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ABSTRACT: Liquid marble is a liquid droplet coated with particles.
Recently, the evaporation process of a sessile liquid marble using geometric
measurements has attracted great attention from the research community.
However, the lack of gravimetric measurement limits further insights into the
physical changes of a liquid marble during the evaporation process. Moreover,
the evaporation process of a marble containing a liquid binary mixture has not
been reported before. The present paper investigates the effective density and
the effective surface tension of an evaporating liquid marble that contains aqueous ethanol at relatively low concentrations. The
effective density of an evaporating liquid marble is determined from the concurrent measurement of instantaneous mass and
volume. Density measurements combined with surface profile fitting provide the effective surface tension of the marble. We
found that the density and surface tension of an evaporating marble are significantly affected by the particle coating.

1. INTRODUCTION

A liquid marble is a liquid droplet coated with hydrophobic
powder. The powder covering a liquid droplet forms a porous
coating1−3 that prevents direct contact between the liquid
content and the substrate on which the marble is resting. It is
well-known that this coating can even allow a liquid marble to
float on a liquid surface.4−10 The porous coating also allows for
both gas exchange and evaporation to take place.11−15 For
monolayer coatings the evaporation rate could actually be
higher than that for an uncoated droplet.16 In most cases,
however, the formation of a multilayered coating results in a
lower evaporation rate.9,17−19 Some applications take advantage
of the lower evaporation rate of the multilayered coating to
extend the lifetime of the liquid marble.11,20 While this is a
desirable property, the controlled manufacture of multilayered
coatings is challenging given it involves a combination of
natural aggregation and random arrangement of the micro-
scopic powder. Increased evaporation rates can also be
beneficial for the formation of shells made of bound granules.21

Evaporation of a droplet resting on a hydrophobic powder bed
can even cause the powder to coat the droplet spontaneously.22

The quantitative relationship between evaporation rate of a
liquid marble and the coating structure is not fully understood,
and for this reason a number of recent studies on the subject
have been reported.9,17−19

Research into the evaporation rate of a sessile droplet on a
flat, solid surface is well established23−32 and is comprehen-
sively reviewed by Erbil.33 The evaporation rate has usually
been quantified by monitoring the change in contact angle,
volume, mass, or shape over time. Evaporation may occur
under a constant contact angle or a constant contact area

mode,34 depending on the liquid and surface type. Evaporation
mode has also been reported to change with time giving rise to
distinct evaporation phases.28,29,31,32,35,36 Similar studies have
been conducted for binary mixture droplets,35−40 where
discrepancy has been reported with some theories governing
evaporation of pure liquid droplets. A similar disparity exists for
pure liquid marbles.18 To the authors’ best knowledge only the
study by Bhosale et al.41 investigated the evaporation process of
a binary-component liquid marble, and that was for the water−
poly(diallyldimethylammonium chloride) (PDDA) system
where only the water was evaporated since the PDDA is not
volatile.
Recent interest in autonomously moving and floating liquid

marbles based on the Marangoni solutocapillary effect42−44 has
emphasized the need for better understanding of the
evaporation rates and surface tension around a binary-phase
liquid marble. For this reason, our present study aims to
quantify the evaporation behavior and the effective surface
tension of a binary water−ethanol liquid marble. In particular,
we investigated the relationship between the effective surface
tension, the density, and the Bond number. Finally, the
evaporation process was only considered up to the point of
buckling, as we have yet to develop a proper method for
measuring the properties of an irregularly shaped liquid marble.
The instantaneous concentration of the binary mixture is still
undetermined as our measurement methods treat the binary
liquid content and the coating powder as a single entity.

