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ABSTRACT
Heated tobacco products (HTPs) and electronic cigarettes (ECs) represent a potentially less
harmful alternative to traditional tobacco products, such as conventional cigarettes (CCs), with
growing popularity amongst adult smokers worldwide. Their users exhale a very dynamic aerosol
to indoor air which undergoes rapid transformations. In the present study, we assessed the
dynamics of the generated exhaled aerosols following use of a new HTP (branded as “Pulze”,
operating in eco and standard modes) and an e-cigarette (“myblu”) in a chamber environment by
three volunteers, controlling for the distance to bystander, ventilation intensity and microclimate.
The HTP and EC data was compared against conventional cigarette data. HTP generally resulted
in lower aerosol number concentration during puffs reaching 1.66E+06 # cm–3 at 0.5 m from
bystander, compared to EC (averaging 4.3E+06 # cm–3), and CC (1.47E+08 # cm–3). No significant
difference was observed between “eco” and “standard” modes of HTP. At the same time, EC
concentration decrease after puffs was also faster, indicating higher volatility of particles. EC also
featured higher mode during puff (120 nm) compared to HTP (90 nm), which was significantly
different from conventional cigarette (165–200 nm). The evaporation/shrinkage of particles has
been observed within 10 s after puff with the HTP and EC. Distance to a bystander was shown to
be as a significant factor affecting aerosol dynamics, however ventilation intensity and relative
humidity did not have statistically significant effect.
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1 INTRODUCTION
Over the past century, the number of worldwide smokers of tobacco products has increased
to more than one and a half billion in the world (WHO, 2019). The usage of conventional
cigarettes results in numerous hazardous pollutants emitted to ambient air and causes adverse
health effects to both mainstream smokers and bystanders (Braun et al., 2019).
Alternative nicotine containing products have been intensively developed during past decade,
aiming to replace burning/pyrolysis of tobacco with less harmful delivery of nicotine for the adult
smoker. Vaping products, e.g., electronic cigarettes (ECs), and more recently heated tobacco
products (HTPs) emerge as the options with the fastest market growth. While both of these
technologies aim to reduce the generation of carcinogenic compounds in the mainstream aerosol,
the operating principle is quite different. The mainstream aerosol from HTP is formed by distilling
specially processed natural tobacco leaves using an electrically heated blade. Since the heating
temperature is substantially lower than that of burning, the usual pyrolysis of tobacco does not
occur, thus avoiding the formation of combustion byproducts (Smith et al., 2016). Electronic
cigarette also utilizes heating principle to generate aerosol, but heats a vaping liquid consisting
of nicotine (as opposed to nicotine in the tobacco matrix in HTPs) in an aerosol propellant matrix
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of known chemical composition (Gillman et al., 2016).
Both EC and HTP mainstream aerosol has been well characterized and has been shown to
contain a complex mixture of nicotine, propellant, flavorings and other trace compounds (Schaller
et al., 2016; Bekki et al., 2017; Jaccard et al., 2017). The HTP and EC aerosols also contain fewer
and substantially lower levels of toxicants compared to CC smoke. The composition of aerosol
may also depend on type of the device and heating regime, flavoring additives, operational
voltage, and user puffing patterns (Allen et al., 2016; Floyd et al., 2018; Noël et al., 2018; Zhao et
al., 2018; Gillman et al., 2020).
There is a limited amount of published data available on the impacts of the usage of these
devices on indoor air quality, and subsequently, so-called “second-hand” exposure. Since no tobacco
burning takes place, the primary source of pollution results from the exhaled breath of a product
user. The composition of exhaled breath differs largely from the mainstream aerosol: The
majority of exhaled particles are water-based, while most of nicotine is being absorbed in user’s
body (O’Connell et al., 2015; Mitova et al., 2019). However, a number of studies (as presented
below) have indicated that the impact of EC usage and, to a lesser extent HTP, have a tangible
impact to indoor air quality, and potentially, to the exposure of bystanders.
Generally, the existing data indicates that both EC and HTP usage results in lower adverse
impact to indoor air compared to traditional cigarette, water pipe, as well as many other indoor
pollution sources, such as incense burning and mosquito coils (Kaunelienė et al., 2018). Among
gaseous pollutants, nicotine and acetaldehyde are among the most commonly associated with
HTP usage (Mitova et al., 2016), while combustion byproducts CO, NO, and NO2 are not detected
(Cozzani et al., 2020). 62 trace compounds were qualitatively identified in the exhaled HTP
aerosol, including aldehydes, nitrogenated species, and aromatic species (Cancelada et al., 2019;
Ilies et al., 2020).
Particulate matter is a group of pollutants frequently associated with the usage of thermal
nicotine containing devices. The exhaled aerosol usually contains submicrometer/ultrafine (mostly
liquid) particles, having mode at around 100 nm. Due to a highly volatile nature, these particles
are further subjected to transformations, such as nucleation, condensation, and evaporation.
Moreover, particle aggregation and coagulation may occur since particle concentration during
the exhalation exceeds 10E+6 cm−1. The prevailing mechanism depends on the type of aerosol
generation device (EC vs. HTP) and environmental conditions, such as operating air conditioner
(Loupa et al., 2019), distance of transport, and ventilation intensity (Meišutovič-Akhtarieva et al.,
2019). The concentration levels of particle number concentrations following the usage of HTP
vary broadly in the range from 1E+4 to 1E+7 # cm−3, while they directly depend on the proximity
of the user to a bystander as well as the number of users, such as 10–30 (Ruprecht et al., 2017;
Kaunelienė et al., 2019). Particulate matter mass concentrations were reported to vary between
14 to 21 µg m−3 during the exhalation of the HTP smoke (Protano et al., 2020).
The above presented summary of recent studies on the impacts of HTP and EC on indoor air
quality indicate that while the usage of these devices results in a much lower deterioration of
indoor air quality compared to traditional combustible tobacco products, the exhaled aerosol is
a very dynamic system and is affected by multiple factors. Every new device or technology on a
market should undergo a thorough investigation in well-controlled environment aiming at the
accurate characterization of the generated aerosol and thus potential impacts to air quality and
bystander exposure.
This study has researched an exhaled aerosol from the usage of a new HTP product and
compared against a vaping product (EC) and a conventional cigarette (CC) in terms of highly time
resolved particle concentrations and size distributions. Important factors affecting aerosol
dynamics in a room were researched and quantitatively established.

