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Abstract We study the impact and subsequent retraction
of aqueous surfactant-laden drops upon high-speed impact
on hydrophobic surfaces. Without surfactants, a rapid
expansion of the drop due to the fluid inertia is followed by
a rapid retraction, due to the wetting incompatibility. With
surfactants, the retraction can be partly or completely
inhibited. We provide quantitative measurements showing
that both the expansion and the retraction dynamics depend
not only on the equilibrium surface tension (ST) but also on
the dynamic tension of the surfactant solutions; the latter
varies significantly between different surfactants.

1 Introduction

Controlling drop deposition is of great importance for a
wide variety of practical applications such as spray coating
(Aziz and Chandra 2000), pesticide deposition on plant
leaves (Wirth et al. 1991; Bergeron et al. 2000), inkjet
printing (de Gans et al. 2004), bioarray design (Heller
2002) and so on. For most of these applications one seeks
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to optimize the coverage of the liquid and/or avoid loosing
or spilling over any of the material contained in the
impinging drops. Two phenomena limit the efficiency of
drop deposition from sprays: splashing (Xu et al. 2005) and
bouncing. Droplet rebound is the main limiting factor for
deposition of small drops and/or drop impact occurring at
moderate speeds (Bergeron et al. 2000). In this paper, we
focus on the partial or complete rebound of drops, and ask
how it can be avoided.

A typical example of a bouncing event is shown on the
high speed pictures in Fig. la, where a millimeter-sized
drop of water impacts a hydrophobic surface. In the con-
ditions of the experiment, the early stages of the impact
dynamics are dominated by a competition between inertia
that drives the expansion of the drop and the surface ten-
sion cost of creating new interface. The latter also leads to
the fast retraction of the drop after the maximum radius has
been reached. For sufficiently large retraction velocities,
the retraction ends by the formation of a liquid column that
partly or completely bounces off the surface. For a given
impact velocity, an obvious strategy to prevent the drop
from retracting is to lower the surface tension (ST) of the
liquid, thus decreasing the energy cost of creating new
interface. In practice, surfactant additives are indeed
included in spray formulations to enhance the deposition
efficiency, for instance for increasing pesticide deposition
on plant leaves (Van Valkenburg 1982). Figure 1 shows
the different stages during drop impact (spreading, retrac-
tion and relaxation) for water (a) and two different sur-
factant solutions (b, c). Figure 1b demonstrates that the
addition of a small amount of surfactant can completely
suppress the drop rebound under otherwise identical
experimental conditions. However, different surfactants
turn out to behave very differently: the two drops in Fig. 1b
and c have the same equilibrium surface tension to within
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SPREADING STAGE

Fig. 1 Impact of aqueous drops on parafilm film. Initial diameter
D;~2 mm, impact velocity: Vi = 1 m/s. a Pure water, Re = 2,000,
We = 28; b 0.1 wt% Heliosol solution, y.,, = 47 mN/m, Re = 2,000,
We =42; ¢ 0.03 wt% Silwet L77 solution, 7y, = 47 mN/m,

experimental accuracy. However, for the latter rebound is
observed, whereas for the former it is completely sup-
pressed. This then shows that the effect of the surfactant
cannot be understood solely by considering the decrease in
equilibrium surface tension caused by surfactant addition.

Our understanding of drop impact and deposition and
more generally of free surface flows has substantially
improved over the last 10 years. However, most works on
the hydrodynamics of drop impact focus on simple fluids
(Yarin 2006). So far, little attention has been paid to the
effect of surfactants on the impact dynamics (Mourougou-
Candoni et al. 1997; Zhang and Basaran 1997; Crooks
et al. 2001; Marmottant et al. 2000). In their pioneering
work Mourougou-Candoni et al. noted that the time taken
by surfactant molecules to diffuse through to liquid to the
liquid—vapor interface can be comparable to the expansion
time of the impacting drop, suggesting that the interface
may not be fully saturated with surfactant molecules at all
times. Mourougou-Candoni et al. indeed reported a quali-
tative correlation between the transient or dynamic surface
tension (DST) and the retraction speed of the drops of
rather concentrated surfactant solutions.

