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The long-standing puzzle of why two colliding bubbles in an electrolyte solution do not coalesce
immediately upon contact is resolved. The water film between the bubbles needs to be drained out first
before its rupture, i.e., coalescence. Experiments reveal clearly that the film thinning exhibits a rather
sudden slowdown (around 30–50 nm), which is orders of magnitude smaller than similar experiments
involving surfactants. A critical step in explaining this phenomenon is to realize that the solute
concentration is different in bulk and at the surface. During thinning, this will generate an electrolyte
concentration difference in film solution along the interacting region, which in turn causes a Marangoni
stress to resist film thinning. We develop a film drainage model that explains the experimentally observed
phenomena well. The underlying physical mechanism, that confused the scientific community for decades,
is now finally revealed.
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Collision and coalescence of air bubbles in electrolyte
solutions are widely encountered in nature and engineering
[1–4]. The dissolved electrolytes tend to prevent the
bubbles from coalescing quickly, evidenced by the for-
mation of oceanic whitecaps that are rarely observed in
rivers and lakes [1,2,5]. Because of its impact on bubble
size and residence time in water, this coalescence inhibition
effect of electrolytes might be crucial for global climate by
affecting sea-air gas flux and aerosol formation [1–3]. It
also plays a significant role on heat and mass transfer in
bubble-related engineering processes such as vaccine
production, mineral extraction, and water splitting [6–9].
Over the past five decades, numerous studies have been

conducted to exploit the coalescence inhibition effect of
electrolytes [10–14], but little is known about the underlying
physical mechanism [12,14]. The established theories for
surfactants to prevent bubble coalescence, which emphasize
the surfactant absorption onto the air-water surfaces, are not
applicable because many electrolytes (e.g., NaCl) are
depleted from the surface rather than absorbed onto
it [15]. Neither can this be explained by the colloidal
stability theory, since electrolytes are widely reported to
destabilize the dispersed systems by depressing the repul-
sive electrical double layer force [16]. A similar coalescence
inhibition phenomenon is also found with many non-sur-
face-active solutes such as sucrose, and with electrolytes in
nonaqueous solutions [11,17]. These unexplained findings
collectively suggest that there might be undiscovered
physics related to this liquid-gas bubbling system.

When two bubbles collide in a liquid, they deform, and a
very thin liquid film forms between them on the micrometer
scale [14,16,18,19]. The impact of electrolytes on bubble
coalescence, either by affecting the hydrodynamic liquid
flow or the colloidal forces, is expected to manifest itself on
the film drainage process [12,13,20]. However, direct
information of the film thinning process was limited to
quasistatic bubble collision conditions. The absence of thin
film experimental information between fast colliding bub-
bles (e.g., 50 μm=s and above [13]) has greatly hindered
the understanding of the electrolytes induced coalescence
inhibition effect. In this work, we overcome this limita-
tion by adopting a high-speed interferometry method that
directly observes the thin film as a function of space and
time between two fast colliding bubbles, and perform a set
of controlled experiments to get an in-depth understanding.
In our experiments, two bubbles submerged in an

electrolyte solution were brought together to study their
collision and coalescence [Fig. 1(a)]. An upper bubble
(radius Rb ¼ 1.00 mm, generated and held at a capillary
orifice) was driven toward a lower bubble (radius Rs
between 0.10 and 0.80 mm, immobilized on a transparent
hydrophobic silica surface with a contact angle ∼100°) at a
controlled velocity of 3 mm=s, unless specified otherwise.
A light beam was sent in through an inverted microscope.
The reflections from both bubble surfaces interfered with
each other, changing the light intensity that was recorded
by a high-speed camera at 86 400 frames per second. By
analyzing the light intensity, we were able to extract the
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spatiotemporal evolution of the film thickness h between
two bubbles with nanometer resolution (see Supplemental
Material for details [21]).
Figures 1(b) and 1(c) show the evolution of interfero-