2 METHODS
2.1 Products

The following nicotine containing products were investigated in the research: a heated tobacco
product, Pulze, and an e-cigarette, myblu, both manufactured by Imperial Brands PLC (UK).
Pulze is a battery-powered heated tobacco device which heats up a refined tobacco rod
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(named iD) to a preset temperature—either 315°C in Eco mode (referred to as HTP_Eco in an
experimental plan) or 345°C in Standard mode (HTP_Standard). Non-flavored iD sticks were used.
The tobacco rod component of the iD stick consists primarily of reconstituted tobacco and
glycerin (the principal humectant ingredient used for aerosol formation in the heated tobacco
product). The aerosol is produced by heating and subsequent distillation process where active
ingredients from tobacco are trapped in liquid mainstream aerosol, filtered within several stages
of filtration within the iD stick and thus delivered to the user.
myblu is a battery-powered electronic cigarette device that heats liquid formulation to create
an aerosol inhaled by the smoker. Such liquids can contain varying amounts of nicotine, which
makes it different from HTP products, which contain naturally occurring nicotine in the tobacco
leaf. Liquids additionally contain glycerin and propylene glycol as primary carriers of vaporized
nicotine and may or may not contain flavorings.
The data on conventional cigarette has been taken from our earlier study comparing several
types of ECs and the CC (Martuzevicius et al., 2019). This study was performed in the same setting
using Marlboro Gold (Philip Morris International Inc.) having tar, nicotine, and carbon monoxide
yields of 8 mg, 0.6 mg, and 9 mg, respectively.

2.2 Test Chamber

An indoor test chamber representing a standard room was same as described by Martuzevicius
et al. (2019) and schematically presented in Fig. S1 (Supplementary Material). Briefly, the chamber
was built of conventional building materials (painted drywall walls, panel ceiling) and measured
13 m2 of floor area and 35.8 m3 of volume. A bystander (seated human being) represented by a
dummy with a surface temperature of 34°C was positioned near a wall and was used as a sampling
inlet. The chamber was equipped with an external air handling unit, providing a supply of air in
the range from 0 to 12 h−1. The supply air was conditioned in a heat exchanger and treated by three
steps of filtration—pre-filter of class F7, activated carbon bed (removing outdoor volatile organic
compounds [VOCs] and ozone), and HEPA13 final filter. The four-way mixing ventilation was chosen
for this study as it is commonly used in residential buildings. Such setup has been tested to provide
sufficient dispersion of aerosol, generated in a room (Jurelionis et al., 2015). Relative humidity
(RH) has been controlled by humidifier (ES4; NORDMANN Engineering AG, Switzerland) in the
range from 30% to 70%, while the temperature was maintained within a range from 21°C to 23°C.

