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ABSTRACT: Use of electronic cigarettes has grown
exponentially over the past few years, raising concerns about
harmful emissions. This study quantified potentially toxic
compounds in the vapor and identified key parameters
affecting emissions. Six principal constituents in three different
refill “e-liquids” were propylene glycol (PG), glycerin, nicotine,
ethanol, acetol, and propylene oxide. The latter, with mass
concentrations of 0.4—0.6%, is a possible carcinogen and
respiratory irritant. Aerosols generated with vaporizers
contained up to 31 compounds, including nicotine, nicotyrine,
formaldehyde, acetaldehyde, glycidol, acrolein, acetol, and
diacetyl. Glycidol is a probable carcinogen not previously
identified in the vapor, and acrolein is a powerful irritant.
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Emission rates ranged from tens to thousands of nanograms of toxicants per milligram of e-liquid vaporized, and they were
significantly higher for a single-coil vs a double-coil vaporizer (by up to an order of magnitude for aldehydes). By increasing the
voltage applied to a single-coil device from 3.3 to 4.8 V, the mass of e-liquid consumed doubled from 3.7 to 7.5 mg puff ' and the
total aldehyde emission rates tripled from S3 to 165 ug puff ', with acrolein rates growing by a factor of 10. Aldehyde emissions
increased by more than 60% after the device was reused several times, likely due to the buildup of polymerization byproducts that
degraded upon heating. These findings suggest that thermal degradation byproducts are formed during vapor generation.
Glycidol and acrolein were primarily produced by glycerin degradation. Acetol and 2-propen-1-ol were produced mostly from
PG, while other compounds (e.g,, formaldehyde) originated from both. Because emissions originate from reaction of the most
common e-liquid constituents (solvents), harmful emissions are expected to be ubiquitous when e-cigarette vapor is present.

Bl INTRODUCTION

In recent years, consumption of electronic cigarettes (“vaping”)
has grown exponentially in the United States and several other
countries. While advocates embrace this development as a harm
reduction approach to curb consumption of conventional
(combustion) cigarettes, many experts have raised concerns
about potential harm to public health.' ™ E-cigarettes may serve
as a gateway to tobacco addiction for a new generation of users,
and contribute to the relegitimization and glamorization of
tobacco-containing products. Furthermore, there are concerns
about health effects associated with vapor constituents. Mists
containing propylene glycol, a liquid used to generate the vapor
in e-cigarettes, can cause ocular and upper airway irritation.’
Several recent studies have measured harmful pollutants in
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vapor generated by e-cigarettes, including fine and ultrafine
particles,” " reactive oxygen species (ROS),"" and toxic
compounds associated with flavorants.'* Increased attention is
being paid to the presence of aldehydes associated with
irritation of the respiratory tract and/or carcinogenicity, such as
formaldehyde, acetaldehyde, and acrolein."*~"” While these
emissions primarily affect the users of the products, a non-
negligible fraction of the toxicants in exhaled vapor may also
impact nonusers through secondhand exposures. Due to the
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growing concerns about such passive exposures, local govern-
ments and public and private institutions are increasingly
restricting vaping in public spaces.

A typical e-cigarette is powered by a rechargeable battery
connected to a reservoir containing an “e-liquid” that the user
periodically refills. The user activates the heating coils by
holding down a push button during inhalation. The e-liquid is
rapidly vaporized by being wicked through one or two coils and
aerosolized as the user inhales the vapor and dilution air
through a mouthpiece. There are thousands of e-liquids in the
market, most of which contain nicotine in varying concen-
trations (typically up to 30 mg mL™") in addition to flavorings
and other additives dissolved in propylene glycol (PG),
vegetable glycerin (VG), or a mixture thereof. The body of
the device is often referred to as a vaporizer, cartomizer, or
clearomizer depending on its configuration and the materials
used to house the coil(s) and deliver the e-liquid. This study
used devices that are best described as clearomizers: their
transparent tank enables users to see the liquid content. Figure
S1 (Supporting Information) shows a schematic description.
Silica wicks deliver the e-liquid to the coil, which is typically
wrapped around a middle section of the wick. Devices vary in
wick length, coil resistance, number of coils, coil placement, and
airflow resistance. Rechargeable lithium ion batteries offer a
variety of voltages and storage capacities and provide between
100 and 300 puffs per charge. The temperature at which the e-
liquid is vaporized is a function of the power output (as
determined by the battery voltage and current through the coil)
and geometry. The temperature of the coil and amount of heat
transferred to the vapor depend on the puff duration, the puff
frequency, and the heat transfer properties around the coil. For
the same battery and vaping behavior, the coil temperature can
vary widely from device to device. Factors that can impact the
coil and vapor temperatures include the size of the coils, the air
flow velocities, the amount of liquid carried by the wick, and the
heat capacity of the e-liquid. The temperatures at which e-
liquids are vaporized have strong impacts on emissions.">'*"’
Determining the operating temperature of an e-cigarette is a
nontrivial heat transfer problem that cannot be predicted from
the battery and coil characteristics alone. Accurate measure-
ment of the operating temperatures presents significant
challenges due to the presence of large gradients and spatial
variability inside the device.

