in water emulsions. We use

methyllaurate, a methyl ester with a alkyl chain composed of 12
carbon atoms, an oil commonly used as antidrift adjuvant for
agricultural sprays. In all experiments, the oil content is fixed at 0.3%

v/v. The emulsions are stabilized either by an anionic surfactant,
sodium dodecyl sulfate (SDS), or a cationic surfactant, cetylpyridinium
chloride (CpCl), in Milli Q water. Methyllaurate, SDS, and CpCl were
purchased from Sigma Aldrich. Methyllaurate and SDS were used as
received, and CpCl was purified in the laboratory by three successive
recrystallizations.

For the SDS stabilized emulsions, we used SDS concentration, CSDS,
in the range 0.1−2.5 g/L, corresponding to molar concentrations in
the range 0.35−8.67 mM. Thus, CSDS is below the critical micelle
concentration (CMC), or comparable to the CMC (the CMC of SDS
in pure water is 2.4 g/L). Sodium chloride (from Sigma Aldrich) is
eventually added to the aqueous phase at a weight concentration CNaCl
ranging from 5 to 40 g/L, i.e., molar concentration ranging from 0.09
to 0.68 M.

For the CpCl stabilized emulsions, the surfactant concentration,
CCpCl, is fixed at 0.3 g/L (i.e., 0.9 mM) corresponding to the CMC of
CpCl in pure water. A monovalent salt (NaCl) or a divalent salt
(sodium sulfate, Na2SO4, purchased from Merck) is eventually added
to the aqueous phase. The NaCl concentration CNaCl ranges between 1
and 20 g/L (i.e., between 0.02 and 0.34 M), and the Na2SO4
concentration ranges between 0.07 and 2.84 g/L (i.e., between 0.5
and 20 mM). In addition, a water soluble polymer, Pluronic F108
(from Serva Electrophoresis GmbH), is eventually added to the
aqueous phase of the emulsion. F108 (average molecular weight 14000
g/mol) is a triblock copolymer composed of a poly(propylene oxide)
(PPO) central chain of approximately 56 monomers flanked at each
extremity by a poly(ethylene oxide) (PEO) chain of approximately
132 monomers. The radius of gyration of the PEO blocks is 2.6 nm.16

At room temperature, the PPO central block of the polymer is
hydrophobic and the two PEO lateral blocks hydrophilic. Therefore,
F108 macromolecules can adsorb at the hydrophobic/aqueous
interface due to its amphiphilic nature. F108 concentration, CF108,
ranges from 0.1 to 1% w/w. These concentrations are below CMC
(3% w/w at 20 °C17), implying that the polymer molecules are fully
dissolved and present in the solution as unimers and not micelles.
Note that we restrict our experiments with F108 to emulsions
stabilized by a cationic surfactant because PEO chains, as most of the
water soluble neutral polymers, exhibit attractive interactions with
anionic surfactants such as SDS but not with cationic surfactants.18

Emulsions are prepared by mechanically stirring using a T18 digital
Ultra Turax provided by IKA the oil phase with the aqueous phase that
comprises the surfactant (SDS or CpCl), and eventually the salt (NaCl
or Na2SO4) and/or the F108 polymer. We used a stirring time of 1
min and a rotational velocity of 6,000 rpm. The size distribution of the
emulsion drops is measured by laser granulometry using the
Mastersizer 2000 from Malvern instrument. For SDS stabilized
emulsions without salt, we measure that the mean oil droplet diameter
doil decreases from 20.3 to 9.6 μm as CSDS increases from 0.1 to 2.5 g/
L. In addition, we find, for a fixed SDS concentration (CSDS = 2.5 g/L),
that the droplet size distribution does not vary with the NaCl
concentration: doil = 9.4 ± 1.9 μm, as averaged over salt concentration
0to 40g/l. Similarly, for CpCl stabilized emulsions, the addition of
monovalent or divalent salts and the addition of F108 copolymer do
not drastically modify the drop size distribution. We find doil = (13.3 ±
2.0) μm (as averaged over the different compositions of the aqueous
phase).

Methods. Thin sheets freely expanding in air are produced by
impacting a single drop of fluid on a solid target of size comparable to
that of the drop. The setup, initially designed by Rozhkov et al.,19 has
been described elsewhere.9 In brief, we use a hydrophilic cylindrical
target of diameter dt = 6 mm, slightly larger than the drop diameter d0
= (3.62 ± 0.08) mm. The liquid drop is injected from a syringe pump
through a needle placed vertically above the target. The drop falls from
a distance 91.0 cm yielding a velocity at impact of v0 ≈ 4 m/s. The size
of the falling droplets is dictated by the inner diameter of the syringe
and the equilibrium surface tension of the samples. In order to
maintain a constant droplet size, needles with different diameters are
used to account for the various equilibrium surface tension of the
samples. After the drop impact, a liquid sheet freely expands in air. The
sheet is bounded by a thicker rim that destabilizes into ligaments,

