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A B S T R A C T

We study the bursting of a bubble covered with a surfactant experimentally. We conclude that the bubble
bursting takes longer than that of a surfactant-free bubble with the same equilibrium surface tension due to
the interfacial elasticity. A tiny bubble is formed at the cavity bottom right before the free surface reversal due
to the Marangoni stress. This stress also drives the liquid flow that makes the jet escape from the end-pinching
mechanism for a certain surfactant concentration interval. A diminutive liquid droplet manages to escape from
the jet for a sufficiently large surfactant concentration. This droplet is much smaller than its surfactant-free
counterpart but moves at a similar speed. The surfactant molecules are convected toward the jet tip so that
the monolayer covering the first-emitted droplet is practically saturated.
1. Introduction

Fine and ultra-fine atmospheric aerosols produced from the ocean
surface are fundamental regulators of atmospheric physics. They deter-
mine the nucleation of supersaturated water vapor in the atmosphere,
the formation of clouds that regulate the albedo effect of the planet, and
the generation of droplets of sufficient size to cause rain or ice crystals
of very diverse structure and sizes [1].

The fine ocean spray generated at the water–air turbulent interface
is the major source of fine aerosols. Different phenomena produce the
fragmentation of water into micrometer and sub-micrometer droplets.
Among them, the bursting of small bubbles on the liquid surface is the
most ubiquitous and universally widespread [2]. This phenomenon has
only recently begun to be investigated in depth both theoretically [3–8]
and experimentally [2,5,9,10].

The bubble bursting has been described as follows [8]. Two capil-
lary wavefronts are triggered at the initial stage of the bubble bursting:
one propagating away from the cavity and the other moving over the
bubble surface toward its bottom. We here focus on the latter, which
is responsible for jet formation. In the parameter region of interest,
the short-wavelength domain of the spectrum (the wavelets) contains
a significant portion of the wavefront energy. These wavelets arrive
first at the bottom but do not produce any significant effect. The jet is
formed by the long-wavelength toroidal capillary wave containing most
of the interfacial energy. This wave becomes steeper when converging
at the bubble bottom, causing a collapsing radial flow that reverses the
bubble surface. Under certain conditions, the free surface reversal is
preceded by its pinching, which produces a tiny bubble trapped below
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the jet [11]. After the free surface reversal, the excess of the liquid
kinetic energy goes in two opposite directions along the symmetry axis,
producing two vortices and a liquid jet in the downward and upward
directions, respectively. The jet may break up while moving upwards
due to the end-pinching mechanism. This process results in the so-called
jet droplets.

Bubble bursting in the presence of compound [12] and oil-coated
interfaces [13] has been examined experimentally. Studies of the effect
of surfactants on bubble bursting are still very scarce despite the
ubiquity of these contaminants in natural and technological processes.
Numerical simulations [11] have shown that surfactant molecules are
swept toward the bottom during the cavity collapse, resulting in vary-
ing surfactant concentrations at the interface. The resulting Marangoni
stresses affect the cavity collapse and the jet emission and breakup.
The monolayer dilatational viscosity can slow and even prevent the
formation of a liquid jet [14].

Experimental results have recently been obtained with Sodium Do-
decyl Sulfate (SDS) [15]. In general, fewer droplets were produced than
for the corresponding clean interface. In some cases, the surfactant
monolayer suppressed the emission of jet droplets. Despite these novel
results, the bursting of surfactant-covered bubbles needs to be revisited.

In the present work, dimensional analysis and comparison with
the bursting of the surfactant-free bubbles will allow us to determine
the roles played by the local reduction of surface tension (the local
soluto-capillarity effect) and the Marangoni stress (interfacial elasticity)
during the cavity collapse, the jet formation, and the ejection of the
droplets.
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Fig. 1. Experimental setup: tank filled with the working liquid (A), needle (B), camera
(C), optical lenses (D), triaxial translation stage (E), optical fiber (F), and pneumatic
anti-vibration isolation system (H).

2. Experimental method

We used a parallelepipedal glass tank 10 cm in length and width,
and 7 cm in depth (Fig. 1). The tank was filled with the working
liquid to conduct the experiments. For moderate and large surfactant
concentrations, a large (in terms of the bubble size) capillary meniscus
formed on the tank walls, hindering the bubble’s visualization. To
reduce the effect of the meniscus on the images, we needed to use
optical lenses with a lower depth of field and tilt the camera 2◦ with
respect to the liquid free surface. Unfortunately, this inevitably limited
the sharpness of the images of the cavity wave collapse. Nevertheless,
the images were sufficiently sharp to describe the surfactant effect on
the bubble bursting.

