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ABSTRACT: Evaporation of droplets of three pure liquids (water, 1-
butanol, and ethanol) and four binary solutions (5 wt % 1-butanol−
water-based solution and 5, 25, and 50 wt % ethanol−water-based
solutions) deposited on hydrophobic silicon was investigated. A drop
shape analyzer was used to measure the contact angle, diameter, and
volume of the droplets. An infrared camera was used for infrared
thermal mapping of the droplet’s surface. An acoustic high-frequency
echography technique was, for the first time, applied to track the
alcohol concentration in a binary-solution droplet. Evaporation of pure
alcohol droplets was executed at different values of relative humidity
(RH), among which the behavior of pure ethanol evaporation was
notably influenced by the ambient humidity as a result of high
hygrometry. Evaporation of droplets of water and binary solutions was
performed at a temperature of 22 °C and a mean humidity of
approximately 50%. The exhaustion times of alcohol in the droplets estimated by the acoustic method and the visual method
were similar for the water−1-butanol mixture; however, the time estimated by the acoustic method was longer when compared
with that estimated by the visual method for the water−ethanol mixture due to the residual ethanol at the bottom of the droplet.

■ INTRODUCTION

In recent decades, many experimental1−7 and theoretical
studies5,8−12 have investigated the process of evaporation of
drops, which has a wide range of applications, for example, ink-
jet printing,13,14 DNA mapping,15,16 combustion engineer-
ing,17,18 and cooling systems.19,20 Measuring the droplet
parameters (contact angle, base radius, and height), using
optical and infrared techniques, can contribute to full
understanding of the evaporation process. Moreover, the
dynamic evaporation of a binary mixture drop that can contain
both a constant contact angle regime and constant contact
radius regime is more complicated.
At ambient conditions, the evaporation process of water−

ethanol mixture drops can be divided into three stages: the first
stage conforms to the behavior of the pure volatile component;
at the last stage, the drop evaporates in accordance with the less
volatile component; and there is an intermediate (transitional)
stage, where the contact angle clearly increases with a nearly
constant volume.21 Christy et al. also showed that the
evaporation of the water−ethanol mixture sessile drop went
through three distinct stages when they studied the interior
flow in the droplet using particle image velocimetry (PIV)
technology: (1) chaotic regime, dominated by multiple vortices
driven by concentration differences as a result of the
preferential evaporation of ethanol; (2) transition regime,
characterized by an exponential decay of vortices with the
migration of the remaining vortices toward the drop periphery

and a spike of the radial velocity along the drop base; and (3)
the third stage, characterized by the evaporation driving
outward flow to the contact line, acting exactly the same as
pure water drops.22 During the evaporation process of the
water−ethanol mixture, O’Hare and Spedding found that the
evaporation rate of the water component was nearly constant,
despite the continuous decrease in the actual ethanol
concentration.23 Furthermore, Liu et al. discovered that the
evaporation behavior of the water−ethanol mixture drop can be
more complex: ethanol did not finish thoroughly at the end of
the transitional stage; rather, until the end of evaporation, part
of the residual ethanol still remained in the drop. The water
vapor condensed as the mixture drop began to evaporate at a
high ratio of ethanol in the drop and a high vapor pressure of
water in the background gas.24

Despite the numerous research studies performed on the
evaporation of water-based binary alcohol solutions, there is
still lack of understanding of the evolution of alcohol
concentration during evaporation. In this study, dynamic
evaporation of sessile drops of three pure liquids (water, 1-
butanol, and ethanol) as well as water−1-butanol and water−
ethanol mixtures was investigated using a complementary
original dual-track approach combining optical and infrared
techniques on the one hand and acoustics on the other hand.
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Whereas the optical and infrared techniques provide macro-
scopic information of the phenomenon on the drop surface, the
use of acoustics gives access to local interface exchange
mechanisms at the bottom of the drop.
An acoustical method has been developed in our laboratory

to characterize solid−liquid interfaces at micro-/nanometer
scales. First, the focus was on the wetting of droplets of various
surface tensions on hydrophobized textured structures.25 The
surface tension threshold of the droplet was correlated with the
observation of the transition from the Cassie−Baxter to Wenzel
state. Another targeted application was the determination of
cleaning efficiency in the nanoelectronics fabrication process.
The ultrasonic technique is not only used in the tracking of
Cassie−Wenzel transition on microstructures during the

evaporation process of a droplet on a microstructure sur-
face26,27 but also in nanostructures wetting characterization on
periodic surfaces.28

