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Abstract

Introduction: Carbonyls, a class of compounds strongly linked to pulmonary disease in smokers,
are probably the most reported non-nicotine toxicants found aerosols. Reported emissions vary
from negligible quantities to those far exceeding combustible cigarettes. Observations of high
emissions are commonly attributed to “dry puffing”, whereby the ECIG heating filament runs dry
of liquid and reaches temperatures that induce thermal degradation of the ECIG vapor components
at the filament’s metal surface. Using a pyrolysis flow reactor, in this study we examined the
potential role of surface chemistry in the formation of carbonyl compounds in ECIGs, and whether
the different commercially available filament materials could potentially impact their toxicant
emissions through catalysis. This information could inform nascent efforts to regulate the design
of ECIGs for public health ends.

Methods: Nitrogen or air saturated with propylene glycol vapor was drawn through a
temperature and residence time controlled tubular quartz pyrolysis flow reactor in which
nichrome, Kanthal, or stainless steel ECIG heating filament wires were inserted. A control
condition with no inserted wire was also included. Concentrations of carbonyl products at the
reactor outlet were measured as a function of temperature, heating filament wire material, and
carrier gas composition (N2 vs air). Carbonyls were sampled using DNPH cartridges and analyzed
by HPLC.
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Results: ECIG heating filament wires were found to have a strong catalytic effect. Carbonyl
formation initiated at temperatures lower than 250°C in the presence of the metallic wires,
compared to 460°C without them. Carbonyl formation was found to be a function of the material
of construction, and whether the wire was new or aged. New nichrome wires were the least
reactive, but when aged they exhibited the highest reactivity. Carbonyls were formed via
dehydration or oxidation reactions of PG.

Conclusions: Carbonyl formation chemistry is catalyzed by commonly used ECIG heating
filament materials, at temperatures that are well below those expected during “dry puffing”. The
variability in the distribution and yield of carbonyl compounds across ECIG filament materials
suggests that this heretofore unaccounted variable may partially explain the wide ranges reported
in the literature to date. More importantly, it suggests that ECIG construction materials may be an
important variable for regulations designed to protect public health.
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Introduction

Electronic cigarettes (ECIGs) have been marketed since at least 2003 [1]. Thereafter, the
popularity of these new nicotine delivery systems continued to increase among active and
former smokers, as well as among never smokers [2—4]. Particularly alarming is that the
prevalence of ECIG use among teenagers in the US surpassed that of tobacco cigarettes for
the first time in 2014 [5, 6]. These devices are usually advertised as safer alternatives to
tobacco cigarettes and as possible smoking cessation tools [7-9]. However, despite emitting
fewer categories of toxicants in comparison to tobacco cigarettes, it has been shown that
carbonyl concentrations can at times exceed the levels that are measured in tobacco
cigarettes [10, 11]. Carbonyls are mainly the products of either cracking or the oxidation
reactions of solvents (propylene glycol (PG) and vegetable glycerin) and some flavorants
and additives, when present in the ECIG liquid [12-16].

Carbonyls are the most studied toxicants in the liquids and aerosols of electronic cigarettes
(ECIGSs), yet a high variability is present in the levels and identities of the measured
carbonyls, as detailed in Table S1 [12, 17-19]. Formaldehyde, one of the most abundant
aldehydes in ECIGs, shows concentrations ranging from trace amounts to 50 pg/puff [10, 11,
13, 20]. This range has been attributed to the different characteristics of ECIG devices,
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liquids, and aerosol generation techniques. Several studies have attempted to correlate the
carbonyl emissions with the liquids used, battery power outputs, ECIG design
characteristics, user puffing behaviors, and the number, position, temperature, and age of the
coils [13, 19-24]. A recent study showed that power per coil surface area is a better
predictor of carbonyls emissions than power alone [25].

