UCLA
UCLA Previously Published Works

Title

Effects of design parameters and puff topography on heating coil temperature and
mainstream aerosols in electronic cigarettes

Permalink

https://escholarship.org/uc/item/45v6b5ig

Authors
Zhao, Tongke
Shu, Shi

Guo, Qiuju

Publication Date
2016-06-01

DOI
10.1016/j.atmosenv.2016.03.027

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/45v6b5jp
https://escholarship.org/uc/item/45v6b5jp#author
https://escholarship.org
http://www.cdlib.org/

Atmospheric Environment 134 (2016) 61-69

journal homepage: www.elsevier.com/locate/atmosenv

Contents lists available at ScienceDirect

ATMOSPHERIC
ENVIRONMENT

Atmospheric Environment

Effects of design parameters and puff topography on heating coil
temperature and mainstream aerosols in electronic cigarettes

@ CrossMark

Tongke Zhao * ", Shi Shu ®, Qiuju Guo ?, Yifang Zhu >~

2 State Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking University, Beijing 100871, China
b Department of Environmental Health Science, University of California, Los Angeles, 650 Charles E. Young Dr., Los Angeles, CA 90095, USA

HIGHLIGHTS

GRAPHICAL ABSTRACT

e A wide range of heating coil tem-
perature and aerosol concentration is
observed.

e Heating coil temperature increases
with longer puff and lower puff flow
rate.

e Particle number concentration in-
creases with longer puff and higher
flow rate.

e Mainstream aerosol CMD increases
with longer puff and lower puff flow
rate.
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Emissions from electronic cigarettes (ECs) may contribute to both indoor and outdoor air pollution and
the number of users is increasing rapidly. ECs operate based on the evaporation of e-liquid by a high-
temperature heating coil. Both puff topography and design parameters can affect this evaporation pro-
cess. In this study, both mainstream aerosols and heating coil temperature were measured concurrently
to study the effects of design parameters and puff topography. The heating coil temperatures and
mainstream aerosols varied over a wide range across different brands and within same brand. The peak
heating coil temperature and the count median diameter (CMD) of EC aerosols increased with a longer
puff duration and a lower puff flow rate. The particle number concentration was positively associated
with the puff duration and puff flow rate. These results provide a better understanding of how EC
emissions are affected by design parameters and puff topography and emphasize the urgent need to
better regulate EC products.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

more than 80% of time indoors, it is important to assess the indoor
particle exposures (Klepeis et al., 2001; Morawska et al., 2013;

Exposure to airborne particles have been linked to cardiovas-
cular and pulmonary diseases in human beings (Brook et al., 2010;
Ghio et al., 2000; Pope Il and Dockery, 2006; Wallace, 1996;
Wichmann and Peters, 2000). Considering that people spend
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Wallace, 1996). Tobacco smoke has been the main source of in-
door particles (Miller and Nazaroff, 2001; Weschler, 2009) that can
increase the indoor PM; 5 (particulate matter with aerodynamic
diameter equal to or less than 2.5 um) level by 12—46 pg/m> when
compared with non-smoke indoor environments (Wallace, 1996).
Recently, electronic cigarette (EC), as the alternative of tobacco
cigarette, is increasingly popular all over the world (Ayers et al.,
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2011; Dawkins et al., 2013). ECs are advertised as ‘healthy re-
placements’ to tobacco cigarettes which attracts a large population
of tobacco cigarette users to switch to ECs. In addition, the wide
variety of appealing flavor choices (Farsalinos et al., 2013a) and big
advertising investment (Richardson et al., 2014) also attract a large
number of consumers including adolescents (Control and
Prevention, 2013). In United States, the EC adolescent users from
high school tripled from 4.5% in 2013 to 13.4% in 2014, approxi-
mately from 660,000 to 2 million students; while the middle school
users rose from 1.1% (120,000 students) in 2013 to 3.9% (450,000
students) in 2014 (CDC, 2015).