metric fringes between two colliding bubbles, and Fig. 1(d)
illustrates the extracted film thickness at the film center in
pure water and 100 mM NaCl solution, respectively. For
comparison, we define “t ¼ 0” as the time when the
surfaces would have touched if they were nondeformable
(e.g., rigid spheres), thereby setting a reference time to
measure how long film rupture was delayed (termed
“coalescence time”). In pure water, the film thinned with
negligible delay that enabled almost instantaneous coales-
cence (t ¼ 0.14 ms), indicating that the air-water surfaces
had fully tangential mobile surface boundary conditions, a
feature that was recently confirmed using the same tech-
nique [19]. In stark contrast, a two-stage film thinning
behavior was observed for a 100 mM NaCl solution. At the
initial stage, the film thinning was almost identical to that of
pure water, featured by a small film width and rapid light
intensity evolution. When the film thickness reached
around 30 nm, the rapid thinning was suddenly “arrested,”
accompanied by the expansion of the black film [Fig. 1(c)],
thereby delaying bubble coalescence to 6.05 ms. The
coalescence time tc can vary by several orders of magnitude
with NaCl concentration and bubble size [Fig. 2(a)], whilst
the two-stage film thinning process, where the film thinning
was “arrested” at the thickness of around 30–50 nm, was
consistently observed in the experiments.
The two-stage film thinning behavior, featuring the

sudden slowdown at around 30–50 nm, is not limited to
NaCl but a general feature in other electrolyte solutions
[Fig. 2(b)]. However, the ability to influence the coales-
cence time varied significantly with the type of electrolyte.
For example, it requires 50 mM CaCl2, 1000 mM HNO3,
and 1500 mM NaClO4 [see Fig. 2(c)] to achieve a similar

coalescence time as for 100 mM NaCl. This relationship
agrees with the findings that the coalescence inhibition
ability of different electrolytes follows a reverse order for
these electrolytes to affect, either decrease or increase, the
air-water surface tension [10].
The above experimental observation marks a critical step

in understanding the impact of electrolytes on bubble
coalescence. The delayed coalescence time of milliseconds
is of the same order as the time for bubbles to interact in a
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FIG. 1. (a) A sketch of the experimental setup. A bubble of radius Rb ¼ 1.00 mm was held at the glass capillary orifice, whereas
another bubble of radius Rs was immobilized on a hydrophobic silica surface. The capillary was driven downward with velocity V by a
speaker diaphragm to allow bubble collision. A high-speed camera connected to an inverted microscope was used to record the
interference fringes. Snapshots of the fringes in a time sequence obtained between two colliding bubbles in (b) pure water
(Rs ¼ 0.41 mm) and (c) 100 mM NaCl solutions (Rs ¼ 0.42 mm). By analyzing the interferometric images, (d) the film thickness
evolution was obtained; NaCl curves were shifted by 1 ms for clarity. The difference in film thinning behavior between pure water and
water with electrolytes is clearly visible.
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FIG. 2. (a) Coalescence time as a function of harmonic mean
radius RH ¼ 2RsRb=ðRs þ RbÞ, in NaCl solutions at different
concentrations. (b) Two-stage film thinning behavior until bubble
coalescence is observed in different electrolyte solutions; each
curve has been shifted by a time ti for clarity. (c) Variation of
coalescence time with RH in different electrolyte solutions.
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typical bulk situation (estimated to be around 0.01–0.12 s
[33]). The variations of tc with bubble size, electrolyte
concentration, and type agree well with the literature
reported data on coalescence probability, i.e., a longer tc
would contribute to a lower coalescence probability
[4,10,12]. Therefore, we can conclude that electrolytes
affect bubble coalescence by delaying the film thinning at
the film thickness of ∼30–50 nm for milliseconds, an
interesting behavior that has not been observed previously.
It remains a challenge though to address the question of
why electrolytes delay film rupture at such a small film
thickness. In comparison, surfactants are shown to delay
the film thinning at a much larger thickness of a few
microns and on a longer timescale of seconds [19]. Surface
forces, such as the repulsive electrical double layer force,
affect the film thinning at a similar thickness of tens of
nanometers. However, they should stabilize the film for a
much longer time of minutes rather than just a few
milliseconds [14,16,19]. Therefore, the well-established
theories for surfactants to inhibit bubble coalescence, by
affecting the hydrodynamic flow and surface forces, are not
applicable to electrolytes.
A Gibbs elasticity model proposed by Marrucci predicts

a two-stage film thinning behavior and identifies the
importance of bubble size, electrolyte concentration, and
electrolyte type on coalescence time [10,20,34]. However,
the model predicts a film thinning behavior that clearly
deviates from the experimental observation. In the Gibbs
elasticity model, the thin liquid film was assumed to be
stretched as a whole, like “a rubber sheet being pulled at the
periphery” [20], such that there is no mass transfer between
the film and the bulk. Using this assumption, the film
expansion is expected to occur at the rapid film thinning
process but stop at the deceleration stage, just in a reverse
order compared with our experimental observations that the
film expansion does not start until the film thinning is
arrested. Furthermore, the Gibbs elasticity model cannot
explain the coalescence inhibition effect for a mixture of
electrolytes [12]. Inspired by the key physical insight of the
Gibbs elasticity model that the film thinning can be delayed
by the surface tension gradient induced by the electrolyte
concentration gradient in the solution, we developed an
electrolyte transport model to reveal the underlying physics.
When developing the electrolyte transport model, a

