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Abstract

We have measured the surface tension of aqueous NaI solutions of decylpyridinium iodide
(DePI) by the drop weight method at different NaI concentrations from 0 to 80 mmol dm−3

at 25℃ and obtained surface excess densities of decylpyridinium ion (DeP+), I− and Na+

as functions of DePI concentration at different NaI concentrations by applying the Gibbs
adsorption isotherm to the surface tension data at DePI concentrations below the critical mi-
celle concentration (CMC). Surface excess densities of DeP+ and I− increase with increasing
DePI concentration, and approach the saturated values at the CMC excluding the most con-
centrated NaI solution. On the other hand, the surface excess density of Na+ is nearly zero
or slightly negative. The molecular area of DePI on aqueous surface increases with increasing
NaI concentration up to 5 mmol dm−3 and then decreases, as associated with very small mi-
celles of DePI in the absence of NaI. The Corrin-Harkins plot is linear in NaI concentration
range studied, which suggests DePI forms only spherical micelles.

Keywords: decylpyridinium iodide; surface tension; Langmuir adsorption; critical micelle
concentration

1 Introduction

Surfactant molecules or ions are adsorbed on aqueous surface and consequently lower the surface
tension of their aqueous solutions. Using the Gibbs adsorption isotherm, Equations (2) – (4), we
can obtain the surface excess densities of nonionic surfactant molecule and concomitant salt from
the dependence of surface tension on concentrations of surfactant and salt.

In the case of ionic surfactant in aqueous salt solution, however, only these equations are not
sufficient to evaluate the surface excess densities of surfactant ion, counterion and constituent
ions of salt. Ikeda and coworkers [1–7] derived the surface excess densities of surfactant ion
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and all other ionic species as functions of concentrations of surfactant and concomitant salt in
terms of the Gibbs adsorption isotherm and applied them to some alkylammonium surfactant-
sodium halide systems; dodecyldimethylammonium chloride (DDAC)-NaCl [2, 3], dodecyldimethyl-
ammonium bromide (DDAB)-NaBr [4], DDAC-NaBr [5], hexadecyltrimethylammonium bromide
(CTAB)-NaBr [6], DDAB-NaCl [7] and dodecyltrimethylammonium bromide (DTAB)-NaBr [8].

Cationic surfactants with a quaternary ammonium head group are fully ionized over whole prac-
tical pH range and adsorbed onto most solid-water interface, which are usually negatively charged,
so that they have special applications such as water-repellent and antistatic agents [9]. Further-
more, they exhibit good bactericidal action and hence for example hexadecylpyridinium bromide
are used in mouthwashes [10]. Factors affecting these properties of cationic surfactants including
alkylpyridinium halides are interesting. In the previous work [11, 12], therefore, we extended simi-
lar measurements of surface tension to aqueous NaCl solutions of dodecylpyridinium and tetrade-
cylpyridinium chlorides (DPC and TPC) having an aromatic ring as a polar head group, and
determined the surface excess densities of dodecylpyridinium and tetradecylpyridinium ions (DP+

and TP+), Cl− and Na+ as functions of surfactant and NaCl by applying the Gibbs adsorption
isotherm according to Ikeda and coworkers [1–7]. As observed for other cationic surfactant-simple
salt systems, surface excess densities of DP+, TP+ and Cl− increased with increasing surfactant
concentration and approached the saturated values at the critical micelle concentration (CMC),
whereas the surface excess density of Na+ was nearly zero or slightly negative. Like common
ionic surfactants, the molecular area of TPC on aqueous surface decreased with increasing NaCl
concentration except for 0 mol dm−3 NaCl solution. On the other hand, that of DPC increased
with increasing NaCl concentration up to 0.010 mol dm−3 and then decreased to almost constant
value, as explained by the formation of very small micelles of DPC below 0.05 mol dm−3 NaCl.

In the present work we study the adsorption behavior of decylpyridinium iodide (DePI), whose
hydrophilic tail is the shorter by two methylene groups than DPC and whose counterion is dif-
ferent from that of surfactants studied previously, on aqueous surfaces of NaI solutions in order
to investigate the effect of alkyl chain length and the influence of the kind of counterion on the
adsorption of alkylpyridinium halide on aqueous surfaces of sodium halide solutions.

