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Marangoni puffs: dramatically enhanced
dissolution of droplets with an entrapped bubble

José M. Encarnación Escobar, a Jaap Nieland,b Arie van Houselt, b

Xuehua Zhang *c and Detlef Lohse *a

We present a curious effect observed during the dissolution process of water-immersed long-chain

alcohol drops with an entrapped air bubble. These droplets dissolve while entrapping an air bubble

pinned at the substrate. We qualitatively describe and explain four different phases that are found during

the dissolution of this kind of system. The dissolution rate in the four phases differ dramatically. When

the drop-water interface and the air bubble contact each other, rapid cyclic changes of the morphology

are found: The breakage of the thin alcohol layer in between the bubble and the water leads to the

formation of a three phase contact line. If the surface tension of the water–air interface supersedes

those of the alcohol–water and alcohol–air interfaces, alcohol from the droplet is pulled upwards, lead-

ing to a closure of the air–water interface and the formation of a new thin alcohol film, which then dis-

solves again, leading to a repetition of the series of events. We call this sequence of events Marangoni

puffing. This only happen for alcohols of appropriate surface tension. The Marangoni puffing is an inter-

mediate state. In the final dissolution phases the Marangoni forces dramatically accelerate the dissolution

rate, which then becomes one order of magnitude faster than the purely buoyancy-convective driven

dissolution. Our results have bearing on various dissolution processes in multicomponent droplet

systems.

Introduction

When immersed in water, a droplet of a partially water soluble
liquid will dissolve slowly. This dissolution, in absence of other
effects, will take place at a pace dictated by the diffusion-driven
mass transport.1 This phenomenon is analogous to the growth
of droplets and bubbles in oversaturated solutions2,3 and the
evaporation of droplets.4,5 Due to their relevance in many
applications in microfluidics, diagnostics, the food industry,
ink-jet printing and other fields, all these processes have
received much attention during the past decades.

In particular, multicomponent liquid processes6 have been
increasingly attracting attention because of their importance in
various applications.7–15 Marangoni forces come into play for
the dissolution and evaporation of such multicomponent ses-
sile droplets.16–18 Additionally, the presence of a triple contact
line with the substrate or between three or more fluid phases19

and geometric singularities20,21 strongly affects the dissolution
process, creating a gradient in the dissolution rate along the
droplet interface.22 This position dependent dissolution rate
causes differences in the local composition of the multicompo-
nent droplets.12,23,24 This difference in the local composition
results in changes of the surface tension that cause Marangoni
surface flows25 that vice versa affect dissolution.26,27 The Mar-
angoni flows inside and around the droplets in some cases can
also induce self-propulsion of the drop.16,28–31 When the drop
position is fixed and self propulsion is prevented, Marangoni
forces have been shown to produce oscillations that vary with
the surrounding concentration field and usually improve mix-
ing of the components.32–34

At micro-scale, mixing is usually challenging due to the
dominance of viscous forces and how to overcome this chal-
lenge has received major attention due to the relevance of
mixing in many microfluidic processes.35–37 Among others,
some microfluidic systems have been developed to improve
mixing of multicomponent flows based on topography,38 cross-
channels39,40 or temperature induced Marangoni flows41 that
can also trap or pump flows. Mixing in microfluidics is essen-
tially achieved by adding mechanisms that influence the diffu-
sion of the different species.

Diffusion controls the dissolution, evaporation and growth
time scales of droplets and bubbles in many circumstances,
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being the slowest of the processes involved. The diffusion
driven dissolution process of a drop is governed by a time scale
td given by the initial radius of the drops R0, the diffusion
constant D of the drop liquids in the surrounding medium,
the concentration difference Dc = cs � cN between the satura-
tion concentration cs (at the drop’s surface) and the concen-
tration far away from de drop cN, and the density of the drop
liquid rd:4,42,43

td ¼
R0

2rd
2DDc

: (1)

