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ABSTRACT: Despite previous studies indicating the thermal stability of vitamin E
acetate (VEA) at low temperatures, VEA has been shown to readily decompose into
various degradation products such as alkenes, long-chain alcohols, and carbonyls such as
duroquinone (DQ) at vaping temperatures of <200 °C. While most models simulate the
thermal decomposition of e-liquids under pyrolysis conditions, numerous factors,
including vaping behavior, device construction, and the surrounding environment, may
impact the thermal degradation process. In this study, we investigated the role of the
presence of molecular oxygen (O2) and transition metals in promoting thermal oxidation
of e-liquids, resulting in greater degradation than predicted by pure pyrolysis. Thermal
degradation of VEA was performed in inert (N2) and oxidizing atmospheres (clean air) in
the absence and presence of Ni−Cr and Cu−Ni alloy nanopowders, metals commonly
found in the heating coil and body of e-cigarettes. VEA degradation was analyzed using
thermogravimetric analysis (TGA) and gas chromatography/mass spectrometry (GC/
MS). While the presence of O2 was found to significantly enhance the degradation of VEA at both high (356 °C) and low (176 °C)
temperatures, the addition of Cu−Ni to oxidizing atmospheres was found to greatly enhance VEA degradation, resulting in the
formation of numerous degradation products previously identified in VEA vaping emissions. O2 and Cu−Ni nanopowder together
were also found to significantly increase the production of OH radicals, which has implications for e-liquid degradation pathways as
well as the potential risk of oxidative damage to biological systems in real-world vaping scenarios. Ultimately, the results presented in
this study highlight the importance of oxidation pathways in VEA thermal degradation and may aid in the prediction of thermal
degradation products from e-liquids.

1. INTRODUCTION
Recent research has revealed that the inhalation of aerosols
released by e-cigarettes has the potential to negatively impact
the lungs of users, despite the prevalent assumption of safety
among e-cigarette consumers.1,2 Though many commonly
used e-liquid ingredients, including propylene glycol (PG),
glycerin (VG), and various flavoring agents, are considered safe
for consumption or dermal absorption, emitted aerosols are
complex mixtures of compounds formed from the thermal
degradation of e-liquids that occurs during the vaping process.3

This process results in the formation of emission products with
different physiochemical properties and a risk of toxicity
potentially greater than that posed by the parent e-liquids.3−6

For example, vitamin E acetate (VEA), the proposed cause of
the e-cigarette or vaping-associated lung injury (EVALI)
outbreak in the United States in 2019, has been found to
decompose into thermal degradation products, including
vitamin E (VE), various long-chain alcohols, alkenes, carbon-
yls, and, most notably, the reactive species duroquinone (DQ)
and ketene.3,4,7−9 While VEA itself is perceived as safe, the

inhalation of electrophilic species like DQ produced during
vaping poses a serious risk of oxidative damage to lung
tissue.4,9−11 As such, to understand the potential health risk to
users, the prediction of the thermal degradation behavior of
various e-liquids through computational and experimental
methods has been of particular interest in recent e-cigarette
research.
In addition to potentially toxic organic products, there is also

the potential for the release of metals into the e-liquid and e-
cigarette emissions at potentially toxic concentrations. e-
Cigarette devices often contain various transition metals,
including Ni, Fe, Cu, Cr, etc.12−15 A recent study by Williams
et al.16 detected particles containing metals such as Sn, Ag, Fe,
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Ni, Al, and Cr in e-cigarette aerosol emissions. In a similar
study, McDaniel et al.12 found various levels of transition
metals, including Cr, Cu, and Ni, in e-cigarette aerosols and
leached into the e-liquid. These metals pose a risk of metal
toxicity to vape users upon inhalation,17 and recent studies
have suggested a potential catalytic role in the thermal
degradation of e-liquids, particularly at low temperatures.7,18,19