2 Experimental

DePC was synthesized by refluxing the mixture of pyridine and 1-iododecane at 120℃ for 7
hours and recrystallized three times from acetone-diethyl ether mixture (1:2 v/v). Pyridine was
obtained from Nacalai Tesque, Inc., and dried over molecular sieves 3A. 1-iododecane was pur-
chased from ACROS ORGANICS and used without purification. NaI of special grade reagent
from Nacalai Tesque, Inc., was dried at 120℃ for two hours. Water was redistilled from alkaline
KMnO4 solution.

The surface tension of aqueous solutions was measured at 25 ± 0.1℃ by the drop weight method.
A capillary having a reservoir was kept perpendicular in a glass vessel immersed in a temperature-
controlled bath and its upper end was connected to a micrometer syringe through a rubber tube.
We suspended a drop of solution at the lower end of capillary in a state just before falling for 5
min or more, and then detached it from the capillary tip. If a drop which falls from the capillary
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tip having outer radius r has a weight m, then the surface tension of the solution is given by

γ = mg

r
F (1)

where g is the gravitational acceleration and F is the Harkins-Brown correction factor determined
by the drop volume V and the outer radius r of the tip. The drop volume V was obtained by
dividing the drop weight m by the density of solvent, i.e., water or NaI solution. The effective
outer radius r of the capillary tip was determined by measuring the drop weight of redistilled water
and assuming its surface tension to be 71.98 mN m−1 and found to be 3.457 mm. The capillary
was cleaned by being immersed in chromic acid mixture after each measurement.

3 Results

Figure 1 shows the surface tension, γ, of aqueous NaI solutions of DePI plotted against the
logarithm of the molar concentration of DePI, log C, at different NaI concentrations, CS. As the
DePI concentration increases up to the CMC, the surface tension decreases and its rate of decrease
increases from about zero to a certain definite value. Above the CMC, the surface tension has
an almost constant value at a given NaI concentration. Surface tension is lower at the higher
NaI concentration unless the DePI concentration is very low. The concentration dependence of
surface tension of the DePI-NaI system is similar to that of DPC- and TPC-NaCl systems [11, 12]
and alkylammonium surfactant-sodium halide systems [2–8]. Table 1 gives the CMC, C0, and the
surface tension at the CMC, γ0. Both quantities decrease with increasing NaI concentration.

According to the Gibbs adsorption isotherm, the surface tension depression can be represented
by

−dγ = RT (Γd ln C + ΓSd ln CS) (2)

where R is the gas constant and T is the absolute temperature. Γ and ΓS are the surface excess
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Fig. 1 Dependence of surface tension of aqueous NaI solutions of DePI on surfactant concentration at
different NaI concentrations. CS / mmol dm−3: , 0; , 5; �, 10; , 20; �, 30; �, 50; �, 80.
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Table 1 Adsorption properties of DePI on the surface of aqueous NaI solution at the CMC, C0.

CS / mmol dm−3 C0 / mmol dm−3 γ0 / mN m−1 Γ / 10−6 mol m−2 ΓS / 10−6 mol m−2

0 21.8 34.2 7.76
5.00 19.4 34.0 6.92 1.16

10.01 18.3 34.0 5.93 1.10
20.02 15.5 33.7 4.98 1.81
30.03 13.7 33.4 4.58 1.84
50.12 10.3 33.1 4.55 2.61
80.23 7.7 32.8 5.23 2.73

densities of DePI and NaI, respectively, defined by

Γ = − 1
RT

(
∂γ

∂ ln C

)
CS

(3)

and
ΓS = − 1

RT

(
∂γ

∂ ln CS

)
C

(4)

Γ can be evaluated from the slope of curves shown in Figure 1.
In order to estimate ΓS, the surface tension is plotted afresh against the logarithm of the NaI

concentration, log CS, at each DePI concentration, C, as shown in Figure 2. This figure also
indicates the NaI concentration dependence of surface tension at the CMC, γ0, by a dashed line.
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Fig. 2 Dependence of surface tension of aqueous NaI solutions of DePI on NaI concentration at different
DePI concentrations. –log (C / mol dm−3): a, 1.9; b, 2.1; c, 2.3; d, 2.5; e, 2.7; f, 2.9; g, 3.1; h, 3.3.
Dashed curve represents dependence of surface tension at the CMC, γ0, on NaI concentration.