In the case of binary drop evaporation, alcohol concentration
tracking, which is the main interest of ultrasound techniques, is
due to the high contrast of mechanical impedances between
certain alcohols, such as 1-butanol and ethanol, trapped at the
interfaces and liquids. Moreover, ultrasound techniques do not
require any optical transparency. This sensitivity enables the
monitoring of the evaporation kinetics of droplets of some
water−alcohol mixtures at a plane of solid−liquid interface by
the tracking of the concentration evolution at the interface
between the droplet and the support. Depending on the binary
alcohol concentration of the drop, the mechanical impedance of

Figure 1. Schema of the experimental setup: (a) workbench of the modified Kruss Drop Shape Analyzer and infrared camera; (b) acoustic
workbench.
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the liquid and the acoustic reflection coefficient will be
modified. Because of a pre-established calibration curve of the
reflection coefficient, which depends on the alcohol concen-
tration of the droplet, it is possible to determine the
concentration of alcohol on line at the interface by the acoustic
reflection coefficient measurement.

■ EXPERIMENTAL SETUP
Two separate devices are used, one for optical and infrared
measurements and the other for acoustic reflection coefficient
measurements. In both cases, the droplets are left to evaporate on
the hydrophobized (100) silicon substrate treated with PFTS
(perfluorodecyltrichlorosilane). Measurements are taken at a temper-
ature of 22 °C and a mean humidity of approximately 50%. Moreover,
the influence of humidity, namely 20%, 50%, and 56%, on infrared and
optical measurements is considered in the case of the evaporation of
pure alcohol.
Optical and Infrared Measurements. The substrates are placed

in a vapor chamber (14 × 12.4 × 7.5 cm3), in which the ambient
temperature and relative humidity (RH) can be controlled (Figure 1a).
The air inside of the chamber is at rest. The top of the vapor chamber
has a sapphire window for the infrared camera and a hole for passing
the syringe. The infrared camera (FLIR X6580SC, 640 × 512 pixels,
15 μm detector pitch) is installed on the top for infrared thermal
mapping and visualization of thermal instabilities on the surface of the
droplets. The exploitation of dynamic infrared videos provides a good
visualization of the motion of alcohol cells on the droplet surface and
consequently the alcohol life time during evaporation because water
and alcohol have different emissivities. A Kruss Drop Shape Analyzer is
used to measure the contact angle, volume, diameter, and height of
sessile droplets during evaporation. A side-view CCD camera (Allied
Vision Technologies, 780 × 580 pixels) is used to record the
evaporation process of the droplets for profile analysis.
Acoustic Measurements. The measurements are made under a

controlled atmosphere thanks to an air-conditioning system. A
Cascade PM8 prober system is used to control the position of the
S/G (signal/ground) probe at the microscale level on a piezoelectric
transducer as small as 50 μm in diameter to achieve electrical
measurements (Figure 1b). The specificity of the probe is the
possibility to achieve an electrical contact at the backside of the wafer
on which the piezoelectric transducer was fabricated. These probes are
connected to a Rhode & Schwarz ZVA8 Vector Network Analyzer.
The droplet is deposited on the top side of the substrate via a
microfluidic device. A rear view camera is used to check the alignment
of the probe and the transducer. The top view camera helps to check
the correct position of the drop above the transducer surface, whereas
the lateral view camera gives information of the contact angle.
The acoustic method is based on the high-frequency echography

principle. A high-frequency (1 GHz) longitudinal wave is generated by
ZnO piezoelectric transducers fabricated on the backside of the (100)
silicon substrate on which the solid−liquid interface is characterized.
The diameter of the ZnO transducers is about 250 μm. The thickness
of the silicon substrate is about 500 μm. The S11( f) scattering
parameter (ratio of the complex amplitudes of the reflected and
incident signals) is measured by using a Suss Microtec probe coupled
with a Hewlett Packard 8753 Vector Network Analyzer. This
parameter is the result of two separate contributions, electric S11

el and
acoustic S11

ac

= +S f S KS( )11 11
el

11
ac (1)

where K refers to the electromechanical conversion effects at the
interfaces. The S11

ac parameter results from the superposition of the
acoustic waves generated from all the reflected waves at the interface.
An inverse Fourier transform applied on the S11( f) signal makes it

possible to separate the acoustic contribution from the electric one.
These two signal contributions are separated by a delay corresponding
to the propagation in the substrate. The signal in the time domain,

windowed on the useful echo corresponding to the first reflected echo,
is then processed to determine the reflection coefficient.

