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ABSTRACT: Self-propulsion of liquid marbles filled with sulfuric
acid and coated with hydrophobic fluorosilica powder on a water
surface is reported. The prolonged self-propulsion of marbles
occurs over a couple of minutes with a typical velocity of the
center of mass of the marble being v, ~ 0.01 ? The shell of the

marble is not uniform, resulting in the asymmetric absorption of
water by a marble, giving rise to the nonuniform thermal field
within its volume. The maximum temperature reached at the
liquid marble surface was 70 °C. The self-propelled marble
increased its mass by one-third during the course of its motion.
The increase in mass followed by the marbles’ heating is due to
the adsorption of water vapor by their surface, which is permeable
to gases. This gives rise to an exothermic chemical reaction, which
in turn gives rise to Marangoni thermo-capillary flow driving the marble. Thermo-physical analysis of the problem is presented.
The role of soluto-capillary flow in self-propulsion is negligible.

1. INTRODUCTION flows.*"** In our present work, we demonstrate that liquid
marbles containing sulfuric acid may be effectively displaced by
thermo-capillary Marangoni flow.”~* Self-propulsion took
place under breaking of cylindrical symmetry of the water

surface tension distribution in the vicinity of the marble
delivery,”™ development of active colloids,’”® and metamate- . I . .
. 1.9 10 contact area. Self-propulsion of liquid marbles is of particular
rials” and microfluidics.” A number of research groups

d trated th tential of droplet t dia 1-16 interest in view of their potential in microfluidics enabling the
emonstrated the potentia’ of dropiels as active media. handling of a small amount of fluid, thus opening new
Self-propulsion of nonstick droplets coated with colloidal athwavs in dieital microfluidics.'®

particles, known also as liquid marbles,'””>° is of particular P 4 &

interest due to their high mobility,'” prolonged life span,”"**
and unusual quasi-elastic mechanical properties."****" Involv-

Development of active media exploiting chemical energy for
their propulsion is of much interest in a view of a varlety of
apphcat1ons, including micro- and blorobotlcs, 1,2 drug

2. EXPERIMENTAL METHODS

ing these properties already enabled attomole detection of Materials. Liquid marbles containing sulfuric acid were
toxins at the microliter scale,”® precise optical probing,* manufacstélred with extremely hydrophobic fumed fluorosilica
development of smart lab-on-chip systems,'’ living cell powder.” The primary diameter of the particles is 20—30 nm
cultivation,””** and nonconventional computing.””*° Actuat- and they originate from hydrophilic silica (Wacker Chemie)

31-34

ing of liquid marbles by electric and magnetic fields and
UV and IR irradiation® >’ was also reported. Liquid marbles Received: June 27, 2018
placed on a liquid support may be effectively propelled by Revised:  July 24, 2018
soluto-capillary®®*~*° and thermo-capillary Marangoni Published: July 24, 2018
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after reaction with tridecafluoro-1,1,1,2-tetrahydrooctyltrime-
thoxysilane.”® The residual silanol content on their surfaces is
50% and the fluorine content is 10.9%. Sulfuric acid (ACS
reagent, 95—98%) was supplied by Sigma—Aldrich. The
density and surface tension of sulfuric acid and its aqueous
solution were extracted from ref 48. Deionized water was
prepared from a synergy UV water purification system from
Millipore SAS (France). The specific resistivity was p = 18.2
MQ cm at 25 °C. Methyl orange and litmus paper were
supplied by Merck.

Manufacture of Liquid Marbles. Droplets containing
sulfuric acid were coated with fumed fluorosilica powder
according to the protocol described in ref 36. Droplets of
sulfuric acid of volume 5, 10, and 20 uL were spread on a layer
of fumed fluorosilica powder situated on a glass slide. The slide
was vibrated slightly giving rise to the formation of liquid
marbles. The marbles are not hermetically coated with powder
and evaporate as discussed in detail in refs21,22, and36—38.
The lifetime of marbles enabling observation of self-propulsion
was established as ca. 1—-2 min.