Emissions from this increasing EC usage are likely contributing
to both indoor and outdoor air pollution since toxic and carcino-
genic compounds have been found in mainstream EC aerosols
(Fromme and Schober, 2015; Kosmider et al., 2014; McAuley et al.,
2012; Trtchounian et al., 2010). For example, Aldehydes, which
could be a product of the thermal dehydration of glycerin or glycols,
have been detected in EC mainstream (Goniewicz et al., 2014;
McAuley et al., 2012; Uchiyama et al., 2013). Heavy metals, pre-
sumably produced by the oxidation of the heating coil, have also
been found in EC emissions (Lerner et al., 2015; Pellegrino et al.,
2012; Williams et al., 2013).

A few studies have been conducted on the physical character-
istics (i.e., particle number concentration and size distribution) of
EC mainstream aerosols (Fuoco et al., 2014; Ingebrethsen et al.,
2012; Laugesen, 2009; Schripp et al, 2013). These studies
observed particle number concentrations ranging from
1.8 x 10° cm 3 to 8.38 x 10° cm 3 and count median diameters
(CMDs) from 14 nm to 458 nm (see Supplemental Information
Table S1). However, it is still largely unknown how the particle
number concentration and CMD are affected by EC design param-
eters and puff topography.

Unlike other nicotine addiction cessation devices (i.e., patches
and gums), there are no FDA standards for EC products to unify the
requirements on the product design, e-liquid, nicotine content, and
manufacturing quality control (Williams and Talbot, 2011). Trehy
et al. (2011) and Goniewicz et al. (2012) both noted that the per-
formance of nicotine delivery efficiency is not consistent between
ECs of different brands due to the lack of manufacturing standards.
The concentration of mainstream aerosols was different across
various brands and within same brand (Williams and Talbot, 2011).
Given these circumstances, it is of great importance to explore the
relationships between the design parameters and the resulting
mainstream aerosol characteristics. A better understanding of these
relationships can provide a foundation for future EC regulations.

Puff topography is also considered as an influential factor on the
mainstream particles. Behar et al. (2015) found that the average
puff duration for experienced smokers is 2.65 + 0.98 s, with an
average flow rate of 1.2 + 0.36 L/min (peak flow of 1.62 L/min).
Farsalinos et al. (2013b) also studied the puff protocol by dividing
participants into two groups: experienced EC smokers and tobacco
smokers who switched to using ECs. For EC users, their average puff
duration was 4.2 + 0.7 s. While for tobacco smokers who switched
to ECs, it was 2.4 + 0.5 s. Regarding the puff flow rate, one study
indicated that 0.42 L/min is the minimum puff flow rate of most
tested brands (Williams et al., 2013). Fuoco et al. (2014) reported
that longer puff duration led to higher particle number concen-
tration. However, the effects of puff duration and puff flow rate on
the size distribution of EC mainstream particles, which is a crucial
parameter in determining the particle deposition in various parts of
the human respiratory system, have not been evaluated.

The heating coil is a critical component that can reach high
temperatures to vaporize the e-liquid, which subsequently con-
denses into particles. The schematic diagram and working theory of
ECs is shown and explained in the Supplemental Information

Fig. S1. The temperature of the heating coil is not only related to
particle generation and nicotine delivery but also to the formation
of toxic compounds. One study showed that a higher input voltage,
which means more output power to the heating coil, resulted in
higher carbonyl yields (Ohta et al., 2011). Brown et al. (2011) also
noted that the coil temperature needs to be studied because it may
alter the aerosol size distribution. However, the heating coil tem-
perature and its variability are largely unknown. Recently, Talih
et al. (2015) developed a mathematical model to predict the heat-
ing coil temperature and investigate its effects on nicotine delivery
efficiency, but no temperature measurements were conducted.

To fill these knowledge gaps, we first compared the heating coil
temperatures and mainstream particle characteristics from
randomly selected cartridges within the same and across different
EC brands. We then studied the effects of puff topography (i.e., puff
duration and puff flow rate) on the heating coil temperature and
mainstream particle characteristics. To the authors' best knowl-
edge, this is the first elucidation of the effects of EC heating coil
temperature on the characteristics of mainstream particles. Results
from this study may be used in studying the pyrolysis and oxidation
of compounds in the e-liquid (Farsalinos et al., 2013a, 2013b;
Trtchounian et al., 2010). In addition, it is the first study focusing
on the effects of variable puff topography on the physical charac-
teristics of EC particles, which can provide insights for EC exposure
assessment (Lerner et al., 2015; Manigrasso et al., 2015a, 2015b).