2.3 Measurement Methods

Particle number concentration (PNC) and particle size distribution (PSD) was measured by the
Fast Mobility Particle Sizer (FMPS) spectrometer (Model 3091; TSI Inc., USA) in the size range
from 5.6 to 560 nm in 32 channels with 1 s−1 time resolution. The measured distributions were
based on particle number concentration (unit particles cm−3) measurement. Before the start of
each run a background concentration of particulate matter was recorded (3 min before the start).
The background concentration at the beginning of each experiment was aimed to be achieved as
low as possible, and ranged between 300 and 5000 particles cm−3.
Relative humidity and temperature were measured continuously (IAQ-Calc 7545; TSI Inc., USA)
at a resolution of 30 s. The same instrument was used for the verification of ventilation rate
regimes based on the decay of CO2 concentration.

2.4 Experiment Plan and Data Analysis

The experiment has been designed as a full-factorial multiple linear regression interaction
model, aided by an experiment planning software (MODDE 10.1; Umetrics Inc., Sweden). Full
experimental worksheet is presented in Table S1 (Supplementary Material). The experiment
factors (controlled variables) were set to Product Type (qualitative variable, having values of
HTP_Eco, HTP_Standard, and EC), Ventilation Rate (0.2 h−1 representing minimum ventilation and
1 h−1 representing an intense ventilation regime), Relative Humidity (30%, representing dry air,
and 70%, representing humid air) and Distance from a user to the dummy (0.5, 1.0, and 2.0 m).
Additionally, three male volunteers (aged between 20 to 30 years) have been included to the
study to represent the user variable (marked as V1, V2, and V3). Such design resulted in 108 total
runs. No specific requirements were set to the volunteers participating in the study, except that
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they were a regular smoker or/and experienced e-cigarette user. Three male volunteers within 20–
30 years of age have signed for the study, acknowledging their consent to participate in a written
form. The volunteers were regular smokers of traditional cigarettes and electronic cigarettes, but
have not used the particular HTP product. No other user-related data has been collected, thus
treating volunteers as an independent variable that brings random variation to the results.
The responses to the model that were derived from the real-time particle number concentration
and size distribution measurements are presented in Table 1. All responses (except ratios) have
been log-transformed in order to correct for skewness in distribution. The model data was fitted
into multiple linear regression interaction model. After initial runs the insignificant (interaction
mostly) terms were manually removed aiming to balance the goodness of the model based on
the estimate of model fit (R2) and the estimate of the future prediction precision (Q2).
The experimental flow was conducted accordingly: The test chamber was purged before an
experiment for at least 10 min at a ventilation rate of 10 h−1 to reduce the background concentration
of particles. A volunteer entered the chamber and used HTP or vaped the EC according to planned
regime, which was one puff every 30 s, total of five puffs. Each volunteer used separate devices
(three Pulze and myblu devices in total), while the HTP device has been loaded with a fresh rod
before every experiment. After puffing, a tobacco rod has been extinguished in a flask filled with
water to prevent any further aerosolization of particles. A volunteer remained calmly seated for
additional 30 min, and exited the chamber afterwards.
Table 1. Parameters derived from the real-time measurements of particle size-resolved number concentrations.
Response name
Temporal variation parameters
Maximum total particle
number concentration
(PNC)
Total PNC after 5 s

Abbreviation

Units

Description

PNCt,max

# cm−3

PNCt,5s

# cm−3

Total PNC after 10 s

PNCt,10s

# cm−3

Total PNC after 120 s

PNCt,120s

# cm−3

Concentration ratio: PNC
after 5 s/PNCmax
Concentration ratio: PNC
after 10 s/PNCmax
Concentration ratio: PNC
after 120 s/PNCmax
Concentration decrease rate
from PNCmax to PNC5s