From a theoretical point of view, a plane of the acoustic wave
propagating at normal incidence at an interface separates two media of
acoustic impedances Z1 and Z2; the absolute value of the reflection
coefficient R in amplitude can be calculated using the following
equation

| | =
−
+

R
Z Z
Z Z

2 1

1 2 (2)

where Z = ρc, ρ is the density of the medium, and c is the acoustic
velocity of the wave propagating inside of the medium. In our case, Z1
is the acoustic impedance of the liquid, and Z2 is the acoustic
impedance of the (100) silicon substrate. An online assessment of the
evaporation kinetics of the droplet is feasible because of the
measurement of this reflection coefficient.

The width of the acoustical pulse is 5 ns. It corresponds to 5 times
the period of the working frequency of 1 GHz. Because the wavelength
λl in water is about 1.5 μm, one can consider that the wave propagates
over a distance of 5 times the wavelength λl in the liquid, namely 7.5
μm. Beyond this thickness, the acoustic wave undergoes a strong
attenuation. Because we process droplets of 1 μL, the corresponding
diameter and height are about 1.5 mm each. The information gathered
is then limited to a few micrometers inside of the drop at the bottom.

■ EXPERIMENTAL RESULTS

Calibration of the Acoustic Measurement Method:
Water as a Reference Liquid. To calibrate our acoustic
device, water is used as a reference liquid. The acoustic
reflection coefficient is calculated from the density and the
acoustic velocity of both silicon and water, as found in the
literature. Several precautions are taken to improve the accuracy
of the measurements. Temporal drifts are minimized by the use
of two identical transducers, one as reference to air and the
other for measurement at the silicon−liquid interface. The
reference to air is first measured in each case. The adjustment
factor |R|c is equal to the ratio of the peak amplitudes A22 and
A11, which are the reflection coefficients measured with each
probe on each transducer.

| | =
⎛
⎝⎜

⎞
⎠⎟R

A
Ac

22

11 air (3)

The standardized reflection coefficient, Rnorm at the solution
(sol)−silicon interface is then deduced as

| | =R
A A
A A

( / )
( / )norm

22 11 sol

22 11 air (4)

A drop of water of approximately 1 μL is deposited on the
surface of the planar (100) silicon substrate. According to eq 2,
the reflection coefficient at the silicon−water interface is
deduced to be 0.8595. Reliability can be assessed according to
the stability and the accuracy of the measurement when
compared with the theoretical value; it is determined to be
0.02%.
The physical properties of the pure liquids and their studied

mixtures as well as the (100) silicon substrate at a temperature
of 22 °C are reported in Table 1. ρ is the density, γ is the
surface tension, Psat is the saturation vapor pressure, and c is the
acoustic velocity. The volatility is measured through the
saturation vapor pressure Psat. The higher the value of Psat,
the more volatile the liquid is. Note that Psat is given for large
volumes of liquid.
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Evaporation of Drops of Pure Liquids. We focused our
immediate attention on pure liquids, namely pure butanol and
pure ethanol. The minimum and maximum values of relative
humidity that the vapor chamber can attain are 20% and 56%,
respectively; moreover, 50% was chosen as the mean RH.
Acoustic measurements were made in a surrounding humidity
of approximately 50%.
Pure Butanol. Optical and Infrared Investigations. For

each liquid, we measured the contact angle, diameter, and
volume of the droplets versus time and deduced V2/3. All
experiments were repeated five times to guarantee a good
repeatability. The plots of contact angle and V2/3 versus time
are presented in Figure 2. The evaporation of pure 1-butanol
drops can be divided into two stages: initially the contact angle
decreased slightly, followed by the stage of constant contact
angle during most of the evaporation time. The different values
of RH used had no obvious effect on the evaporation of pure 1-
butanol drops.
For a spherical cap drop, the evaporation rate31 can be given

by eq 5

π
ρ πβ

θ θ− = − =∞⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟

V
t

D V
C C f KV f

d
d

4 3
( ) ( ) ( )