Table 1 also includes values of Γ and ΓS at the CMC. With increasing NaI concentration the
value of Γ at the CMC decreases, has a minimum value at 50.12 mmol dm−3 NaI and then in-
creases. The value of ΓS at the CMC also exhibits the similar NaI concentration dependence with
a minimum at 10.01 mmol dm−3 NaI. Excluding the decrease in ΓS at low NaI concentration, such
behavior of Γ and ΓS at the CMC has been observed for DPC- and TPC-NaCl systems [11, 12]
and alkylammonium surfactant-sodium halide systems [3–8].
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4 Discussion

4.1 Surface excess densities of ions
According to Ikeda and coworkers [1–7], the Gibbs adsorption isotherm can be applied to the

surface tension data at DePI concentrations below the CMC, shown in Figures 1 and 2, and the
surface excess densities of decylpyridinium ion (DeP+), I− and Na+ can be determined as functions
of DePI and NaI concentrations. Furthermore, their works [2, 3] indicated that the substitution of
activities of surfactant and salt by their molar concentrations causes no serious errors in calcula-
tions of surface excess densities for such systems containing a dilute ionic surfactant and a simple
salt.

Representing the surface excess densities subject to the Gibbs convention of DeP+, I− and Na+

by ΓDeP+ , ΓI− and ΓNa+ , respectively, the coefficients, Γ and ΓS, in the Gibbs adsorption isotherm,
Equation (2), can be represented by

Γ =
(

1 + C

C + CS

)
ΓDeP+ + C

C + CS
ΓNa+ (5)

and
ΓS = CS

C + CS
ΓDeP+ +

(
1 + CS

C + CS

)
ΓNa+ (6)

respectively [2, 3]. Solving these equations for ΓDeP+ and ΓNa+ , the following equations can be
obtained:

ΓDeP+ = 1
2

{(
1 + CS

C + CS

)
Γ − C

C + CS
ΓS

}
(7)

and
ΓNa+ = 1

2

{
− CS

C + CS
Γ +

(
1 + C

C + CS

)
ΓS

}
(8)

The electroneutrality of the surface gives the surface excess density of I− in the following form:

ΓI− = ΓDeP+ + ΓNa+ = 1
2 (Γ + ΓS) (9)

Applying Equations (7) – (9) to the surface tension data given in Figures 1 and 2, the sur-
face excess densities of three ionic species below the CMC can be obtained. Figures 3 and 4
show the surface excess density of DeP+ and those of I− and Na+, respectively, at different NaI
concentrations as functions of DePI concentration.

With increasing DePI concentration, the value of ΓDeP+ increases towards a saturated value
except for the most concentrated NaI solution. It appears that above 20.02 mmol dm−3 NaI the
value of ΓDeP+ is already saturated at the low DePI concentrations.

The value of ΓNa+ is nearly zero or slightly negative except the case of 5.00 mmol dm−3 NaI,
where it is slightly positive. Consequently, the value of ΓI− is nearly equal to that of ΓDeP+ .

Table 2 gives ΓDeP+ , ΓI− and ΓNa+ at the CMC for different NaI concentrations and Figure 5
shows them plotted against the square root of the NaI concentration.

Figure 6 plots 1/ΓDeP+ smaller than 0.6 × 106 m2 mol−1, above which small values of ΓDeP+

cause significant errors in calculating 1/ΓDeP+ , against 1/C and gives straight lines at each NaI
concentration. This indicates that the adsorption of DeP+ obeys the Langmuir isotherm
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Fig. 3 Adsorption isotherm of decylpyridinium
ion, DeP+, on aqueous surface at different
NaI concentrations. CS / mmol dm−3: A,
0; B, 5; C, 10; D, 20; E, 30; F, 50; G, 80.
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Fig. 4 Adsorption isotherms of I− (upper) and
Na+ (bottom) on aqueous surface at
different NaI concentrations. CS /
mmol dm−3: A, 0; B, 5; C, 10; D, 20;
E, 30; F, 50; G, 80.