Registration of Self-Propulsion of Liquid Marbles.
The marbles were placed on the surface of deionized water and
floated, as shown in Figure 1. Their motion was registered

Figure 1. Liquid marble (V = 10 uL) filled with sulfuric acid floating
on a water—air interface.

from above with a Therm-App TAS19AQ-1000-HZ thermal
camera. All the experiments were performed around 23-25
°C. The relative humidity (RH) was 65 + 5%.

Thermal Imaging of Self-Propulsion. Thermal imaging
of the self-propulsion was monitored with a Therm-App
TAS19AQ-1000-HZ thermal camera (Opgal Optronic Indus-
tries, Karmiel, Israel) equipped with a long wavelength infrared
6.8 mm /1.4 lens (see Supporting Video 1). The temperatures
of the water surface and of the surface of the marbles were
captured. The resolution, accuracy, sensitivity and the frame
rate of the camera were 384 X 288 pixels (>110 000 pixels), +
3 °C (or 3% under 25 °C), NEDT (noise equivalent
differential temperature) < 0.07 °C and 26 frames/s,
respectively.

Measurement of the Mass Increase. Marbles containing
sulfuric acid increased their mass as a result of water
adsorption. The growth of the marbles’ mass was measured
in the following model experiment: marbles with an initial
volume of 20 L containing sulfuric acid were kept at rest in
the nearest possible vicinity to the water/vapor interface. The
mass of a marble was measured with a four decimal place
analytical balance ASB-310-C2 until their bursting.
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3. RESULTS AND DISCUSSION

Self-propulsion of liquid marbles containing neat sulfuric acid
placed on a water—vapor interface was observed for various
marble volumes (V = 5—20 uL). The liquid marble containing
sulfuric acid of volume 10 uL floating on the water surface is
depicted in Figure 1. The typical duration of the self-propelled
motion 7., was between 60 and 120 s. Typical time

dependencies of the velocity of the center of mass of the
marbles are depicted in Figure 2. The characteristic velocities
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Figure 2. Time dependencies of the temperature measured at the
marble surface and the velocity of the center of mass of liquid marbles
for various marble volumes V: (a) 5, (b) 10, and (c) 20 pL.

of the self-propulsion are of the order of v.,, ~ 0.01 m/s. The
oscillations of the velocity of the center of mass and the
temperature of the marbles with a characteristic period of S s
seen in Figure 2 originate from their bouncing off the water
meniscus, adjacent to the glass walls of the Petri dish. The
marbles moved at first by inertia, reflected off the Petri dish rim
and then stopped in the vicinity of the center of the Petri dish.
There they were at rest, and they then started their self-
propelled motion after ca. 1—10 s delay (see the Supporting
Video 1). This delay is of great importance for the study of
self-propulsion owing to the fact that marbles “forgot” their
initial inertial motion and started the self-propelled motion
from rest.

It is important to note that the marbles containing sulfuric
acid were markedly heated when placed on a water surface as
can be seen from Figures 2 and 3. The maximum surface
temperature of 70 °C was registered for the marbles at rest.
The surface temperature of the marbles decreased to 40—S50
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Figure 3. Profiles of temperature (a, b, c) registered across the lateral
equatorial section of a liquid marble (taken at the top part of the
marble) in the direction of motion (red arrow). The graphs represent
different marbles of the same volume V = 10 uL.

°C in the course of their self-propelled motion, as shown in
Figures 2 and 3. The thermal contrast between the planar
water surface and the surface of the marbles of 20—25 °C was
registered. It is reasonable to explain heating of the marbles by
the exothermic reaction between water and sulfuric acid which
takes place when the liquid marbles absorb water vapor, as
shown schematically in Figure 4 (remember that the liquid
marbles are not coated hermetically with fumed fluorosilica

particles®* ).

absorption of water
by a marble

Figure 4. Marble moves in the direction denoted (—x) which
coincides with the direction of Marangoni flow, marked by the red
arrow. Green arrows illustrate evaporation of water followed by
adsorption of water molecules by the marbles surface, resulting in
inhomogeneous heating of a marble giving rise to the thermo-capillary
Marangoni flow; the inter-relationships T < T, 7, < 7, take place.