We used two needles 0.190 and 0.146 mm in outer diameter and
0.1 mm in inner diameter to change the bubble size. The needles were
positioned in an orifice in the center of the tank bottom. We used a
syringe pump (KDS Legato 210) to inject air through the needle quasi-
statically. The bubble detached from the needle and rose across the
tank until reaching the free surface. Then, it remained there for several
seconds and burst. As shown below, this time interval was sufficiently
long for the monolayer to reach the equilibrium.

The bubble bursting was recorded with a high-speed video camera
(Photron, Fastcam Mini UX50) at 8000 fps with an exposure time of
12.5 μs. The images were comprised of 296 × 1280 pixels. The camera
was equipped with a set of optical lenses consisted of an objective
HR 2/300 F2.8/50 mm (Goyo Optical Inc.), extending rings 40 mm in
length, and a zoom 2×. The magnification obtained was approximately
6.4 μm/pixel.

The camera could be displaced horizontally and vertically using a
triaxial translation stage to focus the bubble. The fluid configuration
was illuminated from the backside by cool white light provided by
an optical fiber. All these elements were mounted on an optical table
with a pneumatic anti-vibration isolation system to damp the vibrations
coming from the building.

We dissolved SDS (PanReac AppliChem, SDS for molecular biology)
in distilled water (Guinama, demineralized water) to study the effects
of a surfactant monolayer on the bubble bursting. The adsorption
and desorption characteristic times of SDS are of the order of 0.1
s [16,17], much smaller than the bubble residence time before burst-
ing. Therefore, one can safely assume that the monolayer becomes at
equilibrium with the surfactant sublayer before the bubble bursts. The
bulk and surface diffusivities are 1 × 10−10 m2/s and 8 × 10−10 m2/s,
respectively [17]. The surface shear and dilatational viscosities take
very small values [18].

Fig. 2 shows the dependence of the surface tension 𝜎 and surfactant
surface density 𝛤 on the volumetric surfactant concentration 𝑐. The
figure also shows 𝜎 as a function of 𝛤 , which allows one to assess the
2

Fig. 2. Experimental values of 𝜎(𝑐), 𝛤 (𝑐), and 𝜎(𝛤 ) [19]. The stars indicate the cases
studied in this work. The red symbols are those compared with experiments without
surfactant.

Table 1
Surfactant concentration 𝑐, surface tension 𝜎, and bubble radius 𝑅 for
the experiments with surfactant analyzed in this work [19].
𝑐 (mM/kg) 𝜎 (mN/m) 𝑅 (mm)

0.8 66.3 0.979
1.6 59.0 0.941
2.4 52.6 0.929
3.2 49.0 0.889
4.8 43.5 0.834
6.4 39.0 0.789
16.0 38.0 0.713
32.0 38.0 0.714

intensity of the Marangoni stress. The critical micellar concentration
is 𝑐cmc ≃ 8 mM/kg, and the maximum surface density is 𝛤∞ ≃ 3.2
𝜇mol/m2. The liquid density and viscosity are approximately the same
as those of distilled water (𝜌 = 998 kg∕m3 and 𝜇 = 1.0 mPa⋅s).
Table 1 shows the surface tension and bubble radius of the experiments
analyzed in this work.

SDS exhibits a relatively singular behavior for a surface density
around the saturation value 𝛤∞. The surface density reaches an approx-
imately constant value while the surface tension experiences significant
variations (Fig. 2c). This implies that variations of 𝑐 can significantly
affect the bubble bursting even if they cause very small variations of
the initial (equilibrium) value 𝛤eq around 𝛤∞. For this reason, we will
distinguish between quasi-saturated and saturated monolayers.
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Table 2
Density 𝜌, viscosity 𝜇, surface tension 𝜎, and bubble radius 𝑅 for the mixtures of
lycerol and water. The density and viscosity values were taken from the literature
20], while the surface tension was measured with the Theoretical Interface Fitting
nalysis (TIFA) method [21].
Mixture WXGY 𝜌 (kg/m3) 𝜇 (mPa s) 𝜎 (mN/m) 𝑅 (mm)