The presence of natural convection rolls due to emerging
density differences can enhance the dissolution of immersed
drops. E.g. in the work of Dietrich et al.44 the partial dissolution
of drops of different alcohols and, in particular 1-pentanol
drops, drive convection rolls due to the buoyancy of the
relatively lighter pentanol-rich water that surrounds the dro-
plet. These concentration driven convection rolls bring fresh
water to the dissolving drop while removing pentanol-rich
water, thus accelerating the mixing and leading to shorter
lifetimes that scale with tc p R0

5/4 for droplets with an initial
radius larger than a the transition radius between the diffusion
and the convection driven dissolution.44

In this work we study a similar system, but now with a
sessile air bubble entrapped in the sessile alcohol droplet that
dissolves in water, see Fig. 1a. We show how, during the
dissolution of the drop, the system goes through four funda-
mentally different dissolution phases, experiencing a remark-
able dissolution enhancement with each of the phases, thanks
to the Marangoni flows induced by the presence of the bubble.

Experimental setup

The substrates used in our experiments were coated with
SU-8, a negative photoresist which is used to engrave a pattern
of concentric rings as shown in Fig. 1b. The substrate was

immersed in water and a drop of 1-pentanol deposited on top
of the substrate pattern. Inside the drop a sessile air bubble was
entrapped, see Fig. 1a. The centers of the drop and the inner
bubble were aligned with respect to each other, which was
possible due to the engraved ring structure enforcing pinning
of both the drop and the bubble. The pinning at the concentric
rings on the surface also provided the stability of the drop
against the present buoyant forces, thus preventing the bubble
to float. The drop dissolved with time (see Fig. 1a). On the time
scale of our measurements, the volume of the bubble remained
roughly constant.

Besides the dissolution of 1-pentanol, we also investigated the
dissolution of 1-butanol, 1-hexanol and 1-heptanol. All of them
were Z98% purity (Sigma Aldrich) and were used as received.
The water was prepared from Milli-Q system (18.2 MO cm). Some
physical properties of these alcohols are listed in Table 1. The
surface tensions in the table were measured with the method of
the pendant drop using an optical contact angle measurement
system OCA15EC from dataphysics.

Fig. 1c shows a scheme of our experimental setup. The
substrate was placed inside a cubic glass container with the
dimension of 5 cm � 5 cm � 5 cm. The drops and bubbles were
placed on the substrate using a motorized syringe pump with
micrometric position control. The system was illuminated
using a diffuse light source and imaged with a long distance
microscope and a charge-coupled device (CCD) camera.

We employed the Schlieren technique,45 which makes
density gradients visible, allowing us to qualitatively observe
the dissolution behavior through the concentration gradients.
For the Schlieren technique, we created a focal point adding
a positive lens and placed sharp knife edge at the focal point.
In separate experiments, we used the diffuse light alone,
yielding a much larger field of depth and thus sharper images
of the interfaces with the advantage that it shows the bubble
inside the drop and all the interfaces clearly, which makes it
more adequate for quantitative volume measurements.

Fig. 1 (a) Droplet and bubble pinned on concentric substrate grooves. (b) Schematic drawing of the vertical profile of the patterned substrate with
concentric groves. (c) Experimental setup: a glass tank contains the sessile droplet-bubble system immersed in water (1); the syringe (2) on a motorized
stage allows for the deposition of the bubble and the drop. The automated syringe pump is not drawn. Further elements: Diffuse light source (3) and the
adjustable stage (4). The lens (5) and the knife edge (6) where used only for Schlieren imaging. At the end of the light path, the long distance microscope
and the camera (7) are shown.
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Results
Dissolution phases

In Fig. 2 we show representative snapshots taken by using the
Schlieren technique, compared to images taken only using the
diffuse light under the very same conditions. The snapshots
reveal four distinct dissolution phases (I, II, III, and IV), defined
according to the drop topology and the dissolution rates. In
Fig. 3 we show more snapshots for each phase and in the
supporting video we show one of the experiments as an
example.