There are several driving factors that have been suggested to
influence the physiochemical properties of e-cigarette
emissions, including puffing topography20,21 and temper-
ature.7,22 Changes in the temperature used to heat e-liquids
during vaping have been demonstrated to affect the size and
volume distribution of emitted aerosols,21,23 the release of
metals24 or reactive oxygen species (ROS),25−27 and the
chemical composition of e-cigarette emissions.22,28 Though use
of VEA is not widespread in commercial e-liquids, the
extensive efforts to characterize vaping emission products of
VEA allow it to be more easily used as a model compound to
monitor changes caused by various vaping parameters. In ref 7,
our lab found a temperature dependence in the chemical
composition of VEA vaping emissions when VEA was vaped at
temperatures ranging from 176 to 356 °C and demonstrated
discrepancies in chemical composition when VEA was vaped
versus heated without the device. While previous theoretical
and experimental studies have demonstrated VEA to be
thermally stable up to 250 °C under pure pyrolysis
conditions,29 our studies indicate that VEA degrades into
compounds such as DQ when vaped at temperatures of <200
°C. Under pure pyrolysis conditions in an inert argon
atmosphere, VEA did not appear to degrade until the
temperature exceeded 300 °C. Furthermore, previous studies
in our lab have frequently detected DQ in vaping emissions at
temperatures significantly lower than those predicted by
theoretical calculations.3,4,7

Discrepancies in the product distribution of VEA vaping
emissions and pyrolysis-simulated VEA breakdown at equitable
temperatures may indicate the influence of external factors,
such as the presence of atmospheric oxygen molecules (O2)
and metal catalysts, on e-liquid degradation. In e-cigarette
systems, the presence of metal filament wires has been
suggested to have strong catalytic effects on the thermal
degradation of PG and VG, reducing the temperature needed
to observe carbonyl-containing compounds in vaping emis-
sions.18,19 Furthermore, metal catalysis has been found to be an
important factor in thermal degradation pathways in analyses
of systems such as biochar.30 The presence of O2 has also been
found to greatly decrease the temperature required to observe
the thermal degradation of PG and VG and may play an
important role in the low-temperature degradation of e-
liquids.7,31,32

For this reason, we hypothesized that the presence of O2 and
transition metals in the e-cigarette body promotes the thermal
oxidation of e-liquids, resulting in greater degradation at low
temperatures than what is predicted by pure pyrolysis. To
address this hypothesis, we used VEA as a model compound to
compare how thermal degradation of organics may be altered
when they are heated under inert (N2) and oxidizing (clean
air) atmospheres, with and without the addition of metal
alloys. To monitor these changes, we used a combination of
gas chromatography/mass spectrometry (GC/MS) and
thermogravimetric analysis (TGA). Direct measurement of
hydroxyl (OH) radicals was also carried out using the
fluorometric terephthalate (TPT) assay. The results of this

study further our understanding of the influence of O2 and
metals on the thermal degradation of organic compounds and
the resulting health risks upon inhalation.

2. MATERIALS AND METHODS
2.1. Materials. Vitamin E acetate (DL-α-tocopherol acetate, VEA,

>97%) and disodium terephthalate (TPT, >99%) were purchased
from Tokyo Chemical Industry (TCI America, Inc.). Nickel−
chromium (Ni−Cr, 99.9%, 8:2 Ni:Cr) and copper−nickel (Cu−Ni,
99.9%, 5:5 Cu:Ni) alloy nanopowders were purchased from US
Research Nanomaterials Inc. 1,2,3-Trichlorobenzene (1,2,3-TCB,
98%) and 2-hydroxyterephthalic acid (2-OHTA, >98%) were
purchased from Alfa Aesar. Acetonitrile (ACN, 99.95%) was
purchased from Fisher Chemical. Phosphate-buffered saline (PBS,
1×) was purchased from Corning.