W95G5 1010 1.147 66 ± 1 1.000
W91G9 1020 1.277 65 ± 1 0.990
W85G15 1036 1.547 60 ± 1 0.876

We also conducted experiments without surfactants to determine
he effects of the surfactant monolayer on the bubble bursting, as ex-
lained in Section 3. Mixtures of glycerol (PanReac AppliChem, glycerol
9% for synthesis) and distilled water were used for this purpose.
he glycerol concentration was selected to ensure that the relevant
imensionless numbers took approximately the same values with and
ithout surfactant (see Section 3). We will refer to these solutions
s WXGY, where ‘‘X’’ and ‘‘Y’’ indicate the relative concentrations in
eight of water and glycerol, respectively. The properties of these
ixtures are shown in Table 2, besides the bubble radius 𝑅 obtained

and studied in each case.
It must be noted that all the working solutions were used during the

first 24 h after their production (normally, right after their production)
to reduce the effect of surfactant aging and ambient impurities. This
considerably increases the reproducibility of the results.

We repeated each experiment five times and verified that they
were highly reproducible. For instance, the diameter of the first-ejected
droplet varied by less than 10% when the experiment was repeated. The
error bars shown in the figures of Section 4 correspond to the standard
deviations.

3. Dimensional analysis

In an experiment, a single bubble is released from the needle
submerged in the tank bottom. The bubble rises until it reaches the
free surface. It remains at rest for much longer than the surfactant
adsorption and desorption times. As mentioned in Section 2, this means
that the surfactant molecules adsorb onto the liquid-air interface so that
the surface density 𝛤 of both the bath and bubble surfaces takes the
equilibrium value 𝛤eq. Then, the water film between the bubble and
he bath surface drains and breaks up, and the bubble bursting begins.

The entire process leading to the formation of the jet droplets takes
time much shorter than the characteristic adsorption and desorption

imes [16,17,22]. This implies that the surfactant adsorbed onto the
nterface at the initial instant remains in the monolayer during the
ubble bursting. There may be a transfer of molecules from the ad-
orbed monolayer toward the bulk only during the fast compression
f interface elements where the monolayer is saturated. In this sense,
he surfactant can be regarded as insoluble even though it is present
s a solute in the liquid phase. The surface diffusion time is also much
arger than the characteristic time of the process. Therefore, surfactant
iffusion over the interface can be ignored.

Suppose we neglect the effect of the gas. In that case, the bub-
le bursting is essentially characterized by the bubble radius 𝑅 =

[3𝑉 ∕(4𝜋)]1∕3 (𝑉 is the bubble volume), the liquid density 𝜌 and viscosity
𝜇, the characteristic surface tension 𝜎𝑐 , and the gravity acceleration 𝑔.
Two dimensionless numbers can be defined based on these quantities:
the Bond number 𝐵 = 𝜌𝑔𝑅2∕𝜎𝑐 and the Ohnesorge number Oh=
𝜇∕

(

𝜌𝑅𝜎𝑐
)1∕2.

In the presence of the surfactant, we choose the equilibrium (initial)
value 𝜎eq = 𝜎(𝛤eq) as the characteristic surface tension 𝜎𝑐 . In this
way, the initial states for given values of 𝐵 and Oh are geometrically
similar without and with surfactant. In other words, the initial bubble
shapes scaled with the bubble radius 𝑅 are identical with and without
surfactant, provided that 𝐵 and Oh take the same values.
3

m

As mentioned above, the surfactant can be considered insoluble in
terms of the characteristic time of the process. For a fixed surfactant-
liquid system, its effect on the bubble bursting can be characterized
only in terms of 𝛤eq = 𝛤eq∕𝛤∞.

We scale the bubble shape with the bubble radius 𝑅 and define the
dimensionless time 𝑡∗ = 𝑡∕𝑡𝑐 , where 𝑡𝑐 = (𝜌𝑅3∕𝜎eq)1∕2 is the inertio-
capillary time. The origin of time 𝑡∗ = 0 is the instant when the free
surface reversal occurs at the bubble bottom.

Considering the above dimensional analysis, one concludes that

 = (𝐵,Oh, 𝛤eq, 𝑡
∗), (1)

where  represents the dimensionless bubble shape. In the next section,
we study the effect of 𝛤eq on  by comparing scaled images of the
bubble bursting with and without surfactant for the same values of
𝐵, Oh, and 𝑡∗. This comparison allows one to isolate the effects of
local soluto-capillarity and Marangoni stress on the bubble dynamics,
as explained below.