Received: April 3, 2016
Revised: May 19, 2016
Published: May 26, 2016

Article

pubs.acs.org/Langmuir

© 2016 American Chemical Society 6097 DOI: 10.1021/acs.langmuir.6b01272
Langmuir 2016, 32, 6097−6104

pubs.acs.org/Langmuir
http://dx.doi.org/10.1021/acs.langmuir.6b01272


1.1. Geometric Analysis. The evaporation rate can be
deduced from analyzing the geometry of an evaporating
droplet. Analyzing the side-view image of a droplet reveals its
contact angle and contact radius. Droplet volume can then be
calculated based on the axisymmetric assumption. For
isothermal, diffusion-controlled evaporation of a sessile and
pure droplet, Erbil et al. developed the following expression for
the droplet volume as a function of the constant contact
angle:34
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where Vc is the instantaneous volume of the droplet, Vci is the
initial volume of the droplet, K is a constant that is assumed to
be independent of time and volume and can be determined
from the parameters listed in the adjacent parentheses, Mw is
the molecular weight of the liquid, T is the temperature, Pvs is
the saturated vapor pressure, D is the diffusion coefficient, ρ is
the density, RH is the relative humidity of the droplet
environment, θ is the contact angle, and t is time. The full
expression of K and f can be found in the literature.17,19,33,34,45

Erbil et al.34 also developed an expression for the contracting
contact radius as a function of time assuming a constant contact
angle. Equation 1 provides a useful prediction of the
evaporation rate if the properties of the droplet and the
environment are known at all times. This condition is feasible
with the usage of pure liquids on surfaces with minimum
imperfections. However, the value of K of a binary mixture
varies with time, since saturated vapor pressure, diffusion
coefficient, density, and contact angle are time-dependent. The
time functions for each of these parameters is needed to
calculate K.
For a droplet consisting of water mixed with a more volatile

component, its contact radius decreases over time while its
contact angle usually increases at first and then decreases
eventually.35,37−40 The reduction in contact radius is expected
as the droplet volume and surface area decreases over time. The
contact angle depends on the surface tension of the droplet in
accordance with Young’s contact angle equilibrium. Surface
tension is a function of the concentration of the binary mixture,
and change in contact angle has been reported35,37 as a result of
evaporation of the different components. The instantaneous
concentration of the binary mixture in a droplet can be deduced
from the droplet profile or the contact angle but is subjected to
the effects of surface imperfections. Trunk et al. were able to
directly measure instantaneous concentration of levitated
droplets using Raman spectroscopy,46 which allowed them to
calculate the evaporation rates of the individual components.
Wang et al.39 formulated the relationship between the

contact angle θ and the contact radius R for the final
evaporation phase as

θ = +a R a R1
3

2 (2)

where a1 and a2 denote fitting coefficients that will be
influenced by intrinsic properties of the droplet such as ethanol
concentration.
Studies involving liquid marbles reported that measurement

of the contact angle is very difficult due to the presence of the
“fluffy” coating.17 Moreover, where the contact angle could be
measured, it was found not always constant.17,18 To the best
knowledge of the authors, only a few papers reported the
contact angles and contact radii of an evaporating liquid marble.
Tosun and Erbil18 and Doganci et al.19 reported an evaporating

marble that had a decreasing contact angle similar to that of a
bare droplet. Conversely, Doganci et al.19 reported an
evaporating marble that had an increasing contact radius,
which is the opposite behavior of a bare droplet. Possibly, this
observed behavior was the result of sagging of the marble
during the evaporation process.
The evaporation resistance model of La Mer47 for a liquid

droplet has been used to compare the evaporation resistance
parameter ϕ of a liquid marble and a liquid droplet.17−19 La
mer’s model is given by
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where Ac is the area of the evaporating droplet with an assumed
spherical cap shape, Rg is the gas constant, and dt/dmm and dt/
dml are the reciprocals of the rate of change of mass for the
liquid marble (assuming a monolayer coating) and liquid
droplet, respectively. Equation 3 is based on the assumption of
a monolayer coating, which is not the case for liquid
marbles1,8,9,18 unless customized methods and materials are
used.48 Also, the volume calculation assumed that the liquid
marble maintains a constant axisymmetrical shapelike that of
a liquid dropletwhich is no longer valid once the marble
coating buckles inward. Therefore, eq 3 is not suitable for
quantifying evaporation rates of liquid marbles, especially when
buckling of the coating layer takes place.