2.2. Thermogravimetric Analysis (TGA). TGA was performed
on a Netzsch TG 209 F1 Libra instrument to characterize the mass
changes (loss or gain) of VEA as a function of temperature in the inert
and oxidizing atmospheres due to volatilization, decomposition, or
oxidation. VEA was added to a 6.8 nm diameter alumina crucible
using a rubber syringe with enough sample to coat the bottom of the
crucible in a thin layer, which gave a sample mass of approximately 10
mg. The exact mass of the crucible and sample was measured by the
instrument at the start of each experiment. VEA was heated using a
temperature ramp of 10 K min−1 using either N2 or clean air as a
carrier gas. The instrument was operated using a flow rate of 40 mL
min−1 and an instrument protective flow rate of 10 mL min−1.

2.3. Pyrolysis GC/MS. Pyrolysis gas chromatography/mass
spectrometry (Pyr-GC/MS) was used to analyze the pyrolysis
products of VEA. A CDS 5150 Pyroprobe (CDC Analytical, Inc.)
was used to heat 250 mg of VEA at 356 °C in either N2 or clean air
environments. The pyrolysis products were directly injected onto an
Agilent HP5-MS fused silica column and analyzed using GC/MS
[Agilent 7890 GC and 5975 inert MSD equipped with an electron
ionization (EI) ion source] following the ASTM D3452-06 standard
method.33

2.4. Tube Furnace Experiments. Thermal degradation of VEA
was simulated using a tube furnace reactor system (OTF-1200X, MTI
Corp.) as described in our previous work.7 One hundred milligrams of
VEA was weighed into an alumina crucible, and the crucible placed in
a high-temperature quartz tube furnace. Either ultra-high-purity N2
(Airgas Inc.) or Ultra Zero grade clean air (Airgas Inc.) was used as a
carrier gas at a flow rate of 0.18 L min−1 to deliver off-gassing
products from VEA volatilization or thermal degradation to a cold
trap apparatus. The cold trap was kept on dry ice to allow the
collection of condensed emission products. The temperature was
initially set to 30 °C, ramped to either 356 or 176 °C at a rate of 10
°C min−1, and held for 1 min. The crucible was reweighed after each
experiment to determine the mass loss, and 1 mL of ACN was added
to the cold trap to dissolve captured emission products for chemical
analysis. Cold trap samples were concentrated to 150 μL under a
gentle N2 gas stream. A 50 μL aliquot of each sample was taken for
chemical analysis; 5 μL a 1,2,5-TCB (2 μg μL−1) solution was added
to each sample as an internal standard.
VEA was heated in N2 and clean air environments in the absence

and presence of 10 mg of Ni−Cr or Cu−Ni alloy nanopowders, which
were chosen as representative components of e-cigarette heating
coils.12 A total of six experiments were performed, each with three
replicates for statistical analysis.

2.5. GC/MS Analysis of Tube Furnace Samples. The samples
collected from the tube furnace experiments were analyzed using GC/
MS (Agilent 6890N GC and 5975C inert MSD equipped with an EI
ion source). Helium was used as the carrier gas. To quantify more
polar oxygenated products such as DQ in the collected emissions, 2
μL of each sample was directly injected onto a Restek Rtx-VMS fused
silica column [30 m × 0.25 mm i.d. (inside diameter), 1.4 μm film].
The temperature of the GC started at 35 °C, was held for 1 min, was
ramped to 240 °C at a rate of 10 °C min−1, and was held for 4 min.
To quantify nonpolar compounds such as VEA and 1-pristene, 1 μL
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of each sample was injected onto an Agilent J&W DB-5MS column
(30 m × 0.25 mm i.d., 0.25 μm film). The temperature started at 60
°C, was held for 1 min, was ramped to 310 °C at a rate of 10 °C
min−1, and was held for 5 min.

