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Noncontact Rapid Vapor Sensor Using Capillary
Condensation to Monitor Ethanol in Sanitizer

Shinya Kano and Harutaka Mekaru

Abstract— We propose a noncontact rapid vapor sensor
to monitor an ethanol concentration in sanitizers using
capillary condensation in a nanoparticle film. Owing to a
capillary effect in nanopore, a layered nanoparticle film
effectively condenses a vapor of liquids. The condensed
liquid provides an electrical conduction due to ion current
through the film. Vapor pressure of an ethanol-watermixture
is defined by the composition ratio. When the sensor with
a nanoparticle film is exposed to a headspace vapor from
ethanol-water mixtures, we observe a transient impedance
response of the sensor depending on the ethanol concen-
tration. A higher ethanol concentration gives a faster decre-
ment of impedance in the response. By using this nanoscale
physical phenomenon, we evaluate ethanol concentration
in commercial sanitizers within 30 s. The sensor finds the
ethanol concentration without contacting the sanitizers.
The proposed method is beneficial for on-site evaluation of
ethanol concentration in sanitizers rapidly.

Index Terms— Sanitizer, sensor, vapor, nanoparticle.

I. INTRODUCTION

IDENTIFYING a liquid composition in mixture is a chal-
lenging issue in the field of electronic chemical sen-

sors [1]–[3]. A mixture of ethanol and water is familiar in
alcohol beverages (ethanol concentration: 5–50 vol%) and
disinfecting sanitizers (60–80 vol%). Appropriate ethanol con-
centration is required in sanitizers to suppress viral activity
[4], [5]. Precise chemical analysis to find ethanol concentration
are chromatography and redox titration of ethanol [6]: however
the preparation of the measurements is time-consuming. Elec-
tronic and portable devices are beneficial for on-site evaluation
and Abbe refractometers are commercially used [7]. Owing
to an anomalous refractive index of ethanol-water mixtures
along the ethanol concentration, the measurement range of the
refractometry is limited between 0 and 50 vol% of ethanol [8].
Toward a rapid evaluation, various methods are proposed to
find ethanol concentration in beverage and fuel [9]–[17].

A layered nanoparticle film is beneficial for chemical
sensing because of a high surface-to-volume ratio and a
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geometrical size effect [18]–[20]. As the size of nanoparticles
is reduced to <100 nm, a capillary effect owing to Laplace
pressure dominates the adsorption of vapor in the nanoparticle
film. Because a contact point of touching nanoparticles has
a nanoscale curvature down to a few nm, a nanoparticle film
captures and condenses a vapor from air effectively [21], [22].
It was reported that the condensation and percolation of pure
chemical vapors strongly affected a transient response of elec-
trical transport in insulating nanoparticle films [23]. A vapor of
pure alcohols (methanol, ethanol, 1-propanol, and 2-propanol)
showed a typical impedance response, which was dependent
on their vapor pressure and electrical conductivity [23]. A liq-
uid with high vapor pressure and low impedance shows a clear
sensor response.

Here, we develop a noncontact rapid vapor sensor to eval-
uate an ethanol concentration in sanitizers. By using this
nanoscale capillary effect under vapor, the sensor can eval-
uate the concentration without contacting the target materials.
Because a vapor pressure of an ethanol-water mixture changes
by the composition ratio, the transient impedance response
is dependent on the ethanol concentration. As a proof of
concept, we evaluate the concentration of ethanol contained
in commercial sanitizers by the proposed method within 30 s.

II. THEORY
In an ideal liquid mixture consisting of chemicals 1 and 2,

the total vapor pressure Pt at a liquid-gas interface is the sum
of each partial vapor pressure P1 and P2: Pt = P1 + P2. Pi is
defined as Pi = ni Ps

i /(n1+n2), where Ps
i is the saturated vapor

pressure and ni is the number of molecules in pure chemical
liquid i (i = 1, 2). The value of ni/(n1 + n2) represents the
molar ratio of the chemical i in the binary mixture. When
the liquid only contains ethanol and water, this value directly
relates to the volume concentration of ethanol in water. Pt of
an ethanol-water mixture continuously changes by the ethanol
concentration. A small amount of solid ingredients and aromas
in sanitizers does not affect the signal since the partial pressure
is nearly zero.