L

1/3

s
1/3

(5)

where

π
ρ β

=
− ∞K

D C C4 3 ( )2/3 1/3
s

L
1/3

β θ θ= − +2 3 cos cos3

and V is the volume of the spherical cap drop, D is the diffusion
coefficient of vapor in air, ρL is the liquid density of the drop, Cs
and C∞ are the vapor concentrations close to and far from the
drop surface, respectively, θ is the contact angle, f(θ) is a

function of the contact angle of the spherical cap given by the
model of Picknett and Bexon8

θ =
⎛
⎝⎜

⎞
⎠⎟f

C
R

( )
1
2Picknett&Bexon

s (6)

For 10° ≤ θ < 180°,

θ θ θ

θ

= + + −

+

C
R

0.00008957 0.6333 0.116 0.08878

0.01033
s

2 3

4 (7)

Assuming that the diffusion of vapor molecules in air is
steady and that the contact angle remains constant during
evaporation, eq 5 can be integrated between the initial volume
V0 (t → 0) and Vt (t → t)

θ= −V V Kf t
2
3

( )t
2/3

0
2/3

(8)

The plots of V2/3 versus time, as shown in Figure 2, are linear
regardless of the conditions of RH. In the case of 56% RH,
according to the slopes of our plots, Kf(θ) varies in the range of
1.42 × 10−5 to 1.69 × 10−5 cm2/s. These values are comparable
to the theoretical ones calculated from eqs 5−7, which fall in
the range of 1.22 × 10−5 to 1.33 × 10−5 cm2/s.
Figure 3 shows the evaporation process of pure 1-butanol

droplets at 56% RH under the infrared camera (see Supporting

Information32 for visualization). According to the Stefan−
Boltzmann law, the radiant existence of a gray body j is
determined as

εσ=j T 4
(9)

Table 1. Physical Properties of Fluids and (100) Silicon at
22 °C and 1 atm

ρ (kg·m−3) γ (mN·m−1)
Psat
(kPa) c (m·s−1)

water 998 72.80 2.65 1488.31929

(100) silicon 2330 8433.830

1-butanol 809 24.67 0.80
water + 5% 1-butanol 989 33.60 2.56
ethanol 789 22.31 5.80
water + 5% ethanol 988 56.41 2.81
water + 25% ethanol 946 36.09 3.44
water + 50% ethanol 894 28.51 4.23

Figure 2. Evolutions of the contact angle and V2/3 for pure 1-butanol droplets under different RH conditions versus time.

Figure 3. Snapshots from an infrared video camera of the evaporation
process of a pure 1-butanol droplet at 56% RH (the corresponding
video is provided in the Supporting Information32).
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where σ is the Stefan−Boltzmann constant and ε and T are the
emissivity and temperature of the substance, respectively. The
scale in infrared thermal mapping represents the level of
thermal radiation “I” received by the infrared camera. The “I”
level is proportional to the radiant “j”. The different colors
denote different temperatures or different emissivities related to
different substances. Water and alcohol in the mixture droplet
have the same temperature, but the emissivity of water is higher
than that of alcohol. Consequently, there is a color contrast
between water and alcohol, which is visualized under the
infrared camera. The normal temperature profile of a single-
substance droplet is that it is coolest at the apex of droplet and
warmest at the contact line, and the temperature varies from
the apex to the contact line gradually. According to these
infrared images in Figure 3, the color consistency at the surface
until the end of evaporation indicates that the temperature of
the droplet surface is almost homogeneous and there is no
second liquid present in the droplet. Moreover, the
phenomenon was similar under different RH conditions.
Acoustic Investigations. The reflection coefficient of the

pure 1-butanol drop remained constant during the evaporation
process. This acoustic measurement supports the observation
made using optical and infrared techniques showing no
influence of ambient humidity during evaporation. These
results confirm the investigation of Seaver et al., who showed a
very low hygroscopic power of a 1-butanol drop during
evaporation.33

Pure Ethanol. Optical and Infrared Investigations. Figure
4 represents the evolutions of contact angle and V2/3 of pure
ethanol droplets versus time. For these three RH situations,
contact angle of the pure ethanol droplet went through a quick
decrease and then a constant regime at the beginning, which is
similar to the evaporation of a pure butanol droplet. In the case
of 20% RH, the contact angle increased slightly and then
decreased until the end of evaporation after the first two stages.
However, in the cases of higher RH, the contact angle rose
rapidly to a maximal value. In particular, the case of 56% RH
had a transition stage before the rapid rise when the contact
angle decreased, and the maximal value (88°) was close to the
contact angle of a pure water droplet (107°). According to
Young’s equation