2.6. Generation of OH Radicals. Generation of OH radicals was
measured using the fluorescent probe disodium terephthalate (TPT),
which readily reacts with OH radicals to form the stable fluorescent
product 2-OHTA.34−36 As the formation rate of 2-OHTA is directly
proportional to the generation of OH radicals (1:1), the fluorescence
of 2-OHTA can be measured using a microplate reader and used to
directly quantify OH radical formation during VEA thermal
degradation. The outflow of the tube furnace was bubbled through
a 30 mL mini-impinger filled with 15 mL of a 5 mM TPT solution in
1× PBS. Once heating was finished, 100 μL of the solution was
immediately transferred to a black, clear-bottom 96-well plate
(Corning). Fluorescence was measured using a TECAN Spectrafluor
plus microplate reader (excitation at 310 nm, emission at 422 nm).
The concentration of 2-OHTA produced was determined on the basis
of a calibration curve of 2-OHTA standard fluorescence in 1× PBS
(Figure S1).

3. RESULTS AND DISCUSSION
3.1. TGA. Dynamic TGA was used to continuously measure

the change in the mass of VEA as the temperature was
increased to determine the loss of gaseous byproducts formed
during pure VEA pyrolysis under N2 and clean air
atmospheres. The results of TGA of VEA heated under N2
and clean air carrier gases are shown in Figure 1. A summary of

the major differences in the percent mass loss of VEA at
various temperatures can be found in Table S1. Ultimately, the
percent mass of VEA remaining is consistently greater in the
oxidizing atmosphere than in the inert atmosphere. Volatiliza-
tion of VEA appeared to begin around 250 °C in the inert
atmosphere, which agrees with previous literature regarding
the boiling point and pyrolysis of VEA.29,37 Clean air, in
comparison, did not show signs of volatilization until
temperatures of ≥300 °C had been reached, demonstrating a
substantially slower rate of degradation than when heated in
N2 (Figure 1A). By 400 °C, 1.61% of VEA remained in the
crucible in the inert atmosphere, compared to 6.94% that
remained in the clean air atmosphere. Furthermore, crucibles
heated in N2 contained either no residue or small amounts of
VEA oil remaining inside after heating; in contrast, crucibles
heated in clean air contained visible black residue, likely from
the mineralization of VEA in the presence of clean air (Figure

1B). It is likely that, in clean air, VEA may be oxidized by O2 to
form various oxidation products that require greater temper-
atures to undergo the transition to the gas phase or decompose
into further volatile degradation products. Residue perma-
nently remaining from VEA mineralization may also explain
why complete consumption of VEA by 400 °C cannot be seen
in clean air compared to the N2 atmosphere. Notably, the
presence of O2 alone did not appear to promote VEA phase
transfer at low temperatures but did result in the production of
degradation products with chemical properties different from
those of VEA alone.

3.2. Pyr-GC/MS. To further investigate the influence of O2
on the chemical composition of VEA thermal degradation
products, Pyr-GC/MS was used to monitor the breakdown of
VEA at 356 °C in N2 and clean air. This temperature was
chosen because 356 °C was the highest average coil
temperature to which VEA was exposed while vaping with a
CCell TH2 cartridge in our previous work.7 At this
temperature, substantial degradation could be observed in
the analysis of vaping emissions, but simulation of pure
pyrolysis with inert argon as a carrier gas showed a significantly
decreased number and concentration of degradation products.
The total ion chromatograms (TICs) obtained from Pyr-

GC/MS in each atmosphere are shown in Figure 2. A targeted
search was performed for previously reported VEA vaping
emission products using the NIST 2008 spectral database. A
match score of ≥850 and a probability of ≥50% were
considered a good match; authentic standards were used to
confirm identified peaks when commercially available. Though
VEA shows substantial degradation into various compounds in
vaping scenarios at 356 °C,7 no substantial degradation could
be observed after heating in the inert N2 atmosphere (Figure
2A). Major peaks for VE and VEA were visible at retention
times of 38 min (peak 2) and 40.3 min (peak 3), respectively,
indicating volatilization of VEA and potential loss of the
acetate group at 356 °C. The dominant peaks of VE and VEA
are assumed to correspond to the α-isomers based on the
initial standard used; smaller peaks corresponding to other
common isomers (β, γ, and δ) can also be seen but cannot be
differentiated due to the resolution of the mass spectrometer
used. Finally, a peak corresponding to the N2 carrier gas can be
seen at 3.7 min (peak 1). Four peaks in this spectrum could
not be identified due to a lack of NIST matches.
When VEA and VE were heated to the same temperature in