The dimensionless numbers {𝐵, Oh, 𝑡∗} are the only independent
uantities that involve the dimensional independent parameters {𝑔,
, 𝜌, 𝜇, 𝜎eq, 𝑡}. Suppose those numbers take the same values in

wo experiments with and without surfactant. One can interpret the
esults assuming that the two experiments are characterized by the
ame values of {𝑔, 𝑅, 𝜌, 𝜇, 𝜎eq, 𝑡}. Therefore, the differences between
he bubble dimensionless shapes with and without surfactant must be
ttributed only to the capacity of the surfactant monolayer to produce
ariations of surface tension over the bubble surface, which gives rise
o local soluto-capillarity and Marangoni stress.

In other words, we can assume that two scaled images obtained
or the same values of {𝐵, Oh, 𝑡∗} but with and without surfactant
orrespond to two bubbles with the same values of {𝑔, 𝑅, 𝜌, 𝜇, 𝜎eq,
}. The images differ because 𝜎eq remains constant during the bubble
volution in the surfactant-free case, while this quantity changes over
he free surface of a surfactant-covered bubble due to the monolayer
ynamics.

As mentioned above, we conducted experiments with glycerin/water
ixtures to determine the effects of the surfactant monolayer on the

ubble bursting. For this purpose, the Bond and Ohnesorge number of
he mixture must match those of the corresponding surfactant-covered
ubble case. The density, viscosity, and surface tension of a glycer-
ne/water mixture are known functions of the glycerin concentration.
t must be noted that glycerin concentration has a relatively small
nfluence on the density and surface tension for the range of glycerin
oncentration considered in our analysis. However, the viscosity dras-
ically depends on the concentration. Based on this idea, we followed
his iterative procedure. We select a specific glycerin concentration.
sing the target Bond number, we obtain the bubble radius. This value
nd the target Ohnesorge number are used to calculate the viscosity.
e compare this result with the viscosity of the selected glycerin

oncentration. If the difference is larger than 10%, we modify the
lycerin concentration accordingly and repeat the process. Once the
ssumed and obtained viscosity values differ by less than 10%, we
elect the needle radius to obtain the bubble radius determined in the
alculations.

. Results

The bubble bursting can be split into two stages: (i) the bubble
hrinkage and deformation due to the collapse of capillary waves before
he free surface reversal (𝑡∗ < 0), and (ii) the jet formation after the
ree surface reversal (𝑡∗ > 0). This last part includes the growth of the
apillary waves on the jet surface, which, in most cases, lead to the free
urface pinching and the ejection of droplets.

In this section, we analyze the effect of the surfactant monolayer
n each of the two stages mentioned above by comparing the di-
ensionless shapes  of the bubbles with and without surfactants for

pproximately the same values of {𝐵,Oh, 𝑡∗}. We describe in detail the
ubble dynamics for two semidilute monolayers (𝛤eq < 1), a quasi-
aturated monolayer (𝛤eq ≃ 1 with 𝑐∕𝑐cmc ≲ 0.5), and a saturated

onolayer (𝛤eq = 1 with 𝑐∕𝑐cmc ≳ 0.5).
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Fig. 3. Images of the cavity collapse for 𝐵 = 0.13 and Oh = 0.0038. The upper and lower
images correspond to 𝛤eq = 0 and 0.545, respectively. The images have been scaled
with the bubble radius 𝑅 (which took different values with and without surfactant).

Fig. 4. Images of the cavity collapse for 𝐵 = 0.15 and Oh = 0.0043. The upper and lower
images correspond to 𝛤eq = 0 and 0.806, respectively. The images have been scaled
with the bubble radius 𝑅 (which took different values with and without surfactant).

4.1. Semidilute monolayers (𝛤eq ≃ 0.545 and 0.806)

The results of this section are analyzed in light of the numerical
simulation of Constante-Amores et al. [11] for the base case with 𝛤eq =
1∕4. It must be noted that this simulation corresponds to a surfactant
much more diffusive than SDS. Therefore, the effects associated with
the surfactant non-homogeneous distribution are expected to be larger
in our experiments.