The power outputs commonly used in ECIGs provide coil temperatures sufficient to induce
pyrolysis rather than combustion [26]. Occasional elevated temperatures and spikes of
carbonyls have been associated with the “dry puff” phenomenon due to dry wicking [27].
While carbonyl formation during high temperature operation is well established [11], there
is some evidence that carbonyls are formed in ECIGs at lower temperatures than expected
from the extant knowledge on homogeneous carbonyl formation chemistry. Because the
ECIG liquid is in direct contact with the metallic heating element, greater than expected
carbonyl emissions might be linked to a catalytic interaction at the heater surface. If so, then
use of different heating element materials may impact carbonyl emissions, and ultimately
the toxicity of the inhaled aerosol. To our knowledge, no previous studies have taken a close
look at the chemical reactions occurring at the PG ECIG metallic wires interface, hence
favoring carbonyl production at lower temperatures.

In this study we examined the heterogeneous reaction of PG gas with several types of
metallic wires used in ECIG heating elements. In an attempt to simulate the “dry puff”
phenomenon, we used an experimental set up that consists of a tubular quartz flow reactor
operating at various temperatures to measure carbonyl formation from the pyrolysis of PG.
Emissions at the reactor outlet were sampled with 2, 4 dinitrophenylhydrazine (DNPH)
cartridges. Carbonyl peak temperatures, and yields from PG pyrolysis in nitrogen and air,
and in the presence of the widely used ECIG coil wire materials Kanthal, nichrome, and
stainless steel, were also assessed.

2. Materials and Methods

2.1 Materials

High performance liquid chromatography (HPLC) grade acetonitrile and ethanol solvents,
pure PG (CAS registry number 57 55 6), high purity silica adsorbent coated with DNPH H
Series Cartridges H10, volume size 3 mL, standard DNPH derivatives (SUPELCO 47672 U)
and Carbonyl DNPH Mix 1, 20 pg/mL in acetonitrile, ampule of 1 mL, were procured from
Sigma Aldrich. Kanthal, nichrome, and stainless steel wire (24 gauge) were sourced from
ECIG vendors in the USA. N, gas was delivered from a 99.995% purity N, tank. Gelman
type A/E 47 mm Glass fiber filters were purchased from Pall Corporation.

2.2 Experimental setup

The setup is shown in Figure 1. A saturated flow of PG in HEPA filtered air or nitrogen was
generated by bubbling the gas through pure PG in a midget impinger; the impinger and gas
flows were at room temperature (22°C). The gas flow rate was regulated by a mass flow
controller. A glass fiber filter was installed downstream of the impinger to remove fugitive
liquid droplets potentially generated in the bubbler. The saturated gas stream then entered a
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120 cm long horizontal heated quartz tube (0.65 cm diameter). A 45 cm section of the tube
passed through a variable power electrically heated furnace. Five furnace power setpoints
were used, resulting in gas temperatures of 80, 256, 360, 460, 565, and 670°C at the exit of
the 45 cm heated zone, as measured using a K type thermocouple placed at the flow
centerline. At each temperature setpoint, PG saturated gas was streamed for 20 min through
the quartz tube in order to ensure complete saturation of the walls. Then, the effluent gas
was collected on DNPH cartridges for 3 min. The temperature set was always run in the
aforementioned order; this is due to the difficulty in cooling down the furnace from a higher
to a lower temperature. The residence time of the gas inside the reactor (1.6 sec) was held
constant by adjusting the flow rate for each temperature condition, using the ideal gas law
(Table S2). Bundles consisting of thirty 45 cm long metal wires (24 gauge) of Kanthal,
nichrome, or stainless steel were prepared and inserted into the heated section of the quartz
tube. Each bundle occupied 18.6% of the total volume of the heated section of the quartz
tube. Three aliquots of gases were taken at each temperature and for each type of wire, new
metallic wires were used at the start of the experiment. The experiment with Nichrome was
repeated after the Nichrome turned completely black. This is what is referred to as aged
nichrome.