θ
γ γ

γ
=

−
cos SG SL

LG (10)

where γSG, γSL, and γLG are solid−vapor, solid−liquid, and
liquid−vapor interfacial tensions, respectively. Owing to the
high hygroscopic nature of pure ethanol, water vapor condenses
on the surface of the pure ethanol droplet during evaporation.
The liquid−vapor interfacial tension increases with the increase

in the water−ethanol ratio of the droplet at the contact line,
which leads to the rise in contact angle (eq 10). The
condensation rate of water depends on the water vapor
pressure of the surrounding environment. Thus, the RH can
notably change the behavior of the evaporation of pure ethanol
droplets. The evaporation time of a drop at 56% RH is nearly
thrice that of a drop at 20% RH because the drop absorbed
more water, the diffusion coefficient of which in the air is much
less than that of ethanol. In addition, the plot of V2/3 can be
obviously divided into two stages with different slopes for
higher relative humidity: the initial steep stage when only
ethanol evaporated and then the gentle stage when the contact
angle reached the maximum until the end and during which
water mainly evaporated. We can conclude that the pure
ethanol droplet absorbs a non-negligible quantity of water
during evaporation at 50% and 56% RH, which has a significant
effect on the evaporation of the pure ethanol droplet.
Contrary to the case of pure 1-butanol, the infrared thermal

mapping using the infrared camera reveals heterogeneous zones
during the evaporation process of a drop of pure ethanol.
Figure 5 represents the infrared images in the case of 56% RH

at different times (the corresponding video is provided in the
Supporting Information32). These snapshots show that some
convection cells appeared from the beginning, demonstrating
the presence of liquids of different densities (ethanol and
water). After 200 s, the drop became too small to allow for the
distinction of convection cells; however, according to the
analysis mentioned above, no ethanol was present at the drop
surface and no convection cells were found. By reducing the
RH to 50% and 20%, the phenomena observed were similar,
the only difference being that the convection cells were
weakened and less visible. Thus, the environmental RH can
significantly affect the evaporation of a pure ethanol droplet,
which absorbs water as soon as it is exposed in the air.

Figure 4. Evolutions of the contact angle and V2/3 for pure ethanol droplets under different RH conditions versus time.

Figure 5. Snapshots from an infrared video of the evaporation process
of a pure ethanol droplet at 56% RH (the corresponding video is
provided in the Supporting Information32).
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Acoustic Investigations. In the case of pure 1-butanol, we
followed the evaporation kinetics of a drop of pure ethanol
under the same conditions of temperature and humidity. One
can see clearly that the ethanol drop undergoes progressive
water loading until no more alcohol remains at the bottom of
the drop, when the reflection coefficient tends toward that of
water and then maintains the value (Figure 6). Notably, the

high hygroscopic power of ethanol has been reported by Liu et
al., who demonstrated the influence of water condensation in
the evaporation of water−ethanol mixture drops.24

To the best of our knowledge, there is no reference in the
literature regarding the evaporation of a sessile droplet of pure
ethanol. The findings presented here constitute an original
result, showing that the water vapor from the ambient humidity
condenses onto the droplets of pure ethanol during
evaporation, and then the solution becomes a mixture of
water and ethanol.
Evaporation of Drops of Binary Solutions. In the following

experiments, the droplets of pure water and binary solutions
were tested at a temperature of 22 °C and a hygrometry of
approximately 50% with the volume of 1 μL.
Water−Butanol Mixture. Optical and Infrared Inves-

tigations. For the water−1-butanol mixture, the result was
compared with that of pure water on the kinetics of contact
angle and the plot of V2/3. Figure 7 represents the evolutions of
contact angle and V2/3 for the pure water droplets and 5% mass
concentration water−1-butanol mixture. In spite of the slight
decrease at the beginning, which was due to evaporation, the
contact angle of the pure water drop remained constant during
most of the evaporation process and decreased abruptly at the
end. Different from that of pure water, the contact angle of the
water−1-butanol mixture initially decreased and then increased
until the maximal value before decreasing abruptly at the end of

drop life. The plot of V2/3 of a water droplet is linear whereas
that of the water−1-butanol mixture has a slight deviation at the
beginning due to the evaporation of 1-butanol.
Even though the diffusion coefficient of water vapor in air