The intensive absorption of water by liquid marbles at rest is
illustrated in Figure 5, demonstrating the increase of the
diameter and the mass (m) of sulfuric acid-filled marbles with
time, t. The initial stage of the mass growth of sulfuric acid
marbles is well described by the linear time dependence:

_4 g
s (1)

where my is the initial mass. The increase in the mass growth of
marbles in model experiments (performed with marbles in
rest) lasts continuously for the time span 7., & 10* s. Thus,
the inter-relation 78°¥™" > 7, . takes place. This means that
the marble increases its mass continuously over the course of
its motion. The self-propelled marble increased its mass by
one-third during its entire displacement. Cracks in the powder
coating of marbles were registered after ca. 10® s of the mass

m=m, + at; a = 8 X 10

growth
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Figure 5. Time dependence of (A) size and (B) mass of a liquid
marble (initial volume V = 20 yL) containing sulfuric acid.

increase, followed by bursting of marbles. This time span
restricted the lifetime and consequently the time span of the
self-propulsion.

Now inspect qualitatively the kinematics of the self-
propulsion. The marbles containing sulfuric acid demonstrated
a kind of self-propulsion similar but somewhat different from
that described in refs 38 and 39, in which self-propulsion of
marbles filled with an aqueous solution of alcohol was studied.
Marbles filled with sulfuric acid moved markedly slower than
those containing aqueous alcohol; the maximum velocity of
their center of mass was at least 1 order of magnitude smaller
than in the latter case.”®*” However, the characteristic velocity
of the center of mass of marbles was close to that registered for
the translational motion of liquid marbles filled with aqueous
solutions of camphor.”” This means that gradients of water
surface tension driving marbles containing aqueous solutions
of alcohols are markedly larger than those inherent for the
marbles filled with aqueous solutions of camphor and sulfuric
acid. Recall that the fumed fluorosilica particles were used for
all of the aforementioned marbles as a coating powder.”**°

The time taken for marbles to attain a more or less uniform
averaged velocity motion (in other words the characteristic
time of their acceleration) was established experimentally as
Toee = 20 s (see Figure 2). It seems plausible to ascribe this
time span to the viscous (skin) dissipation.”**" Indeed, in our
experiments the characteristic velocity of the center mass of
marbles was approximately v, ~ 0.01 m/s and it was at least

an order of magnitude smaller than ¢, = 4 o~ 023" (as
/} N

calculated for water), i.e. the threshold velocity at which the
wave drag effects become important.”’ The characteristic time
necessary for establishing the thermal equilibrium within a

2
marble is supplied by 7., = L;, where L is the characteristic

dimension of a marble and @ is the thermal diffusivity of
sulfuric acid. Assuming L & 1.5 mm (which is the order of
magnitude of the contact radius of a marble®’) and
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a=10" mT (see refs 52 and 53,) yields Tyem = 20 s. The

relatively high values of 7y, (actually responsible for creating
the gradient of surface tension driving the marble) are due to
the low values of thermal diffusivity of the sulfuric acid.”

The characteristic time of viscous dissipation may be roughly
LZ

=, wherev

v

~

>~ o~
visc —

2
estimated as 10_6% is the kinematic

viscosity of water. We obtain 7, & 2.5 s, which is smaller than
the experimentally established time of the marbles’ accel-
eration. It is reasonable to ascribe this discrepancy to the
continuously increasing mass of a marble over the course of its
motion. Anyway, the following hierarchy of time scales is
inherent for the self-propulsion of liquid marbles filled with
sulfuric acid:

growth

T, = Thotion

mass > Tt 7

acc

> T

visc

2)

This hierarchy of time scales defines the character of the
observed self-propulsion. Marbles continuously absorb the
“water fuel” from the water—vapor interface, which heats them
as a result of the exothermic chemical reaction. The time span
necessary to equating a temperature within a marble is as large
as ca. 20 s, thus providing sufficient time to accelerate a marble
by the Marangoni thermo-capillary flow. During approximately
20 s marbles come to approximately uniform velocity, defined
by the balance of the Marangoni-inspired force and viscous
dissipation. It is instructive to analyze qualitatively the
mechanism of self-propulsion of liquid marbles. First, consider
the origin of the thermo-capillary Marangoni flow. Breaking of
the cylindrical symmetry of the thermal field created on the
surface of a water support, shown in Figure 6, arises from
various factors, namely: (i) nonuniform heating of marbles
depicted in Figure 3 and (ii) translational motion of a marble.