In addition to these physical and chemical differences from
conventional cigarettes, vaping behavior also differs significantly
from traditional smoking, and varies among users (“vapers”).
Typical e-cigarette consumption topography accounts for
vaping rates during active use periods of 2—4 puffs per minute,
puff volumes of ~50 mL, puff durations in the range of 2—8 s,
interpuff intervals of 18—30 s, and puffing flow rates of ~20 mL
s7L1P20723 A recent survey of 983 vapers reported an average
maximum number of puffs of 235 puffs per day.** This
frequency leads to an estimated average consumption rate of
~15 puffs h™', which may increase by factors of 5—20 during
active vaping periods, consistent with the rates described above.
Because smokers and former smokers often make a
compensatory use of e-cigarettes, the total volume of vapor
inhaled in 10 min of active puffing can be as high as 4 times the
amount of smoke from one cigarette inhaled by cigarette
smokers, to achieve a comparable nicotine intake.*

This study pinpoints key parameters influencing chemical
emissions from e-cigarettes and identifies chemical pathways
and vaping conditions that yield harmful compounds. The

predicted health impacts of active and passive exposures
associated with these emissions will be investigated in a follow-

up paper.

B MATERIALS AND METHODS

Chemicals, E-Liquids, and Vaporizers. Carbonyl-free
acetonitrile (Honeywell), propylene glycol (>99.5%, Fluka),
and glycerol (99.5%, Aldrich) were used without further
purification. Authentic standards for 2,4-dinitrophenylhydra-
zones of formaldehyde, acetaldehyde, acrolein, acetone,
propanal, crotonaldehyde, and methacrolein were obtained
from Sigma-Aldrich. Authentic standards for glycidol, acetol,
nicotyrine, nicotine, diacetyl, propylene oxide, and 1-bromo-4-
fluorobenzene (96%) were also obtained from Sigma-Aldrich.
E-liquids, vaporizers, batteries, and chargers were purchased
from retail stores in Berkeley, CA.

Temperature Measurements. The temperature profile of
the emitted vapor was measured with a K-type thermocouple
(Omega Engineering Inc.) connected to a HOBO (Onset
Corp.) data logger. The thermocouple was carefully placed
inside the mouthpiece of each vaporizer, avoiding contact with
the walls or any other internal part of the devices.

Analytical Methods. The composition of volatile con-
stituents of e-liquids was determined using headspace gas
chromatography with mass-selective detection (HS-GC/MS;
Shimadzu HS-20 coupled with QP2010SE) for S min of
incubation at 80, 200, or 280 °C, a sample volume of 0.1-0.5
mL, pressurization at 50 kPa, and injection of 1 yL with a 50:1
split. The analytical column (Phenomenex Wax Plus, 30 m X
0.25 mm X 0.25 pym) was operated initially at 75 °C over 0.5
min, followed by a 20 °C min ™' ramp to reach 245 °C, and held
for 3 min. Mass spectra were scanned between m/z 35 and m/z
300 with a filament energized at 70 eV. Pure and diluted
samples (with PG as the solvent) of ethanol, propylene glycol,
glycerin, propylene oxide, acetol, and nicotine were analyzed by
HS-GC/MS wusing the conditions described above at two
incubation temperatures (80 and 200 °C) to determine their
concentration in the headspace. Additional tests were carried
out at an incubation temperature of 280 °C to explore possible
formation of thermal decomposition byproducts during
incubation. Quantification was based on integration of the
extracted ion current chromatogram for each compound and
compared with calibration curves obtained by direct liquid
injection. In addition, mixtures of PG, glycerin, nicotine, and/or
ethanol were also measured using HS-GC/MS to closely mimic
the partitioning of constituents in the e-liquid during HS
incubation, and corrected for density and viscosity variation. To
calculate the mass fraction of each constituent in the e-liquid, a
liquid density of 1.16 g mL™" was used, assuming that an
approximately 50:50 mixture of PG (density 1.04 g mL™") and
glycerin (1.27 g mL™") did not deviate significantly from ideal
behavior.