Figure 1. Scheme of the physical meaning of the entering coefficient,
E. Adapted from ref 14.
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which subsequently disintegrate into drops. The sheet then retracts
due to surface tension. The sheet reaches its maximum expansion 4 ms
after the impact, and its complete lifetime is 10 ms. Time series are
recorded after the impact of the drop using a high speed camera
Phantom V7.3 (800 pixels × 600 pixels, operated at 9708 frames/s).
The perforation of the emulsion based liquid sheet is characterized by
the quantification of the total number of perforation events Ntot as
reported in ref 4, For some experiments, we investigate the localized
thinning of the liquid film (prehole) using the method detailed in ref
8: a dye is added to the emulsion aqueous phase (erioglaucine at a
concentration of 2.5 g/L) and the thickness field of the sheet loaded
with dye is determined thanks to a time and space resolved
measurement of the absorbance of the sheet.
To investigate the entry of oil droplets at the air/aqueous phase

interface, we monitor the coalescence of oil droplets with the interface.
The experimental setup we use has been originally designed by
Hotrum et al.20 The idea is to measure the time evolution of the
surface tension of the emulsion aqueous phase with a Wilhelmy plate
tensiometer upon injection of a minute volume of emulsion below the
interface. The entering and spreading of oil droplets at the air/aqueous
phase interface are detected by a sharp decrease of the surface tension
due to the presence of an oil film at the surface, allowing one to
estimate the time needed for surfactant stabilized oil droplets to enter
the interface. A 5 cm diameter Petri dish is filled with 20 mL of the
emulsion aqueous phase. A tube connected to a syringe is fixed at the
bottom of the Petri dish. Thanks to a syringe pump, a small volume of
emulsion (0.15 mL) is injected at approximatively 1 cm below the
interface, with a flow rate of 0.12 mL/min. The dead volume of the
tube is equal to 0.08 mL, and therefore, only 0.07 mL is effectively
injected in the Petri dish.

RESULTS
Role of Electrostatic Interactions on Sheet Perfora-

tion. Cumulated Number of Perforation Events. We study
the destabilization of liquid sheets made of emulsion stabilized

either by an anionic (SDS) or a cationic (CpCl) surfactant. The
concentrations of surfactant in the aqueous phase are roughly
equal to the CMC (CSDS = 8.67 mM and CCpCl = 0.9 mM).
Figure 2 shows images of the sheets for different concentrations
of NaCl (CNaCl = 0, 10, 20, 40 g/L) in the emulsion aqueous
phase taken at the same time after the drop impact for SDS
stabilized emulsions. Without salt (Figure 2a), the liquid sheet
is destabilized by the ejection of drops from the rim, a
mechanism similar to that of a pure water liquid sheet. No
perforation of the sheet is detected in this case. Interestingly,
we find however that the addition of salt triggers the
perforation of the liquid film (Figure 2b−d). Qualitatively,
the images suggest that the numbers of holes increases as CNaCl
increases. The same effect is observed for CpCl stabilized
emulsions (photos not shown).
To quantify the perforation instability, we plot in Figure 3

the cumulated number of perforation events, Ntot, that occur
during the full life of the sheet, as a function of the salt
concentration (Figure 3a) or as a function of the Debye length,
κ−1, the characteristic length scale for the electrostatic
interaction (Figure 3b), where

κ π= ++ + − −q n q n4 ( )2
B

2 2
(1)

with the ion valencies q±, molar concentrations n±, and Bjerrum
length B = 0.7 nm. For all surfactant concentrations, we
observe that Ntot increases with the salt concentration,
decreases with κ−1, eventually reaches a plateau at higher salt
concentration, lower Debye length. The less is the surfactant
concentration, the more rapidly the plateau is reached, and the
highest is the plateau value. For a given Debye length, the total
number of perforation events spans over 1 order of magnitude

Figure 2. Images of liquid sheets produced with SDS stabilized emulsions (CSDS = 2.5 g/L) and comprising different NaCl concentrations: (a) CNaCl
= 0 g/L, (b) CNaCl = 10 g/L, (c) CNaCl = 20 g/L, and (d) CNaCl = 40 g/L. g/L b). All images are taken 3.6 ms after the impact of the drop.