According to Constante-Amores et al. [11], the converging capillary
wave transports surfactant toward the bottom of the bubble, giving
rise to a local decrease in surface tension there. Depending on the
bubble surface region, the surface tension gradient produces Marangoni
stress favoring or opposing the cavity collapse. The net effect of the
Marangoni stress is to delay this process. This is observed in Fig. 3,
which compares the dimensionless bubble shapes for approximately the
same values of 𝐵, Oh, and 𝑡∗ with and without surfactant. Consider, for
instance, the time to the interface reversal 𝑡∗ = −0.017. The surfactant-
loaded bubble is closer to the interface reversal than its surfactant-free
counterpart. However, the dimensionless time to the interface reversal
is the same. This means that the surfactant delays the subsequent
process that leads to cavity wave collapse. Considering the dimensional
analysis in Section 3, we conclude that the bursting of a surfactant-
covered bubble takes longer than the bursting of a surfactant-free
bubble with the same equilibrium surface tension.

The delay of the cavity collapse can also be attributed to the
global soluto-capillarity effect caused by the bubble shrinkage, which
reduces the average surface tension and increases the characteristic
capillary time. Besides, the surfactant surface density increases at the
bubble bottom due to the surfactant convection toward that region and
the surface compression there [11]. Therefore, the surface tension is
expected to decrease sharply in that region. This local soluto-capillarity
effect may also contribute to the cavity collapse delay. It is impossible
to separate the effects of the Marangoni stress and soluto-capillarity
experimentally.

The toroidal capillary wave triggered at the initial stage of the
bubble bursting travels toward the bubble bottom, forming a cusp-
like region there. The images right before the free surface reversal in
Figs. 3 and 4 (𝑡∗ = −0.017 and −0.016 for 𝛤 = 0.545 and 0.806,
4

eq
Fig. 5. Images of the jet and droplet formation for 𝐵 = 0.13 and Oh = 0.0038. The
upper and lower images correspond to 𝛤eq = 0 and 0.545, respectively. The images
have been scaled with the bubble radius 𝑅 (which took different values with and
without surfactant).

Fig. 6. Images of the jet and droplet formation for 𝐵 = 0.15 and Oh = 0.0043. The
upper and lower images correspond to 𝛤eq = 0 and 0.806, respectively. The images
have been scaled with the bubble radius 𝑅 (which took different values with and
without surfactant).

respectively) show that the size of that cusp decreases in the presence
of surfactant due to local reduction of the capillary pressure there. This
may also suggest that the surfactant monolayer affects the damping of
short-wavelength waves caused by viscosity.

The simulations of Constante-Amores et al. [11] indicate that Mar-
angoni stresses induce a recirculation zone close to the jet base. This
effect opposes the flow from the jet bottom toward the front. The
larger pressure gradient in the surfactant-free case leads to longer jets
with more pronounced bulbous regions at their tips. Our experiments
also show that longer and faster jets are produced without the SDS
monolayer (Figs. 5 and 6). However, one cannot conclude that the
bulbous regions are more pronounced at their tips.

It is difficult to anticipate whether the surfactant concentration on
the surface of the ejected droplets increases or decreases with respect
to the initial value 𝛤 . On one side, the flow is expected to convect
eq
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Fig. 7. Droplet vertical size 𝑑(𝑡) of the first-ejected droplet for 𝐵 = 0.15, Oh = 0.0043,
and 𝛤eq = 0.806. The solid line is the fit of the function 𝑑(𝑡) = 𝑑𝑑 + 𝑎𝑒−𝛾𝑡 cos(𝜔𝑑 𝑡 + 𝜙)
to the experimental data. The dashed line is the same function but with the frequency
𝜔𝑑 = 5.8 rad/ms corresponding to 𝛤 = 𝛤eq.

the surfactant molecules toward the precursor jet surface. On the other
side, a new free surface is created when the jet grows. The amount
of surfactant trapped in the jet droplets results from the competition
between these two factors. The simulations of Constante-Amores et al.
[11] show that the surfactant concentration of the ejected droplets is
higher than 𝛤eq. A similar effect has been observed by Ji et al. [23]
when nano/microsized particulates are present in the liquid reservoir.

The frequency of the quadrupole oscillation of a surfactant-covered
droplet is essentially affected by the decrease in the surface tension
due to the surfactant monolayer. Interfacial elasticity and surface
viscosities can significantly affect the oscillation damping rate, but
their influence on the frequency is secondary [24]. Therefore, the
quadrupole mode frequency is approximately given by the equation
𝜔𝑑 = 8(𝜌𝑑3𝑑∕𝜎𝑑 )

−1∕2 [25,26], where 𝑑𝑑 and 𝜎𝑑 are the droplet diameter
and average surface tension, respectively.