Volatile carbonyls present in e-liquids and in the vapor were
determined using 2,4-dinitrophenylhydrazine (DNPH)-impreg-
nated silica gel cartridges (Waters Corp., United States). The
cartridges were extracted with 2 mL of acetonitrile and analyzed
by HPLC with UV detection (Agilent 1200), following the EPA
TO-11 method.” A calibration curve was generated for
quantification of each analyte using authentic standards of the
dinitrophenylhydrazones of the carbonyls of interest.

Volatile organic carbons (VOCs) present in e-liquids and in
the vapor were analyzed using Carbopack sorbent tubes
(Supelco Analytical, Bellefonte, PA). Quantification of each
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compound was carried out by thermal desorption gas
chromatography analysis with mass-selective detection (TD-
GC/MS) using bromofluorobenzene as an internal standard.”®
An Agilent GC/MS system (model 6890/5973) was operated
in electron impact mode, and was interfaced with a thermal
desorption inlet with an autosampler (Gerstel, Germany).
Calibration curves were created for all VOCs for which
authentic standards were available. When standards were not
commercially available, the compounds were identified through
a NIST database and quantified via a surrogate compound.

Determination of the E-Liquid Composition. Three
different methods were used to quantify the presence of major
constituents and trace impurities in e-liquids: (a) The
composition of volatile constituents in each e-liquid was
determined by HS-GC/MS at two incubation temperatures, 80
and 200 °C. (b) Volatile carbonyls present in the e-liquids were
quantified by dissolving 50 mg of each liquid in 2 mL of
acetonitrile, from which 50 pL was directly injected into DNPH
cartridges. These were extracted and analyzed as described
above. (c) For VOC quantification using TD-GC/MS, 40—45
mg of each e-liquid was weighed and diluted in S0 mL of
methanol. An aliquot of approximately 880 ng was injected into
a Carbopack sorbent tube under a flow of helium at 25 mL
min~' for S min to evaporate the solvent. The tube was
analyzed by TD-GC/MS.

Vapor Generation and Sampling of VOCs and
Carbonyls in Mainstream Vapor. A simple laboratory-
made “vaping machine”, described in Figure S2 (Supporting
Information) was used to generate consistent vapor emissions.
Two different vaporizers and three different e-liquids were used
in this study. Their main characteristics are summarized in
Table 1. Additional tests were also performed with neat PG and

Table 1. Vaporizers and E-Liquids Used in This Study”

Vaporizers
number of  coil resistance
1D manufacturer model coils
EGO eGO CE4 (version 2) 1 2.6
AERO  Kangertech  Aerotank Mini 2 2.0
E-Liquids

nominal PG/ nominal nicotine

ID brand type VG ratio (%)  content (mg mL™")
CT Apollo classic tobacco 50/50 18
BUB  Drip bubblicious NA 24
MQJ Drip mojito mix NA 18

“PG = propylene glycol, VG = vegetable glycerin, and NA =
information not available.