Figure 3. (a) Evolution of the total number of perforation events, Ntot, with the salt (NaCl and Na2SO4) concentration of the aqueous phase of
emulsions stabilized by anionic (SDS) or cationic (CpCl) surfactants. (b) Same data as in (a) but plotted as a function of the Debye length of the
aqueous phase κ−1.
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depending on the surfactant concentration. At the same molar
concentration, the divalent salt (Na2SO4) is much more
efficient than the monovalent salt (NaCl) to promote the
perforation as observed for a fixed CpCl concentration, due to a
smaller Debye length for a divalent salt. Overall, the data show
that the perforation process is limited or even completely
inhibited when the range of the electrostatic repulsion forces
increases sufficiently.
To rationalize these results, we separately investigate the

influence of the salt and surfactant concentrations on the two
steps of the perforation mechanism: first the entry of the oil
droplets at the air/water interface and second their spreading.
Spreading Dynamics. We use the method detailed in ref 4 

and briefly described in the Materials and Methods section to 
quantify the opening dynamics of the local thinning of the 
sheet, hereafter called a prehole, due to the spreading of an oil 
droplet at the air/water interface. The data acquired with all 
aqueous phases investigated collapsed on a single curve (Figure 
4). Moreover, we find that, the radius of the prehole Rph

increases with T, the time elapsed since its formation, as a
power law with an exponent 3/4 (Figure 4). This result is in
full agreement with our previous measurements for emulsion
stabilized by non ionic surfactants8 and so confirm a widening
dynamics driven by a Marangoni spreading10−12 for which it
has been theoretically predicted Rph = kT3/4, with

=
ρη

k S4
3 ( )

1/2

1/4 , where S is the spreading parameter, η is the

zero shear viscosity, and ρ is the density of the aqueous phase.
Here, the excellent collapse of all curves of the prehole radius
evolution, whatever the salt and surfactant concentrations,
unambiguously demonstrate that the nature and concentration
of the surfactant and the salt concentration do not modify the
widening dynamics of preholes and so the spreading of oil
droplets at the air/water interface.
Entering of Oil Droplets at the Air/Aqueous Phase

Interface.We investigate the influence of the salt and surfactant
concentration on the entering of oil droplets at the air/aqueous

phase interface that we have identified as the first step of the
perforation mechanism. To do so, we monitor the evolution of
the surface tension measured at the air/aqueous phase interface
during the entering of emulsion oil droplets. Three SDS
stabilized emulsions comprised a fixed surfactant concentration
(CSDS = 2.5 g/L) and variable salt concentrations (CNaCl = 0, 10,
20 g/L) NaCl are investigated. The black arrows in the plot of
the time evolutions of the surface tension (Figure 5) mark the

injection time of the emulsion. For each sample, before the
injection of the emulsion, a plateau corresponding to the
equilibrium surface tension of the emulsion aqueous phase is
measured. After the injection, a sharp decrease of the surface
tension corresponding to the entering and spreading of oil
droplets at the interface is systematically measured but the time
elapsed from the injection to the drop of the surface tension
(considered as the entering time) strongly depends on the salt
concentration in the aqueous phase. We measured that this
time decreases from 81 ± 18 s without NaCl, to 36 ± 7 s for
CNaCl = 10 g/L and to 27 ± 7 s for CNaCl = 20 g/L. Here the
errors bars correspond to standard deviations calculated over
four repetitions of the same experiments. It is instructive to
compare this time to the time expected from the simple
creaming of oil droplets at the interface. The creaming velocity
reads

ρ
η

=
Δ

v
gd1

18creaming
oil

2

(2)

with Δρ being the density difference between the aqueous and
oil phases of the emulsion, η being the viscosity of the aqueous
phase, and doil being the diameter of the oil droplets. For a
droplet with doil = 20 μm, setting at 1 cm from the interface
(distance from the tip of the tube to the air/water interface) the
time to reach the interface is around 330 s. This time is much
longer than the entering time measured experimentally. This is
presumably due to the fact that the oil droplets have an initial
velocity when their are injected in the solution, and thus reach
more rapidly the interface.
Note that this experimental setup does not exactly mimic the

entering of oil droplet at the air/aqueous phase interface during
the sheet expansion. Indeed, the surface tensions measured
correspond to equilibrium surface tensions as the oil enters a

Figure 4. Evolution of the radius of the prehole, Rph, with T, the time
elapsed since the prehole formation for emulsions with various
formulations as indicated in the legend. Symbols are data points
(different symbols correspond to different experiments) and lines are
power law fits with an exponent 3/4. Inset: Image of a liquid sheet
produced with dyed (with erioglaucine) emulsion (CSDS = 0.1 g/L and
CNaCl = 10 g/L) that allows one to visualize the local thinning of the
sheet due to the entering of oil droplet at the air/solution interface.
The target (black disk) of diameter 6 mm sets the scale. The red arrow
points to one prehole.

Figure 5. Time evolution of the surface tension of an aqueous phase
upon injection below the air/aqueous phase interface of oil droplets
dispersed in the same aqueous phase. The aqueous phases contains
SDS at a concentration CSDS = 2.5 g/L and different NaCl
concentrations as indicated in the legend. The black arrows indicate
the time of injection.
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still air/water interface, whereas the interface is in expansion
during the single drop experiment. We nevertheless firmly
believe that the setup provides quantitative information on the
tendency of oil droplets to enter the air/aqueous phase
interface. We can reasonably think that the entry must be
facilitated by the expansion of the interface (as it will entail a
decrease of surfactant concentration at the interface) and so the
entering times in the single drop experiment are expected to be
shorter than the ones measured with the present setup.
In conclusion, these experimental results highlight that the

addition of salt in the aqueous phase of emulsions stabilized by
ionic surfactants promotes the entering of emulsion oil droplets
at the air/aqueous phase interface.
Effect of Steric Interactions on Sheet Perforation.