Table 2 Surface excess densities of decylpyridinium ion, I− and Na+ at the CMC.

CS / mmol dm−3 ΓDeP+ / 10−6 mol m−2 ΓI− / 10−6 mol m−2 ΓNa+ / 10−6 mol m−2

0 7.76 7.76
5.00 3.71 4.04 0.33

10.01 3.66 3.51 −0.14
20.02 3.50 3.39 −0.10
30.03 3.57 3.21 −0.36
50.12 3.94 3.58 −0.36
80.23 4.88 3.98 −0.90

ΓDeP+ = Γ∞DeP+
KC

1 + KC
(10)

where Γ∞DeP+ is the saturated adsorption density of DeP+ and K is the adsorption coefficient.
Table 3 gives values of Γ∞DeP+ and K at different NaI concentrations.

The molecular area, A0, corresponding to Γ∞DeP+ is obtained in Å2 by

A0 = 1020

NAΓ∞DeP+
(11)

where NA is the Avogadro constant, and its values are also given in Table 3. The molecular area
of common ionic surfactant such as DTAB decreases with increasing salt concentration because
the electrostatic shielding effect of salt weakens the electrostatic repulsion between the charged
head groups of the adsorbed surfactant ions [8]. With increasing NaI concentration, however, the
molecular area of DePI increases from 21.7 Å2 in the absence of NaI to 51.9 Å2 at 5.00 mmol dm−3
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Fig. 6 Langmuir isotherm of decylpyridinium
ion at different NaI concentrations. CS /
mmol dm−3: , 0; , 5; �, 10; , 20; �,
30; �, 50; �, 80.

Table 3 Saturated adsorption density, molecular area, adsorption coefficient and free energy of adsorp-
tion of DePI.

CS / mmol dm−3 Γ∞DeP+ / 10−6 mol m−2 A0 / Å2 K / 103 dm3 mol−1 ΔGad / kJ mol−1

0 7.66 21.7 0.46 −15.2
5.00 3.20 51.9 1.28 −17.7

10.01 3.35 49.6 3.12 −19.9
20.02 3.84 43.2 2.46 −19.4
30.03 3.70 44.8 3.29 −20.1
50.12 3.84 43.2 3.92 −20.5
80.23 3.76 44.1 5.02 −21.1

NaI, and then decreases to about 44 Å2 at 20.02 mmol dm−3 NaI, above which the molecular area
remains almost constant. Similar dependence of molecular area on salt concentration was observed
for DPC-NaCl system: with increasing NaCl concentration, the molecular area of DPC increased
from 28.9 Å2 in the absence of NaCl to 63.5 Å2 at 0.010 mol dm−3 NaCl, and then decreased to al-
most constant value of 55 Å2 above 0.050 mol dm−3 NaCl [11]. This dependence of molecular area
of DPC on NaCl concentration was inferred to be associated with very small micelles of DPC in
aqueous NaCl solution below 0.05 mol dm−3 [13]. The NaI concentration dependence of molecular
area of DePI also would be interpreted in the same manner.

Table 3 shows that the adsorption coefficient K increases with increasing NaI concentration,
which suggests the electrostatic shielding effect of NaI on the adsorption of DeP+, except for
20.02 mol dm−3 NaI. This exception would be attributed to a large error in K due to a deviation
of the 1/ΓDeP+ vs. 1/C plot from a straight line expected by the Langmuir isotherm.

Table 3 also includes values of the free energy of adsorption evaluated from K by

ΔGad = −RT ln K (12)
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Corresponding to the increase in K, ΔGad decreases with NaI concentration except for the case
of 20.02 mmol dm−3 NaI.