critical consideration is the surface-bulk partition of electro-
lytes [15,28,29,35], which enables a different electrolyte
concentration at the surface compared with the bulk. More
precisely, some electrolytes are depleted [e.g., NaCl, as
sketched in Fig. 3(ii)] whereas some others (e.g., HClO4) are
accumulated at the surface region [15,28,29]. The surface
concentration can be quantified using theGibbs definition of
surface excess Γ ¼ −½C=RTð1þ ϵ�Þ�ðdσ=dCÞ, where R is
the ideal gas constant, T is temperature, C is the electrolyte
concentration of the film solution, ϵ� is a nonideality
correction term that varies with electrolyte type, and σ is

the surface tension [10,36]. The quantity dσ=dC can be
approximated as a constant only dependent on electrolyte
type (see Fig. S3 [21]). The approximate linear relationship
betweenΓ andC is described asΓ ¼ 0.5hsaltC, wherehsalt ¼
−2½1=RTð1þ ϵ�Þ�ðdσ=dCÞ is a constant, and the factor 2
describes the contribution from both bubbles. In the film
thinning process, the electrolytes flow out simultaneously
inside the film solution and through the surface because of
the intrinsically mobile air-water interface. The role of
surface transport, at a different concentration from the film
solution, becomes non-negligible in the highly confined thin
liquid film.
By summing the transport of electrolyte through the

surface and the film solution together and making certain
simplifications (see the detailed mathematical formulation
and discussion in the Supplemental Material [21]), the
electrolyte transport equation is written as

DC
Dt

¼ −
hsalt

ðhþ hsaltÞ
C
h
Dh
Dt

: ð1Þ

In Eq. (1), D=Dt ¼ ∂=∂tþU∂=∂r is the material deriva-
tive, r is the radial coordinate, U is surface velocity, and
hsalt is the unit of length that is typically within �2 nm.
When h ≫ hsalt, the right-hand side of Eq. (1) is so small
that DC=Dt ≈ 0, suggesting a negligible change of electro-
lyte concentration C within the interaction region. When h
reduces to the small thickness of 30–50 nm, the right-hand
side can no longer be neglected, i.e., DC=Dt ≠ 0. The
solution concentration C at the interaction area starts to
vary to form a concentration gradient in the radial direction,
hence a Marangoni stress that slows down the film thinning
[see Fig. 3(iii)]:

∂h
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¼ −
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Starting with an initial concentration C ¼ C0, Eq. (1) is
solved numerically coupled with Eq. (2) to describe the

FIG. 3. Schematics for the electrolyte transportation process
within the thin liquid film for surface depleted electrolytes (e.g.,
NaCl). With (i) the mobile surfaces and (ii) the surface depletion
behavior, (iii) electrolyte concentration inside the film region
starts to rise, enabling a radial electrolyte concentration gradient,
hence a surface tension gradient that reduces the surface mobility.
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lubrication flow inside the thin film with the solution
viscosity μw [19,30], and Eq. (3) (Young-Laplace equation)
to illustrate the surface deformation under the hydrody-
namic pressure p and disjoining pressure Π [16,19]. The
formation of an electrolyte concentration gradient in the
radial direction ∂C=∂r, as predicted by Eq. (1), results in a
surface tension gradient ∂σ=∂r that affects the surface
velocity U in Eq. (2). This impact is achieved by balancing
the stresses at the interface τb ¼ ∂σ=∂rþ τf, where τf and
τb are the shear stress exerted on the interface by the liquid
flow inside the film and the airflow inside the bubbles,
respectively. The complete theoretical model is provided in
the Supplemental Material [21]. Without any fitting param-
eters, a notable agreement between model predictions and
experimental results is shown in Fig. 4(a). The key features
in the experimental observation, e.g., the rapid film thin-
ning at the initial stage and the slowdown behavior at a
thickness of tens of nanometers are all quantitatively
predicted by the newly developed theoretical model. The
flattening of the curved bubble surfaces and the expansion
of the thin film area are also successfully captured by the
model [see Fig. 4(b)]. The bubbles start to deform-flatten

