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High-frequency (2.4 MHz) ultrasonic irradiation to an ethanol–water mixture can
induce the generation of ethanol-rich mist droplets at lower temperatures. Two groups
of droplets in micrometer- and nanometer-sized were observed in the mist generated
by the ultrasonic atomization. Nanosized droplets were considered to be ethanol-rich
droplets which cause ethanol condensation. VVC 2009 American Institute of Chemical

Engineers AIChE J, 56: 810–814, 2010
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Introduction

When a liquid is irradiated with ultrasound, a capillary
fountain jet arises from the surface of the liquid and mist
droplets are generated from the fountain jet. This is called
ultrasonic atomization and is used as a method of easily
obtaining liquid particles.

The mist produced by the ultrasonic atomization of an
ethanol–water mixture has been collected and subjected to
measurement of ethanol concentration. Analysis of the col-
lected mist has revealed that the ethanol concentration in the
mist is higher than that estimated through the gas–liquid
equilibrium as shown in Figure 1.1–3 It is interesting that the
ethanol concentration in the mist particles becomes higher
when the ultrasonic atomization was carried out at lower
temperatures. An efficient separation/collection of ethanol is
able to be carried out from low-concentration ethanol aque-
ous solution by dehydration of the mist using a molecular

sieve.4 This mist generation by ultrasonic atomization is
nonthermal behavior, and the ultrasonic transducer consumes
about 10% of the energy required for vaporization by heat-
ing. Therefore, this new separation process is expected to be
useful because of its energy-saving features.

The ultrasonic ethanol condensation phenomenon has been
discussed before in terms of the capillary wave produced on
the surface of the liquid5,6 and the evaporation from the liq-
uid and the droplet surface.7 Yano et al., through measure-
ment of the diffraction pattern after X-ray irradiation of the
capillary fountain jet, showed that the microscopic structure
therein is not disturbed during the ultrasonic irradiation.6

They also measured the size of the ethanol-rich droplets to
be a diameter of 1 nm by small-angle X-ray scattering
(SAXS), and they concluded that the ethanol-rich droplets
were generated from the surface through the ultrasonic atom-
ization.8 Wakisaka and Matsuura have reported that the gen-
eration of the nanosized ethanol-rich droplets is related to
the cluster structures of ethanol–water mixtures.9

It is still under discussion that generation mechanism of
ethanol-rich mist droplets in this technique and how to raise
the ethanol condensation efficiency. To solve these subjects,
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it is necessary to measure size distribution of droplets over a
wide range. Here, we tried to measure mist droplet sizes by
scanning mobility particle sizer (SMPS), which is increas-
ingly being used to measure nanoscale atmospheric aerosol
particles10,11 and nanosized particles in materials,12,13 and by
light-scattering particle counter, which can be used to mea-
sure particles with a diameter of 300 nm or more. We would
like to show the relation between the mist droplet size distri-
bution from nanometer to micrometer and the ethanol con-
densation in those droplets.

Experiment

The experimental equipment used is shown in Figure 2. A
2.4 MHz ultrasonic transducer (HM-2412: Honda electrics)
was attached to the bottom of a Pyrex glass columnar con-
tainer, into which about 500 ml sample solution (0, 5, 20, 50
mol % ethanol in water) was poured. Ultrasound creates a
fountain jet that rises to a height of 3–4 cm from the surface
of the liquid, and mist droplets were scattered from the foun-
tain jet into the air. The mist was introduced into the parti-
cle-size distribution meters described below with nitrogen
gas. An ultrasonic transducer with a frequency of 2.4 MHz
was running at 25 V and 0.7 A. The nitrogen gas carried the
mist at 15 or 50 dm3/min, and the temperature of the liquid
was maintained at 10�C, 20�C, or 50�C.

The size of the resulting mist droplets was measured by
two ways in dependence on the size region. The size regions
10–700 nm and 0.3–10 lm were measured by an SMPS
MODEL 3936NL76-N (TSI) and a hand-held particle coun-
ter (HPC) (MODEL3016, LIGHTHOUSE), respectively.
Both SMPS and HPC are based on the principle of particle
detection by the light-scattering method. HPC can measure
particles with a diameter of 0.3 lm or more by laser diode
light scattering. Nanoparticles with a diameter smaller than

the light wavelength cannot be detected directly by light
scattering. On the other hand, the SMPS system initially
sizes particles on the basis of their electric mobility. The
resulting monodispersed particles are made to pass through a
supersaturated butanol vapor, which causes them to grow
into a size detectable by light scattering.