PNCt,5s/PNCt,max

Non-dimensional

PNCt,10s/PNCt,max

Non-dimensional

The highest PNC obtained during a single run. This
indicates the level of total PNC immediately
following the exhalation.
PNC following the last peak after 5 s. Indicates the
rapid dispersion/transformation of particles.
PNC following the last peak after 10 s. Indicates the
rapid dispersion/transformation of particles.
PNC following the last peak after 120 s. Indicates
the long-term processes of particle
transformations.
Indicates the decrease of PNC after 5 s from the
maximum, in relation to the maximum.
Indicates the decrease of PNC after 10 s from the
maximum, in relation to the maximum.
Indicates the decrease of PNC after 120 s from the
maximum, in relation to the maximum.
Indicates the rate of the PNC decrease, following
the exponential decay kinetics, and calculated as
(lnPNCt,max − lnPNCt,5s)/(5/60).
Indicates the rate of the PNC decrease, following
the exponential decay kinetics, and calculated as
(lnPNCt,max − lnPNCt,10s)/(10/60).

PNCt,120s/PNCt,max Non-dimensional
rmax-5

Concentration decrease rate rmax-10
from PNCmax to PNCt,10s
Particle size distribution parameters
Mode at maximum peak
Mmax

min−1
min−1

nm

Mode after 5 s

M5s

nm

Mode after 10 s

M10s

nm

Mode after 120 s

M120s

nm
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3 RESULTS AND DISCUSSION
3.1 Temporal Variations of Particle Number Concentrations during and after
the Product Usage