Figure 1(a) shows the schematic sensing mechanism. Based
on Fick’s first law and the ideal gas law under a constant
temperature, a molecular diffusion flux (J ) of ethanol/water
vapor into a void is J = −D∇ P/RT . Here, D is the diffusion
constant, ∇ P is the vapor pressure difference, R is the gas con-
stant, and T is the temperature. If Pt is larger, ∇ P at the top
interface of the nanoparticle film becomes larger: thus, vapor
diffuses faster into void space. A vapor condensation occurs
at the nanoscale void between nanoparticles by the Kelvin
effect [24]. Because ethanol and water are polar molecules, the
condensed vapor shows an ac ionic conduction. Thus, a time
response of the impedance of the condensed liquid reflects Pt .
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Fig. 1. (a) Sensing mechanism. (b) Cross-section of sensor. (c) Equiv-
alent circuit. Rp and Cp are parasitic resistance and capacitance.

III. EXPERIMENT

Gold interdigitated electrodes were prepared on a thermally
oxidized silicon wafer. The thickness of the oxidized layer
was 1 µm for insulation. An 80-nm thick gold with a tita-
nium adhesive layer was deposited on the wafer by sputtering
(j-sputter, ULVAC). The electrodes and contact pads were
fabricated by photolithography and Ar-ion milling. The widths
of line and spacing in the electrodes were 10–20 µm, respec-
tively. The active area was ≈30 mm2 with 6 mm of the finger
length. No heater layer was employed in the structure. The
electrode surface was cleaned by oxygen plasma treatments
and a colloid of nonporous silica nanoparticles (Aldrich) was
spin-coated on the electrodes in ambient air. The size of the
nanoparticle was 50 nm in diameter and the concentration
was 1% w/v in ethanol. The nanoparticle film was dried at
50 ◦C. Fig. 1(b) is a scanning electron microscope (S-4800,
Hitachi High-Tech) image of a cross-section of the sensing
film (thickness: 600 nm). We confirmed that the nanoparticle
surface was not terminated with organic ligand molecules by
infrared spectroscopy (IRSpirit, Shimadzu) [22]. Therefore,
a void space between the nanoparticles is maintained for
condensing the vapor.

Electrical impedance of the sensing film was measured by
an LCR meter (ZM2376, NF instruments). Ethanol (Wako) and
pure water were used for preparing ethanol-water mixtures.
The volume of the liquids was 2 ml in total. The liquids
were introduced into a vessel and left for a few minutes to
obtain an equilibrium of a headspace vapor. For measuring
transient response of the sensor impedance, a frequency and an
amplitude of the AC voltage were 1 Hz and 1 V, respectively.
In this frequency, the sensor impedance was dominant on
Warburg impedance (W in the circuit of Fig. 1(c)) which
depended on a condensed vapor due to ion current [23].

IV. ETHANOL CONCENTRATION IN WATER

Fig. 2(a) shows transient impedance response when the sen-
sor is exposed to a vapor of ethanol-water mixtures from the
liquids. The volume concentration of the ethanol is prepared by
10 vol% steps. Two consecutive results are shown. From 100 to
40 vol% of ethanol concentration, the impedance response
becomes slower as the concentration decreases. Fig. 2(b) sum-
marizes the response (tres) and recovery (trec) time of the
curves. tres changes from 3 (100 vol%) to 18 s (40 vol%).
On the contrary, tres does not largely change in 40 to 0 vol%
since the response is not saturated. The average and standard
deviation of tres in this range are 16 and 3 s, respectively.
Instead, the minimum of the impedance response increases as
the concentration decreases from 40 to 0 vol%. trec does not
depend on the concentration. Without heating the sensor, the

Fig. 2. (a) Transient impedance exposed to a headspace vapor of
ethanol-water mixture. (b) Response and recovery time.

Fig. 3. (a) Effect of IPA mixed in 80 vol% of ethanol (2 mL). Response to
pure IPA and ethanol are shown as a reference. (b) Refractometer output
affected by mixed IPA in 80 vol% ethanol (2 mL).

average and standard deviation of trec are 1.7 and 0.8 s, respec-
tively. This result indicates that the ethanol concentration in
liquids can be estimated by observing the onset curve of the
response. Time series of the sensor output reflect the ethanol
concentration.