(0.282 cm2/s) is much higher than that of 1-butanol vapor
(0.08 cm2/s), the ratio of evaporation rate is still lower than the
water−1-butanol component ratio. Therefore, the concen-
tration of 1-butanol near the air−liquid interface decreased,
which created a concentration gradient between the surface and
bulk. To replenish the part evaporated on the surface, the 1-
butanol inside of the drop flowed outward to generate
convection cells. Figure 8 shows the evaporation process of

water−1-butanol mixture droplets with 5% butanol mass
concentration under the infrared camera (the corresponding
video is provided in the Supporting Information32). At the
beginning, the motion of convection cells is fierce and random
without any thermal pattern. Because the drop evaporated at
the ambient temperature, there is no large temperature gradient
in the droplet. Therefore, the color difference of convection
cells is due to emissivity difference, which indicates different
substances, instead of temperature difference. As evaporation
progressed, the convection cells became smaller and slowed
down toward the contact line until they disappeared. With

Figure 6. Kinetics of the acoustic reflection coefficient for a drop of
pure ethanol.

Figure 7. Evolutions of contact angle and V2/3 for droplets of pure water and 5% mass concentrations water−1-butanol mixtures versus time.

Figure 8. Snapshots from an infrared video of the evaporation process
of a water−1-butanol mixture droplet containing 5 wt % 1-butanol at
ambient temperature (the corresponding video is provided in the
Supporting Information32).
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these infrared videos, we can visually identify the time when the
thermal instabilities disappeared and the color distribution on
the droplet surface became stable as the moment when the 1-
butanol in the droplet exhausted. The duration of 1-butanol is
marked in Figure 7, where the 1-butanol disappeared at 264 s.
The finish point determined by the infrared video is also the
moment when the contact angle reached a maximal value close
to that of water and the constant contact angle stage began.
Acoustic Investigations. From the acoustic reflection

coefficient measured during the evaporation of a 5% mass
concentration water−1-butanol mixture drop, one can follow
the decrease in the concentration of 1-butanol inside of the
drop at the liquid−substrate interface. Beforehand, the
calibration curve giving the acoustic reflection coefficient as a
function of mass concentration is established.
Because the limit of solubility of 1-butanol is reached for a

mass concentration of approximately 7.3%, the upper limit is
fixed here at Cm = 7%. Figure 9 is the result of the average of a
series of three measurements performed under the same
conditions. The dispersion is in the range of 0.03%.

Starting with a mass concentration of 5%, the alcohol
concentration at the bottom of the drop during evaporation is
represented in Figure 10. The curve is the average of a series of

five measurements from which the necessary time tC=0 for 1-
butanol concentration to decrease to zero can be determined.
This time is estimated to be tC0 = 220 ± 15 s.
Evaporation of Water−Ethanol Mixtures. Optical and

Infrared Investigations. Equally, Figure 11 displays the
evolutions of contact angle and V2/3 for droplets of pure
water and 5%, 25%, and 50% ethanol mass concentrations of
water−ethanol mixtures. Because of the tiny mass concen-

tration of ethanol, the contact angle of a droplet containing 5
wt % of ethanol developed versus time varied analogously as
that of pure water. With the increase in mass concentration, the
behavior of the droplets with 25 and 50 wt % of ethanol
appears similar to that of water−1-butanol mixture, and the
evolutions of contact angle can be divided into the same four
stages: decline, increase, smooth, and decrease at the end. From
the online32 infrared videos (Figures 12 and 13), we can notice
the appearance of the same thermal instabilities as in the case of
water−1-butanol mixture and also identify the time when
convection cells disappear while color distribution on the
droplet surface becomes stable as shown in Figure 11. On
account of the very short life time of convection cells, the
infrared video for a droplet of 5 wt % water−ethanol mixture is
not shown here. The estimated life time of ethanol are 5, 55,
and 100 s for 5, 25, and 50 wt % water−ethanol mixtures,
respectively. Along with the contact angle evolutions, similar to
the water−1-butanol mixtures, the finish points are situated at
the maximal value of the contact angle and at the end of the
increase stage for 25 and 50 wt % concentrations. The droplets
of the water−ethanol mixture with high ethanol mass
concentration behaved the same as those of water−1-butanol
mixture, whereas the behavior of the droplets with low ethanol
mass concentration appeared similar to that of pure water. For
the plot of V2/3, 5 wt % water−ethanol had the same linearity as
pure water because of the very low ethanol concentration. For
both 25% and 50% concentrations, the plot of V2/3 has two
different slopes: the first steep stage related to the quick
evaporation of ethanol and the second more gentle stage. The
steep stage extends with higher ethanol concentration. During
the second stage, the plots of V2/3 of all the water−ethanol
mixtures have a similar regression coefficient and the contact
angles stay nearly constant. According to eqs 5 and 8, (2/3)
Kf(θ) represents the regression coefficient of plot of V2/3 and
the same value indicates no change in density as well as the
component. Hence, water mainly evaporates in the second
stage.