The usage of tobacco products in an enclosed environment usually results in a very characteristic
variation of particle concentration, which may be characterized by a sharp increase of PNC
following the exhalation of inhaled mainstream aerosol, and then an equally sharp decrease in
concentration to almost background, as quantitatively presented lower in this subchapter. Such
pattern of temporal variability is valid in case of both conventional cigarette, as well as electronic or
heated tobacco products (Martuzevicius et al., 2019; Meišutovič-Akhtarieva et al., 2019). Depending
mostly on the distance from a user to the bystander, the sharpness of the peaks may be more or
less pronounced.
We have observed an expected variation of PNC at a bystander’s position, with clearly identifiable
five peaks at a close proximity (0.5 m; Fig. 1). The PNC variations of all devices and regimes are
presented in same scale in Fig. 1 deliberately to reflect the magnitude of variations. In case a user
is close to a bystander, the puff does not have sufficient time to disperse in the volume of the
chamber. At further distances, the exhaled puffs can still be registered, but the level of
concentration is much lower, and the peaks are not as sharp.
At a close proximity, EC produced higher number of particles, compared to HTP operating in both
Eco and Standard mode. Across all runs, the HTP in Eco regime resulted in PNCt,max at 0.5 m distance
averaged at 1.14E+06 ± 3.91E+05 # cm−3, HTP in Standard mode 1.66E+06 ± 4.89E+05 # cm−3,
while EC resulted in 4.26E+06 ± 1.05E+06 # cm−3, i.e., 2.6 and 3.7 times higher from HTP, which
is a statistically significant difference (p < 0.05). Similar trend holds for the distances of 1 and 2 m,
with PNCt,max generated by EC was 4.0–5.0 and 1.0–8.2 times higher than HTP, respectively. Such
difference is determined by a more efficient aerosol generation within the electronic cigarette,
which results in a higher mainstream aerosol concentration, 10E+9 # cm−3 for EC (Belka et al., 2017)
vs. < 10E+8 # cm−3 for HTP (Pacitto et al., 2018), and apparently, exhaled aerosol concentration.
HTP operating regime (Eco vs. Standard) did not yield significant differences in terms of the
temporal variation of exhaled aerosol particles and the concentration levels, and was within a
95% confidence interval in all distances as averaged across all regimes. This may be due to the
fact that other environmental factors play a more important role in aerosol variation. Generally, a
different temperature of heating may be expected to result in a substantially different mainstream
aerosol generated by a device but these differences are reduced once the aerosol is transformed
within human respiratory system. In several cases, such as at a closest proximity to a bystander,
a significant difference between product regimes emerged in terms of the indexes representing
the exhalation moment (PNCt,max, PNCt,5s) at a higher ventilation rate (1 h−1). This shows that the
Standard regime may result in a higher aerosol concentration immediately after the exhalation.
The obtained concentration variation pattern and levels during exhaled puff in this study are
comparable to those obtained during our earlier studies with similar/other devices. For example, the
vaping of Puritane (an early-generation electronic cigarette device) resulted in peak concentrations
from 1.2E+06 to 2.8E+06 # cm−3 at 0.5 m distance (Martuzevicius et al., 2019), while using Tobacco
Heating System IQOS yielded average of 0.5E+06 to 1.6E+06 # cm−3, reaching 9.3E+06 # cm−3
(Meišutovič-Akhtarieva et al., 2019). Conventional cigarette has resulted in a broader range of
peak concentrations, ranging from 1.27E+06 to 2.615E+08 # cm−3 at 0.5 m distance (Martuzevicius
et al., 2019).
The peak concentration (PNCt,max) is an important estimate of short-term exposure to particulate
matter during the usage of either EC or HTP. However, these peaks are very short-lived (up to 5 s),
and it is important to define parameters which reflect the aerosol behavior after/between peaks.
The particles generated during the vaping of ECs (as opposed to those of conventional cigarettes)
have a very volatile composition, namely, consisting of mostly water and propylene glycol/glycerol
vapor, thus not only disperse quickly in a room, but also evaporate (Bertholon et al., 2013; Zhao
et al., 2017; Pacitto et al., 2018; Meišutovič-Akhtarieva et al., 2019). We have hypothesized that
after the last puff, the total PNC (PNCt) should remain at the background level and not increase
once the room volume is filled with exhaled particles while the ventilation is not capable in
removing those during the period of 2 min.
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Fig. 1. Temporal variation of total particle number concentration following the usage of the
tested HTP, EC, and CC (the latter data presented from Martuzevicius et al., 2019) products at
various distances of the user to the bystander, at the following environmental conditions:
ventilation intensity 1 h−1, relative humidity (RH) 30%.
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Fig. 2. Temporal variation of PNC at the bystander position starting at 20 s after the usage of HTP, EC (the average of three
volunteers), and CC (the latter data presented from Martuzevicius et al., 2019). Distance between the vaper and the bystander
= 0.5 m, ventilation intensity = 1 h−1, relative humidity = 30%.
The characteristic behavior of PNCt following the last puff is presented in Fig. 2. Once dropping
to 10E+3 # cm−3 level, it remains constant, such as in case of HTP, or slightly rises to 1E+4 # cm−3
level, as in case of EC. Generally, EC resulted in higher PNCt,120s across all distances. This is somewhat
unexpected, since the EC particles may have higher volatility due to being fully generated from
liquid, while HTP are tobacco-derived and thus may have non-volatile core (due to a presence of
aerosol fraction, referred to as nicotine-free dry particulate matter [NFDPM]; Bentley et al., 2020).
This phenomenon was verified by calculating the ratios of PNCt,5s, PNCt,10s, and PNCt,120s against
the peak PNCt,max, thus normalizing the residual concentration in comparison to the maximum.
Such comparison for each tested product is presented in Fig. 3(a) as factor plots. While the large
variation among multiple runs and conditions resulted in statistically insignificant differences, the
averaged values indicate that EC actually ends up in a lower concentration at both 5, 10, and 120 s
after a puff peak, namely, the residual concentration in case of EC after 120 s comprises ~0.5%
of the PNCt,max, while in case of HTP this ratio is up to 1.5–2.5%.
Additionally, we have calculated the concentration decrease (decay) rate following the peak
during first 5 and 10 s (Fig. 3(b)). Again, the EC resulted in a more rapid concentration decay (41.2
± 9.3 min−1 after 5 s and 29.7 ± 4.7 min−1 after 10 s). This confirms that while the peak concentration
of EC is higher than HTP, the particle removal/decay is also faster, owing to a higher volatility of
particles (droplets).
It must be emphasized that the processes following the exhalation of highly concentrated
aerosol are very complex and go beyond only evaporation. The aerosol removal mechanisms include
discharge with ventilation air and gravitational settling. At the same time, particle aggregation
(conjugation of similarly sized particles) and coagulation (sticking to larger droplets) may occur.
Furthermore, not only particle removal, but formation may take place, such as secondary organic
aerosol, considering a relatively high emission of volatile organic species. We do not anticipate
strong contribution of the latter mechanism in chamber environment due to low concentration
of ozone in supply air and lack of UV radiation, but these processes may be more pronounced in
real-world indoor environments.
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(a)

(b)

Fig. 3. Temporal variation of PNC following exhalation after usage of tested products: (a) concentration after 5, 10 and 120 s in
relation to maximum; (b) concentration decrease rate from maximum to 5 and 10 s.