Mixing 2-propanol (IPA) in 80 vol% of ethanol does not
affect the response as shown in Fig. 3(a). Because the vapor
impedance of ethanol is one-fifth of that of IPA, the effect
of IPA (up to 1600 µL, 44 vol% of the total volume) is
not obvious in the response. In a commercial refractometer,
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Fig. 4. (a) Sensor outputs exposed to a headspace vapor in 30 s.
Onsets of the outputs are enlarged. (b) Correlation coefficients between
the outputs of disinfecting sanitizers and reference mixtures.

mixing IPA into the liquid affects the evaluation of ethanol
concentration due to the similar refractive index (1.377 and
1.366 in IPA and ethanol, respectively). Figure 3(b) shows the
output of a refractometer is changed by the addition of IPA in
80 vol% ethanol. More than 200 µL of IPA (corresponding to
9 vol% of the total volume) obviously increases the output over
the expected concentration (82.7±3 vol%, noted as a colored
region).

V. ETHANOL CONCENTRATION IN SANITIZERS

Disinfecting sanitizers are requisite under the current society
with viruses. To confirm the disinfecting ability of sanitizers
on site, it is useful to evaluate an ethanol concentration rapidly.
Thus, we demonstrate a portable device to evaluate an ethanol
concentration in commercial formulation of sanitizers. The
setup of the measurements is as follows. The sensor measures
a headspace vapor in the vessel containing each disinfectant:
liquid (Willstella, Saraya, ethanol concentration: 77–81 vol%),
gel (MS solutions, 62 vol%), and tissue sheet (Algauze,
Saraya, 77 vol%). The sanitizers do not have aromatic ingredi-
ents. A few ml of liquid/gel and one tissue sheet are placed in
the vessels. The sensor impedance response is converted to a
voltage output and measured by a MetaMotionC (MbientLab)
via Bluetooth. The sampling rate is 4 Hz and the data are
digitally smoothed for noise reduction. Fig. 4(a) compares
the sensor signals for disinfecting sanitizers with those for
reference ethanol/water mixtures. The volume concentration
of the reference is prepared by 5 vol% steps. As a rough
comparison, we evaluate the concentration by finding the
maximum correlation coefficient as shown in Fig. 4(b). The
maximum values are observed at 60 vol% in gel, 75 vol%
in tissue sheet, and 80 vol% in liquid, which agrees to the
specifications.

Table I compares common methods to measure the ethanol
concentration in alcohol beverage and disinfecting sanitizer.
The advantage of this vapor sensing is a rapid and noncontact
method. In refractometry, it is necessary to dilute sample liq-
uids to less than 50 vol%. While hydrometry is a classical and
quick method, more than 100 mL of liquids are required for
floating a gauge to read the density. In this work, 1–2 ml of the

TABLE I
COMMON METHODS TO MEASURE ETHANOL CONCENTRATION

TABLE II
COMPARISON WITH REPORTED ETHANOL SENSORS

liquids is sufficient to evaluate the concentration in a full range
ideally. Table II shows a comparison with reported ethanol
sensors. Previous studies focused on measuring ethanol con-
centration in fuels and liquors. Wijaya et al. proposed a silver
nanoplate colloid to quantify ethanol concentration in liquid
sanitizers [13]. In their method, a nanoplate colloid needs
to be dispersed in the liquid. Our method is applicable for
solid and gel materials as well as liquids. Because a vapor
phase of ethanol is used for detection, a fast recovery of
the signal is exhibited [9], [16]. These features are beneficial
for on-site evaluation of ethanol concentration everywhere.
Our approach can be applied to a mixture with aromatic
compounds. The concentrations of saturated ethanol and water
vapor are estimated to be 7 and 3 %. Since the aromatic vapor
concentration is usually an order of ppm, the effect of the
aromatic compounds is negligible.

This study has a limitation to evaluate the reproducibility
and detection limit. A pattern recognition system trained by
many data sets is a candidate to evaluate a chemical sensor
output in time series quantitatively [25]–[27]. A pioneering
study to apply machine learning to chemical sensors has been
given by Vergara et al.: 13,910 time series sequences are used
for the calibration of sensor output [25]. We need to build a
new time series analysis for this sensor in the future.

VI. CONCLUSION

We proposed the noncontact rapid sensor to evaluate ethanol
concentration by using capillary condensation in a nanoparti-
cle film. The transient impedance response depended on the
ethanol concentration owing to the vapor pressure. We demon-
strated that this method was useful for the noncontact evalu-
ation of ethanol concentration in commercial sanitizers. The
ethanol concentration in sanitizers was evaluated in 30 s.
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