clean air, their concentrations decreased below the detection
limit of the instrument and could not be observed. Instead, a
wide range of degradation products commonly observed in
vaping emissions could be seen in the resulting TIC (Figure
2B). Ultimately, analysis of these results found the presence of
4-methyl-1-pentanal (peak 1; tR = 9.805 min), 4-methyl-1-
decene (peak 2; tR = 15.830 min), 3,7,11-trimethyl-1-
dodecanol (peak 3; tR = 26.84 min), durohydroquinone
(DHQ) (peak 4; tR = 27.103 min), 1-pristene (peak 5; tR =
28.073 min), and 2-hydroxy-4-methoxy-3,6-dimethyl benzal-
dehyde (peak 6; tR = 28.834 min), all of which have been
previously detected in VEA vaping emissions.4,7−10,38,39 DQ
was not observed at levels above the detection limit of the
instrument, though DQ formation can be assumed due to the
detection of 1-pristene and DHQ.9,39 Ultimately, it is clear that
the presence of O2 when VEA is heated results in the
production of compounds often found in VEA vaping
emissions, indicating the importance of oxidation pathways
during vaping thermal degradation.

Figure 1. (A) TGA curve of VEA heated in N2 and clean air
atmospheres. Results are expressed as the mean of three replicates (n
= 3) ± the standard error of the mean (SEM; represented by the
shaded area surrounding each line). (B) Images of crucibles after they
had been heated to 400 °C; 1.61% of initial mass remained in the
crucible heated in N2 (top), and 6.94% remained in the crucible
heated in clean air (bottom).
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3.3. GC/MS Analysis of VEA Thermal Degradation.
VEA was then heated in a tube furnace reactor under six
different environmental conditions to investigate the effect of
the presence of O2 and metal alloys on the chemical
composition of VEA thermal degradation products at high
(356 °C) and low (176 °C) temperatures. The amount of mass
consumed (i.e., lost as gas-phase compounds through
volatilization, decomposition, or oxidation) during the tube
furnace reaction at 356 °C remained mostly constant between
the environmental conditions, though VEA heated with Cu−
Ni alloy nanopowder showed a slight increase in mass
consumption compared to the others. The greatest average
mass consumption was seen in VEA heated in clean air with
Cu−Ni nanopowder (Figure S2A).
3.3.1. High-Temperature Experiments at 356 °C. Off-

gassing products were collected using a cold trap apparatus and
analyzed using GC/MS. The TICs obtained from heating VEA
under each condition at 356 °C are shown in Figure 3. Similar
to the results obtained in our prior study,7 substantial VEA
degradation was not observed under inert N2 atmospheres, nor
did the addition of metal nanopowders significantly alter the
resulting product distribution. In contrast, the number and
abundance of VEA degradation products substantially
increased when VEA was heated in oxidizing atmospheres.
Furthermore, VEA heated in an oxidizing atmosphere in the
presence of Cu−Ni demonstrated the greatest number of peaks
compared to other environments, indicating greater degrada-
tion of VEA. In addition, after heating in N2 environments
(regardless of the addition of metal nanopowders), VEA oil
remained clear with no visible discoloration, whereas after
heating in O2, VEA oil became a dark orange-brown color,
indicating the formation of various thermal degradation
products in oxidizing atmospheres (Figure S3).