3.2 Particle Size Distributions
Particle size distribution is a very important parameter in case of experimenting with highly
dynamic sources of potential air pollution, such as vaping or using heated tobacco products. The
particles generated during the vaping of electronic cigarettes (as opposed to those of conventional
cigarettes) have a very volatile composition, namely, consisting of mostly water, propane-1,2diol (propylene glycol), and propane-1,2,3-triol (glycerol) vapor, thus not only disperse quickly in
a room, but also evaporate. This results in rapid variations of not only total concentrations of
particles, but also in types of distributions. The mainstream aerosol generated by such devices
has been reported as having trimodal with a primary mode at 250 nm and two secondary modes
at approximately 30–80 nm and 1 µm (Li et al., 2020). In exhaled aerosol PSD, the mode shifts
towards 100 nm (Pacitto et al., 2018; Palmisani et al., 2019). At the same time, rapid evaporation
of these volatile particles results in the appearance of a nucleation mode at 2–10 nm, which
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indicates the transition of aerosol particles to gas phase (Mikheev et al., 2016). The shift from
accumulation mode to nucleation mode of exhaled aerosol may be observed during highly time
resolved measurements in case of both the electronic cigarette (Martuzevicius et al., 2019), and
the heated tobacco product (Meišutovič-Akhtarieva et al., 2019).
Throughout the study we have observed a broad variety of PSDs. A bimodal distribution was
prevalent for both devices, with the main mode usually located at approximately 60–80 nm for
HTP and 115 nm for EC during the puff. At the same time, a secondary mode was also apparent
at a first channel of FMPS, however, most of the time much lower. There was also a substantial
variation in PSD shape and mode allocations among various time periods, distances to bystander,
as well as among volunteers. Interestingly, the PSD changed many times among puffs by the same
volunteer, indicating that the transformations of an inhaled mainstream aerosol may compose
an important factor worth exploring further.
Fig. 4 presents a case of PSD at a close distance to a bystander during the puff, and 5, 10, and
120 s after the last puff (average and standard deviation among five puffs and three volunteers).
The variation among volunteers was rather high and reflected by broad intervals of two standard
deviations. This is especially noticeable in the case of the HTP operating in Standard mode, where
lower bound of error bar reached zero and could not be displayed in logarithmic axis in case of 5
and 10 s after a puff. The distributions of this case emerged as bimodal during the puff. The main
mode was 93 nm for HTP in both Eco and Standard regimes, and 123 nm for EC. The latter also
represented higher concentration of particles compared to HTP. Another mode was evident for
all devices at 6 nm. After 5 s from the puff the concentration got reduced by several orders of
magnitude, while main modes have shifted towards smaller particle sizes (52 nm in Eco, 81 nm
in Standard, 107 nm for EC). 10 s after a puff the main mode further shifts to smaller particle size,
while the amount of larger particles (400–500 nm) dropped to almost zero. The relative amount
of smallest particles also decreased, compared to the peak or 5 s after.
The above presented PSD patterns for HTP and EC devices were different from conventional
cigarette in the following aspects: a) The accumulation mode of PNC during puff was larger for
CC (165–200 nm as opposed to 93 nm for HTP and 123 nm for EC); b) this mode has barely shifted

Fig. 4. Characteristic particle size distributions (PSDs) of ambient aerosol following the exhalation/puff after usage of tested HTP,
EC and CC (the latter data presented from Martuzevicius et al., 2019) during puff, and 5, 10, 120 s after puff. Distance between
the vaper and the bystander = 0.5 m, ventilation intensity = 1 h−1, relative humidity = 30%. An average and standard deviation
of the three volunteers is presented.
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to a smaller size range with a time, 100–200 nm range as compared to the reduced modes (52–
81 nm for HTP, 107 nm for EC). This confirms that the composition and thus volatility of exhaled
aerosol particles is significantly different in case of HTP and EC as opposed to CC.
The phenomenon of volatile particle transformations after exhalation is yet to be researched
systematically. It is obvious that the transformation of exhaled particle follows a different
mechanism as opposed to the inhaled mainstream aerosol. The mainstream aerosol of HTP has
been estimated to contain 75–85% of water (Uchiyama et al., 2018), while EC contains 73–83%
glycerin (Long, 2014). This is much different from traditional cigarette mainstream emissions
which only contain 17–27% of water.
The high-temperature mainstream aerosol particles first cool, then hygroscopically grow in size
during the inhalation in water-saturated respiratory airways. In such environment, CC particle
growth is slower compared to EC (Feng et al., 2015), and presumably, to HTP. The particles cooled
and enlarged particles which do not get adsorbed on airway tissue start shrinking in size already
in airways and then continue evaporating in a relatively dry indoor air (compared to airway
environment). Thus, we observe very fast evaporation of EC and HTP particles, which were
indicated to have half-life of 11 s (for EC), as opposed to 19–20 min of CC (Bertholon et al., 2013).
While CC particles lose a relatively small amount of adsorbed water leaving a low-volatility core
of primary particles, the EC and HTP particles lose both adsorbed water and volatile constituents;
thus, the observed evaporation is much faster and shorter.