2. Methods and materials
2.1. Experimental design

Rechargeable ECs with a tobacco flavor and zero nicotine level
from four manufacturers, labeled as EC1, EC2, EC3, and EC4, were
used in this study. To test the variability within the same brand,
three cartridges were randomly selected from each package for all
four brands. Before each experiment, the battery was fully charged
to ensure that the battery voltage remained constant. Each car-
tridge was puffed less than 100 times to ensure there was sufficient
e-liquid inside.

The study has two aims: (I) test the variability of the heating coil
temperature and mainstream particle characteristics of the car-
tridges within the same and across different EC brands and (II)
study the effects of puff topography (i.e., puff duration and puff flow
rate) on the heating coil temperature and mainstream particle
characteristics. The ECs and puff topography used for the two aims
are listed in the Supplemental Information Table S2.

For Aim |, a typical EC puff topography, namely 3-s puff duration
and 1 L/min puff flow rate, was used to test three randomly selected
cartridges from each brand. For Aim II, based on published puff
topography data, we first fixed the puff flow rate at 1 L/min and
studied puff duration at 2, 3, 4 and 5 s. We then fixed the puff
duration at 3 s and changed the puff flow rate from 0.5, 1, 1.5—-2 L/
min. Aim II measurements were conducted on EC2. All measure-
ments were conducted at a puff interval of 30 s to mimic real
puffing habits (Behar et al., 2015).

2.2. Temperature measurement

The temperature of the heating coil was measured by a ther-
mocouple thermometer (OM70, Omega Inc.) equipped with a fine
thermocouple K-type probe. The measurement accuracy, mea-
surement resolution, and measurement range of this combination
of thermometer and thermocouple are +0.5 °C, 0.1 °C and
250 °C—1300 °C, respectively. The measured temperature was
recorded every second by a data logger.

The diameter of the thermocouple probe (0.5 mm) is less than
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one-third of the diameter of the end-holes and the fiberglass cyl-
inder of all brands so that it can be inserted into the cartridge from
the end-hole to touch the heating coil (and/or wick) (as shown and
explained in the Supplement Information, Fig. S2). For each mea-
surement, the probe was completely inserted 8 times to ensure that
the final results reflected the average and representative temper-
ature of the heating coil.

2.3. Mainstream particle measurement

A 320 L stainless-steel chamber (as shown in the Supplemental
Information, Fig. S3) with a mixing fan inside was set up to dilute
the mainstream EC aerosols. The chamber was tightly closed to
avoid air exchange with ambient air. During the experimental
period, the relative humidity and temperature inside the chamber
were controlled at 30 + 10% and 24 + 1 °C, respectively.

A homemade puffing machine composed of a compressed air
source, a solenoid valve, and a Raspberry Pi (Raspberry Pi Foun-
dation, UK), which serves as a timer and solenoid valve controller,
was used to puff the ECs by pushing clean air through the EC from
the front air slits. A piece of Python code running on the Raspberry
Pi, which can be adjusted by changing the code, accurately
controlled the puff duration and puff interval. The flow rate of the
inlet air was calibrated by a flow meter DC-Lite (Drycal, Bios Inc.,
US). For a given puff duration and puff flow rate, the corresponding
dilution ratio was derived by dividing the chamber volume by the
puff volume (i.e. puff duration x puff flow rate) and is listed in
Table S3 of the Supplemental Information.

The particle number concentration and size distribution were
measured by a Scanning Mobility Particle Sizer (SMPS 3080, TSI
Inc., Shoreview, MN). The sampling flow rate of the SMPS is 0.6 L/
min and the measurement range is 7—289 nm (100 s up scan, 20 s
down scan). The SMPS starts to work right after each puff. All
particle measurements were repeated five times for each puff
protocol. After each measurement, the chamber was flushed by
clean air until the total particle number concentration in the
chamber was less than 1000 particles cm ™.