Amphiphilic copolymer chains are expected to adsorb at the
interfaces thus creating steric repulsion between the oil droplets
and the air/aqueous phase interface. The objective is here to
investigate the possible role of those steric repulsions to the
perforation processes.
Cumulated Number of Perforation Events. Amphiphilic

triblocks copolymer (Pluronic F108) is added to the aqueous
phase of the emulsion. We investigate the influence of F108
concentration on the sheet perforation for different sodium
chloride concentrations (CNaCl = 0, 10, 20 g/L). Figure 6 shows
images of the sheets for different concentrations of F108 in the
aqueous phase of the emulsion taken at the same time after the
drop impact, for CNaCl = 20 g/L. As observed previously,
without F108 and at high salt concentration (CNaCl = 20 g/L), a
large number of perforation events are observed in the liquid
sheet (Figure 6a). The addition of F108 entails a continuous
decrease of Ntot (Figure 6b,c), and for CF108 = 7.5 g/L we do
not observe any perforation of the liquid film (Figure 6d).

We plot in Figure 7a the evolution of the total number of
perforation events, Ntot, with the F108 concentration in the
emulsion aqueous phase for different NaCl concentrations. For
a given salt concentration, we find that the increase of CF108
leads to a large decrease of Ntot. For CNaCl = 20 g/L, Ntot
decreases from 146 for CF108 = 1 g/L down to 3 for CF108 = 7.5
g/L. Hence, the addition of F108 permits to completely inhibit
the perforation process. The same phenomenon is observed for
different salt concentrations, but we find that a decrease of
CNaCl entails a shift of the curve toward smaller values of Ntot.
The influence of the salt concentration on the sheet perforation
is highlighted in Figure 7b, where the same data as in Figure 7a
are plotted as a function of CNaCl for various CF108, from 0 to 10
g/L. This representation emphasizes that an increase of the salt
concentration leads to an increase of the total number of
perforation events and that this effect is stronger as the Pluronic
F108 concentration is lower.

Spreading Dynamics. We investigate the effect of addition
of amphiphilic copolymer to the spreading dynamics of oil
droplets at the air interface of the expanding liquid sheet.
Measurements are performed for two different compositions of
the aqueous phase with equal salt concentration (CNaCl = 20 g/
L) but different F108 concentrations (CF108 = 0, 5 g/L).
Consistently with data obtained without dye, many perforation
events occur when the amount of polymer is low (Ntot ≈ 137),
while few perforation events occur at higher F108 concen
tration (Ntot ≈ 16). Figure 8 displays the evolution of the
prehole radius, Rph, as a function of the time elapsed since its
formation, T, for the two compositions of the aqueous phase.
We find a collapse of the different sets of data. Furthermore, in
all cases, Rph = kT3/4, in agreement with our results described
above obtained with various salt concentrations and with
previous results obtained for non ionic emulsions.8 This

Figure 6. Images of liquid sheets made of emulsions stabilized by CpCl. The aqueous phase contains a fixed NaCl concentration (20 g/L) and
various Pluronic F108 concentrations, CF108 = 0 g/L (a), 2.5 g/L (b), 4 g/L (c), and 7.5 (d) g/L. Images are taken 3.6 ms after the impact of the
drop.

Figure 7. Evolution of the total number of perforation events, Ntot, with (a) the Pluronic F108 concentration, for different NaCl concentrations as
indicated in the legend, (b) the NaCl concentration, for different F108 concentrations as indicated in the legend. All emulsions are stabilized by
CpCl.
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confirms a widening dynamics of prehole independent of the
presence of amphiphilic copolymer and in agreement with the
dynamics of Marangoni spreading.
Entering of Oil Droplets at the Air/Aqueous Phase

Interface. We assess the entering properties of emulsion oil
droplets at the air/aqueous phase interface and show (Figure 9)

the time evolution of the surface tension measured at the air/
aqueous phase interface during the entry of oil droplets, for
three compositions for the aqueous phase (comprising either
only surfactant, or surfactant and salt, or surfactant, salt, and
amphiphilic polymer, see exact composition in the figure
legend). The overall behavior of the curves is similar to that of
Figure 5. Consistently with the experiments with anionic
surfactant, addition of salt facilitates the entry of oil droplets at
the interface as revealed by a decrease of the characteristic time
for drop of the surface tension. This effect is even stronger than
that observed with SDS as surfactant, since, without salt, no
decrease is measured during the whole experiment (1000 s, i.e.,
650 s after the injection of emulsion below the interface).
Interestingly, the presence of F108 in addition to salt also

prevents the entry of oil droplet as no drop of surface tension is
measured during the whole duration of the experiment.
In conclusion, the addition of salt in the aqueous phase of

CpCl stabilized emulsions promotes the entry of oil droplets at
the air/aqueous phase interface. On the contrary, the addition
of an amphiphilic copolymer in the aqueous phase of emulsion
stabilized by CpCl and NaCl hinders the entry.