Results and Discussion

Effect of ethanol concentration in solution on mist size

Figure 3 shows the size distribution of ultrasound-gener-
ated mist droplets under the conditions of ethanol composi-
tion (a) 0%, (b) 5 mol %, and (c) 50 mol % in the mixtures.
Nitrogen carrier gas flow rate was 15 dm3/min and liquid
temperature was 20�C. Two peaks in the particle size distri-
bution were observed at around 30 nm and 1 lm in Figures
3a, b. Ultrasonic irradiation of water or a solution containing
ethanol at low concentration clouded up the inside of the
mist generator. This was because the mist included relatively
large micrometer-size droplets that reflect visible light.
Moreover, fine droplets of about 20–30 nm were generated
at all measurements. It is confirmed that the ultrasonic atom-
ization has function to disperse two types of liquid droplet,
fine and coarse one.

Droplet size dp is represented as dp ¼ a(r/qF2)1/3 by
Lang,14 which is derived from the Kelvin’s theory, where a
is the constant, r is the surface tension, q is the liquid den-
sity, and F is the ultrasound frequency. dp is calculated to be
about 2.3 lm for water and 1.7 lm for ethanol, when 2.4
MHz oscillator is used. Count median diameter (CMD) of
micrometer droplets is not able to be exactly determined
because of low resolution of HPC; however, the distribution
of micrometer droplets shows obvious peak at 1 lm. When
ethanol is added into water, surface tension r decreases and
solution density q slightly decreases. Therefore, from Lang’s
equation, dp is estimated to be decreased with increases the
ethanol concentration in the solution. However, the size dis-
tribution of coarse droplets was not shifted to smaller side
but the generation of droplets became hard when ethanol
concentration in the solution increased from 0 to 50 mol %.
As for nanosized droplets, the CMDs of droplets from 100%
water, 5 mol % ethanol, and 50 mol % ethanol were 24.3,
30.2, and 33.1 nm, respectively. This tendency contradicts

Figure 2. Schematic diagram of the experimental setup
to generate mist droplets by ultrasonic atom-
ization and the measurement equipment.

Figure 1. Ethanol separation characteristics of ethanol–
water mixtures.

The horizontal axis is the ethanol concentration in ethanol–
water mixtures and the vertical axis is the concentration of
ethanol in the mist or vapor. The solid line indicates the
vapor–liquid equilibrium of ethanol–water mixtures under
1013 hPa.1,2
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the Lang’s equation that dp decreases with ethanol addition
to the solution. Therefore, it is not able to be explained from
Lang’s equation why the coarse droplets disappeared with
increase of ethanol concentration in the mixture. Lang’s
equation was derived for some experiments using oscillators
of frequencies below 800 kHz. It should be noted that the
Lang’s equation does not consider the physical properties of
solution nor ultrasound frequencies in case of high frequency
over 1 MHz.

To explain these phenomena, a viewpoint of microscopic
heterogeneous structure was considered. At very low ethanol
concentrations (�5 mol %), the ethanol condensation effi-
ciency by ultrasonic mist generation is lower than that
expected according to a gas–liquid equilibrium curve.1,2 The
study on microscopic structures of ethanol–water mixtures
through mass spectroscopy9 showed that in a solution with a
low ethanol concentration (�7 mol %), the ethanol mole-
cules are widely delocalized in a hydrogen-bonding network
of water molecules in which the ethanol molecules are exist-

ing as a part of this hydrogen-bonding network. When mist
droplets are generated from this solution through the ultra-
sonic atomization, micrometer-size mist droplets are gener-
ated due to the strong hydrogen-bonding network of water
molecules including ethanol molecules. Therefore, the etha-
nol concentration in the generated mist droplets is not high.
When more ethanol is added to the solution, the self-associa-
tion of ethanol is promoted. Because of this microscopic
phase separation, the surface tension decreases remarkably.
This means microscopic phase separation between an etha-
nol-rich and a water-rich cluster phase. The ultrasonic atom-
ization to such a microheterogeneous solution leads to pref-
erential atomization from the ethanol-rich cluster. For the
ethanol–water mixtures, the ethanol-rich phase would be
atomized preferentially, which forms fine mist droplets (10–
100 nm). It should be noted that the ethanol concentration in
the mist droplets (Figure 1) and the size distribution of the
mist droplets generated by the ultrasonic irradiation (Figures
3b, c) are controlled by the cluster structures of ethanol–
water mixtures depending on the mixing ratio.