The first-ejected droplet oscillates while moving upwards. The
small-amplitude oscillations are the superposition of several oscillation
modes. The quadrupole oscillation has the smallest damping rate and,
therefore, becomes dominant as the oscillation amplitude decreases.

We measured the distance 𝑑(𝑡) between the north and south poles
of the first-ejected droplet by processing the images with a subpixel
resolution technique [27] (Fig. 7). Then, we obtained the diameter 𝑑𝑑
and frequency 𝜔𝑑 by fitting the function 𝑑(𝑡) = 𝑑𝑑 +𝑎𝑒−𝛾𝑡 cos(𝜔𝑑 𝑡+𝜙) to
the experimental data for very small oscillation amplitudes. In this way,
we calculated the surface tension 𝜎𝑑 and the corresponding surfactant
density given by the isotherm 𝛤𝑑 (𝜎𝑑 ).

The above calculations led to (𝑑𝑑 = 243.3 μm, 𝜔𝑑 = 13.7 rad/s)
and (𝑑𝑑 = 485.2 μm, 𝜔𝑑 = 4.7 rad/ms) for 𝛤eq = 0.545 and 0.806,
respectively. The corresponding surface tensions were 𝜎𝑑 = 42.2 and
39.3 mN/m, respectively. The surface coverage was 𝛤𝑑 ≃ 1.0 in the
two cases. As shown in Fig. 7, the oscillation frequency corresponding
to 𝛤eq significantly deviates from that observed in the experiments. We
conclude that the convection of surfactant molecules toward the jet tip
increases the surface coverage until the monolayer becomes practically
saturates. This suggests that the flow enhances the mass transfer of
contaminants (surfactants) to the atmosphere by bubble bursting.

4.2. Quasi-saturated monolayer (𝛤eq ≃ 1 with 𝑐∕𝑐cmc ≲ 0.5)

The bursting of a bubble covered with a quasi-saturated monolayer
of SDS constitutes a special case because slight spatial variations of the
surface coverage produce large gradients of surface tension (Fig. 2c)
and, therefore, intense Marangoni stresses. Fig. 8 shows the strong
influence of the surfactant monolayer on the interface dynamics at the
free surface reversal. In the presence of the surfactant, the size of the
5

Fig. 8. Images of the cavity collapse for 𝐵 = 0.15 and Oh = 0.0049. The upper and lower
images correspond to 𝛤eq = 0 and 0.992, respectively. The images have been scaled
with the bubble radius 𝑅 (which took different values with and without surfactant).

Fig. 9. Images of the jet and droplet ejection for 𝐵 = 0.15 and Oh = 0.0049. The upper
and lower images correspond to 𝛤eq = 0 and 0.992, respectively. The images have
been scaled with the bubble radius 𝑅 (which took different values with and without
surfactant).

cusp formed right before the free surface reversal decreases. The free
surface reversal is preceded by the formation of a tiny bubble. This
effect was observed in none of our experiments without surfactant,
probably because the Ohnesorge number took very low values. The
ejection of this tiny bubble suggests that Marangoni convection favors
the pinching of the diminutive gas thread created before the surface
reversal. We will come back to this point below.

Interestingly, the quasi-saturated surfactant monolayer suppresses
the end-pinching mechanism responsible for the ejection of liquid
droplets (Fig. 9). This phenomenon has also been observed by Pierre
et al. [15].

The surfactant-driven escape from end-pinching in contracting
nearly-inviscid and moderately viscous filaments has been nicely de-
scribed from numerical simulations by Kamat et al. [22] and Constante-
Amores et al. [28], respectively. The surfactant accumulates in the
stagnation region near the nascent jet neck. This results in a large
surface density gradient on the immediate blob-side of the neck. The
resulting Marangoni stress drives liquid in the opposite direction to
the inertio-capillary flow thinning the neck, which generates a vortex
next to the curved free surface. This effect prevents the thinning of
the neck. Then, the jet escapes the end-pinching mechanism, and the
neck reopens. The intense Marangoni stresses produced by the quasi-
saturated SDS monolayer in bubble bursting are responsible for the
same mechanism as that described above for contracting filaments.