K and ΔGad for the DePI-NaI system are compared with those for DPC- and TPC-NaCl sys-
tems at the same salt concentrations in Table 4. The free energy of adsorption is the smallest
for TPC and is almost same for DePI and DPC, but slightly smaller for DePI than for DPC. In
the previous study the smaller free energy of adsorption of TPC than DPC was explained by the
dominant role of the hydrophobic effect of the alkyl chain in the adsorption of surfactant ions [12].
In this case the higher counterion binding of I− to a charged self-assembly such as micelle than
Cl− [14] also would have to be considered. The higher counterion binding results in the smaller
free energy of adsorption because the electrostatic repulsion between head groups of adsorbed
surfactants is weakened.

Table 4 Adsorption coefficient and free energy of adsorption of DePI, DPC and TPC.

CS / mol dm−3 DePI DPC [11] TPC [12]
0 K / dm3 mol−1 461 350 638

ΔGad / kJ mol−1 −15.2 −14.5 −16.0
0.01 K / dm3 mol−1 3120 1900 27600

ΔGad / kJ mol−1 −19.9 −18.7 −25.3
0.05 K / dm3 mol−1 3920 3800 82200

ΔGad / kJ mol−1 −20.5 −20.4 −28.1

4.2 Critical micelle concentration
The CMC of DePI decreases with increasing NaI concentration, as given in Table 1. It follows

the Corrin-Harkins equation

log
(
C0/mol dm−3)

= −0.734 log
{

(C0 + CS) /mol dm−3} − 2.88 (13)

as shown in Figure 7.
For DDAB-NaBr and DTAB-NaBr systems, the Corrin-Harkins plot consists of two linear plots
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Fig. 7 The Corrin-Harkins plot of DePI in aqueous NaI solutions.
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at low and high NaBr concentrations owing to the salt-induced sphere-rod transition of their mi-
celles [15, 16]. The slope of Corrin-Harkins plot for DePI can be compared with those for DDAB [4]
and DTAB [8] at low NaBr concentrations, where spherical micelles are formed:

log
(
C0/mol dm−3)

= −0.452 log
{

(C0 + CS) /mol dm−3} − 2.83 (14)

and
log

(
C0/mol dm−3)

= −0.674 log
{

(C0 + CS) /mol dm−3} − 3.04 (15)

and those for DPC [11], where only spherical micelle is formed [13], and TPC [12]:

log
(
C0/mol dm−3)

= −0.684 log
{

(C0 + CS) /mol dm−3} − 2.98 (16)

and
log

(
C0/mol dm−3)

= −0.679 log
{

(C0 + CS) /mol dm−3} − 3.99 (17)

Consequently, the Corrin-Harkins plot suggests DePI forms only spherical micelles.
As the CMC is a good measure of stability of the micellar state relative to the monomeric state,

Equations (13) – (17) indicates that the stability of DePI micelles is lower than that of DDAB,
DTAB, DPC and TPC micelles.

5 Conclusion

By applying the Gibbs adsorption isotherm to the surface tension of aqueous NaI solutions of
DePI at 25℃, surface excess densities of DeP+, I− and Na+ have been derived as functions of DePI
concentration at different NaI concentrations. As observed for other cationic surfactant-simple salt
systems, surface excess densities of DeP+ and I− increase with increasing DePI concentration and
approach the saturated values at the CMC except for the most concentrated NaI solution, whereas
the surface excess density of Na+ is nearly zero or slightly negative. The molecular area of DePI
on aqueous surface increases with increasing NaI concentration up to 5.00 mmol dm−3 and then
decreases. This might be associated with very small micelles of DePI in the absence of NaI. The
Corrin-Harkins plot is linear in NaI concentration range studied, which suggests DePI forms only
spherical micelles. The free energy of adsorption for DePI-NaI system is slightly smaller than that
for DPC-NaCl system, as explained by competition between the hydrophobic effect of alkyl chain
and the counterion binding to adsorbed surfactant film.
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Abstract

Heated tobacco products are devices that deliver nicotine into the body via inhalation
of the mainstream aerosols generated during direct and/or indirect heating of tobacco leaf
material. These aerosols consist primarily of “water droplets” that contain glycerin and/or
propylene glycol as an aerosol former, and thus these hygroscopic aerosols will gain or lose
water until reaching an equilibrium with the moisture content in the surrounding atmosphere.
In this study, we sought to determine the influence of relative humidity (RH) on the behavior
of the aerosols generated from a “low-temperature type” device in a test chamber (0.57 m3).
Concentrations of PM2.5 and PM10 after puffing were measured using a smartphone air qual-
ity monitor, based on a laser light scattering method, under low RH (29%) and high RH
(82%) conditions. The results revealed that the levels of PM2.5 and PM10 in air, along with
size distribution and decay rates, were highly dependent on test chamber RH.