Consider first the initial stage of the self-propulsion of a
liquid marble. Immediately after being placed on the water
surface, a marble has been at rest for ca. 1—10 s, and the
nonhomogeneous thermal field forms around the marble, as
shown in Figure 6A. The temperature jump across this field is
about 1 K, as shown in Figure 6B and Figure 7. This jump may
be related to the inhomogeneity of the temperature of the
marble itself, illustrated in Figure 3.

The meaningful physical question is what kind of Marangoni
flow (thermo- or soluto-capillary) plays the decisive role in the
triggering of the self-propulsion? Generally, soluto-capillary
Marangoni flows may give rise to self-propulsion of marbles
when alcohols or camphor evaporate from them, breaking the
symmetry of the experimental situation as reported in refs
36—38. The surface tension of sulfuric acid is lower than that
mJy s3
)

>~
herm =

of water (3, ¢ & 55 hence, its adsorption by the water
290,

m

surface may promote Marangoni flow. However, sulfuric acid is
not a surfactant and it decreases the surface tension of water
only negligibly. We measured this decrease experimentally as
described in ref 54 and did not record any change of the

surface tension at the water—vapor interface (within + 0.1 gl)
m

In order to check the true role of evaporation of sulfuric acid
from marbles we performed the following experiment: marbles
were placed on litmus paper and aqueous solutions of methyl
orange (c = 0.03 wt %) as shown in Figure 8 (see Supporting
Video 2). No evidence of evaporation of sulfuric acid from
marbles was registered. We conclude that asymmetrical heating
of the water—vapor interface sets the liquid marble in motion
in the (—x) direction, as shown schematically in Figure 4 (the
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Figure 6. Breaking symmetry of temperature field in the vicinity of a
sulfuric acid-filled marble (V = 20 uL). The marbles moved in the
direction denoted (—x) (see Figure 4). (A) Sequence of thermo-
graphic images of thermal fields taken in the course of motion of the
marble (from rest to movement). Red arrows indicate the direction,
denoted x (opposite to the marble’s motion) at which the
temperature at the water—vapor interface was measured. (B)
Temperature profiles along the direction x are presented.
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Figure 7. Comparison of the measured temperature profiles across
the water/vapor interface with those calculated with thermophysical
model (see the Supporting Information). Curves A and B represent
the calculated curves; AT(x) denotes superheat, calculated relative to
background temperature of the water/vapor interface; % is the
dimensionless distance ¥ = % (0 represents the coordinate of marble

front point); curves C and D depict the values of AT measured in the
thermal tail (see Figure 6A). The parameters of the model are droplet
radius R = 2 mm, clearance d = 25 pum, velocity of the center of mass

mm mm
v, =4 — for curve A; v, = 10 — for curve B. The measured
S s

temperatures are presented for the marble with volume V = 20 uL
taken 94 s (curve C) and 28 s (curve D) after the onset of the self-
propelled motion. The velocities of the center of mass of marbles are
v, = 3.5 % (for curve C) and v, = 10.05 % (for curve D).
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litmus paper

A
B

Figure 8. Testing of the role of evaporation of sulfuric acid from the
liquid marble is shown. (A) Liquid marble containing sulfuric acid
placed in the vicinity of the litmus paper is depicted. (B) Sequence of
images demonstrating self-propulsion of a liquid marble filled with
sulfuric acid over the surface of an aqueous solution of methyl orange
(c = 0.03 wt %) is shown. The time span between images was 4 s.

reference point coincides with the axis of symmetry of the
marble).