3.3 Factors Affecting the Dynamics of Aerosol

The presented data in this manuscript has been obtained from full-factorial experimental
design, allowing the assessment of statistical significance of the process factors. The data
presented in the above sections have already indicated some trends that were quantitatively
confirmed by the model. Generally, the model suffered from relatively low statistical power (R2
ranging from 0.07 M5s to 0.64 for PNCt,max), yet statistically significant, based on Q2 value. Such
outcome was partially unexpected, since the experiments have been performed under strictly
controlled conditions. The largest uncertainty has been brought in with three volunteers, having
different topographies for product usage.
The significant experimental variables are listed in Table 2. It is apparent that the exhaled aerosol
from the two tested products—HTP and EC—have significant differences in terms of variation of
particle concentration and diameter, depending on conditions. The effect of these variables was
usually opposite, such as in case of PNCt,max, the HTP_Eco and HTP_Std coefficient values were
Table 2. Significant process variables. * denotes statistically significant model term, p < 0.05 (specific values are listed in
parenthesis). 0 denotes terms having p > 0.05.
Response
PNCt,max
PNCt,5s
PNCt,10s
PNCt,120s
PNCt,5s/PNCt,max
PNCt,10s/PNCt,max
PNCt,120s/PNCt,max
rmax-5
rmax-10
PNC6nm,5s
PNC6nm,10s
PNC6nm,120s
Mmax
M5s
M10s
M120s

Product
*
*
*
* (HTP_Eco, EC)
0
0
* (HTP_Std, EC)
0
0
* (HTP_Eco, EC)
* (EC)
0
* (HTP_Std, EC)
0
0
*