In this paper, we take advantage of very recent advances
in our understanding of the drop impact to shed some light
on the impact dynamics of surfactant-laden drops on
hydrophobic surfaces. We study the impact of aqueous
solutions of surfactants that have very similar equilibrium
properties (surface tension, viscosity and density) and
compare results for these different surfactant solutions.
Moreover, we restrict our study to low concentrations of
surfactant so that bulk non-Newtonian properties can be
neglected (Cooper-White et al. 2002; Rafai et al. 2004;
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RETRACTION STAGE

RELAXATION STAGE

Re = 2,000, We =42. We observe rebound in a, no rebound in b
and partial rebound in c. Typical time scales for these experiments
are 2 ms for the spreading stage and 10-15 ms for the retraction
stage

Bartolo et al. 1745). This allows for a clear understanding
of the role of the dynamic surface tension on the dynamics
of the drops. We focus our attention on two important
quantities for determining deposition efficiency: the max-
imum radius attained by the drop and its rate of retraction.
Recent experiments and theory on simple liquids (Clanet
et al. 2004; Bartolo et al. 2005) provide us with a quanti-
tative understanding of these. A systematic comparison
with and without surfactants then allows us to relate the
impact dynamics to the dynamic surface tension of the
solutions.

2 Experiments

We study the impact, expansion and subsequent retraction of
aqueous surfactant solution drops on parafilm, a hydrophobic
surface with low-contact angle hysteresis for water. Re-
ceeding contact angles have been systematically measured
for all the surfactant solutions. They are ranging from 10 to
18 for saturated solutions, the measured values are reported
in the figure captions for each experiment. We have checked
that the surfactants do not adsorb onto the solid. To capture
the drop dynamics we use a high-speed video camera
(Phantom V7 at 10,000 frames/s). The controlled release of
the drops is achieved using a syringe pump to set a low drop
emission rate and a syringe with a precision needle to make
monodisperse drops for a given liquid. The initial diameter
(before impact) Dy is systematically measured from the high-
speed images: 1.5 < D; < 2 mm. The different values of the
drop radii are due to the different surface tensions of the
solutions: a smaller surface tension implies that a smaller
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drop detaches from the needle. The impact speed of the drops
is varied by increasing their fall height. We limit our inves-
tigation to relatively high-impact velocities. Weber (We) and
Reynolds (Re) numbers are both larger than 10; We=p
Dy VIZ/y compares inertial to capillary forces and Re = pDVi/n
compares inertial to viscous forces, with V| the impact speed,
p the liquid density, y the liquid—vapor surface tension and 5
the shear viscosity. This implies that at impact, inertial forces
are at least one order of magnitude larger than both capillary
and viscous forces. The drop dynamics is then governed by
the competition between capillary and inertial force; viscous
stresses are subdominant during the impact and expansion
stages (Bartolo et al. 2005). The role of the impact speed has
been studied in the range 0.7-3 m/s which corresponds to a
Weber number ranging from 10 to 700. Within these impact
conditions we are below the splashing threshold which limits
the range of Weber numbers that can be explored (Xu et al.
2005); within our experimental conditions the drops thus
retain their axisymmetric shape during both expansion and
retraction stages.

We use aqueous solutions of different surfactants at
different concentrations. The viscosity of the solutions is
equal to the viscosity of water to within a few percent and
independent of the shear rate, as verified by rheometry.
Five types of non ionic surfactants were used: Triton
(X100, MW = 624 g/mol), Agral (90, MW = 603 g/mol),
Silwet (L77, MW = 646 g/mol); Heliosol and Li700 are
naturally occurring surfactants (Terpenes and Lecitins,
respectively) that have a broad molecular weight distribu-
tion. The main reason for this choice is that these surfac-
tants offer a wide range of dynamic surface tension:
Trisiloxane surfactants such as Silwet are known to be very
slow (Svitova et al. 1996), whereas simple alkylethylene
oxide surfactants such as Triton are known to be very fast
(Fainerman et al. 1994). Heliosol is a mixture of terpenes,
Agral is a nonyl phenol ethylene oxide, and consequently
has the same hydrophilic moiety as Triton, and Li700 is a
lecithin-based natural surfactant. All of these surfactants
have been used or are still used to improve deposition
efficiency in pesticide spraying. We measure the equilib-
rium surface tension 7., at different concentrations using
the drop weight method. Figure 2(a) shows that the equi-
librium surface tension is a decreasing function of the
surfactant concentration for low concentrations, and then
becomes a constant. This crossover concentration is called
critical micellar concentration (CMC) and corresponds to
the concentration where surfactant aggregates (micelles)
start to form. We find that beyond the CMC, v, is close to
35 mN/m for all the surfactants except for Silwet for which
Yoo = 25 mN/m. the CMC of Agral is around 0.1 wt%
whereas the other surfactants have a CMC of 1 wt%.