The formation of a tiny bubble at the bottom of the cavity is
consistent with the suppression of the end-pinching mechanism in the
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Fig. 10. Images of the cavity collapse for 𝐵 = 0.13 and Oh = 0.0064. The upper and
lower images correspond to 𝛤eq = 0 and 1, respectively. The images have been scaled
with the bubble radius 𝑅 (which took different values with and without surfactant).

Fig. 11. Images of the jet and droplet ejection for 𝐵 = 0.13 and Oh = 0.0064. The
upper and lower images correspond to 𝛤eq = 0 and 1, respectively. The images have
been scaled with the bubble radius 𝑅 (which took different values with and without
surfactant). The arrows point at the ejected diminutive droplet.

liquid jet. In both cases, the Marangoni stress pumps the liquid toward
the neck, where the surfactant surface density decreases [22]. This flow
opposes the neck thinning when the liquid is the inner phase, while the
opposite occurs in a gas thread surrounded by the liquid.

4.3. Saturated monolayer (𝛤eq = 1 with 𝑐∕𝑐cmc ≳ 0.6)

As in the experiments with quasi-saturated monolayers, the size of
the cusp formed right before the free surface reversal decreases in the
presence of a saturated SDS monolayer (Fig. 10). In addition, the free
surface reversal is also preceded by the free surface breakup, leading
to the formation of a tiny bubble. The intense Marangoni stress at
the jet’s surface suppresses the end-pinching mechanism. However, a
diminutive droplet escapes in the early stage of the jet formation (see
Fig. 11). As shown below, the velocity of this only droplet is similar to
that of the first-ejected droplet without surfactant. Sharp variations of
the droplet radius are found for 0.6 ≲ 𝑐∕𝑐cmc ≲ 1. The radius of ejected
droplet becomes essentially independent of 𝑐 for concentrations larger
than the critical micellar concentration.

The formation of the tiny droplet described above is completely
reproducible. This intriguing phenomenon entails the drastic reduction
of the spatial scale characterizing the free surface reversal. This may
be explained by the sharp decrease in the capillary pressure due to the
surfactant accumulation at the bubble bottom. Marangoni stresses do
not suppress the end-pinching mechanism in the precursor jet, probably
due to the increase of the Ohnesorge number characterizing that tiny
jet.
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Fig. 12. Cavity collapse time 𝑡col as a function of the SDS concentration 𝑐 for a fixed
diameter of the injection needle. The arrows indicate the correspondence between the
collapse time with surfactant and that for the glycerine/water mixture with the same
Bond and Ohnesorge numbers. The labels indicate the approximate values (𝐵,Oh) of
those numbers. The error bars indicate the experimental uncertainty.

4.4. Delay of the cavity collapse

We have measured the cavity collapse time for all the surfactant
concentrations. The results have been compared with those for glycer-
ine/water mixtures characterized by the same values of the Bond and
Ohnesorge numbers (Fig. 12). This comparison allows us to determine
quantitatively the effect of local soluto-capillarity and Marangoni stress
on the cavity collapse time. It must be pointed out that the effect of the
global reduction of the water–air surface tension due to the presence
of a surfactant monolayer has been eliminated from the analysis by
calculating the collapse time in terms of the inertio-capillary time 𝑡𝑐 =
(𝜌𝑅3∕𝜎eq)1∕2 based on the equilibrium surface tension 𝜎eq instead of
that of the clean interface.

As can be observed, local soluto-capillarity and/or Marangoni stress
delay the bubble collapse. This delay increases with the surfactant
concentration and reaches a practically constant value for saturated
monolayers.

4.5. Radius and velocity of the first-ejected droplet

We now analyze the dependency of the radius 𝑅𝑑 and velocity 𝑣𝑑 of
the first-ejected droplet on the SDS concentration 𝑐 for a fixed diameter
of the injection needle. The experiments correspond to the parameter
region indicated in Fig. 13. The surface tension and, therefore, the ra-
dius of the bubble released by the needle decreases as 𝑐 increases. This
implies that the Ohnesorge (Bond) number increases (decreases) as 𝑐
increases. There is an experimental realization in which no droplet was
ejected. This occurs even though the small parameter region explored
in our experiments is far from that where no droplet is ejected without
surfactant.