Acoustic Investigations. The ethanol concentration is
monitored during the evaporation of a drop for each of the
mass concentrations of ethanol of 5%, 25%, 50%, and 100%. In
the same manner as 1-butanol, the reflection coefficient is first
measured during the evaporation kinetics. From the calibration
curve giving the reflection coefficient as a function of the mass
concentration of ethanol, shown in Figure 14, the concen-
tration evolution of alcohol is then transcribed as shown in
Figure 15. The results are the average of a series of three
measurements.
Also reported in Figure 14 is the analytical evolution as a

function of the mass concentration of ethanol obtained from
Vatandas et al.34 There is a good agreement between the
theoretical values and the measured ones within a confidence
range of about 0.75%.
From Figure 15, one can extract relevant parameters such as

the time tC0 necessary for the concentration to decrease to zero.
The precision on tC0 is approximately 15 s. Table 2 summarizes
the tC0 times for the different concentrations of ethanol and 1-
butanol.

Comparison between the Acoustics and Infrared Ob-
servations. Acoustics provides information on the manner by
which alcohol is exhausted from the bottom of the drop,
whereas infrared observation is related to the disappearance of
alcohol from the surface of the drop. The necessary time for

Figure 9. Calibration curve for 1-butanol at a temperature of 22 °C
and a hygrometry of 50%.

Figure 10.Mass concentration kinetics during evaporation of a droplet
of 5 wt % of 1-butanol deduced from the measurement of the acoustic
reflection coefficient.
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alcohol to exhaust from the bottom and from the surface of the
drop is reported in Table 3.
The times estimated by these two methods are comparable in

the case of 1-butanol with a mass concentration of 5%.
However, this is not the same for any ethanol concentration.
The possible reasons are the difference in volatility between
ethanol and 1-butanol. At the beginning, the contact angle of
the water−ethanol mixture droplet decreased because of

evaporation until the contact angle reached the receding
angle of the mixture solution. Then, the contact line began to
retract, and the thermodynamic equilibrium of the three
interfaces was broken. Because of high volatility, ethanol
evaporates faster than water, which leads to a decrease in
ethanol concentration at the air−liquid interface and an

Figure 11. Evolution of contact angle and V2/3 for droplets of pure water and droplets of 5%, 25%, and 50% mass concentrations of water−ethanol
mixtures versus time.

Figure 12. Snapshots from an infrared video of the evaporation
process of a water−ethanol mixture droplet containing 25 wt %
ethanol at ambient temperature (the corresponding video is provided
in the Supporting Information32).

Figure 13. Snapshots from an infrared video of the evaporation
process of a water−ethanol mixture droplet containing 50 wt %
ethanol at ambient temperature (the corresponding video is provided
in the Supporting Information32).

Figure 14. Calibration curve for ethanol at a temperature of 22 °C and
a hygrometry of 50%.

Figure 15. Mass concentration kinetics during the evaporation of
droplets of 5%, 25%, 50%, and 100% of ethanol deduced from the
measurement of the acoustic reflection coefficient at 22 °C.