3. Results and discussion
3.1. Effects of design parameters

3.1.1. Heating coil temperature difference

To study the heating coil temperature difference of the car-
tridges, the puff topography was fixed at 3-s puff duration, 30-s puff
interval, and a puff flow rate of 1 L/min. The heating coil temper-
atures measured on three different cartridges of each EC brand are
shown in Fig. 1. For each brand, the cartridges were labeled as
Cartridge 1, Cartridge 2, and Cartridge 3, in the order of the peak
heating coil temperature. As shown in Fig. 1, the heating coil tem-
perature increased dramatically and peaked at the end of each puff;
it then decreased gradually during the puff interval. Although this
temperature trend is typical, the peak heating coil temperature
varies for different EC products. The measured peak temperatures
covered a wide range from 138.6 °C (EC4, Cartridge 3) to 231.0 °C
(EC1, Cartridge 1 and EC3, Cartridge 1), which indicates that the
heating process was not consistent from brand to brand. On
average, EC3 had the highest peak temperature of 215.8 °C, while
EC4 had the lowest peak temperature of 152.3 °C.

EC1, EC3, and EC4 showed considerable within brand discrep-
ancies. For EC1, the peak temperatures were 231.0, 211.9, and
180.0 °C, while the temperatures of EC3 fluctuated from 195.7 to
231.0 °C. EC4 had lower temperature than others as a whole and
also revealed a large variance in peak temperatures of 198.1, 161.7
and 138.6 °C. Only EC2 showed a relatively low variance in peak

temperature when compared with the other brands. The average
peak temperature of the three EC 2 cartridges was 182.2 + 1.2 °C.

During the study, we observed that the 30-s puff interval was
not long enough for the temperature of the heating coil to drop
back to its initial temperature, making the starting temperature of
the next puff 3—5 °C higher than the previous one. To investigate
whether this small increase of starting temperature will lead to a
higher peak temperature, experiments with three different puff
intervals (i.e., 30, 20, and 10 s puff intervals) were conducted. The
results, as shown in the Supplemental Information Fig. S4,
demonstrate that, although the starting temperature increased
gradually puff by puff, especially for the shorter puff interval, there
was no significant increase in the peak temperature. The peak
heating coil temperature is a characteristic of an EC for a given puff
topography and has little to do with the starting temperature.

Currently, there are no specific requirements or well-accepted
ranges for heating coil temperature. The working temperature of
ECs under normal conditions has been described on an EC discus-
sion forum as 60—70 °C (Terminology, 2013), which has been cited
by researchers and in several online materials about ECs. There are
no measurement descriptions or results on that popular EC forum
to support this conclusion. These values are very different from our
experiment results. In our experiments, when the thermocouple
probe was accidentally placed 1 mm away from the heating coil, the
measured temperature fell to 60—70 °C, which indicates a huge
temperature gradient around the heating coil. This supports the
idea that the e-liquid evaporates when in contact with the heating
coil and then rapidly cools and quickly condenses into liquid par-
ticles around the heating coil. Schripp et al. (2013) reported a
heating coil temperature of more than 350 °C without the e-liquid.
Similar temperatures were also observed in this study when the e-
liquid was almost exhausted. This high temperature measured
without e-liquid has been cited as the heating coil temperature by
some researchers (Kim and Shin, 2013; Kosmider et al., 2014), but
our results show that normal working temperatures of EC heating
coil are less than 250 °C. It is important to clearly define the
working EC temperature to facilitate related research activities in
the future.

3.1.2. EC mainstream aerosol difference

The mainstream aerosols from different cartridges within and
across the four EC brands were also measured. The results of par-
ticle number concentration from all cartridges are shown in Fig. 2.
All concentrations have been corrected by the dilution ratio. The
particle number concentrations ranged from 0.58 x 10° cm~3 (EC]1,
Cartridge 3) to 1.64 x 10° cm~3 (EC2, Cartridge 1). For each brand,
the particle number concentration varied greatly, especially for
EC2, which had the largest variance among the cartridges from the
same package. These measured particle concentrations are
consistent with the range of ~10%/cm? in the literature (Fuoco et al.,
2014; Ingebrethsen et al., 2012; Laugesen, 2009; Schripp et al,,
2013), but on the lower end. This is likely because more evapora-
tion may have happened inside the experimental chamber that was
operated at a higher dilution ratio than other studies.