neat VG to identify emissions associated with heating each of
the two solvents. All vaping experiments were carried out using
a Vision Spinner II battery with variable voltage from 3.3 to 4.8
V as the power source. The puffing protocol consisted of S s
duration puffs at 600 mL min™" (puff volume S0 mL) and
interpuff periods of 25 s. Each pufling cycle included a total of
50 individual puffs, performed over a 25 min period.'***
Peristaltic pumps were used to draw air from the devices at
preset flow rates. In each experiment, samples for analysis of
VOCs and volatile carbonyls present in mainstream vapor were
collected simultaneously at 70 and 200 mL min ™", respectively.
An additional pump operated at 330 mL min~' to adjust the
total puff flow to 600 mL min~'. DNPH cartridges were used to
collect volatile carbonyl samples from 1—5 puffs at different

stages of each experiment. The cartridges were extracted and
analyzed as described above. VOC emissions were collected
from one or two puffs at regular times onto Carbopack sorbent
tubes and quantified by TD-GC/MS as described above.
Emission factors were calculated as the ratio of the mass of each
compound emitted to the mass change of the e-liquid per puft.
The average mass change per puff in each experiment was
between 5 and 8 mg.

A separate experiment was carried out to validate the
proposed reaction pathways using a solution containing 10 yL
of glycidol dissolved in 1.4 mL of PG in the EGO vaporizer
with the battery at 3.8 V, following the protocols described
above.

B RESULTS AND DISCUSSION

E-Liquid Composition. Several volatile constituents were
identified in the three e-liquids at milligram per milliliter levels,
including the two solvents (PG and VG), nicotine, propylene
oxide (PO, likely an impurity of propylene glycol), ethanol
(additive and/or flavoring solvent), and acetol (hydroxyace-
tone, a PG decomposition byproduct). In general, incubation at
different temperatures did not affect the results. The fact that
PO and acetol were found in the headspace at similar
concentrations after incubation at different temperatures in
the range of 80—280 °C indicates that they were originally
present in the liquid, rather than formed during the incubation
process at high temperatures. This was further confirmed with
an additional GC/MS test in which the diluted e-liquid was
directly injected onto a cold injector (40 °C). Comparable
levels were observed, thus confirming that PO and acetol were
present in the e-liquid, and not generated during HS
incubation. Table 2 summarizes the concentrations of each of

Table 2. Analysis of E-Liquid Composition by HS-GC/MS
with Incubation at 200 °C*

Common Constituents

BUB

CT MOJ
(mg mL™" (%)) (mg mL™" (%))

compound (mg mL™" (%))
PG 531 (45.5) 441 (37.8) 472 (39.5)
VG 470 (40.2) 414 (35.4) 435 (36.4)
nicotine 204 (1.74) 254 (2.17) 32.1 (2.68)
ethanol 135 (11.6) 234 (20.0) 245 (20.5)
propylene oxide 4.2 (0.36) 5.5 (0.47) 6.7 (0.56)
acetol 5.8 (0.50) 7.7 (0.66) 4.1 (0.34)
Flavorings
compound CT BUB MOJ
vanillin X ND ND
a-isomethylionone ND X ND
a-irone ND X ND
trans-f}-ionone ND X ND
3-hexene-1-ol ND X X
isopentyl alcohol ND X X
1-pentanol ND X ND
benzyl alcohol ND X ND
D-carvone ND ND X
linalool ND ND X
eucalyptol ND ND X
a-terpineol ND ND X
acetic acid ND ND X

“PG = propylene glycol, VG = vegetable glycerin, X = detected, and
ND = not detected.
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these compounds determined by HS-GC/MS with incubation
at 200 °C, and lists flavorings present in smaller amounts. Since
the incubation temperatures used in this study were comparable
to those reported near the heated coil,'’ these compounds were
likely present in the vapor generated by e-cigarettes at
significant levels. The higher relative concentration of ethanol
in BUB and MOJ with respect to CT is likely associated with
the presence of a large number of flavorings in those products,
assuming that ethanol was the solvent for the raw materials
used in the formulation of the additives. This is also consistent
with the relatively lower viscosity of these two e-liquids
compared to CT. The presence of PO in all three e-liquids at
approximately 1% of the PG concentration suggests that PO
was an impurity of the PG used to formulate these products,
and thus, PO will likely be present in most e-liquids on the
market. This possibility is of particular concern because PO is
listed by the WHO/IARC as a group 2B possible carcinogen,”’
by the U.S. EPA as a group B2 probable carcinogen,”® and as a
known carcinogen under California Proposition 65.”” In
addition, PO is considered a respiratory and eye irritant.”**°

Table 2 also lists compounds (mostly flavorings) identified at
lower levels in the headspace of e-liquids. The only flavor
detected in CT was vanillin, while BUB had primarily ketones
and alcohols, and terpenoids were the main class of flavorings
found in MOJ.