1.2. Gravimetric Analysis. Evaporation rates can be
measured by monitoring the mass of the droplet. Bhosale et
al. established a linear relationship between surface area and
time at a given evaporation phase of the liquid marble.41 The
surface area was calculated from the accurately measured mass
and the known density, assuming that the liquid marble is a
perfect sphere. Four distinct evaporation phases were observed,
with the final phase attributed to the nonvolatility of the
dissolved PDDA. The mass of the liquid marble was measured
using a thermogravimetric analyzer under a highly controlled
environment. The paper reported change in surface area of the
evaporating marble as a function of time. Neither contact angle
nor contact radius was investigated due to the difficulty in their
measurement. Shi et al.40 conducted both gravimetric and
geometric analysis on an evaporating ethanol−water droplet on
PTFE. The instantaneous mass, contact angle, and contact
radius were reported for the pure liquids and the binary
mixture. The marble volume was not reported. Contact line
pinning and depinning were observed during the evaporation
process.

2. MATERIALS AND METHODS
2.1. Preparation and Characterization of the Liquid Marble.

Ethanol (Chem-Supply, 99.5% purity) was diluted with distilled water
to obtain the concentrations used in our experiments. The aqueous
ethanol droplet was then dispensed onto a bed of loose
polytetrafluoroethylene (PTFE) powder (Sigma-Aldrich, 1 μm
nominal diameter, ρ = 2.2 g/cm3). For accurate volume control, a
micropipet (Thermo Scientific Finnpipette 4500, 0.5−10 μL) was used
as the dispenser. The micropipet had an uncertainty of ±4.3%. The
liquid marble was formed by rolling the aqueous ethanol droplet in the
powder bed. Further rolling on a clean stainless steel spoon dislodged
excess powder from the marble surface. The liquid marble was then
placed on an electronic balance (RadWag AS82/220.R2 analytical
balance).

The mass of the marble coating mc was found by subtracting the
mass of the liquid content ml from the mass of the liquid marble mm,
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i.e., mc = mm − ml. The mass of liquid ml was calculated as ml = ρlVl,
where ρl and Vl are the density and the volume of the liquid,
respectively. The value of ρl was obtained from the literature,49 while
the value of Vl was controlled by the micropipet. Both mm and ml were
measured 10 times each. A 10 μL liquid droplet dispensed by the
micropipet weighed 10.08 ± 0.36 mg. The mean mass of a 10 μL
liquid marble was 10.21 mg, which is well within the uncertainty range
of the micropipet.
Our methodology described above was not capable of measuring

the coating powder mass of an individual liquid marble. For this
reason, the mass of the coating was determined by averaging the
coating powder of 20 marbles. First, the mass of the empty container
was measured. Twenty liquid marbles with a volume of 10 μL each
were then placed into the container, and the mass of the container
with liquid marbles was measured and then left to dry for 2 days. With
the liquid completely removed from the container, only the powder
remained, and the difference in mass of the container with the powder
and the blank container yielded the mass of the coating of the 20 liquid
marbles. Five readings were taken for each measurement to determine
the data uncertainty. The average mass of the coating powder for one
liquid marble was found to be 0.25 ± 0.05 mg. The average water mass
removed from the drying process was 10.07 ± 0.03 mg per liquid
marble, which is almost the same as the mass of a 10 μL droplet
dispensed by the micropipet. Table 1 lists the measurement results.

2.2. Gravimetric Measurement of the Liquid Marble. All
measurements were conducted in an air-conditioned laboratory
environment at a temperature of 293.5 ± 0.5 K, 1 atm pressure, and
a relative humidity of 57.3 ± 3%. Electronic balance sensitivity drift
was characterized without the autozero feature. The resulting
correction factor was used to reduce systematic errors from the
mass measurements. The electronic balance was calibrated before each
run. The electronic balance logged the mass of the liquid marble at a
fixed time interval of 180 s. The corresponding side views of the
evaporating marble were acquired by a horizontally mounted USB
camera (EO-5012C 1/2 in. CMOS color USB camera with 1.0×
telecentric lens). The camera focus was adjusted using a motorized
linear stage (Zaber Technologies T-LS28M). Figure 1 illustrates the
schematic of our experimental setup.
2.3. Geometric Measurement of the Liquid Marble. We used