Table 2. tC0 for the Different Concentrations of Ethanol and
1-Butanol

tC0 (s)

Cm (%) ethanol 1-butanol

5 230 ± 15 220 ± 15
25 330 ± 15
50 405 ± 15
100 420 ± 15
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increase in the surface tension of the droplet from the
beginning. Hence, the contact angle increased since the
disequilibrium of the three interfaces. The ethanol concen-
tration gradient was created between the surface and the
interior of the droplet, which is the origin of convective flow.
Therefore, the ethanol evaporated on the surface was
replenished by convective flow, which generated the convection
cells observed under the infrared camera and diffusion of
ethanol molecules. When the total ethanol concentration and
the concentration gradient became so weak that the convective
flow could not be engendered, the evaporation of ethanol on
the droplet surface was controlled by its diffusion in the droplet.
It is because the ethanol molecules need time to diffuse from
the bottom to the surface of the droplet and the diffusion
coefficient of ethanol molecules in water (1.22 × 10−9 m2/s) is
much lower than that in air (1.15 × 10−5 m2/s). Thus, the
ethanol−water ratio stayed at a very low value on the surface of
the droplet, which could not be distinguished by the infrared
camera, and the contact angle stayed constant. The evaporation
process is similar for the cases of 25 and 50 wt % ethanol
concentrations, except for the case of 5 wt % whose ethanol
concentration on the droplet surface is so low that it decreased
quickly and the evaporation of ethanol was mostly controlled
by diffusion in the droplet. However, during the evaporation
controlled by diffusion in the droplet, there was still a certain
quantity of ethanol in the droplet which could be detected by
the acoustic method. That is the reason for the large difference
of exhaustion time of ethanol in the droplet estimated between
the visual and acoustic methods. In the case of 5 wt % water−1-
butanol mixture, even the same concentration as 5 wt % water−
ethanol mixture, the droplet had the same evaporation process
as that of 25 and 50 wt % water−ethanol mixture. Owing to the
low evaporation rate of butanol, the decrease in 1-butanol−
water ratio on the droplet surface was much slower than that of
the water−ethanol mixture, which can be demonstrated by the
smooth increasing curvature of contact angle during the second
stage. Thence, the concentration gradient remained the same
much longer, and the convective flows were generated
continuously, which was distinct under the infrared camera.
Even though the convective flows became weak, the supply of
diffusion (0.93 × 10−9 m2/s) in the droplet maintained the 1-
butanol−water ratio on the surface at a certain value, which
could be detected by the infrared camera, due to the low
evaporation rate of 1-butanol. Consequently, the exhaustion
times of 1-butanol in the droplet estimated by the two methods
are close. Because the exhaustion of 1-butanol begins from the
bottom of the droplet on account of diffusion, the exhaustion
time estimated by the acoustic method is shorter than the visual
method. However, at the same concentration, the exhaustion
times of alcohol estimated by the acoustic method for water−
ethanol and water−1-butanol mixture are very close, which
implies that the diffusion of alcohol molecules is dominant
during evaporation, and with or without convection, there is no
effect on the evaporation of alcohol in a mixture droplet.

■ CONCLUSIONS
For the first time, the acoustic method was applied to track the
alcohol concentration at the bottom of a droplet of binary
solution during evaporation. Using the pre-established acoustic
reflection coefficient as a function of mass concentration, the
alcohol concentration kinetics can be monitored versus time.
From the infrared images, the color distribution resulting from
the temperature and emissivity gradients is correlated with the
existence of alcohol on the drop surface.
No ambient humidity influence is observed in the behavior of

the contact angle and V2/3 of a drop of pure 1-butanol during
evaporation. In addition, the temperature at the surface remains
constant and the acoustic reflection coefficient also remained
constant during the process, that is, no change in 1-butanol
concentration occurred. These results confirm the very low
hygroscopic power of a drop of 1-butanol during evaporation.
Because of the high hygroscopic nature of ethanol,

evaporation of a drop of pure ethanol is largely impacted by
the RH. Because of the absorption of water, the ethanol droplet
becomes a water−ethanol mixture and the convection cells
appear from the beginning. The kinetics of the acoustic
reflection coefficient results in a decreasing trend of the ethanol
concentration until reaching the acoustic reflection coefficient
of water. These results showed that water vapor coming from
ambient humidity condenses onto the droplets of pure ethanol
during evaporation and the solution becomes a mixture of
water and ethanol. As a consequence of high volatility, firstly
the ethanol evaporated and exhausted, and then the absorbed
water continued to evaporate through the end.
The exhaustion time of ethanol in a drop estimated by the

acoustic method is always much shorter than that estimated by
the visual method at three different ethanol concentrations.
However, in the case of water−butanol mixture, both methods
bear the same result. This can be probably explained by the
difference in the water−alcohol ratio on the drop surface
because of difference in volatility between ethanol and butanol.
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