Figure S3 (Supporting Information) illustrates the concen-
trations of several VOCs and aldehydes from the analysis of e-
liquids carried out by TD-GC/MS and DNPH derivatization,
respectively. Two of the common constituents listed in Table 2
(acetol and nicotine) were quantified in the three e-liquids
along with nicotyrine (an alkaloid derived from nicotine), and
their levels were comparable to those measured by the
headspace method. The carbonyl-specific analysis found trace
levels (ng mL™") of formaldehyde, acetaldehyde, and acetone in
the three e-liquids, and only one product (CT) contained a
small amount of acrolein. These carbonyl concentrations were
negligible compared with levels of the same compounds
measured in the vapor, as described below.

Vapor Temperature and Puffing Regime. The temper-
ature profiles for each device operating at 3.8 V are shown in
Figure 1. Vapor temperatures measured for the EGO vaporizer
were consistently higher than those recorded with the AERO
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Figure 1. Profiles of the vapor temperature using the EGO and AERO
vaporizers at 3.8 V.

system, reaching maximum average temperatures of 34 and 30
°C, respectively. In both devices, the vapor temperature
increased quickly over the initial 5—10 min, corresponding to
the first 20 puffs, and then approached steady state. Emissions
were analyzed at two different times corresponding to different
sections of the temperature profiles: initial conditions (cooler
vapor) during the first S puffs, and steady-state conditions
(warmer vapor) for puffs taken between the 30th and 40th
puffs. Results from these sections are labeled “initial” and
“steady-state”, respectively.

Emissions of Vapor Constituents. The emission factors
of several vapor constituents, expressed in nanograms of
compound emitted per milligram of e-liquid consumed, were
determined by quantifying the content of 1—5 puffs collected
onto DNPH cartridges and VOC sorbent tubes, in experiments
carried out using the CT e-liquid with both vaporizers
operating at a battery voltage of 3.8 V. Additional experiments
were carried out at 4.8 V using all three e-liquids. A summary of
the results corresponding to 31 compounds is presented in
Table S1 (Supporting Information). The experimental
uncertainty was assessed by performing duplicate determi-
nations in a subset of tests. Aldehyde concentrations were
determined with a precision better than 10% in most cases for
the EGO device operating at 3.8 V or higher settings. However,
lower concentrations measured at the lowest setting of 3.3 V
had significantly higher errors. VOCs collected on sorbent
tubes were determined with a precision equal to or better than
17%. Table S2 (Supporting Information) summarizes the
results from duplicate determinations.

Figure 2 illustrates initial and steady-state emission factors for
the most abundant compounds in the vapor when the CT e-
liquid was used in both devices at 3.8 V. Several harmful and
potentially harmful compounds were detected, including
glycidol, a compound that has not been previously reported
in the vapor of e-cigarettes. Glycidol is listed by WHO/IARC as
a group 2A probable carcinogen, by the U.S. EPA as a group A
anticipated carcinogen, and by the State of California
Proposition 65 as a compound known to cause cancer. Other
compounds of concern detected at significant levels include
acrolein (a severe respiratory and eye irritant, with a very low
reference exposure level) and formaldehyde and acetaldehyde
(both of which are listed by WHO/IARC as group 2B possibly
carcinogens, by the U.S. EPA as group B2 probable
carcinogens, and by the State of California Proposition 65).
These aldehydes also have low reference exposure levels for
respiratory and eye irritation. Emission rates of these aldehydes
largely exceed—by 3 orders of magnitude—those correspond-
ing to evaporation of trace levels present in the e-liquid,
suggesting that emissions are the consequence of thermal
decomposition of other constituents taking place during the
vaping process. In addition to these compounds, diacetyl (2,3-
butanedione) has been associated with lung disease.®’ The TD-
GC/MS method was not suitable for the detection of PO, likely
due to decomposition in the thermal desorption unit. However,
since this compound was present in all three e-liquids at
relatively high levels (as determined by HS-GC/MS), it is likely
that this compound is also present in the vapor. Partial or
complete PO decomposition during vaping is also possible.