Fig. 3 presents particle size distribution data measured from
each of the cartridge of all four brands. The horizontal axis repre-
sents particle size on a logarithmic scale, while the vertical axis
represents normalized particle number concentration. In general,
unimodal log-normal distribution was observed for all particle size
distributions. The CMD showed some differences within and across
brands and ranged from 18 nm (EC2, Cartridge 2) to 29 nm (EC3,
Cartridge 2). EC1 had the largest variance of CMD, while EC4 had
the least. The results of CMD are comparable with Ingebrethsen
et al.'s (2012) results where the dilution ratios in the two studies
were similar (as shown in Supplemental Information Table S1 and
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Fig. 1. The heating-coil temperature profiles of all 12 cartridges from four brands at 3-s puff duration and 30-s puff interval. The vertical dash line divided the 3-s puff duration and

the 30-s puff interval.

Table S3). A more detailed comparison is presented in Table S1 in
the Supplemental Information summarizing results from other
studies when much different dilution ratios were used.

3.1.3. Manufacturing discrepancies

Considerable differences were observed in heating coil tem-
perature and particle emissions from the tested cartridges across
the four brands and even within the same brand. Although the
mechanical design of the cartridges from all brands were similar (as
shown in the Supplemental Information, Fig. S1), the parameters of
individual parts of the ECs were different (Supplemental Informa-
tion, Fig. S5) across different brands and even within the same
brand. Manufacturing parameters of the tested EC cartridges are
listed in Table 1, including the flavor description, main ingredients,
resistance of the heating coil, description of the air slits, total areas
of the air slits, diameters of the end-holes, and the position of the
heating coil. These discrepancies are likely to cause the variance in
both heat generation (heat coil temperature) and particle
emissions.

The temperature of the heating coil depends on the electrical
current that goes through the resistance wire to generate heat;
meanwhile, the air flow and the evaporation of the e-liquid take
away heat. The resistance of the heating coil is a crucial factor that

can affect heat generation. The results of the resistances were
inconsistent, especially for EC3 and EC4. The air slits are usually set
at the front of the EC or between the battery and the cartridge.
Although the air flow rate that goes through the cartridge was fixed
at 1 L/min, the size and position of the air slits determine the air
pressure exerted on the surface of the heating coil and the wick
(Williams and Talbot, 2011), which influences the evaporation of
the e-liquid.

Comparing Fig. 1 with Fig. 2, there is no direct relationship be-
tween the heating coil temperature and particle number concen-
tration. This is because the particle generation process (i.e., particle
nucleation and particle condensation) is more complicated than
the heat generation in ECs. For example, the position of the heating
coil may also affect particle emissions by determining the time that
particles need to stay in the cartridge, i.e., the coagulation time for
particles inside the cartridge. Particles with a concentration of
~10° cm~2 can coagulate to double in size in 2—3 s (Hinds, 1999).
Another factor is the ingredients in the e-liquid that have variable
enthalpies of vaporization. There were no complete ingredient lists
on the product packages for tested ECs. The unknown and variable
ingredients may lead to the variance of particle emissions and give
rise to health concerns.

In conclusion, the aforementioned manufacturing parameters
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Table 1
The design parameters of the ECs from all four brands (i.e. EC1, EC2, EC3, EC4).