Carbonyl emissions were trapped at the outlet of the quartz tube on gas sampling DNPH
coated H10 cartridges that were eluted with 5 ml of ethanol/acetonitrile (90/10 ratio) [28].
The eluent was delivered into amber vials. All samples were analyzed using HPLC (Agilent
1100) equipped with a photodiode array detector at k = 360 nm, and at a flow rate of 1 ml/
min. The analytes were identified upon comparing their HPLC retention times with those of
the standards. The HPLC method was adopted from the California Air Resources Board
(CARB) method (SOP MLD 022), as well as the Environmental Protection Agency (EPA)
method (TO 11A) (EPA, 1999), with some modifications in the time program of elution for
better separation, as detailed in Rashidi et al. 2008 [29]. Gradient elution on a reverse phase
C 18 column (25 cm, 4.6 mm, 5 Im) was performed. The solvents used were (A) water/ACN/
THF (6:3:1 v/viv), (B) water/ACN (2:3 v/v), and (C) ACN. The elution profile varied
linearly in time from pure A at t = 0 min to 25:75 A:B at t = 20 min and finally to pure C at t
= 35 min. A background measurement for carbonyls was obtained by passing air through set
up without heating the furnace.

Eight carbonyls (formaldehyde (FA), acetaldehyde (AA), acetone (Acet), acrolein (Acr),
propionaldehyde (PA), butyraldehyde (BA), glyoxal (GA), and methylglyoxal (MGA)) were
measured. The LOD and LOQ were respectively as follows (ug/mL): formaldehyde, 0-002
and 0-005; acetaldehyde, 0-005 and 0-016; acetone, 0-003 and 0-008; acrolein, 0-001 and
0-004; propionaldehyde, 0-002 and 0-006; crotonaldehyde, 0-004 and 0-013; methacrolein,
0-004 and 0-012; butyraldehyde, 0-004 and 0-013; benzaldehyde 0-011 and 0-038; and
valeraldehyde, 0-003 and 0-010; glyoxal, 0.014 and 0.047; methyl glyoxal, 0.027 and 0.091.

3. Results

3.1 Thermal decomposition of PG in N,

Propionaldehyde (PA) and acetone (Acet) were formed at 413°C and 460°C, respectively. At
670°C, minimal amounts of formaldehyde (FA) and acetaldehyde (AA) were detected
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(Figure 2A) and of the total carbonyls PA, Acet, AA and FA constituted 57.8%, 28.8%,
6.4% and 3.2%, respectively.

3.2 Thermal decomposition of PG in air

The PG air gas and particle stream produced methylglyoxal (MGA), PA, Acet, FA, and AA.
Formation began at 360°C and continued until 670°C, with a maximum at 565°C. At T >
565°C, the carbonyl concentrations begin to decrease, suggesting that they undergo further
oxidation, possibly into acids or cracking into smaller molecules such as H20, CO, and CO5
(Figure 2B). Of the total carbonyls that were measured at the peak (565°C), MGA, PA, AA,
FA and Acet constituted 39.3%, 30.0%, 12.5%, 9.8% and 6.9%, respectively.

3.3 Thermal decomposition of PG in air in the presence of metallic wires

In the presence of Kanthal wires, MGA, FA, and AA were formed. The MGA peak appeared
at temperatures close to 80°C and extended to 360°C with a maximum at 256°C. Two peaks
were noted for FA and AA; one peak at 256°C °C and the second at 460°C (Figure 3A).
Similar to Kanthal, the stainless steel wires led to the formation of MGA, FA, and AA at
around 80°C (Figure 3B). Interestingly, butyraldehyde (BA) emission was also detected in
this case at 360°C. In both cases, the presence of several maxima for FA and AA between 80
and 670°C alludes to the formation of these low carbonyls (C1 and C2) via several
pathways. It was noted that the stainless steel wires changed to a copper like color by the
end of the experiment.