In the initial phase I the bubble is completely surrounded by
1-pentanol without any interface with the water outside the
drop. During this phase we observed the presence of a convec-
tion plume above the drop (Fig. 2A and 3a–c), like it occurs for a
dissolving droplet without an entrained bubble.44 This phase
was observed for all the employed alcohols. During phase I, the
drop volume decreases until, as we see in Fig. 3d, the bubble
pinches through the interface, triggering the start of phase II.
When this happens, a curious cyclic motion of the liquid in the
drop starts. The droplet around the bubble changes its mor-
phology in a repetitive manner and expels waves away from the
drop’s apex. Snapshot of the drops in this phase are shown in

Fig. 2(B, b) and 3(d–h). We refer to this phenomena of the
drop’s motion as puffing. Phase II can be seen as a transition
phase, since it is observed for pentanol and hexanol droplets
only. At a certain point, this puffing stops, giving way to the
third phase. During the final phases III and IV, which exist for
all alcohol drops, the triple contact line is stable and the
repetitive motion ends and simultaneously the formation of
expelled waves is replaced by a convection plume again (Fig. 2C,
c, and 3i–l). The new convection plume in phase III is much
wider than that of phase I (Fig. 2C and 3i, j). Towards the end of
the drop’s dissolution, during phase IV the contact angles
increasingly sharpen and deform the drop into a convex shape
due to surface tensions in the triple contact line and pinning at
the substrate (Fig. 2d, D and 3k). In phase IV we observe further
widening of the dissolution plume and further increase of
the dissolution rate see Fig. 2d and D. Just at the end of the
dissolution of the drop, the alcohol droplet detaches from
the substrate, producing a last plume surrounding the bubble,
see Fig. 3l.

Thanks to the remarkable puffing phenomenon, the mixing
efficiency between the drop liquid and the surrounding water is
greatly improved, as evidenced by the drop dissolution rate. In
Fig. 4(a) we show experimental results of the droplet volume as
function of time. We indicate the transitions between dissolu-
tion phases with vertical broken lines and the black line is an
extrapolated fit to the experimental points of phase I. The
deviation from the black solid line indicates the transition
from phase I to phase II, when the bubble pinches trough
the interface and the puffing begins. The dissolution rate in
phase II is approximately two times larger than that in phase I
for all the experiments. The second kink in the dissolution
curve of the drop in our experiments, indicated by the second

Table 1 Table of the employed alcohols, their density r, their diffusion
coefficient D, and their alcohol–water surface tension gwa. Values
extracted from literature44

Alcohol r [kg m�3] D [10�9 m2 s�1] gwa [mN m�1]

1-Butanol 810 0.960 1.8
1-Pentanol 811 0.888 5.0
1-Hexanol 814 0.830 6.8
1-Heptanol 822 0.800 7.7

Fig. 2 In the two rows, from left to right, each picture is respectively taken during phases I, II, III and IV. The first row shows experimental images of the
system using Schlieren technique which shows the qualitative differences in density during the dissolution process. The second row of images are taken
using diffuse light which allows us to better observe all interfaces. In this case the dissolution plume and puffs are not visible. The scale bars are 200 mm
for the first row and 150 mm for the second one. The times at which the snapshots were taken are shown in seconds.
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vertical broken line, shows the beginning of phase III. Here, the
slope measured for phase III is five times larger than that of the
natural convection in phase I. With the start of phase IV, the
dissolution undergoes a dramatic acceleration associated to
pinning at the substrate rings and changes in the contact
angles typical for dissolving drops,46 but reaching values one
order of magnitude larger than expected for the natural con-
vection dissolution mode.44

In Table 2 the typical values for the dissolution rates found
in our experiments in each phase are shown. These approx-
imate values show a dramatic increase of the dissolution rate
from phase I to IV. However, the dissolution rates and duration
of the phases, considerably vary around this typical values from
experiment to experiment.

The dissolution rates of course also vary in time as they are
very sensitive to changes in the local water–alcohol composi-
tion around the drop, which changes in time due to the
convection rolls and other external perturbations. The puffing
frequencies in phase II can vary during one experiment and
between separate experiments in a broad range from 0.2 Hz to
5 Hz. These dissolution enhancements are explained in the
following section in which we qualitatively analyze the mechan-
isms of the four phases and their effect on dissolution. In
Fig. 4(b) we show the dissolution rate measured from the
volume variation in the same experiment shown in Fig. 4(a),
after filtering the experimental noise. Note that we analyzed the
dissolution rate for different droplet-bubble size relations,

but did not find a clear trend, possibly because the puffing
phenomenon was not sensitive enough to the droplet size.
In comparison, for experiments without an air bubble present,44,47

typical dissolution rates in the order 1 � 105 mm3 s�1 are observed
for droplets of similar sizes, which is comparable to the dissolution
rate in phase I, but two times slower than the case with an air
bubble in phase II.