DISCUSSION
We have shown that we can vary the formulation of the
emulsion to tune the electrostatic and/or steric barriers for the
entry of an oil emulsion at the water/air interface, whereas the
formulation does not play any role in the spreading dynamics of
the oil droplet once at the interface. The existence of an
energetic barrier slows down the entry step. If the characteristic
time for this step exceeds the lifetime of the liquid sheet, entry
in the air/water interface and perforation of the sheet will not
occur. Beside the short range repulsive forces, hydrodynamic
forces and fluctuation forces are also expected to contribute to
the entry mechanism. The aim of this section is to rationalize
the successive steps (and their durations) for the approach and
entry of an oil droplet at the film interface.
Here we discuss how a charged spherical droplet is advected

toward and enters at the interface of a thinning liquid film.
Because of the high surface viscosity of the surfactant
monolayer that covers the droplet, the interface does not
flow and the droplet may be considered as a solid particle of
radius a with no internal flow. We define D as the minimal
distance from the surface of the droplet to the air/water
interface. In a first step we determine the time at which the
droplet reaches the interface (advection), and then discuss how
the droplet enters the interface (coalescence).

Advection. We study how a floating droplet approaches the
film surface. The stagnation flow in a thinning film advects the
droplet toward the interface. The thickness of the mature
incompressible film decreases with the radial distance from the
center of the sheet and time according to ∝h r t( , )

rt
1 . and the

velocity field within the moving film reads =u r t( , )r
r
t
in the

radial direction9,21 and = −u z t( , ) 2z
z
t
in the vertical direction

(incompressibility condition). In the following, the lower
(respectively upper) interface of the film correspond to z = 0
(respectively z = h).

Free Advection Regime (D > a). If the distance D exceeds
the radius of the droplet, its presence does not disturb the
velocity field due to film thinning. Then the droplet is advected
t o w a r d t h e fi l m s u r f a c e w i t h t h e v e l o c i t y

̇ = = − +D u D t( , ) 2z
D a

t
, is directly given by the thinning

rate of the film. Free advection ends as the droplet reaches D =
a, and occurs at a time ta which is given by

=
+⎜ ⎟⎛

⎝
⎞
⎠

t
t

D a
a2

a

0

0
1/2

(3)

Here, t0 is an initial time, that we take as the impact time of the
drop, defined as the ratio between the diameter of the drop
(∼3.6 mm) and its velocity at impact (∼4 m/s), t0 ≈ 1 ms.
Since the initial distance D0 is comparable to, or smaller than,
the initial sheet thickness hmax ≲ 250 μm, the time ta − t0 is of
the order of the experimental time of maximal sheet expansion.

Lubrication Regime (a > D > D∗). In the lubrication regime,
when the sphere is close to the liquid interface, D < a, the

Figure 8. Evolution of the radius of the prehole, Rph, with T being the
time elapsed since the prehole formation for emulsions with various
formulations as indicated in the legend. Symbols are data points
(different symbols correspond to different experiments), and lines are
power law fits with an exponent of 3/4.

Figure 9. Time evolution of the surface tension of an aqueous phase
upon injection below the air/aqueous phase interface of oil droplets
dispersed in the same aqueous phase. The aqueous phases contains
CpCl (CCpCl = 0.9 mM) and eventually salt and Pluronics F108, as
indicated in the legend. The black arrows indicate the time of
injection.
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droplet slows down due to the hydrodynamic coupling to the
interface. In that case, a good approximation for the force
exerted by the unperturbed ambiant flow uz is provided by the
solution for the near contact limit: D → 0.22 The droplet
velocity is determined by equilibrating the force due to the
advection flow and the friction force, Fadv + FS = 0. The former
is similar to the force in the free advection regime, Fadv =
6πfηauz, albeit with an additional numerical factor f = 2.039. On
the other hand, the friction force for small D is known from

lubrication theory at fluid interfaces:23 = − πη ̇
F a D

DS
6

4

2

.