We also measured the dynamic surface tension of the
surfactant solutions. The DST is the surface tension y(#) of

an air/solution interface of age #, that had no surfactant
present at time ¢t = 0 (Adamson 1990). We use a com-
mercial maximum bubble pressure tensiometer (Kriiss
PocketDyne); typical curves for surfactant solutions
decrease from high values of the ST at short times ¢ (the
limit for ¢t = 0 should be the ST of water, o = 72 mN/m)
to lower values at long time (for r = co the ST equals the
static surface tension 7y.,). We plot the quantity (y(£)—y.)/
(o — Y) in Fig. 2b. This quantity decreases from 1 to 0
when going from short to long times. We find that the
evolution of the DST curves can be well fitted by a simple
function of the form (1 + #1)~' (we use here the phe-
nomenological model of (Hua and Rosen 1988) but set
their parameter n to 1). This allows to differentiate with a
single free parameter ‘fast’ and ‘slow’ surfactants from one
another, characterized, respectively by small and large
characteristic times t. Clearly, these measurements indicate
that the surfactants fall into two different groups: Heliosol
and Triton (group I) can be considered ‘fast’ surfactants
(t ~ 1 ms is an upper bound as the surfactants are so fast
that we can only access the tail of the curve y(f)) whereas
Silwet, Agral and LI700 (group II) are significantly slower
(t ~ 20 ms).

The characteristic time scale for the fast surfactants can
be understood quantitatively by assuming that these present
a diffusion controlled dynamics. For a diffusion controlled
adsorption rate, the adsorption I'() is related to the bulk
concentration ¢ via the diffusion coefficient D as follows:
I'(t) = 2¢+/(Dt/m). Assuming that the surfactants are
sufficiently dilute so that the presence of each surfactant
molecule per unit of area at the interface lowers the surface
tension by an amount kg7, the adsorption can be related to
the surface tension. This allows to estimate the character-
istic time 7 for the adsorption which represents the time
needed to reach the value 1/2 in the curve of Fig. 2b, i.e. to
reach half of the equilibrium adsorption I'y. From this
simple model, it follows that t(c) = (1/D)[[s/(4c)].
Here, the only unknown is the diffusion coefficient, which
can be estimated using the Stokes—FEinstein equation, tak-
ing a typical value for the size of a surfactant molecule. We
plot the characteristic time 7 (deduced from the fits of DST
measurements) as a function of concentration (Fig. 2b
inset). Indeed the above equation is seen to quantitatively
describe the behavior of Triton (a fast surfactant), taking
4 nm for the molecular size (Dong and Mao 2000).

However, a typical slow surfactant such as Agral shows a
qualitatively different behavior of t(c) (Fig. 2b, inset), with
a much weaker dependence of the characteristic time on the
surfactant concentration. Since this behavior is observed
both below and above the CMC, it is not related to the
presence of surfactant aggregates. It does, on the other hand,
strongly suggest that there is another limiting factor for
surfactant adsorption, such as the existence of an energy
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Fig. 3 Impact of a water drop of initial diameter D;~2 mm on
parafilm. a Liquid-substrate contact diameter of the drop as a function

of time for four different impact velocities. b Maximal spreading

diameter rescaled by the initial diameter as a function of Wwe'l”,

barrier for the transfer of the individual surfactant mole-
cules from the bulk onto the surface (Chang and Franses
1995).

3 Results and discussion

For drop impact and retraction, despite the complex mul-
tiscale interplay between viscous, capillary and inertial
stresses two simple semi-quantitative pictures have been
recently proposed to account for the observed maximal
expansion and for the retraction velocities of impacting
drops. We first recall these recent results that we will use as
guidelines for our study of the effects of the dynamic
surface tension effect.