the software ImageJ (National Institutes of Health, USA) to evaluate
the side views of the liquid marble utilizing the low-Bond axisymmetric
drop shape analysis (LB-ADSA) plug-in.50 This method allowed a
rapid, accurate, and nondestructive measurement of the geometry of
the marble. The initial generated drop profile was manually placed in
the vicinity of the marble on screen and fitted using gradient energy
optimization.50 The drop profile depends on the curvature, the
density, and the surface tension. The profile was repeatedly optimized
until it matched that of the real marble. Geometric parameters of the
marble were then obtained by solving the Young−Laplace equation for
the fitted droplet profile. The parameters generated by the software
include the apparent contact angle θ, the apex curvature b, the inverse
square of capillary length c, the contact area A, the marble volume Vm,
and the surface area As. From the known drop volume and mass, the
effective density was calculated using ρm = mm/Vm. Given that the

inverse square of capillary length is c = ρmg/γeff, where γeff is the
effective surface tension of the liquid marble, and g is the gravitational
acceleration of 9.81 m/s2, and that c and ρm are known, then the
effective surface tension γeff can be calculated. Note that the effective
surface tension of the liquid marble γeff is different than that of the
liquid−air γ or solid−air γSA interfaces because the surface is neither
purely liquid nor solid, as the surface actually is a mixture of liquid and
embedded solid particles.

In experiments with liquid marbles, data were collected until the
onset of buckling, beyond which the model assumption of an
axisymmetric shape was no longer satisfied.

3. RESULTS AND DISCUSSION
Figure 2 compares the measured normalized mass of droplets
with different volume concentrations of ethanol. The
normalized mass is the ratio between the instantaneous mass
and the initial mass, m* = m/m0. As expected, droplets with
higher ethanol concentration have steeper curves due to the
higher evaporation rates. Pure water and pure ethanol curves

Table 1. Raw Mass Data of the Container and 20 Liquid
Marbles (All Values in mg)

container
only

container with
marbles

container with
powder

10479.09 10685.04 10483.14
10478.81 10685.18 10483.46
10478.62 10685.77 10483.75
10479.06 10685.82 10484.87
10479.16 10685.36 10484.70

mean 10478.95 10685.43 10483.98
standard
deviation

0.23 0.35 0.76

Figure 1. Schematic of the experimental setup. The liquid marble was
placed on the weighing pan of an electronic balance fitted with a draft
shield, which was not airtight to allow air exchange and to prevent
vapor saturation within the weighing chamber.

Figure 2. Normalized mass of aqueous ethanol droplets with different
ethanol volume concentrations. Fitting lines are shown for reference.
Error bars indicate measurement uncertainties. All experiments were
conducted with an initial droplet volume of 10 μL.
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serve here as the two limiting cases of the experiments. An
aqueous ethanol droplet has a higher evaporation rate initially
but then gradually reaches a level similar to that of pure water.
Our results are comparable to those reported by Shi et al.40

Droplets with higher ethanol concentrations do not allow
accurate volume estimation, as they are not axisymmetric. The
high wettability due to the presence of ethanol caused the
droplets to form irregular shapes which render geometry-based
volume measurements highly inaccurate. This problem was for
an aqueous ethanol marble not as apparent because particle
coating prevents direct physical contact between the aqueous
ethanol and the weighing pan surface.
Figure 3 shows the measured volume, mass, contact angle,

and contact radius of aqueous ethanol marbles. Figures 3a and
3b depict the normalized volume V* = V/V0 and the
normalized mass, respectively. For an ethanol concentration
less than 25% the evaporation behavior is similar but has a
lower rate than the uncoated droplet. The lower evaporation
rate of a marble can be attributed to (i) a direct reduction in the
available mass transfer area due to the presence of particles on
the droplet surface and (ii) the presence of air, ethanol, and
water vapor trapped within the porous multilayered coating.
Figures 3c and 3d indicate no particular trend for either the
marble contact angle or contact radius; noting that the reported
contact angles are apparent contact angles as the fluffy

appearance obscured the actual edges. This result is different
than that of either pure water marbles or binary mixture
droplets reported in previous studies.35,38,39 Evaporating binary
mixture droplets have decreasing contact angles and radii. This
observation is consistent for ethanol volume concentration as
low as 12.3%.39 Decreasing contact angle has also been
observed for an evaporating pure water marble.18