Phases and dissolution enhancement

Phase I: natural convection plume. In phase I, the presence
of the bubble inside the droplet has little or no effect on the
dynamics of the drop dissolution, which is in the natural
convection mode as described by Dietrich et al.44 Briefly, the
liquid around the droplet gets enriched in alcohol due to the
drop dissolution. The lower density of the alcohol–water mix-
ture as compared to the initially pure water in the bulk away
from the drop drives the rise of the liquid adjacent to the drop,
leading to the formation of the convection plume above the
drop. The drop dissolution is dominated by the convection rolls
that favor mixing by bringing fresh water to the drop and
transporting away alcohol-enriched water.44 In Fig. 7(a) we
represent this dissolution mechanism. In that figure the
alcohol-rich water is differentiated from fresh water by a more
yellow color. In phase I, due to the droplet pinning, the apex of
the drop decreases during the dissolution (constant contact
radius mode (CR-mode)), while the size of the bubble remains

Fig. 3 Schlieren images taken at various times during the dissolution of a drop undergoing the four phases described in this work. (a)–(c) Show phase I
with characteristic convection plume. Phase II starts with the pinching through the interface of the bubble (d) and develops producing the puffing effect
(d)–(h). The snapshots (i) and (j) show phase III, and the snapshots (k) and (l) phase IV with the final puff. The times have been chosen to show in the best
way the puffing behavior. With the yellow and red arrow we mark two different puffing waves to show how they follow the dissolution plume.
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constant. Finally, the drop apex is low enough for the water–
alcohol and the alcohol–air interfaces to touch each other.

Phase II: Marangoni puffs. Phase II starts immediately after
this contact, as can be seen in the second column of snapshots
in Fig. 2b when a phenomenon which we call puffing takes
place. Regular pulses repeatedly expel alcohol-rich water from
the top of the drop. The pulses repeat for many cycles.

The puffing of the dissolving drop is due to the repeating
cycle of formation and depletion of a thin alcohol film above
the bubble. In this process the triple (water–alcohol–air) con-
tact line on the bubble top closes up and expands in a periodic
fashion. This repetitive change in geometry of the system
pushes waves of pentanol-rich water away from the droplet.
In Fig. 3(e–h), two of these pentanol-rich water waves expelled
by two different puffing events are tracked in time with the red
and yellow arrows.

Phase II, with its alcohol puffs and repetitive motion, is the
most eye catching effect in the dissolution of alcohol droplets
entrapping a bubble, as it gives an animate appearance to the
drop in a similar way to some self-propelled droplets, e.g. the
bouncing droplet on a stratified liquid.16 Additionally, this
effect is the result of a delicate fluctuation around the equili-
brium of the surface tensions that can only be found for some
liquids.

To better understand this phase II of the dissolution pro-
cess, we divide it in different steps. In the first step, the water-
bubble and drop-water interfaces are well separated and a triple
contact line forms. As sketched in Fig. 6(1), a contact angle
forms such that the vector sum of the interface tensions gga,
ggw, and gwa, (standing for gas–alcohol, gas–water and water–
alcohol) equilibrate at the three-phase contact line. When ggw is
larger than the sum of gwa and gga, the equilibrium contact
angle can not be reached and a thin film of pentanol is pulled
upwards around the apex of the bubble, as in this case this
configuration is energetically more favorable. This force bal-
ance can be quantified by the spreading factor:

S = ggw � (gwa + gga). (2)

When S 4 0, the formation of an alcohol layer separating
gas and water will be energetically more favorable. On the
contrary, when S o 0, this layer will tend to break and a triple
contact line will be formed.