We compare our experimental results with the theoretical prediction
derived by Gañán-Calvo and López-Herrera [8] to separate the surfac-
tant effect from that of 𝐵 and Oh. Fig. 14 allows one to obtain the
following conclusions:

• For 𝑐∕𝑐cmc ≲ 0.4 (𝛤eq ≲ 0.99), there is a sharp decrease in the
droplet velocity while the radius remains practically constant.

• For 0.4 ≲ 𝑐∕𝑐cmc ≲ 0.5 (𝛤eq ≃ 1), the jet does not emit any
droplets. As explained above, this can be explained in terms of
the strong Marangoni stress caused by the sharp dependence of
𝜎 on 𝛤 for these concentrations (Fig. 2). The Marangoni stress
suppresses the end-pinching mechanism.
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Fig. 13. Parameter region where jet drops are produced without surfactant [10]. The
open (solid) symbols correspond to experimental realizations where droplets were (were
not) produced. The Bond and Ohnesorge numbers, 𝐵∗ and Oh∗, are defined in terms
of the cap radius.

Fig. 14. Radius 𝑅𝑑 and velocity 𝑣𝑑 of the first-ejected droplet as a function of the
SDS concentration 𝑐 for a fixed diameter of the injection needle. The gray areas
correspond to the values of surfactant concentration for which no droplet was ejected
in any experimental realization. The striped areas correspond to the values of surfactant
concentration for which a droplet was ejected in some experimental realizations. The
labels indicate the approximate values (𝐵,Oh) of the Bond and Ohnesorge numbers.
The error bars indicate the experimental uncertainty.

• A tiny only droplet (𝑅𝑑 ≃ 10 μm) is ejected at 𝑐∕𝑐cmc ≃ 0.6. The
velocity of that droplet is approximately independent of 𝑐. The
radius becomes approximately constant for 𝑐 ≳ 𝑐cmc.

The comparison with the theoretical prediction of Gañán-Calvo and
López-Herrera [8] indicates that none of the effects described above
can be attributed to the variation of the Ohnesorge and Bond numbers.
7

5. Conclusions

We have analyzed the bursting of a bubble covered with an insol-
uble surfactant. The experiments have been compared with those of
surfactant-free bubbles characterized by the same Bond and Ohnesorge
numbers values to determine the surfactant monolayer’s effect.

The bursting of a surfactant-covered bubble takes longer than the
bursting of a surfactant-free bubble with the same equilibrium surface
tension, probably due to the interfacial elasticity. The surfactant mono-
layer produces quantitative effects on the cavity collapse, altering the
shape and size of the cusp formed at the bottom right before the free
surface reversal. The surfactant is dragged by the flow toward the jet
tip so that the monolayer covering the first-emitted droplet practically
saturates.

Quasi-saturated monolayers qualitatively change the bubble burst-
ing due to the sharp dependence of the surface tension on the SDS
surface density for 𝛤eq ≃ 𝛤∞. A tiny bubble is formed at the cavity
bottom for values of 𝐵 and Oh for which this phenomenon does not
occur without surfactant. In addition, the jet escapes from the end-
pinching mechanism. As a consequence, there is a small interval of 𝛤eq
for which no jet droplet is emitted. Both tiny bubble ejection and the
surfactant-driven escape from end-pinching are caused by the liquid
flow driven by the intense Marangoni stress.

For a sufficiently large surfactant concentration, a diminutive droplet
manages to escape from the jet before the end-pinching mechanism
is suppressed. The droplet is much smaller than its surfactant-free
counterpart but moves at a similar speed.

We would like to emphasize that the local reduction of the surface
tension due to inhomogeneous surfactant distribution (local soluto-
capillarity effect) and the Marangoni stress resulting from the surfactant
concentration gradient are intrinsically linked. It is practically impos-
sible to separate one from another experimentally. To determine their
separate effects, one needs to solve a theoretical model and ‘‘turn off’’
one of them in the equations, as done by Constante-Amores et al. [11].

The present work can be extended along several lines. One of them
is to study the effect of a surfactant monolayer for Ohnesorge numbers
close to the critical value Oh=0.034 [8], for which energy focusing at
the cavity bottom is optimum.

We do not expect the ionic character of the surfactant to affect
the phenomenon because the latter occurs in the absence of electric
fields. Of course, other surfactants exhibiting different dependencies
of the surface tension up on the surfactant surface density can affect
differently the bubble bursting. However, this work aims not to conduct
such an exhaustive analysis but to show the importance of a surfactant
monolayer in this phenomenon.
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