We attempted experiments with ethanol concentrations
higher than 25%, but the marbles were very unstable and
ruptured upon placement. For ethanol volume concentrations
of 66.7% or higher, the droplet simply wetted and seeped
through the PTFE powder bed without forming a marble. This
phenomenon has been reported previously.51

At low ethanol concentrations (<25%), the evaporation rate
can be linearly approximated for both the liquid droplet and
marble. Table 2 compares the evaporation rates of these two
cases. Liquid marbles have lower evaporation rates at ethanol
concentrations up to 25%, which is consistent with that of a
pure water marble where the evaporation rate is lower than that
of a pure water droplet.17,18

Figure 4a shows the overlapping droplet profiles plotted as a
function of time. The contact line of the droplet was first
pinned for about 18 min, with the droplet evaporating in the
constant-contact-radius mode. Then, the right side of the
droplet depinned and the droplet proceeded to evaporate in the

Figure 3. Measured parameters of aqueous ethanol marbles for different ethanol volume concentrations: (a) normalized volume; (b) normalized
mass; (c) apparent contact angle; (d) contact radius. Photo insets show examples of side view of pure water and aqueous ethanol marbles. All runs
were conducted with an initial marble volume of 10 μL.
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constant-contact-angle mode. The left side of the droplet was
pinned throughout the measurementsmost probably due to
surface imperfections. The behavior observed in Figure 4a is
consistent with other studies that found that an evaporating
sessile liquid droplet on a solid surface initially evaporates with
the constant-contact-radius mode which is then followed by the
constant-contact-angle mode.52,53 Figure 4b depicts the
corresponding overlapping profiles of the liquid marble. For a
liquid marble, the contact line might not be pinned to the solid
surface since the marble is nonwetting. Consequently, the
marble evaporated with a monotonically decreasing contact
radius. However, we observed that the contact radius stopped
decreasing after some time. Since the contact line was not
pinned, the top of the marble began to collapse.
Figure 5a depicts the effective density of the aqueous ethanol

marble plotted against time. The effective density either
increased or decreased with time. According to the previous

work,35 the volatile compound in the binary mixture should
evaporate first, and we expect that the effective density should
increase and eventually match that of pure water once all of the
more volatile component had evaporated.
For some ethanol concentrations, the effective density

actually decreased over time because the coating layer was
occupied by air and vapor, which would make it less dense than
the liquid inside the marble. To test this hypothesis, the mass
and volume of the coating layer are required in accordance with
the expression

ρ
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where ρ refers to effective density, m is the mass, and V is the
volume of a liquid marble component indicated by the
subscript. Subscripts c corresponds to the coating layer which
includes trapped air, m refers to the marble, and l refers to the
liquid content within the marble. The measured values of Vm,
mm, mc, and ρl result in an average density of the coating ρc of
0.635 g/cm3 for a 10 μL pure water marble. This value is well
below the liquid density even at 25% ethanol concentration (ρl
= 0.946 g/cm3) and could contribute to the reduction in
effective density of the marble even though evaporation of the
more volatile component is taking place. The volume of
trapped air Va occupies 4.18% of the total marble volume on
average. The effective density for an ethanol marble cannot be
determined with our current methodology because ρl changes
with time as the ethanol evaporates.
Figure 5b indicates that the effective surface tension, γeff, of

the aqueous ethanol marble decreased over time. As the marble
shrinks, the surface area decreases even though the particle
coating remains in place. The liquid−air interface that
contributes to the marble effective surface tension was gradually
replaced with layers of particle coating.1 The effective surface
tension of a liquid marble can be expressed as