Distance
*
0
*
0
*
*
*
*
*
*
0
0
*
0
*
0
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Experimental variables
Ventilation
RH
Volunteer
0
0
* (V1)
0
0
* (V3)
0
0
0
0
0
* (V1)
0
0
0
0
0
0
0
0
* (V1, V3)
0
0
0
0
0
0
0
* (V1)
0
0
* (V1, V3)
0
0
*
0
0
0
0
0
0
0
0
* (V1, V3)
0
0
0
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Interaction terms
0
HTP_Eco*Vent, EC*Vent
EC*Vent
0
EC*Vent
0
EC*Dist
EC*Vent
0
HTP_Eco*V1
0
HTP_Eco*V2
HTP_Std*Dist
0
EC*V3
Dist*RH
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negative, while EC’s were positive, indicating that the latter contributed to larger values of PNC.
In case of M120s, this trend was opposite and HTP resulted in positive coefficients, while EC in
negative. This agrees well with the observations in the above sections, where we presented data
to show that EC results in higher PNC, but the particle shrinkage is also faster; however, the decay
rate (r) was not significant for various products. Although these products can be distinguished
statistically in a controlled experiment under chamber conditions, real-world environment may
be more challenging, if at all possible.
The distance from a bystander is another important parameter affecting both potential
exposure level and the particle size. This is especially evident in case of puff (peak concentration)
or immediately afterwards. After 120 s the distance has less effect due to a substantial time of
aerosol travel and dispersion within the room; thus, the transformation processes managed to
reach more or less stationary conditions.
Ventilation intensity and relative humidity did not yield significant contributions to the model,
thus rejecting our hypotheses about their importance. The limited impact of ventilation has been
demonstrated in our earlier chamber studies researching EC and HTP products (Martuzevicius et
al., 2019; Meišutovič-Akhtarieva et al., 2019). This is due to the fact that the source intensity of
exhaled aerosol and the transformations of aerosol are substantially faster and overwhelming
processes, compared to a relatively slow process of air replacement at up to 1 changes per hour.
The effects of RH on particle condensation/evaporation processes are important (Feng et al.,
2015; Martuzevicius et al., 2019), but apparently, again, the rapidness of particle dispersion and
transformations overshadows potential impacts of RH. A significant positive effect of RH has been
registered when considering mode of particles after 120 s, in interaction with the distance.
Possibly, this timespan was sufficient to observe the impact of RH to condensation of ambient
water vapor particle size growth after exhalation.
The effect of volunteer, i.e., the topography of usage, is the most ambiguous factor in this
experiment. Only Volunteers 1 or 3 have been associated with significant effect to the particle
variation. Moreover, this effect has been an opposite—whenever both V1 and V3 were significant,
V1 was positive and V3 was negative (such as in PNC6nm,10s, M10s), or vice versa (PNCt,120s/PNCt,max).
It is difficult to interpret such findings based on the actual processes during the usage. While the
volunteers have been instructed about the purpose of the experiment and were given general
instructions about the product usage regime, it seems that a large variation occurred during the
course of experiment, thus obstructing not only clear effect of volunteer to the process, but bringing
in much variation in entire dataset and diminishing associations that would allow establishing
stronger models. At the same time, this illustrates the fact that the usage of HTP or EC may be
largely subjected to the usage topography, and the variation among users may hinder underlying
differences between products.
Several plots as predicted from the model, depicting main quantitative associations between
aerosol parameters, such as PNCt,max, PNCt,120s, Mmax, and M120s, distance to the bystander, ventilation
intensity, and the tested products are presented in Supplementary Material (Fig. S2). Even if
models lack statistical strength (especially with the ventilation intensity variable), they provide
insights on the quantitative associations between variables in this particular setting. The case of
PNCt,max demonstrates the limited effect of ventilation intensity, and establishes relationships
between distance to the bystander and PNCt,max. The surface plots confirm the observations presented
in above subchapters on a higher overall concentration levels while using EC, while these levels
vary from 0.5E+06 # cm−3 at 2 m distance and gradually increase to 6E+06 # cm−3 at a 0.5 m
distance. HTPs follows the same variation trend, but with lower levels of PNC. In case of PNCt,120s
the distance and ventilation seems to have an equal role to the variation of concentration. Although
ventilation variable lack statistical significance, this indicates that during longer timespans the
ventilation may play important role in reducing concentration levels. These two engineering
measures may be coupled together in managing potential exposure to bystanders if these products
are consumed in a closed environment. Such as, together these measures at maximum settings
are capable in reducing PNC levels by 20%, while each of them contribute equally by 10%.
Similar trend of both factors’ influence is valid when predicting prevailing particle size distribution
after 120 s. Increasing ventilation and distance from bystander results in shrinking particles as an
outcome of evaporation of volatile substances. Within the tested boundaries, we were not able
to register an accumulation of HTP particles in a room; when the evaporation diminishes and
Aerosol and Air Quality Research | https://aaqr.org
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concentrations starts increasing, considering that some exhaled HTP particles have non-volatile
core. It may take more users to observe this effect (Meišutovič-Akhtarieva et al., 2019). For the
reported conditions, we conclude that the dynamics of these particles follow rather similar
patterns to the exhaled EC particles.

4 CONCLUSIONS
The comparison of the aerosol dynamics following the exhalation after using heated tobacco
product (HTP) and vaping product (electronic cigarette - EC) indicates both similarities and
differences between the two products, and both very distinct from conventional cigarettes.
The total particle number concentration during the usage of EC is higher, as is the concentration
decay rate after the puff. The shrinkage of exhaled EC particles is also faster, owing to a more
volatile nature of the exhaled aerosol. However, the particle size distributions as well as factors
affecting their dispersion in a room affect both products in similar manner, indicating that while
there may be differences in concentration levels or removal rates, the prevailing physical
mechanisms of aerosol transport and transformations between HTP and EC exhaled aerosol are
similar (i.e., shrinking of particle size due to evaporation), but different from tobacco burning
products, such as conventional cigarettes. A lot of uncertainty in these processes is brought by
the usage topography, which must either be strictly standardized in further investigations, or
accepted as a major variable. Distance from a user to a bystander is the most important parameter
to reduce short term exposure, while long term exposure should be managed by the synergy of
ventilation intensity and distance from users to bystanders.
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