Keywords: Aerosol, Relative humidity, Glycerin, Propylene glycol, Heated tobacco products

1 Introduction

Heated tobacco products, also referred to as heat-not-burn tobacco products, are battery-
operated devices that deliver nicotine into the body via inhalation of the mainstream aerosol gen-
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erated during the direct and/or indirect heating of tobacco leaf material [1–4]. This novel medium
is being promoted as a less hazardous alternative to conventional cigarettes for both smokers and
non-smokers, given that the tobacco leaf is heated without burning to generate nicotine-containing
aerosols, and thus eliminates the emission of side-stream smoke [1–4]. However, considering the
chemical and physical properties of aerosols, the potential adverse health effects of these products
should be carefully investigated.

The mainstream aerosol generated by these devices consists primarily of “water droplets,” which
contain glycerin and/or propylene glycol that functions as an aerosol former [5], and thus is funda-
mentally different in origin and chemical and physical composition when compared with conven-
tional cigarette smoke [5, 6]. Given that glycerin and propylene glycol are hygroscopic in nature,
owing to the presence of hydroxyl groups in their molecules, the generated aerosol gains or loses
water until reaching an equilibrium with the moisture content in the surrounding atmosphere [7].
Consequently, it is necessary to gain a better understanding of aerosol deposition in the respira-
tory system and indoor environments for assessing the potential health effects on both active and
passive smokers.

The mainstream aerosol exhaled by smokers can be a source of particulate matter (PM) in air.
To assess the PM produced by heated tobacco products, Nakai et al. [8] generated a mainstream
aerosol from commercially available heated tobacco products in the laboratory and measured the
concentrations of PM2.5 (fine particulate matter with a size of 2.5μm or less) in indoor air using
an optical PM2.5 monitor in responses to changing the temperature of the sensor unit from 21℃
to 45℃. They found that the measured PM2.5 concentrations decreased with an increase in the
temperature of the sensor unit, owing to an accelerated evaporation of the hygroscopic aerosol by
heat. To date, however, the influence of relative humidity (RH) on PM concentrations in indoor
air has not been investigated. Accordingly, in this study, we sought to determine the influence of
RH on the behavior of hygroscopic aerosols in air contained within a test chamber.

2 Methods

2.1 Heated tobacco product
The Ploom TECH (JT Inc., Tokyo, Japan) device used for the purposes of this study was

purchased from a retail tobacco store in Japan. The device consists of a rechargeable battery,
cartridge, and consumable tobacco capsule. A “Mevius regular” was used as the tobacco capsule
in this study. The aerosol is generated by heating liquid in the cartridge containing aerosol formers
and passing this through the tailor-made tobacco capsule at approximately 30◦C. This device is
thus categorized as a “low-temperature-type” device, in contrast to other brands, such as IQOS
(PMI Inc., USA) and glo (BAT, UK), which are classed as “high-temperature-type” devices.

2.2 Experimental setup
Fig. 1 shows the experimental setup used in this study. The mainstream aerosol was generated

from the Ploom TECH device using an LM4E Linear Vaping Machine for E-cigarettes (Borgwaldt
KC, GmbH, Germany). The outlet port of the vaping machine was connected to a test chamber
(0.57 m3) constructed from acrylic boards with a short silicone tube. Thus, the generated aerosol
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was directly introduced with puffing into the test chamber. The dimensions of the chamber were
1.34 m (height) × 0.85 m (width) × 0.50 m (depth). Laboratory air was constantly introduced into
the chamber using two diaphragm pumps. When changing the RH in the chamber, laboratory
air was passed through pure water (Milli-Q, Millipore Corporation, USA, resistivity=18 MΩ·cm)
contained in the impingers. The air within the chamber was thoroughly mixed by a small fan
operated continuously at a constant rate. The air exchange rate was determined to be 2.2 h−1, as
measured based on the CO2 tracer gas decay method. The temperature and RH were monitored
using a TR-72U thermo recorder (T and D, Tokyo, Japan), and concentrations of PM2.5 and PM10