As shown in Figure 2, emission rates were significantly higher
for steady-state conditions than for initial conditions, related to
higher coil and vapor temperatures. Emissions from the EGO
device were significantly higher than those observed for the
AERO vaporizer, likely due to the higher temperatures reached
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Figure 2. Emission factors for two vaporizers filled with CT e-liquid and operated at 3.8 V during (A) initial puffing and (B) steady-state conditions.

on the single-coil device. Some of these harmful compounds
could only be detected using the EGO device, but not the
AERO vaporizer. The results in Figure 2 are presented in terms
of mass of compound emitted per unit mass of e-liquid
consumed. The same data are presented in Figure S4
(Supporting Information) in units of mass of compound
emitted per puff.

The emissions from the three e-liquids were compared on
the EGO device operated at 4.8 V. The same compounds
emitted at 3.8 V were released at higher rates when the
vaporizer operated at 4.8 V, as expected for more extreme
heating conditions. In addition, other compounds that were not
detected at 3.8 V were present at the higher voltage (e.g,
methyl glyoxal, as shown in Table S1). The results for the EGO
device operating at 4.8 V at steady state are summarized in
Figure SS (Supporting Information). Overall, only small
variations in emission factors were observed across the three
e-liquids, suggesting that the main source of these chemicals
was the thermal decomposition of the solvents. Emissions of
formaldehyde and acetaldehyde were of the same order of
magnitude as those of nicotine. These were the three most
prevalent species in the vapor.

Effects of Voltage on Aldehyde Emissions. The effects of
the voltage output on aldehyde emissions were systematically
investigated using the EGO device filled with the CT e-liquid.
The key results are summarized in Figure 3. As the battery
power output increased, the mean vapor temperature reached
at steady state was higher, as shown in Figure 3A. The average
mass of e-liquid consumed per puff increased from 3.7 to 7.5
mg over the range of 3.3—4.8 V; however, the total emissions of
volatile aldehydes increased by a factor of 3, as shown in Figure
3B. The amount of liquid consumed per puff increased
practically linearly between 3.3 and 4.3 V and remained almost
constant for an additional voltage increase to 4.8 V. Aldehyde

emissions also increased linearly between 3.3 and 4.3 V, but the
changes fit an exponential curve when 4.8 V was included,
consistent with previously reported results for formaldehyde,
acetaldehyde, and acetone.'® Our findings suggest that most of
the additional energy provided by increasing the voltage in the
range of 3.3—4.3 V was used primarily to evaporate larger
amounts of e-liquid, but further voltage increases to 4.8 V led to
a marginally higher amount of evaporation combined with
greatly enhanced decomposition of the main e-liquid
constituents. The amount of acrolein formed at the maximum
voltage was an order of magnitude higher than that formed at
the lowest voltage. These observations are consistent with the
hypothesis that these compounds were formed as byproducts of
the thermal decomposition of the e-liquid main constituents, a
process that is extremely sensitive to thermal conditions at the
coil. If the evaporation was rate-limited by mass transfer and/or
the device geometry, the added energy at 4.8 V would be
available for reactions that generate aldehydes.

Higher Emissions Due to Device aging. The results
described above were generated using a different device of
the same type in each experiment, to ensure that the results
were not affected by nonreproducible phenomena associated
with aging. In a separate experiment, a single device was used
repeatedly at 4.8 V over nine consecutive 50 puff cycles. This
test allowed for examination of changes in the emissions
associated exclusively with device aging (without cleaning)
under conditions that may be commonly used by many vapers.
The results, presented in Figure 4, indicate that total aldehyde
emissions increased by more than 60%, with greater
contributions of formaldehyde, acetaldehyde, and acrolein.
This effect is consistent with the buildup of polymerization
byproducts on or near the coil, leading to accumulation of the
sort of residues that are often referred to in the blogosphere as
“coil gunk” or “caramelization”. Heating these residues would
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Figure 3. Effects of the voltage on e-cigarette performance and
emission of aldehydes: (A) mean vapor temperature for voltages from
3.3 to 4.8 V (the smoothed curves do not show interpuff fluctuations);
(B) aldehyde emissions and mass of e-liquid consumed per puff.