First, Clanet et al. (2004) showed that the maximal
spreading diameter D,,,, should scale as D{We 4 for low-
viscous liquids; this scaling holds for almost four decades
in We with a prefactor close to unity. Our data for different
impact speeds of water drops (see Fig. 3) confirm this
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result in our experimental setup: we find the same scaling
behavior, Fig. 3b, with a numerical factor of 1.1.

Second, Bartolo et al. (2005) measured the retraction
rate of drops upon drop impact (defined as the retraction
velocity divided by the maximum diameter Vie/Dpax)-
They demonstrated that for high-speed (inertial) impacts
the retraction rate is independent of the impact speed. This
can be understood by writing down a force balance for the
motion of the contact line. The temporal evolution of water
drop contact diameters (diameter of the solid area in con-
tact with the drop) is plotted for different impact velocities
in Fig. 3a as a test. In Fig. 3c we show that indeed, inde-
pendently of the impact speed, the rescaled D /D, curves
collapse onto a single curve.

3.1 Results: concentrated surfactant solutions above
the CMC

Figure 4 shows the contact diameter D(¢) rescaled by the
initial drop diameter D; as a function of time for different
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Fig. 4 Impact on parafilm of surfactant drops above the CMC
compared to water impact: rescaled contact diameter by the initial
diameter D;. Re = 2,000 and We varies from 28 (water) to 79 (Silwet)

rather concentrated surfactant solutions (1 wt%, which
exceeds the CMC for all these surfactants by at least a
factor of two). It is observed that D,,,, increases and V., is
substantially reduced by all the surfactants. In addition, it is
observed that although these solutions have very similar
equilibrium surface tensions, their D(f) curves are mark-
edly different.

3.1.1 Maximum diameter

The most striking difference between the five curves is the
maximum diameter attained by the drops. It appears that
the large variations of D, observed are not correlated
with the slight variations of 7y, between the different
solutions. To identify the origin of the scatter in the data, in
Fig. 5a we plot the maximum elongation D,,,,/D; as a
function of We'”*. From this, we infer that only the drops

containing group I (fast) surfactants behave in a similar
way as simple liquids: the data fall on a straight line of
slope ~ 1. Note here that our aim is not to demonstrate the
scaling [studied in detail in (Clanet et al. 2004)] but to
study the different behavior of surfactant solutions com-
pared to simple liquids. Since We scales as 1/y, the devi-
ation of the group II data from the power law behavior can
be directly translated into a difference in the DST during
the expansion stage. The variations of the corresponding
effective surface tension, y.r, with We are shown in
Fig. 5b. For the group II surfactants, y.¢ is twice larger
than 7., and does not vary significantly with the (impact)
Weber number. The conclusion is that group II surfactants
hardly reduce the surface tension with respect to that of
pure water: for Agral and LI700 y.¢ has a value very close
to the equilibrium surface tension of water. The weak
variations of y.¢ with We can be understood by noting that
the time taken by the liquid to reach its maximal extension
is ~2 ms and hardly changes with the impact velocity
(Fig. 6b). This suggests that the time taken by ‘slow’ sur-
factant molecules to reach the expanding interface is much
larger than 2 ms, and that for the ‘fast’ surfactants signif-
icantly smaller. This agrees with the DST measurements
from which we inferred a characteristic time of ~20 ms
for slow, and ~1 ms for ‘fast’ surfactants. Therefore,
although the free surface dynamics is different from that of
the drop impact, the maximum bubble pressure DST
measurements appear to provide a correct estimate for the
surface tension relaxation time of y(f) for the drops.