Six representative degradation products were then chosen
for quantification to further investigate how O2 and metal
alloys influence the identity and concentration of compounds
formed from VEA degradation. These compounds include
VEA [tR = 27.32 min (Figure 3A,C)], 1-pristene [tR = 19.89
min (Figure 3B,D)], DQ [tR = 16.69 min (Figure 3B,D)], 2-
hydroxy-4-methoxy-3,6-dimethyl benzaldehyde [tR = 22.67
min (Figure 3B,D)], 3,7,11-trimethyl-1-dodecanol [tR = 19.21
min (Figure 3B,D)], and 6,10-dimethyl-2-undecanone [tR =
17.24 min (Figure 3B,D)]. To quantify the production of each
compound, the peak areas were normalized to that of the 1,2,3-
TCB internal standard. The concentration of each compound
was then expressed as the mass of product normalized to the
initial mass of VEA (i.e., milligrams of product recovered per
milligram of initial VEA). A two-way analysis of variance
(ANOVA) with either a Tukey HSD or Šidaḱ posthoc analysis
was used to determine the statistical significance of treatments.
The masses of the representative thermal degradation products
formed at 356 °C are shown in Figure 3E.
Regardless of metal alloys, a significantly greater mass of

VEA was found in VEA emissions generated under N2 than
under clean air, indicating greater decomposition of VEA in the
presence of O2 than in inert atmospheres. For 1-pristene, the
addition of Ni−Cr or Cu−Ni alloy nanopowder in the inert
environment resulted in significantly greater mass compared to
the absence of metals, with Cu−Ni resulting in the greatest
mass across all environments. There was no statistical
difference between clean air environments. 3,7,11-Trimethyl-
1-dodecanol consistently showed a slightly larger (though not
statistically significant) masses in the inert atmosphere than in
the oxidizing atmosphere. Interestingly, for DQ, 2-hydroxy-4-
methoxy-3,6-dimethyl benzaldehyde, and 6,10-dimethyl-2-
undecanone, we observed significant differences in recovered
masses between the inert and oxidizing atmospheres in the

Figure 2. Total ion chromatograms (TICs) obtained from Pyr-GC/MS of VEA in (A) N2 and (B) clean air atmospheres.
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Figure 3. VEA product distribution under six different environmental conditions at 356 °C. Total ion chromatograms (TICs) were obtained from
VEA pyrolysis in (A) N2 environments in a nonpolar separation column, (B) N2 in a polar separation column, (C) clean air in a nonpolar
separation column, and (D) clean air in a polar separation column. (E) Masses of thermal degradation products, including VEA, 1-pristene,
duroquinone, 2-hydroxy-4-methoxy-3,6-dimethyl benzaldehyde, 3,7,11-trimethyl-1-dodecanol, and 6,10-dimethyl-2-undecanone, formed under N2
and clean air atmospheres at 356 °C. Results are expressed as means ± SEM (n = 3). An asterisk indicates p < 0.05. Two asterisks indicate p < 0.01.
Three asterisks indicate p < 0.001.
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oxidizing atmosphere and in the presence of Cu−Ni
nanopowder. Significantly greater DQ masses could be seen
in the inert environments in the presence of Cu−Ni

nanopowder, while 2-hydroxy-4-methoxy-3,6-dimethyl benzal-
dehyde and 6,10-dimethyl-2-undecanone demonstrated greater
masses in the presence of O2 and Cu−Ni.