40

| [Jacrolein
i) [ acetaldehyde
Il formaldehyde

1 9
# puff cycle

Figure 4. Effect of device aging on aldehyde emissions for an EGO
vaporizer operated at 4.8 V with CT liquid.

provide a secondary source of volatile aldehydes. Because the
temperature profiles for cycles 1 and 9 were identical, the
observed increased emissions were not due to changes in
heating patterns, but rather to chemical processes taking place
inside the device.

Postulated Pathways for the Thermal Decomposition
of E-Liquid Constituents. To explore the hypothesis that
harmful emissions originate from thermolysis of the main e-

liquid constituents, additional experiments were carried out
using neat PG and glycerin instead of the e-liquid, and
measuring emission factors for the VOCs and aldehydes
identified earlier in the study. These experiments were carried
out with the EGO device at 3.8 V. Figure 5 shows the results,
compared with the corresponding data from the CT e-liquid.
Certain compounds, such as acetol and 2-propen-1-ol, were
produced primarily by PG degradation, but not by glycerin.
Similarly, glycidol and acrolein were mostly generated by
glycerin degradation, but glycidol was not among the PG
decomposition products. Other compounds (e.g, formalde-
hyde) originated from the degradation of both compounds.

Figure 6 presents plausible mechanisms for thermal
degradation of PG and glycerin. Acrolein and glycidol can be
formed by dehydration of glycerin; acetaldehyde and 2-propen-
1-ol (allyl alcohol) are primarily byproducts of PG degradation.
These reactions are consistent with those described in the
literature for thermal degradation of PG and glycerin.>**

The right side of Figure 6 shows the proposed pathway for
glycerin decomposition. Acrolein can be formed directly by
dehydration of glycerin, and glycidol may be formed as an
intermediate in this process. An additional experiment was
performed to test this hypothesis by using a solution of 5%
glycidol in PG as the e-liquid. This strategy could ascertain
whether glycidol decomposition could influence acrolein
emissions in VG. This is a viable approach because glycidol is
not a product of thermal degradation of PG, and PG
decomposition yields about 100 times less acrolein than VG.
The results presented in Table S3 (Supporting Information)
show a 4-fold increase in acrolein emissions for the 5% glycidol
solution with respect to neat PG, lending support to the
proposed mechanism.

Implications. Chemical analysis of e-liquids and vapors
emitted by e-cigarettes led to the identification of several
compounds of concern due to their potentially harmful effects
on users and passively exposed nonusers. These chemical
emissions are associated with both cancer and noncancer health
impacts that will be quantitatively evaluated in an ensuing
paper. In addition to aldehydes and other VOCs that have been
reported previously, this study provides the first report of the
presence of propylene oxide in e-liquids, and of glycidol in the
vapors. Both compounds are considered possible or probable
carcinogens. Various design and operating parameters have
significant effects on emission levels of toxic compounds,
including the choice of the vaporizer and the battery power
output, both of which determine the coil and vapor
temperatures. Since harmful chemical emissions are primarily
due to thermal decomposition of e-liquid constituents, reducing
these temperatures is a promising approach to limiting the
harm caused by e-cigarettes. Proper maintenance or more
frequent replacement of coils may also reduce emissions by
avoiding accumulation of polymeric residues. From the
regulatory point of view, particularly in light of recent U.S.
FDA regulations issued in May 2016°" and European Union
regulations from 2014,% it should be highlighted that toxic
emissions originate primarily from heating the solvents
propylene glycol and glycerin, which are the constituents
most commonly found in e-liquid formulations. Thus,
potentially harmful chemicals are expected to be present in
the vapor regardless of limits imposed to individual additives
and/or flavorings.
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Figure 5. VOC and volatile carbonyl emission factors for the CT e-liquid, neat propylene glycol (PG), and neat vegetable glycerin (VG) under
comparable steady-state operation conditions using an EGO vaporizer at 3.8 V (nd = not detected).
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Figure 6. Postulated pathways and byproducts formed during thermal dehydration of propylene glycol and glycerin.
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