In our case this spreading factor is initially S = 72.5� (5 + 26)
mN m�1 = 41.5 mN m�1 (see Table 2). Therefore, the system
evolves to the second step (Fig. 6(2)), forming a thin pentanol
layer around the bubble apex, schematically shown in Fig. 6(2).
However, while this thin layer dissolves, supplying pentanol to
the surrounding water (third step shown in Fig. 6(3)), the
surface tension between the pentanol-rich water and the air
decreases rapidly as the pentanol concentration in water
increases (see Fig. 5).48 When the pentanol saturation concen-
tration in water is reached, the surface tension of this mixture
with air has dropped down to gs

gw = 30 mN m�1 and the
spreading factor becomes S = �1 mN m�1. This change in sign
of S means that any perturbation can break the thin layer,
creating a (now energetically more favorable) new water–air
interface. The change in geometry of the whole system pro-
duces a puff (step four, shown in Fig. 6(4)), a movement that
expels the alcohol-rich mixture from the drop and brings
fresher water to the interface, thus leading back to the situation
depicted in Fig. 6(1). This puffing will repeat as long as there is

Fig. 4 (a) Time evolution of the volume of a pentanol droplet encapsulat-
ing an air bubble. The inset shows the transition from phase I to phase II
and thus the beginning of puffing. We note that the step originates from a
systematic error in the measurements during phase I, due to a change in
topology of the system, and is not a physical volume change. The dashed
vertical lines indicate transitions between the phases and the black con-
tinuous line, a fit to the experimental points of phase I, extrapolates the
volume of the droplet when it would continue in the dissolution mode I,
for comparison with the dissolution enhancement of the following phases.
(b) Time evolution of the dissolution rate of a pentanol droplet encapsu-
lating an air bubble. The dashed vertical lines indicate the moment of
transition from one phase to the other. The discontinuity observed in the
phase transitions are artifacts of the determination method employed.

Table 2 Table with the four encountered phases and their typical dis-
solution rates

Phase Typical dissolution rates [mm3 s�1]

Phase I O B 1 � 105

Phase II O B 2 � 105

Phase III O B 5 � 105

Phase IV O B 1 � 106
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enough fresh water around the drop and the thin layer of
pentanol has time to be formed again before its dissolution.

In order to test our interpretation we did experiments with
four different alcohols (see Table 3) with different surface
tensions. We brought water and alcohols to saturation equili-
brium at room temperature and standard pressure (1.01 �
108 mN m�2) and performed pending drop measurements to
determine the surface tension of the saturated drops. The error
for these measurements was �3 mN m�1. We calculated the
spreading factors S1 = ggw � (gwa + gga) when water is pure, and
S2 = gs

gw � (gwa + gga) when the water is saturated with alcohol.
We found puffing only for pentanol and hexanol, the only two
alcohols in which the limit spreading factor reaches values
S2 r 0 for the saturated alcohol–water mixture. We note that
even though the Laplace pressures inside the bubble change
with the morphology, their influence on the volume of the drop
is not noticeable at this scale as they represent a negligible
percentage of the total pressure in the bubble. To calculate the
maximum possible volume pressure difference, we consider
the order of magnitude of the bubble radius to be R B 100 mm
and consider the Laplace tension for the configurations with

maximum and minimum Laplace pressures. The maximum and
minimum possible Laplace pressures in this system correspond to
the maximum and minimum surface tensions, ggw = 72.5 mN m�2

for the pure water–air interface, and gga = 26 mN m�2 for the
pentanol–air interface. We can calculate the Laplace pressure
for these cases as DPgw = 2ggw/R = 1.4 � 106 mN m�2 and DPga =
2gga/R = 5.2 � 105 mN m�2. Thus, the volumes of the two
extreme configurations with the highest and lowest surface
tensions can be calculated as Vgw(P0 + DPgw) = Vga(P0 + DPga),
were P0 E 1.01 � 108 mN m�2 and the variation in the volume
due to Laplace pressure will not represent more than an 0.82%
of the bubble volume, which would be hard to observe.

From the transitions in our experiments and from compar-
ison to the previous work by Dietrich et al.44 and our recent
simulations of convection-dominated dissolving droplets by
Chong et al.47 it is clear that the puffing phenomenon in
phase II can further enhance the dissolution rate, in addition
to the presence of natural convection rolls in phase I. This
enhancement originates from the streaming produced by the
puffing that expels saturated water and brings fresher water to
the droplet surface, as sketched in Fig. 7b.