Equilibrating these forces, we find the particle velocity

= −Ḋ
D

f
t

8
(here z = a + D ≃ a), which upon integration with the

initial conditions D(ta) = a, leads to = ( )D t a( ) t
t

f8
a . This

regime ceases to be valid as soon as the distance D* is of the
order of the Debye length (respectively, the thickness of the
polymer layer) for an electrostatic (respectively, steric) barrier.
For shorter distances, the electric double layer (respectively,
polymeric layer) exerts an additional, much larger, force which
prevents the drop from further approaching the interface. The
time t∗ at which electrostatic forces (and/or steric forces) set in
reads

* =
*

⎛
⎝⎜

⎞
⎠⎟t t

a
Da

f1/8

(4)

With 8f ≈ 16, one finds that the lubrication regime is of minor
importance. Indeed, because D∗ is of the nanometer range, a≫
D∗, t∗ is only slightly larger than ta, and the duration of the
lubrication regime t∗ − ta is negligible.
Note that eq 4 has been calculated assuming a free air−water

interface. If the water film is covered with surfactants, a no slip
boundary condition would be more appropriate, and the factor
8f should be replaced with 2f ′ where f ′ ≈1, changing
significantly the duration of advection. We can estimate the
time needed for a SDS molecule to diffuse at the interface by a
diffusion limited process. The time evolution of the surfactant

surface concentration, Γ, is given by Γ =
π

C2 D t
b

b with Db

being the bulk diffusion coefficient of the surfactant and Cb
being the bulk surfactant concentration.24 The diffusion time,
tD, necessary to reach the equilibrium surfactant surface

concentration, Γeq, thus reads = π Γ( )t
D CD 4
1

2

b

eq

b
. For SDS,

with25 Db = 1.76 × 10−6cm2/s and26 Γeq ≈3 × 10−10 mol/m2 as
measured for a surfactant concentration (Cb = 2.9 g/L ≃ 10−2

mol/L) comparable to that of used in the single drop
experiments, one estimates tD = 0.4 ms. Hence, the SDS
molecules diffuse at the air/aqueous phase interface in a
relatively short time (<1 ms). If the air/water interface is not
devoid of surfactant molecules, the duration of the lubrication
regime t∗ − ta is imuch larger than the prediction by eq 4. In
that case, with a/D∗ ≈ 103, one finds t∗/ta > 10, indicating that
t∗ − ta would determine the advection time. One would find an
advection time much larger than the lifetime of the sheet,
inconsistent with our experimental observation. However, one
expects that the rapid radial velocity advects any contamination
by surfactants and thus cleans the interface. It is therefore
reasonable to assume a free air−water interface yielding a
negligible duration of the lubrication regime.

Disjoining Pressure. As the droplet gets close to the
interface, it becomes immobile at a distance D* where the
hydrodynamic drag is canceled by short range repulsive forces.
Here we provide evaluation of the distance D* and discuss the
disjoining pressure due to ionic surfactants and/or nonionic
polymers adsorbed on the droplet.

Electrostatics. The droplet is covered by a surfactant
monolayer. The mobile counterions released by the charged
surfactant are confined within a screening layer of thickness the
Debye length κ−1, which decreases with increasing salt content
according to eq 1. In Derjaguin approximation, the distance
from the surface of the droplet to the air/water interface reads
Dρ = D∗ + ρ2/2a, with the radial coordinate ρ defined as the
distance from the center of the droplet. The interface squeezes
the counterion cloud and thus exerts an electrostatic disjoining
pressure; at low or moderate surface charge densities σ, one
fi n d s i n t h e D e b y e−H ü c k e l a p p r o x im a t i o n :

Π = = Πσ κ κ
ϵ

− −ρ ρe eD D
el 2 0

2

. Integrating over the surface, one

obtains the electrostatic force27

π κ= Π κ− −F a2 e D
el

1
0 (5)

The droplet becomes immobile at a distance D∗ where
hydrodynamic and electrostatic forces cancel each other, Fel +
Fadv = 0. With the above advection force, we find

κ
κη* =
Π−D
f u

ln
3 z

1 0

(6)

We first provide an evaluation of Π = σ
ϵ0 2

2

. The maximum

coverage of a droplet corresponds to an area per molecule of
typically 0.5 nm2 and, assuming a complete dissociation of the
surfactant, to a surface charge density of σ ≈ 2e nm−2. Hence,
Π0 ∼ 100 MPa. In our experimental conditions, κ−1 varies
between 0.4 and 25 nm (see Figure 3b). With uz ∼ cm/s, we
find that D∗ decreases from 200 nm at low salt concentration
down to 2 nm at high salt concentration. Since both the width
and height of the electrostatic barrier Vel = 2πaκ−2Π0 increase
with the screening length κ−1, this estimate already suggests
that charged droplets do not coalesce in a weak electrolyte;
upon adding salt, the barrier diminishes and may be overcome
by fluctuations.

Grafted Polymer. Adsorption of neutral polymers provides a
steric repulsion. The resulting disjoining pressure depends on
the grafting density Γ and the radius of gyration of the polymer
Rg. At low density (Γ < Rg

−2) and short distances (D < Rg), the
disjoining pressure reads28

π
Π = Γk T

R

D

(2 )
pol B

g
2

3 (7)

In the Derjaguin approximation, the repulsive force thus reads:

= Γ
π π

F D k T( )
R a

Dpol B
(2 ) 2g

2

2 . The stationary distance, determined

by writing Fpol + Fadv = 0, is

η
π* = ΓD

k T
f u

R
3

(2 )
z

B
g

2

(8)

With Γ, Rg
2 ∼ 1, that corresponds to the maximum surface

coverage of the low density regime, we find that D∗ is of the
order of 25 nm.