Assume that the observed self-propulsion is due to the
thermo-capillary Marangoni flow. Thus, the characteristic
velocity of the marble may be roughly estimated as

1Ay | | |AT

X1,

Vem

T o, (3)

where Ay is the jump in the surface tension driving the self-
propulsion due to the thermo-capillarity, 77, = 9 X 10™*Pa X s
is the dynamic viscosity of water at ambient conditions, y = 10
is the dimensionless coefficient introduced in ref 39, AT = 1 K
is the temperature jump across the water surface and

ﬂ o~ S J
‘0T ~ 17.7 X 10 o
tension gradient of water (see ref 52). The calculations
according to eq 3 yield the estimation v, = 0.02= in

> is the modulus of the surface
m

satisfactory agreement with the experimental data supphed in
Figure 2.

After the onset of self-propulsion, the breaking of the
thermal field symmetry is due to the preferred direction of the
marble, as demonstrated in the Supporting Information,
representing thorough thermo-physical analysis of the
problem. The comparison of thermal fields established
experimentally with thermal imaging and those calculated
with the model are depicted in Figure 7. The satisfactory
coincidence of the experimental data with the predictions of
the model is recognized. Formation and spreading of the
thermal trace formed on the water surface by a self-propelled
liquid marble calculated according to a model and depicted in
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Figures S1 and S2 are close to the experimental findings both
qualitatively and quantitatively.

Now consider the cyclic character of the motion of a marble,
illustrated in Figure 2. When a marble is stopped due to the
friction of bouncing from the rim of the Petri dish, the decrease
in its velocity results in considerable additional asymmetrical
heating of the water surface triggering a new cycle of self-
propulsion, as demonstrated in the Supporting Information
and shown in Figure S3. Note that the displacement of marbles
in turn enhances the water evaporation within the layer
separating the marble from the supporting liquid and thus also
promoting the motion.”® The complicated geometry of the
vapor layer, separating a marble from water and depicted
schematically in Figure 4, was treated in detail in ref SS.
However, for the sake of simplicity we adopted that the
clearance between a marble and liquid support was constant in
a course of self-propulsion (see the Supporting Information
presenting the thermo-physical model).

4. CONCLUSIONS

Liquid marbles are droplets coated with hydrophobic
powders."*"*>* The permeability of the solid coating to
gases supplies to liquid marbles a diversity of useful properties
enabling gas sensing56’5 and carrgflng out microchemical
reactions and cell interactions.’®® Among other effects,
connection of volatile liquids, filling marbles and exposure to
the atmosphere growdes their self-propulsion when placed on
a liquid support.”*~*° We report here self-propulsion of liquid
marbles (V = 5—20 uL) filled with sulfuric acid and coated
with very hydrophobic fumed fluorosilica powder, floating at
ambient conditions on a water surface. Floating marbles
containing sulfuric acid were heated to 70 °C (at rest) when
placed on water due to the exothermic chemical reaction
arising under adsoption of water vapor by the surface of the
marble. Thermal imaging evidenced nonuniform heating of
marbles, breaking the spherical symmetry of the experimental
situation and giving rise to the Marangoni thermo-capillary
flow, moving marbles with the velocity of the center of mass of
ca. v, = 0.01 ? and continuing for a couple of minutes. Self-
propulsion is triggered by the nonuniform thermal field created
within the marble which is due to asymmetric absorption of
water by a marble. A nonuniform thermal field was observed
on the water—vapor interface over the course of self-
propulsion. The thermo-physical analysis of the self-propulsion
is reported, explaining the origin of the nonsymmetrical
thermal field on the surface of water, resulting in Marangoni
thermo-capillary flows.
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Thermo-physical analysis of self-propulsion (PDF)
Supporting Video 1: Movie demonstrating self-propul-
sion of the 20 yL liquid marble filled with sulfuric acid
(AVI)
Supporting Video 2: Movie demonstrating self-propul-
sion of 10 pL liquid marbles containing sulfuric acid
taking place on the surface of aqueous solution of methyl
orange (AVI)
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