Phase III: Marangoni enhanced convection rolls. During
phase III, the triple contact line remains stable and creates a
much wider convection plume as can be seen in Fig. 2C. The
triple phase contact line remains when the thin pentanol layer
cannot be formed anymore. The continuous presence of the
three phase contact line in phase III strongly enhances the
buoyancy driven convection compared to phase II. During this

Fig. 5 Surface tension between aqueous solution and air for some
alcohols–water mixtures as function of the alcohol concentration.

Fig. 6 Schematic representation of the ‘‘puffing’’ during phase II: When a triple contact line forms (1), the balance of surface tensions drives the creation
of a thin alcohol layer. The thin layer eventually covers the bubble and prevents contact between air and water (2). The pentanol from the thin layer
dissolves rapidly into the surrounding water (3) causing the surface tension of the mixture with air ga

gw to decrease dramatically (see Fig. 5). As a result, the
surface tension balance does not favor the thin layer and any perturbation can cause the rupture of the thin layer. The change in surface tension induces
the layer break-up with a sudden topological change to adjust the curvatures inside the drop, pushing the pentanol rich water away and bringing fresh
water to the interface (4) which takes the system back to the situation shown in (1).

Table 3 Table with the alcohols employed: surface tensions of the
water–alcohol interface (gwa); the gas–alcohol (gga) interface; and for the
interface between gas and alcohol–saturated water (gs

gw). Also shown are
the spreading factors S1 for pure water and S2 for alcohol–saturated water.
All gwa and gga surface tension values are taken from literature.48 The gs

gw

values were measured experimentally using the pendant drop technique

Alcohol
gwa

[mN m�1]
gga

[mN m�1]
gs

gw

[mN m�1]
S1

[mN m�1]
S2

[mN m�1]

1-Butanol 1.8 25.0 32 45.2 5.2
1-Pentanol 5.0 26.0 30 41.5 �1.0
1-Hexanol 6.8 24.5 30 34.0 �1.3
1-Heptanol 7.7 26.2 48 32.1 14.1
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phase the Marangoni currents, produced by the difference in
composition and consequently surface tensions along the
interfaces, enhance the natural convection rolls, producing a
wider convection plume. In phase III, the Marangoni flow
enhances the already existing convection plume and hence
the mixing efficiency, leading to an increased dissolution rate,
as schematically shown in Fig. 7c.

Phase IV: Marangoni and topological enhanced convection.
With the transition from phase III to phase IV, the dissolution
further accelerates with a dramatical transition associated to
the changes in the contact angles due to pinning at the
substrate rings. With the volume loss, the surface tension
sharpens the contact angle at the triple contact line formed
by the three fluids while the concentric rings pin the contact
line of the droplet with the substrate, reaching very low contact
angles towards the end of the experiments, resulting in a very
high surface area to volume ratio, see Fig. 7(d).

Conclusions and outlook

We investigated the dynamic behavior of dissolving sessile
long-chain alcohol drops entrapping a sessile air bubble.
Depending on the type of the partially soluble alcohols in the
drops we observed three or four distinct dissolution phases.
The first phase corresponds to the known natural convection
dissolution mode. The second, third and fourth phases are
brought about by the presence of the air bubble. The second
phase of the dissolution (only found for some of the alcohols)
produces a curious cyclic motion that expels alcohol rich water
away from the system, creating a very eye-catching effect and
dramatically increasing the dissolution rate. In the third and
fourth phase the droplet dissolves even faster. The presence of
the air bubble thus majorly contributes to alcohol drops dis-
solution bringing into play Marangoni flows.

We believe that the puffing phenomena has potential in
microfluidics as a mechanism for autonomous motion that
may be useful for stirring and improved mixing in confined
spaces. For example the controlled formation of a gas pocket
could be used in microfluidics to overcome the limitations in
mixing that, as commented in the introduction, are brought
about by the dominance of viscous forces in that kind of
systems, by bringing Marangoni flows, and possibly Marangoni
puffs, into play.
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