Effect of solution temperature on mist size

Figure 4 shows the particle distribution of mist droplets
generated by ultrasonic irradiation of a 20 mol % ethanol so-
lution maintained at 10�C, 20�C, and 50�C. At 10 and 20�C,
few coarse droplets (�1 lm) were generated and fine drop-
lets (10–100 nm) predominated, whereas at 50�C, coarse
droplets were apparently generated.

The liquid droplet size dp is represented by Kelvin’s equa-
tion including temperature T as follows; dp ¼ 4�mr/RTlnS,15

where �m is molecular volume, r is surface tension, R is the
gas constant, and S is supersaturation degree. This equation
describes the relationship between liquid droplet and equilib-
rium vapor pressure based on the thermodynamic theory.
The diameter dp is estimated to be larger than 1 lm and dp
should be decreased with increasing T from this equation
both for water and ethanol. As for fine nanosized droplets,
CMDs of droplets at 10�C, 20�C, and 50�C were 41.9, 30.4,
and 26.0 nm, respectively. The CMDs are shifted to smaller
size and it corresponds to the equation quantitatively. How-
ever, coarse micrometer-sized droplets were not generated at
10�C and 20�C, but observed at 50�C. This is obviously con-
trary to the equation described earlier. Therefore, when the
ethanol condensation process through the ultrasonic atomiza-
tion is discussed, an alternative interpretation is needed
rather than vapor equilibrium considering static interface
between the liquid and the gas phase.

As shown in Figure 1, under the condition of 20 mol %
liquid-phase ethanol, the ethanol condensation in the mist
occurs at 10�C and 30�C, rather than nearly equivalent to
the vapor–liquid equilibrium at 50�C. Moreover, the ethanol
concentration in mist becomes higher with decreasing the
temperature in the range that ethanol condensation occurs.
This is remarkably contrastive to the fact that coarse micro-
meter-sized droplets are generated under the condition of
low ethanol concentration in the mixture and high liquid
temperature. Therefore, it is considered that ethanol is con-
centrated to fine nanosized droplets, whereas coarse micro-
meter-sized droplets are poor in ethanol.

Figure 3. Particle size distribution of mist generated by
ultrasonic irradiation of (a) water, (b) ethanol
5 mol %, and (c) ethanol 50 mol % at 20�C
and carrier-gas flow rates of 15 dm3/min.
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The effect of solution temperature on the size of mist
droplet and on the ethanol concentration in the mist droplets
also indicates that ethanol is concentrated in the fine mist
droplets (10–100 nm) generated predominantly at lower tem-
peratures. The observed temperature effects on the mist
droplet size and on the ethanol concentration in the mist
droplets are also related to the microscopic phase separation
at the cluster level in the solution. It has been reported that
the microscopic phase separation between ethanol-rich and
water-rich clusters took place more significantly at lower
temperatures.9 On the basis of the mass spectrometric analy-
sis of clusters in ethanol–water binary mixtures, the ethanol
self-association clusters were mainly observed at lower tem-
peratures, on the other hand, these ethanol self-association
clusters interacted with surrounding water-rich clusters at
higher temperatures. This means that the microscopic phase
separation is promoted at lower temperatures. The observed
temperature effect also indicates that the ethanol-rich clusters

are transferred from the liquid to the mist with 10–100 nm
size by the ultrasonic atomization.

Yano et al. measured the size of the mist droplets gener-
ated by the same kind of ultrasonic atomization for ethanol–
water mixtures, by means of the small angle X-ray scattering
(SAXS).8 They observed effects of ethanol concentration and
temperature in ethanol–water mixtures on the size of mist
droplets generated by the ultrasonic atomization. The results
obtained by their SAXS measurements are strongly corre-
lated with these results. Yano et al. also suggested that the
size of the mist droplets were quite different between the
ethanol-rich mist droplets and the water-rich droplets. The
sizes of the ethanol-rich and the water-rich droplets were
[1 nm and �100 nm, respectively. This trend is similar to
our result despite a difference in absolute diameter.