γ
γ γ γ

γ γ γ γ=
− + +

= + + −
S S S

S
S

S

( ) ( )
( )

1
eff

0 SL SA 0
SL SA 0

(5)

where γSL, γSA, and γ are the surface tensions at the powder−
liquid, powder−air, and liquid−air interfaces, respectively; S is
the total surface of the liquid marble, and S0 is the area of the
marble occupied by powder. As the liquid content of the marble
shrinks, so does its volume and surface area. The powder
coating shrinks accordingly to conform to the marble surface,
thereby increasing the ratio S0/S with time. According to eq 5,
this will result in a decrease in γeff, but γeff could not be
calculated since S0, γSL, and γSA were not measured. Following
this explanation, the liquid content likely recedes to a point
where it detaches from the powder coating, forming a shell.
This powdered shell could be held weakly in place by an
evaporating thin water film. As the amount of particles becomes
relatively excessive, the surface tension provided by the water
film diminishes and gravity causes the top of the shell to buckle.
Figure 5c shows the Bond number Bo as a function of time.

The Bond number is the ratio between the weight and the
shape surface tension of a marble:

ρ
γ

=
gr

Bo m 0
2

eff (6)

Table 2. Evaporation Rates of a Liquid Droplet and a Liquid
Marble at Different Ethanol Concentrationsa

evaporation rate m*/t

ethanol concentration (%) droplet marble

0 106 104
9 157 106
17 190 130
25 206 145

aThe evaporation rate is defined as the slope of the normalized mass
versus time curve, where time is measured in minutes.

Figure 4. Outlines of an evaporating (a) droplet and (b) marble
containing 10 μL aqueous ethanol at 16.7% volume concentration.
Each outline is spaced 3 min apart, starting from the outermost line.
The jagged edges in (b) are caused by the uneven profile of the
powder coating.
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where r0 = (3V/4π)2/3 is the radius of the undeformed spherical
marble. The Bond number Bo is relatively constant for ethanol
concentrations below 16%. This behavior is attributed to the
fact that the reduction in marble density is more or less
compensated for by the corresponding decrease in effective
surface tension. At 25% ethanol concentration, the Bond
number actually increased over time.
For small sessile marbles with contact radius smaller than its

capillary length, the contact radius can be estimated as3,54

ρ
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Rearranging (7) results in the relationship between the Bond
number and the dimensionless contact radius R* = R/r0:
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The solid line in Figure 5d depicts the relationship (8), which
fits well for a small R* or a small marble volume.

4. CONCLUSION

We investigated the evaporation process of sessile liquid
marbles filled with an ethanol−water binary mixture. At low
ethanol concentrations, a marble has similar evaporation
behavior as an uncoated droplet in terms of volume reduction.
Compared to uncoated droplets, marbles have lower
evaporation rates at all ethanol concentrations as observed in
our experiments. An accurate geometric measurement at higher
ethanol concentration is problematic due to their high wetting
characteristics, which produce low contact angles and
asymmetric droplet shape. Furthermore, high ethanol concen-
tration makes the formation of liquid marbles difficult, as they
are extremely fragile. Our experimental results showed that the
apparent contact angle and the contact radius do not have
obvious trends, in contrast to uncoated droplets of the binary
mixtures. The instantaneous ethanol concentration and the
density of particle coating affect the effective density and
effective surface tension of a marble. The coating density could
be the major factor influencing the evaporation behavior.
However, accurate characterization of the coating particles
would require equipment with higher sensitivity and a well-
controlled environment. The Bond number of an evaporating
marble remain relatively constant at low ethanol concentration.
A higher concentration of 25% shows an increasing Bond
number over time, indicating a weaker influence of the apparent

Figure 5. Experimentally evaluated parameters of aqueous ethanol marbles with different ethanol volume concentrations: (a) effective density; (b)
effective surface tension; (c) Bond number; (d) Bond number versus dimensionless contact radius. The solid line represents the relationship Bo = 3/
2R*2.
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surface tension. Future works using more stable liquid marbles
at higher ethanol concentrations would be needed to confirm
this observation.
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