Figure 4. VEA product distribution under six different environmental conditions at 176 °C. Total ion chromatograms (TICs) were obtained from
VEA pyrolysis in (A) N2 environments in a nonpolar separation column, (B) N2 in a polar separation column, (C) clean air in a nonpolar
separation column, and (D) clean air in a polar separation column. (E) Masses of thermal degradation products, including VEA, 1-pristene, DQ, 2-
hydroxy-4-methoxy-3,6-dimethyl benzaldehyde, 3,7,11-trimethyl-1-dodecanol, and 6,10-dimethyl-2-undecanone, formed under N2 and clean air
atmospheres at 176 °C. Results are expressed as means ± SEM (n = 3). One asterisk indicates p < 0.05. Two asterisks indicate p < 0.01.
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3.3.2. Low-Temperature Experiments at 176 °C. Mass
consumption at 176 °C showed a trend similar to that seen at
356 °C, with the addition of Cu−Ni nanopowder in either
atmosphere resulting in a slight increase in mass consumed
compared to the other environments (Figure S2B). The TIC
obtained from heating VEA under each condition at 176 °C
also shows a similar pattern, as while the addition of metal
nanopowders did not appear to substantially shift the product
distribution in an inert atmosphere (Figure 4A,B), the
presence of Cu−Ni nanopowder resulted in the greatest
number and abundance of peaks in an oxidizing atmosphere
(Figure 4C,D), indicating substantial degradation of VEA
similar to that seen in low-temperature vaping of VEA.7 The
appearance of the remaining VEA oil after heating to 176 °C,
on the contrary, did not visibly differ between any of the
environmental conditions (Figure S4).
However, there were notable differences in the normalized

masses of each compound, VEA [tR = 27.02 min (Figure
4A,C)], 1-pristene [tR = 19.90 min (Figure 4B,D)], DQ [tR =
16.52 min (Figure 4B,D)], 2-hydroxy-4-methoxy-3,6-dimethyl
benzaldehyde [tR = 22.67 min (Figure 4B,D)], 3,7,11-
trimethyl-1-dodecanol [tR = 19.20 min (Figure 4B,D)], and
6,10-dimethyl-2-undecanone [tR = 17.23 min (Figure 4B,D)],
at 176 °C compared to 356 °C shown in Figure 4E. Addition
of Ni−Cr in the inert atmosphere resulted in significantly
greater volatilization of VEA compared to that in the absence
of metals; addition of Cu−Ni, however, resulted in greater
mass of VEA in the oxidizing atmosphere than in the inert
atmosphere, likely indicating greater volatilization of VEA in
the presence of O2 and Cu−Ni, and Ni−Cr in the absence of
O2. Likewise, there was no significant difference in the masses
of 2-hydroxy-4-methoxy-3,6-dimethyl benzaldehyde, 3,7,11-
trimethyl-1-dodecanol, and 6,10-dimethyl-2-undecanone.
The absence of metals and the presence of Ni−Cr alloy

nanopowder in the inert atmosphere resulted in a significant
increase in the mass of 1-pristene recovered compared to that
in the presence of Cu−Ni; the presence of Cu−Ni in the inert
atmosphere resulted in the smallest recovered mass of 1-
pristene. There was no statistically significant difference in the
oxidizing atmosphere between any treatments. An increase in
the mass of 1-pristene in the presence of O2 and Cu−Ni,
compared to N2 and Cu−Ni, was observed, though the
increase was not significant. The masses of DQ recovered
showed a trend similar to that of 1-pristene; here, the greatest
mass was observed in the inert atmosphere in the absence of
metals, with the addition of Ni−Cr and Cu−Ni greatly
reducing the mass recovered. In the oxidizing atmosphere, the
addition of Ni−Cr or Cu−Ni to the oxidizing atmosphere
resulted in a nonsignificant increase in the mass of DQ when
compared to the absence of metals, and a slightly greater mass
when O2 and Cu−Ni were present compared to that with N2
and Cu−Ni.
3.3.3. Enhanced VEA Thermal Degradation in the

Presence of Oxygen and Metals. Overall, the environment
in which VEA was heated was observed to have a significant
effect on the mass of the chosen compounds. The presence of
Cu−Ni, especially in the oxidizing atmosphere, resulted in
greater mass consumption and a greater number and
abundance of thermal degradation products. Though VEA
has been demonstrated to be thermally stable through
pyrolysis pathways until higher temperatures are reached,37

heating in the presence of Cu−Ni and O2 resulted in
substantial degradation of VEA into highly oxygenated