The nichrome wires were less reactive. Only a small amount of MGA was observed at
around 80°C, and FA and AA were detected between 256 and 670°C (Figure 3C). In
addition to BA, glyoxal (GA) was seen for the first time in this case. Additionally, the
nichrome wires turned black by the end of the experiment. Repeating the same experiment
with the black nichrome wires showed a PG decomposition profile similar to Kanthal and
stainless steel wires (Figure 3D). The MGA peak started at around 80°C with a maxima at
256°C, and the FA and AA peaks were broad, extending from 80 to 670°C. The levels of
carbonyls produced with the aged (used for the second time) nichrome wire were also higher
than those measured for the new nichrome wires.

4. Discussion

Scheme 1 summarizes the mechanisms of PG degradation under the different evaluated
conditions. PG degradation in N is explained by a dehydration reaction mechanism that
leads to PA and Acet through the formation of the intermediate propylene oxide, as recently
suggested by DFT calculations [22, 30]. The minimal amounts of FA and AA that appeared
at 670°C could be attributed to cracking at high temperatures. In air, PG degradation
produced carbonyls via several reaction mechanisms, including dehydration,
dehydrogenation, and glycol C C bond cleavage [31, 32]. The degradation of PG in air
shows that the oxidation pathway is more prominent than the dehydration reaction. It is
proposed that in the presence of metals and under oxygen rich conditions, PG adsorbed onto
the metal surface produces 1,2 propylenedioxy at T < 80°C. With higher temperatures,
propylenedioxy desorbs from the surface to form MGA via a double dehydrogenation

J Anal Appl Pyrolysis. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saliba et al. Page 6

reaction [33-35]. The same intermediate can decompose into FA and AA via C C bond
cleavage, through the formation of adsorbed acetate and formate, respectively [22, 36].

The reactions with the metallic wires suggest a catalytic effect on PG degradation that
lowers the reaction’s activation energy and affects the yield and distribution of the produced
carbonyls. Consequently, this suggests that ECIG coils can catalyze PG degradation,
producing carbonyls at temperatures lower than what is expected for “dry puff” [19].

The metal wires also displayed different reactivities. Looking at the most toxic product, FA,
and the total carbonyl concentration at the temperature thought to be similar to the power
output of an ECIG (256°C), it was found that the yields differed with the type and age of the
metal. The lowest carbonyl yields were measured in the presence of new nichrome wires
when compared to Kanthal, stainless steel, and aged nichrome (Figure 4). The increase in
the carbony! yield with aged nichrome wires indicates that coil ageing plays an important
factor that needs to be considered when comparing carbonyl yields in ECIGs [22]. The
production of BA and GA by some metals can be explained by radical chain reactions in line
with the previously reported studies about the detection of reactive oxygen species and
radicals in ECIG aerosols [37, 38]. The disappearance of carbonyls at temperatures higher
than 565°C is attributed to either extensive oxidation leading to acids or to cracking into
smaller molecules like methane, carbon dioxide and water.

In brief, this study highlights the catalytic effect of metal wires on PG degradation especially
in “dry puff” situations. We show, that under these conditions, carbonyl formation initiates at
temperatures much lower than what is expected for “dry puff”. Both the type and age of the
wires also contribute to the variability and yield of produced carbonyls. The results
emphasize the importance of taking the construction materials of ECIGs into consideration
as important variables for regulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. ECIG heating filament wires were found to have a strong catalytic effect.
. Carbonyl formation chemistry is catalyzed at temperatures that are well below
those expected during “dry puffing”.
. New nichrome wires were the least reactive, but when aged they exhibited the

highest reactivity.

. Results suggest that catalysis by ECIG filaments may partially explain the
wide ranges of carbonyls.
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Figure 1.
Illustration of the dry puff (left) and the schematic diagram of the propylene glycol (PG)

pyrolysis reactor used in this study (right)
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Figure 2.
Homogenous heating of propylene glycol (PG) in nitrogen (A) and air (B)
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Heterogeneous heating of propylene glycol (PG) saturated gas in air in the presence of
Kanthal (A), stainless steel (B), new nichrome (C), and aged nichrome wires (D)
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Figure 4.

Formaldehyde and total carbonyls for PG pyrolysis at 256°C in air and in the presence of
new Kanthal, stainless steel, nichrome, and aged nichrome wires
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