Dispersion Forces. The disjoining pressure for the water film
reads Π = −

π
H
DvdW 6 3 , where the Hamaker constant, H, for the
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oil−water−air system is usually negative, resulting in a repulsive
force. For octane as oil, H = −0.2 × 10−20 J.27 Thus, even at
distances of a few nanometers, ΠvdW ≈ 20 Pa is significantly
smaller than the estimates for the electrostatic pressure (Π0 ≈
(104 − 106) Pa) and the steric pressure due to the grafted
polymers (Πpol ≈ 106 Pa). Furthermore, experiments with non
ionic surfactants4 show that the droplets enter the interface
rather rapidly (on the time scale of ms), strongly suggesting
that dispersion forces are of little significance, and that the
hindering barrier is essentially due to the surface charges or
adsorbed polymers. Thus, we discard ΠvdW in the following
discussion.
Interface fluctuations. In the above mean field description

the droplet is stabilized at a distance D∗ from the film surface.
The electrostatic (or steric) forces result in energy barrier. For a
Debye length κ−1 = 0.4 nm), (respectively κ−1 = 25 nm, one
gets D∗ = 2 nm (respectively D∗ = 200 nm) and Vel ≈ 20kBT
(respectively Vel ≈ 106kBT). Those barriers are usually very
large compared to kBT and cannot thus be overcome by the
Brownian motion of the droplet.
Thus, we consider fluctuations with respect to the above

mean field treatment, concerning the surfactant concentration
or the interface profile. Fluctuations of the surface charge
density or the polymer grafting density, would locally reduce
the energy barrier, yet are prohibited by the corresponding
increase in surface energy due to the removing of the
surfactants (or polymers) from the contact area. A more
favorable situation occurs for local fluctuations ξ of the interface
profile; as a simple ansatz we use the Gaussian profile ξ =

D∗ e
−ρ2/R2

with the lateral length scale R. Its energy consists of
electrostatic and capillary contributions. In small gradient
approximation, ∇ξ ∼ D∗/R ≤ 1, the capillary energy (γ/
2)∫ dS(∇ξ)2 is independent of R,

π γ= *E D
2cap

2
(9)

From the electrostatic disjoining pressure we readily obtain the
energy per unit area, κ−1(eκ (ξ−D∗) − e−κ D∗) Π0. Close to the
point of contact we have ξ ≈ D*(1−ρ2/R2) and find upon
integration Eel = πΠ0κ

−2R2/D∗. Its variation with the later
length scale favors R ≈ D∗, leading to

πκ πκ σ= *Π = * ϵ− −E D D /2el
2

0
2 2

(10)

An expression similar to eq 10 can be obtained for grafted
polymers. From eq 7, we find a rough estimate for the energy
required for compressing the polymer brush to a distance Dmin,

π π= Γ *E k T R
D

D
2 (2 )pol B g

2

min (11)

Depending on the grafting density, the barrier varies from a
fraction of the thermal energy to tens of kBT, and thus may
significantly slow down perforation of the water film.
The rate of rupture, assimilated as the rate for the droplet

entering the surface, is given by

τ τ
= − +1 1

e E E k T

0

( )/el/pol cap B

(12)

where the attempt frequency 1/τ0 subsumes different
mechanisms that contribute to delay the entering of the
droplet: For example, the hydrodynamic time scale τh = aD∗/ν
arises from outward flow of water that accompanies the surface
fluctuation; with the kinematic viscosity ν of water, τh ∼ 10−8 s.

On the other hand, this outward flow advects the screening ions
and thus requires back diffusion which occurs at a time scale τion
= aκ−1/Dion ∼ 10−5 s. Finally, τ0

−1 accounts for the fact that the
fluctuation may occur at any point of the lubrication area Slub =
πaD∗ which, in a similar context, gives rise to a logarithmic
factor in the mean square amplitude of interface fluctuations.29

The above approach relies on a macroscopic description of
the interface and neglects effects on the molecular scale that
become important as the droplet approaches the film surface
within nanometers. Thus, the surface tension is reduced as the
film thickness is of the order of a nanometer. The electrostatic
properties change due to the discrete nature of both surface
charge and screening cloud; the increase of the single ion self
energy in a nanofilm is expected to reduce the degree of
dissociation of ionic surfactants. The final phase of the rupture
process requires molecular rearrangements of the surfactant
water film, which are not captured by the model.