Brands Description of ~ Main Cartridge  Resistance  Length (from heating coil ~ Description of the Total area Diameter of the
flavor ingredients  no. (Q) to end-hole) (mm) air slit *** of air slit (mm?) end-hole (mm)
Length by width (mm x mm)
EC1 Classic Tobacco  PG*, VG** 1 3.0 14.00 Two front slits (2.19 x 0.39); 3.00 1.48
2 31 15.22 Four middle slits (1.29 x 0.25);
3 29 14.32
EC2 Tobacco VG 1 3 26.82 Two front slits (2.12 x 0.61); 3.99 2.12
2 3.1 25.39 Four middles slits (1.75 x 0.20)
3 29 25.87
EC3 Absolute PG, VG 1 4.5 17.55 Two front slits (2.92 x 0.30); 1.75 1.89
Tobacco 2 3.2 17.61 No middle slits;
3 44 17.62
EC4 Classic Tobacco PG, VG 1 3.2 25.59 Two front slits (2.12 x 0.30); 4.02 241
2 3.1 2541 Four middle slits (1.72 x 0.40);
3 3.9 25.98

*PG stands for propylene glycol.
**VG stands for vegetable glycerol.
***All of the sizes were measured using a caliper with an accuracy of 0.1 mm.

are potential reasons for the observed performance discrepancy.
These findings demonstrate urgent needs to establish
manufacturing standards for EC products. The design parameters
illustrated in this paper may offer more information and evidence
for future EC policy making. For example, a research reference EC,
similar to the research reference for tobacco cigarettes, is needed to
make the EC research data comparable.

3.2. Effects of puff topography

3.2.1. Effects of puff topography on heating coil temperature

The temperature of the heating coil was measured when the EC
was puffed at a fixed air flow rate of 1 L/min for 2, 3, 4, and 5 s, and
when the EC was puffed for 3 s at a flow rate of 0.5, 1, 1.5, and 2 L/
min. This part of the study used a cartridge from EC2 (tobacco
flavor, 0 mg nicotine). As shown in Fig. 4a and b, the peak tem-
perature of the heating coil increased with the puff duration (165.7,
178.5,187.0 and 194.0 °C, respectively), and decreased with the puff
flow rate (191.0, 178.5, 177.6 and 171.3 °C, respectively). Based on
the regression results, the peak heating coil temperature increased
by 9.3 °C at 1-s puff increments and decreased by 12.0 °C when the
air flow rate increased by 0.5 L/min. When the puff duration is
longer, more electricity passes through the heating coil, yielding
more heat and evaporating more e-liquid. On the other hand, the

a. 240

—— Liner Regression
——~- 95% Confidence Level

y=9.32x+148.6
oy R2=0.98

200

180

160

Peak Heating Coil Temperature (°C)

140 T T T T

Puff Duration (s)

stronger air flow dissipates more heat. This may be the main reason
why the puff duration and flow rate have opposite effects on the
heating coil temperature.

The highest peak temperature that has been observed in this
study was 218 °C under 5-s puff duration. The high temperature of
the heating coil may lead to more potential health risks because it is
accompanied by more pyrolysis reactions and more metal oxida-
tion. The corresponding overheating phenomenon has also been
observed by Farsalinos et al. (2013b), who showed that smokers
reported an unpleasant burning taste caused by the overheating of
the e-liquid.

3.2.2. Effects of puff topography on mainstream aerosols

The particle number concentration from EC mainstream
increased with a longer puff duration (as shown in Fig. 5a). Based
on the regression results, the particle number concentration
increased by 2.50 x 108/cm? with each 1-s puffincreases. There was
a good positive linear correlation between the puff duration and
particle number concentration (R2 = 0.99) for EC cartridges with
zero nicotine, which was consistent with Fuoco et al.'s results
(2014). However, particle concentrations measured in our study
were lower than those reported by Fuoco and colleagues. This is
likely because the dilution ratio used in this study is higher which
may result more evaporation of EC particles (see Supplemental

T
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Fig. 4. (a) The peak heating coil temperature with variable puff durations (i.e., 2, 3, 4 and 5 s) and (b) variable puff flow rates (i.e., 0.5, 1, 1.5 and 2 L/min).
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Fig. 5. (a) The particle number concentration with variable puff duration (i.e. 2, 3, 4 and 5 s) and (b) variable puff flow rates (i.e., 0.5, 1, 1.5 and 2 L/min).