3.1.2 Retraction rate

Contrary to what happens for the spreading stage, the drop
retraction stage in the presence of surfactants is very sim-
ilar to that observed for simple liquids. Once the maximum
diameter is reached, the D(t)/D,,.x curves almost coincide
for surfactant solutions having very similar equilibrium
surface tensions 7., Figure 6(a). Even for slow surfactants
such as Agral, the retraction rate is observed to be

Fig. 5 a Maximal diameter of B
the sprc?afii.ng drop nor.malized A ® Heliosol 3,0 o Heliosal
by the initial drop radius as a 5 A Triton 95| A Trton
function of the Weber number Z ;l‘lmot &, ' v LI700
.(log—log scale). The soll/if li.ne 4 o A'g‘:’:] o 204 A Silwet N %‘:‘ A
indicates the slope We'™* with a 0 * water S o Agral | A =t og, a
prefactor of 1.1. b Effective . u“%é ~_ 151 *_ Water A
surface tension as a function of £ 3 0 % 5 L
the impact Weber number. Yqgr a 1,04 - S ¥ ,t * .'
is defined as the deviation to . . S *
solid line fit in (a) 0,5
2 T 1 0,0 . . )
10 100 1000 1 10 100 1000
We

We = PR V2/ye0
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Fig. 6 Impact on parafilm of surfactant drops above the CMC:
rescaled contact diameter by the maximal diameter. a Different
surfactant solutions impacting at 1.1 m/s. Re = 2,200 and We varies

independent of the impact velocity, as previously observed
for pure liquids. These features are necessarily associated
with a constant surface tension, and the conclusion must
therefore be that the surface tension of surfactant-laden
drops reaches its equilibrium value at the onset of the drop
retraction.

This can be understood as follows. Before the liquid hits
the solid surface, we can reasonably assume that y = 7.
As the drop expands, the rate of growth of the free liquid
surface decreases from ~ Vi/R; > 10*/s at short times to
zero at late times. The characteristic time for the arrival of
the surfactant molecules was found to be larger than 10s.
Subsequently, y increases as free surface is created faster
than the diffusion time of the surfactant molecules. At later
times, the rate of creation of the interface becomes suffi-
ciently small to allow the surface tension to decrease again
to a value very close to 7., when the drop has reached its
maximal diameter. This is the only possible explanation
that we have found for the results of Fig. 6a and b that
clearly indicate that the retraction stage is characterized by
a constant surface tension.

3.2 Results: dilute surfactant solutions below the CMC

We now investigate the impact and retraction dynamics of
rather dilute surfactant solutions, below the CMC. Figure 7
compares the time evolution of the (rescaled) drop radius
for pure water to Triton (group I) and Agral (group II)
containing drops at concentrations ¢ = 0.1 and 0.5 CMC,
respectively. The amounts of Triton and Agral have been
chosen to obtain identical equilibrium surface tensions of
40 mN/m for the two surfactant solutions. Contrary to what
was observed for the more concentrated solutions, here the
presence of the surfactants does not change the expansion
stage of the drop at all. We find that the D(¢) curves for the
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Fig. 7 Diameter of the drops (rescaled with the initial diameter Dy)
versus time for two different surfactant solutions solutions compared
to that for water. These two surfactant solutions have similar
equilibrium properties: liquid—vapour surface tensions (Agral:
41 mN/m and Triton: 40 mN/m) and equilibrium receding contact
angles (Agral: 14° and Triton: 13°). (We display here one third of the
data actually taken for the sake of clarity)

surfactant-containing and pure water drops are identical. In
other words, for the dilute suspensions the effective surface
tension defined in the previous section iS et ~ Ywater €VEN
for the group I surfactants. A second important difference
with the dynamics of concentrated solutions is found for the
drop retraction. Here, the retraction rate depends strongly
on the type of surfactant despite the fact that their equilib-
rium ST are identical and that the two liquids have the same
equilibrium receding contact angle on the parafilm surface
(14°). The D(¢) curves for surfactant drops deviate from that
of pure water and consequently the surfactants have not
reached their equilibrium interface concentration at the
onset of retraction, although the expansion time is identical
to that for concentrated drops (see Figs. 4, 7).
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To further investigate the effect of concentration on
the retraction dynamics, we also compare two solutions
of Agral of different concentrations: a dilute one at
¢ =0.1 wt% and a concentrated one at ¢ = 0.5 wt%
(CMC = 0.1 wt%), which have identical equilibrium sur-
face tension (34 mN/m) but different relaxation times in the
DST measurement (Fig. 8a). Figure 8(b) shows the results
of impact experiments done with Agral drops at different
impact velocities for the two different concentrations. We
observe that the spreading dynamics is very similar but the
retraction rate strongly varies between the two concentra-
tions. As shown above, the retraction rate is not changed by
changing the impact velocity for concentrated solutions.
Beyond the CMC, the surfactant-laden drops behave just
like a pure liquid with y = 7., as far as the retraction is
concerned. On the other hand, for the ‘dilute’ solution the
retraction rate strongly increases (in absolute value) with
increasing impact velocity. The latter observation can be
understood using the following simple picture. In the very