Entering. So far we have discussed the time t∗ a droplet
takes to travel from its initial position to the air−water
interface. With the rate of rupture 1/τ given above, the
integrated probability of perforation at time t reads ϕ(t − t∗) =
1 − e−(t−t∗)/τ. With the rate n ̇(t∗) of droplets arriving at the
interface, the total number of perforation events at time t is
given by the convolution of n ̇ and ϕ,

∫ ϕ= − * ̇ * *N t t t n t t( ) ( ) ( )d
t

0 (13)

The rate n ̇ depends on the radial profile h(r, t) of the film
and of its rate of thinning. From our experiments at different
surfactant and salt contents it is clear that most droplets reach
rapidly the distance D* and that the perforation events beyond
about two milliseconds are delayed to the small rate 1/τ. In
other words, the time dependence of the number of perforation
events N is determined by the probability of rupture ϕ, and in a
rough approximation we may assume N(t) = N0ϕ(t).
Figure 10 shows ϕ at some fixed time t = 3τ0 as a function of

the screening length κ−1 for three values of the surface charge

density σ. Since the electrostatic barrier Eel increases with both
κ−1 and σ, the probability of coalescence strongly decreases for
large Debye length and large surface charge. The behavior of
Figure 10 compares favorably with the data shown in Figure 3b,
thus highlighting the importance of electrostatic repulsion for
the stability of the film. This explains also the variation of the

Figure 10. Number of perforation events for three different surface
charge densities (from left to right: σ = 0.1e, 0.03e, 0.01e nm−2), as a
function of the screening length κ−1.
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number of perforation events with the valency q± of the salt
ions. Indeed, the dependence of the screening parameter (eq 1)
on q± provides an almost quantitative description for the
difference observed for monovalent and divalent ions.
Yet one should be aware that the above model does not

describe the microscopic details of the entering process, but
rather subsumes its final step in the constant τ0 which could be
regarded as a fit parameter. In addition, the surfactant
accumulating at the film surface could change the hydro
dynamic boundary conditions in the lubrication regime during
the lifetime of the water sheet, which would result in a wide
distribution of the time t∗ in eq 13.

CONCLUSION

Nucleation of holes in emulsion based liquid sheets is due to
the entry and spreading of oil droplets at the air/aqueous phase
interface. Note that the two step mechanism that we have
proposed for the perforation presents strong analogies with
antifoam action of dilute oil in water emulsions.30 The two
experimental configurations are comparable, both implying the
rupture of a liquid film due to the presence of oil droplets
dispersed in an aqueous phase. The main differences between
the two type of configurations are the range of the film
thickness that is typically 10 times larger for liquid sheets than
for foam films, and the fast thinning dynamics of the liquid
sheet.
In our experiments, the two steps of the perforation

mechanism are thermodynamically favorable as the entering
and spreading coefficients are both positive for all the
investigated systems. By modifying the physical parameters of
the emulsions, we have shown that the formulation of the
emulsion is a critical parameter to control the perforation. The
addition of salt or amphiphilic copolymer in the aqueous phase
of emulsions stabilized by water soluble ionic surfactants can
kinetically trigger or completely inhibit the perforation
mechanism. We have demonstrated experimentally that the
entering of the oil droplets at the air/aqueous phase interface is
the limiting step for the perforation mechanism. A high
entering energy barrier can prevent the droplet entry process.
Thin film forces, in particular electrostatic and steric repulsive
forces, stabilize the thin aqueous film formed between the air/
aqueous phase interface and the approaching oil droplet, thus
preventing the entering of droplets. In this case, even if the
entering is thermodynamically favorable, the entering process is
strongly limited and even suppressed by the enhanced stability
of the thin film.
We have identified theoretically successive regimes for the

approach of an emulsion droplet to the air liquid interface with
three typical durations: (i) a free advection regime during
which the droplet, thanks to the thinning down of the
expanding sheet, approaches rapidly air/liquid interface down
to a distance comparable to the size of the droplet; (ii) a
lubrication regime that takes place until the droplet reaches a
distance comparable to the characteristic length of the energetic
barrier and for which the nature of the air/liquid interface has a
strong effect on the hydrodynamic force acting on the droplet;
and (iii) an immobilization regime dictated by any strong short
range repulsive. This third regime will cease thanks to
stochastic local fluctuations of the interface profile leading to
the entering of the droplet in the liquid interface. The regime
with the longest duration is the limiting step for the perforation
process. If its characteristic time is long compared to the

lifetime of the liquid sheet, perforation events are significantly
reduced or even suppressed.
However, we mention that even if the spreading of oil

droplets at the interface is not the limiting step for the
perforation, it is nevertheless crucial as several studies have
emphasized that solid particles that enter the air/aqueous phase
interface but do not spread at the interface do not lead to the
perforation of liquid sheets.2,31

Overall, our work has allowed one to establish the physical
mechanisms at the origin of the antidrift properties of dilute oil
in water emulsions and in turn propose new routes to develop
novel and more efficient formulations for antidrift emulsion
adjuvants.
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