Information Table S1). As shown in Fig. 5b, the particle number
concentration and flow rate were positively associated. The particle
number concentrations increased by 1.77 x 10® particles cm™3
when the air flow rate increased by 0.5 L/min. This is the first study
that elucidates the relationship between flow rate and EC main-
stream particles.

The size distributions of mainstream particles emitted from the
ECs with variable puff duration and flow rate are shown in Fig. 6a
and b. Similar to Fig. 3, unimodal lognormal size distributions were
observed. When the puff duration increased from 2 to 5 s at 1-s
increments, the CMDs of the EC particles were 17, 20, 23, and
24 nm, respectively. When the flow rate increased from 0.5 to 2 L/
min at 0.5 L/min increments, the CMDs were 27, 20, 17, and 15 nm,
respectively.

Combining the results discussed in the previous Section 3.2.1,
the CMD and peak heating coil temperature have a similar trend
with respect to puff duration and flow rate. There was a moderate
correlation (r = 0.47) between the peak heating coil temperature
and the CMD (as shown in the Supplemental Information, Fig. S6).
As discussed before, the coagulation of particles at a concentration
magnitude of ~10° cm3 was fast, doubling in size in 3—5 s. Longer
puff duration generates more particles favoring coagulation
resulting in larger CMD (Fig. 6a). On the other hand, increased flow
rate means stronger dilution favoring evaporation resulting in
smaller CMD (Fig. 6b). This process is similar to the particle
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generation in tobacco cigarettes. Similar effects of flow rate on the
size distribution of mainstream tobacco cigarette particles have
been reported in several previous studies (Dickens et al., 2009;
[shizu et al., 1978; Kane et al., 2010).

As discussed above, particle generation from ECs is complicated
and determined by many factors. If we treat EC as an aerosol
generator, the air flow rate, saturated vapor pressure, and tem-
perature are all crucial parameters that can impact the final char-
acteristics of the emitted particles. In general, the mass
consumption of e-liquid per total puff volume for a given puff
topography is the main factor. E-liquid mass consumption was
defined in this study as the mass difference of the cartridge before
and after a certain number of puffs normalized by the total number
of puffs. As depicted in the Supplemental Information Fig. S7, the e-
liquid consumption was positively correlated with the temperature
increase, which clearly demonstrates the influence of temperature
on the evaporation of e-liquid.

The average e-liquid consumption was 1.22, 2.59, 3.55 and
5.16 mg for different puff durations (i.e. 2, 3, 4, and 5 s) with 1 L/min
puff flow rate, respectively. The average e-liquid consumption was
2.16, 2.59, 2.63 and 2.72 mg for different puff flow rates (i.e. 0.5, 1,
1.5, and 2 L/min) with 3 s puff duration, respectively. These results
are within the range reported in Behar et al. (2015), which
measured the average e-liquid consumption in a 10-min session
containing 13 to 42 puffs.
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Fig. 6. The size distribution of the mainstream particles with (a) variable puff durations (i.e., 2, 3, 4 and 5 s) and (b) variable puff flow rates (i.e. 0.5, 1, 1.5 and 2 L/min).
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4. Conclusions

This study consisted of two parts. First, we measured the heat-
ing coil temperature and mainstream aerosols from cartridges
within the same brand and among different brands. The peak
temperature of heating coil ranged from 138.6 to 231.0 °C. The
mainstream particle number concentrations were from 0.58 x 10°
to 1.64 x 10° cm 3, while the CMD ranged from 18 to 29 nm. The
substantial differences in heating coil temperature and particle
emissions reflect the current EC manufacturing status and call for
policy-making on quality control for EC products. Second, we
showed the effects of different puff topographies on the heating
coil temperature and characteristics of mainstream particles. The
temperature of the heating coil increased with a longer puff
duration and lower puff flow rate. A longer puff duration and lower
air flow rate also lead to a larger CMD. Particle number concen-
tration was positively related to the puff duration and puff flow
rate, which may result in more particle exposures. A moderate
correlation between the peak heating coil temperature and the
CMD of mainstream particles was observed. All of these results
provide a better understanding of how ECs generate particles and
emphasize the urgent need for regulation to appropriately protect
public health from EC emissions.
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