same ()., = 34 mN/m and receding contact angle is about 14°).
¢ Retraction rate ¢ as a function of static surface tension for the
different surfactant solutions and for water

dilute limit, the amount of surfactant adsorbed on the
interface I' directly gives the surface tension decrease as
Pwater — ¥ = N akgTT, with N5 the Avogadro number, and
kgT the thermal energy. The adsorption in the pancake-
shaped drop at the maximal extension time f,,, can be
approximated by: I'(t =t =1 = 0)(2Dy/Dax),
and D,,.,/D;~We'”*. At the onset of retraction the actual
surface tension driving the retraction increases with
the stretching of the drop and so with the impact Weber
number as:

(Vwater — Voo)
We1/2 :

P(fmax) = Vwater — (1)
This equation is valid if one assumes that the expansion of
the interface is so fast that new surfactant molecules can
not adsorb. Similarly to the inertial dewetting of thin films,
the retraction rate scales as 7"/ for inertio-capillary drop
retraction. The above equation thus correctly predicts the
qualitative trend observed in Fig. 8: a decrease of the
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retraction rate with increasing impact velocity. Such an
effect is also expected to affect the dynamics of the
receding contact angle during retraction as one can note
that the equilibrium values of the receding contact angle
cannot explain the different behaviors (Figs. 7, 8a, b). The
retraction dynamics is strongly affected by the adsorption
kinetics of the surfactants molecules. This can be trans-
posed in terms of effective surface tension and effective
contact angles.

To complete our study, we also measure the retraction
rate ¢ for different surfactants at various concentrations.
Figure 8(c) depicts the retraction rate as a function of the
ST for different solutions of surfactants. The data show
significant differences between the different surfactants:
for a given equilibrium surface tension, depending on the
type of surfactant the retraction rates can be different by up
to a factor of two. The data suggest again that we can
define two groups of surfactants: Heliosol and Triton on the
one hand (group I) and LI700, Silwet and Agral on the
other (group II). The first group presents a significantly
slower retraction than the second group. This suggests that
the effective ST driving the retraction is lower in the case
of group I than in the case of group II. This observation is
qualitatively correlated with the measurements of the
dynamic surface tension where group I (resp. group II)
corresponds to fast (resp. slow) surfactants. However, we
recall that the consequences of surfactant addition for the
retraction stage is mainly due to a concentration effect;
indeed, for the high-concentration samples (lowest equi-
librium ST), the different surfactant solutions behave
similarly as far as the retraction rate is concerned. For
intermediate values of the ST (from 40 to 60 mN/m in
Fig. 8c, i.e. for concentrations lower than the CMC), the
two different cases depicted in Fig. 8c are observed. This is
again a signature of strong difference in the dynamic sur-
face tension of the surfactants. As we explained above, the
retraction stage in the case of low-concentration samples is
governed by the ability of surfactant molecules to diffuse
and adsorb to the air—water interface quickly enough to
significantly reduce the ST. Figure 8c tells us that surfac-
tants belonging to group I are therefore more efficient for
preventing drop rebound as they lead to a much smaller
retraction rate than those of group II.

4 Conclusion

We studied the effect of the dynamic surface tension of
surfactant solutions on inertially dominated impact of
aqueous surfactant solutions on hydrophobic surfaces. We
find that when surfactants are added there are significant
differences in the expansion and retraction behavior
compared to pure liquids. This is concluded from a

@ Springer

detailed comparison between the results for chemically
different surfactant molecules and comparison with pre-
vious results on impact without surfactants. Our study
allows to distinguish two families of surfactants: ‘fast’
surfactants that are able to reach their equilibrium surface
tension in a short time (~1 ms) compared to ‘slow’
surfactants (~20 ms). In addition to the surfactant con-
centration, the rapidity of adsorption of the surfactants
influences both the maximum spreading diameter and the
retraction rate.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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