(fine particulate matter with a size of 10μm or less) were measured using a smartphone air quality
monitor (Pocket PM2.5 sensor; Yaguchi Electric Corporation, Miyagi, Japan), which employs a
laser light scattering method for the detection of PM2.5 and PM10. The monitor consists of a laser
light-emitting diode, photodiode sensor, fan, amplifier, and USB encoder connected to an Android-
type smartphone [9, 10]. The smartphone displays PM2.5 and PM10 concentrations in units of μg
m−3, and the background screen color changes from blue to yellow, red, purple, and black with
an increase in PM levels. The monitor also generates log data expressed as comma-separated
values of the Google Keyhole Markup Language format, including the global positioning system.
The calibrated monitors used in this study were purchased from the IDEC Corporation (Tokyo,
Japan).

Vaping machine

Heated tobacco product

PM
sensor

Thermo
sensor

Smartphone

Thermo 
recorder

ventilating 
opening

Pump
Fan

Water in impingers Test chamber

Fig. 1 A schematic representation of the chamber experiment conducted in this study.

2.3 Puffing and environmental condition
The Ploom TECH device was consumed by the Linear Vaping Machine following the Inter-

national Organization for Standardization (ISO) puffing protocol [11] with a minor modification,
consisting of puff duration of 2 s, inter-puff interval of 120 s (originally 60 s), puff volume of 35 mL,
puff rate of 1.05 L min−1, and a “Bell” puffing profile. Preliminary tests revealed that the range of
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PM concentrations in the chamber exceeded the upper limit of the smartphone air quality monitor
during repeated puffing, and thus the inter-puff interval was subsequently extended from 60 s to
120 s. The number of puffs in a single run was set to 10, and three repeat runs were conducted
under two conditions: low RH (temp. = 26℃, RH = 29%) and high RH (temp. = 26℃, RH
= 83%). Given that the target substance in this study was “aerosol,” the vaping device did not
incorporate a Cambridge filter that is typically used for the separation of gas and solid phase.

3 Results and Discussion

The time courses of the concentrations of PM2.5 and PM10 in the test chamber showed similar
patterns in three repeated runs. Fig. 2 presents the results obtained for Run #1 under low and high
RH conditions as representative of the three runs. In general, the concentrations of both PM2.5

and PM10 peaked within a few minutes after puffing the Ploom TECH device, and subsequently
decreased with time. However, we observed differences in the peak maximum concentrations in
puff profiles under the two RH conditions. At low RH, the peak concentrations of PM2.5, and PM10

were 28 ± 11 μg m−3 (n = 30) and 38 ± 19 μg m−3 (n = 30), respectively. Comparatively, the
peak concentration of PM2.5 and PM10 under high RH conditions were 73 ± 19 μg m−3 (n = 30)
and 84 ± 23 μg m−3 (n = 30), respectively, both values of which were significantly higher than
the corresponding values under low RH (p < 0.05, t-test). These findings thus indicate that the
generated aerosols immediately lost water to reach equilibrium with the moisture content in the
chamber, and that the levels of PM in the aerosol are dependent on the environmental RH.
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Fig. 2 Typical time-courses of the concentration of PM2.5 and PM10 in air within the test chamber dur-
ing a series of 10 puffs of the Ploom TECH device under low RH (temp. = 26℃, RH = 29%) and
high RH (temp. = 26℃, RH = 83%) conditions.