SAXS and SMPS differ mostly in their time resolution.
SAXS represents ‘‘in situ analysis,’’ in which mist is spec-
troscopically observed directly. In contrast, in SMPS, drop-
lets are separated according to size on the basis of their elec-
tric mobility and need to go through the step of being
counted in order; therefore, even if the droplets could be
sampled directly after their generation, a time lag of tens of
seconds is inevitable. The diameters of both ethanol-rich and
water-rich droplets, as measured by SMPS, are shifted to-
ward larger values than are obtained by SAXS, presumably
because secondary products resulting from the association or

Figure 4. Solution temperature dependence of size dis-
tribution of mist droplets generated by ultra-
sonic irradiation of 20 mol % ethanol solution.

Carrier gas flow rate was 15 dm3/min and solution tempera-
tures were (a) 10�C, (b) 20�C, and (c) 50�C.

Figure 5. Size distribution of mist droplets generated
by ultrasonic irradiation of 20 mol % ethanol
solution under the conditions of carrier gas
flow rate was (a) 15 dm3/min and (b) 50 dm3/
min.
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diffusion of instable ultrafine droplets are measured during
SMPS. HPC is a very simple measurement system that can
directly detect scattered laser light. Therefore, measurements
obtained by HPC can be considered to be obtained under the
same conditions as with SAXS. The production of water-rich
droplets generated at high solution temperatures can be con-
sidered to peak at a particle diameter of 1 lm.

Effect of carrier-gas flow rate

We used carrier-gas flow rates of 15 and 50 dm3/min to
compare behavior of droplet dispersion at 20�C. Figure 5
shows the particle size distribution generated under the con-
dition of carrier gas flow rate of 15 and 50 dm3/min on 20
mol % ethanol solution. When the carrier gas flow rate was
increased from 15 to 50 dm3/min, no micrometer-sized
coarse droplets were generated, and the size of the fine nano-
sized droplets tended to increase, from 32.0 to 44.4 nm of
CMD. The more contact between the gas–liquid interface the
easier the generation of droplets. This means that the flow of
carrier gas plays a role in helping the transfer of liquid drop-
lets from the interface to the gas phase.

The volume of the nanosized droplets dispersed per 1 min
irradiation was 14.9 � 1012 nm3 under the condition of 20�C
and 15 dm3/min, and was 39.4 � 1012 nm3 at 20�C and 50 dm3/
min. Fine nanosized droplets, namely ethanol-rich droplets,
were increased with increasing carrier-gas flow rate, which
result in the increase of the ethanol condensation efficiency.

It is confirmed that Kelvin’s equation is not applied to the
ultrasonic atomization from experiments under the conditions
of various liquid-phase ethanol concentration and tempera-
ture. The pattern of distribution of dispersed droplets is
maintained at different carrier-gas flow rate; therefore, the
size of droplets is mainly controlled by the composition and
temperature of the solution, and the total quantity of recov-
ered ethanol depends on the gas flow rate.

Conclusion

It was revealed that the ethanol condensation took place
in the nanosized droplets generated from ethanol–water bi-
nary mixtures through the ultrasonic atomization under vari-
ous liquid composition and temperature. Generation mecha-
nism of mist droplets does not follow classical Kelvin’s
equation, and aggregates, reflecting the microscopic hetero-
geneous structure in solution, are dispersed into the gas
phase. Dispersion of associated aggregates needs lower
energy than the vaporization which takes molecules to pieces
over the solution. Mist generation by ultrasonic atomization
represents a less energy-consuming and highly efficient sub-
stance-separation process with great potential and can be
used for fractionation of not only ethanol but also isopropyl
alcohol and gasoline. This ultrasonic atomization has also
been considered for condensation of bioethanol, which has

recently attracted attention as new fuel.16 Hopefully, the pro-
cess will be useful as an energy-saving separation and con-
densation technology with great potential and will provide a
breakthrough in ultrasonic technology.
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