when the hydrodynamic pressure becomes closer to the
bubble Laplace pressure (2σ=RH). At the initial stage with
almost fully mobile air-water interfaces, the hydrodynamic
pressure is negligible, contributing to a small film width.
Once the surface mobility is reduced dramatically, the
hydrodynamic pressure starts to build up to deform the
bubbles and contributes to the film expansion. Agreement
between theory and experiment validates the model perfor-
mance on predicting the film thickness evolution, the transi-
tion of boundary conditions, and the pressure distribution.
With the validated model, we can now gain a deeper

insight into what occurs within the thin liquid film during
its thinning process. In 100 mM NaCl, the bulk concen-
tration shows negligible variation compared with the initial
concentration until the film is thinned to ∼50 nm [see
Fig. 4(c)]. Afterward, the electrolyte concentration rises and
reaches a peak of ∼105 mM accompanied by the film
expansion. With the small variation (∼5%) of electrolyte
concentration, a surface tension difference of around
10−5 N=m is formed along the transition region of
∼10 μm, giving rise to the Marangoni stress dσ=dr of
∼1 Pa that was sufficient to counterbalance the fluid shear
stress τf [Fig. 4(d)]. The overall stress profile enabled a
surface velocity close to zero at the flattened region, but
much larger in the curved region [see Fig. 4(e)].
The model also applies to surface-enriching electrolytes

like HClO4, where film electrolyte concentration decreases
as surfaces approach, but once again contributes to an
inward Marangoni stress that resists film thinning because
dσ=dC < 0 (see supporting video in the Supplemental
Material [21]). Furthermore, the theory presented here can
be extended to electrolyte mixtures (see Fig. S7 and the
subsequent discussion in the Supplemental Material [21])
exhibiting an additive effect [12,31], and may be trans-
posed to other systems with non-surface-active solutes as
the two-stage film thinning behavior is also observed in the
sucrose-in-water solution [see Fig. 4(f)].
The thickness at which the film flattened hs is the

most important parameter that determines the measured
coalescence time. Reducing this value by a few nano-
meters allows the film to be ruptured by the attractive Van
der Waals force, as observed in 50 mM NaCl solu-
tion. A simplified scaling analysis of the developed
model links hs with experimental properties as hs∼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðdσ=dCÞ2ðC0RH=σRTÞ

p
. This relationship agrees well

with the experimental data [Fig. 4(f) inset] and clearly
highlights the key parameters affecting coalescence time:
initial electrolyte concentration C0, electrolyte type through
dσ=dC, and bubble size RH. The impact of other critical
parameters, such as collision velocity and solution viscosity
[37,38], should expressed through Eq. (2).
We can also interpret the empirical cation-anion pair

relationship on bubble coalescence, which has been exten-
sively discussed for decades [4,11,12], within the same
theoretical framework by linking it to dσ=dC. For
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electrolytes, dσ=dC is determined by the quantitative sur-
face-bulk partition of electrolytes [15,28,29], which is not
only affected by ion-specific properties such as hydration
and polarization, but also determined by the counterions
through electrostatic interaction [15,29,35]. Therefore,
dσ=dC is strongly affected by the pairing of cation and
anion. This indicates that the cation-anion relationship has
the same physical origin as the Hofmeister series on protein
precipitation, although the latter focuses more on the direct
ion-surface interaction [15,39] rather than the quantitative
distribution of electrolytes. Interestingly, the effect of coions
and the solute additivity are attracting increasing attention in
recent research of ion-specific Hofmeister effects [32,40].
In summary, we demonstrate that electrolytes prevent

bubble coalescence by abruptly decelerating film thinning at
a thickness of around 30–50 nm. This abnormal thinning
feature is explained quantitatively by a theory incorporating
the transport of electrolytes, both in the film solution and at
the surface, into the film drainage process. The thus
generated electrolyte concentration difference in the film
solution causes Marangoni stresses on the bubble surface
that renders the surface effectively immobile and delays the
filmdrainage. The in-depth understanding resolves the long-
standing puzzle and may facilitate the control of bubbles
widely encountered in nature and engineering, e.g., reducing
the bubble-related energy loss in electrochemical systems
[8,9]. Moreover, the developed theory may serve as a
framework for studying surfactant-like coalescence inhib-
ition behavior in various surfactant-free systems.
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