Since the PM2.5 and PM10 concentrations cover the different range of particle size respectively,
the concentration ratio (PM10/PM2.5) reflects the size distribution of aerosol in the test chamber.
Fig. 3 shows typical time-courses of PM10/PM2.5 during a series of 10 puffs of Ploom TECH under
low RH and high RH conditions (Run#1). Under the low RH condition, the ratio immediately
increased just after puffing and decreased within 20 s to the background level. To the contrary,
the increase in PM10/PM2.5 after puffing was rather moderate under high RH condition. The

— 14 —



Influence of relative humidity on the behavior of aerosols generated from heated tobacco products

PM10/PM2.5 at the peaks was observed to range from 1.1 to 2.4, with an average of 1.4 ± 0.38
(n = 30) at low RH, whereas at high RH, the ratio ranged from 1.1 to 1.3, with an average of 1.1 ±
0.067 (n = 30). The evaporation rate of a water droplet is inversely proportional to its radius [12];
the finer particle has a nature to lose water more easily. The significant difference between these
values (p < 0.01, t-test) indicates that RH also affects the size distribution of the hygroscopic
aerosol at the peaks in the environment.
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Fig. 3 Typical time-courses of PM10/PM2.5 in air of the test chamber during a series of 10 puffs of
Ploom TECH under low RH (temp. = 26℃, RH = 29%) and high RH (temp. = 26℃, RH =
83%) conditions.

With regard to the hygroscopic aerosol, we can assume three possible processes whereby the
aerosol is removed from the chamber: removal by air exchange, evaporation (loss of water and
subsequent volatilization of glycerin and propylene glycol) [7], and deposition on the surface of
the chamber. In this context, it should be noted that removal via coagulation was not taken into
consideration in the present study, as this process is generally applicable only to finer aerosol of
particle size 0.1 μm or less [13]. Accordingly, the change in PM concentration C with time t can
be described as follows:

dC

dt
= −NC − Revap − Rdep, · · · ①

where N is the air exchange rate of the test chamber (2.2 h−1), Revap is the evaporation rate, and
Rdep is the deposition rate. Fig. 4 shows two linear decay plot generated by log conversion of the
time-course PM concentrations. By applying a first-order decay to the first and second phases,
the change in PM concentration C with time t can be described using the rate constants k1 and
k2.

dC

dt
= −k1C − k2C · · · ②

As the air in the test chamber was constantly exchanged during the measurement period, the
values obtained for k1 and k2 must reflect the air change rate (N = 2.2 h−1). Table 1 shows the k1

and k2 values derived from the log C slopes obtained for PM2.5 and PM10 under low and high RH
conditions, excluding some irregular peaks. Given that the values of both k1and k2 are consider-
ably greater than N , evaporation and deposition are presumed be the dominant processes for the
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Fig. 4 Typical linear decays plots for the time-courses of PM2.5 and PM10 concentrations derived from
the curves shown in Fig. 2 converted to a log scale. The first and second phases of the 4th puffs
are indicated as examples.

decay of hygroscopic aerosols. For both PM2.5 and PM10, the k1 values were lower than those of k2

under both RH conditions, thereby indicating the operation of a rate-determining process in the
first phase, presumably evaporation. Furthermore, higher values of k1and k2 were observed under
high RH conditions, thus indicating that the rate of hygroscopic aerosol decay is also dependent
on environmental RH.

Table 1 Apparent first-order decay rate constants derived from the first and second phase slopes for
PM2.5 and PM10 in the test chamber. Number of puffs used for this calculation was 27 for low
RH and 30 for high RH conditions.

PM2.5 PM10

k1(h−1) k2(h−1) k1(h−1) k2(h−1)
Low R.H. 97 ± 45 245 ± 144 99 ± 38 229 ± 118
High R.H. 33 ± 9.4 77 ± 16 30 ± 10 76 ± 18

4 Conclusion

In this study, we aimed to determine the influence of relative humidity on the behavior of aerosols
generated from heated tobacco products. Given that aerosols consist of water droplets containing
glycerin and propylene glycol, the levels of PM2.5 and PM10 in air, along with their size distri-
bution and decay rates, were found to be highly dependent on the relative humidity within the
test chamber. The findings in this study will also provide a valuable reference for gaining insights
into the airborne transmission of novel coronaviruses and other viruses, as such pathogens are
potentially present in water droplets in indoor air.
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