products often observed in VEA vaping emissions. In contrast,
the addition of Ni−Cr in the oxidizing atmosphere appeared to
decrease the number and abundance of VEA degradation
products, which concurs with observations made by Saliba et
al.,18 who found fresh nichrome wire to be the least reactive of
e-cigarette coil types. These results may indicate the enhance-
ment of oxidation pathways by O2 in the atmosphere and
transition metals in the body of the e-cigarette device and
provide evidence for the importance of oxidation pathways and
metal catalysis in low-temperature vaping.
Enhanced thermal degradation of organic compounds in the

presence of metal catalysts has been documented in the
literature. Catalysts may improve degradation by reducing the
activation energy required for various thermal degradation
pathways, including oxidation pathways. The activation energy
required for pyrolysis of biosolids in wastewater treatment has
been found to be significantly reduced in the presence of
minerals or metal oxides acting as catalysts, reducing the
temperature required to observe mass loss and degrada-
tion.40,41 Moreover, upon investigation of the pyrolysis of
biomass for the formation of biofuels, studies have found that
the presence of transition metal catalysts allows for thermal
degradation of organic compounds at lower pyrolysis temper-
atures, accelerates pyrolysis, and influences the pyrolysis
product distribution.30,42,43 More specifically, Hubble et al.30

also demonstrated that Cu and Ni are more catalytically
efficient than other investigated metal oxides in the pyrolysis of
biomass for the formation of biofuels.30 The presence of Cu in
particular demonstrated the ability to catalyze devolatilization
of biomass at lower pyrolysis temperatures than commonly
reported. It is highly likely that these phenomena can occur in
various organic systems other than biosolids or biochar,
including the pyrolysis of e-liquids. In essence, these results
clearly indicate the potential role of oxidation by O2 and metal
catalysis as important factors to consider when attempting to
understand the pathways and required temperatures for e-
liquid thermal degradation.

3.4. Generation of OH Radicals. In addition to organic
oxidants and metal particles, several studies have indicated the
potential for vaping to generate various reactive oxygen species
(ROS), including superoxide (O2•−) and OH radicals.4,21,26,44

Recent studies by Son et al.45 and Zhao et al.25 have directly
measured the formation of OH radicals in vaping emissions;
these radicals may not only interact with biological systems to
induce oxidative damage but also induce further oxidation of e-
liquids and thermal degradation products, resulting in the
formation of highly oxygenated compounds with great
oxidative potential.46

A few potential sources of OH radicals in e-cigarette systems
have been suggested, including through the oxidation of
organic e-liquids by O2 and transition metal redox reactions
(such as the Fenton and Fenton-like reactions).38,45,47,48 To
investigate whether enhancement of VEA degradation in the
presence of O2 and Cu−Ni could be attributed to the
increased OH production, VEA was heated at 176 °C in N2
and clean air atmospheres in the presence and absence of Cu−
Ni alloy nanopowder, and OH radical formation was directly
measured using the TPT assay. In the absence of Cu−Ni alloy
nanopowder, the production of OH was significantly increased
when VEA was heated in an oxidizing atmosphere compared to
an inert atmosphere (Figure 5). When Cu−Ni was added, the
production of OH was significantly enhanced in an oxidizing
atmosphere, but the addition of Cu−Ni in the inert
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atmosphere resulted in no significant difference. These results
indicate that atmospheric O2 is a source of OH formation and
that at low temperatures, Cu−Ni may enhance OH formation
in the presence of O2 via catalytic reactions. These findings are
consistent with our GC/MS analysis, highlighting the
importance of O2 and oxidation reactions in VEA degradation,
as well as the role of metals in catalyzing the reactions.
Prior research has shown that transition metals, particularly

metals such as Fe and Cu, may catalyze the activation of O2 to
form OH radicals.49 This O2-dependent OH radical formation
pathway may explain why OH radicals are enhanced only in
the oxidizing atmosphere, not in the presence of Cu−Ni in the
inert atmosphere. However, the presence of OH radicals in the
inert atmosphere does suggest a secondary source of OH
radicals, potentially from heating of VEA alone, reaction of
degradation products in the aqueous media used to trap
radicals, or intrusion into the instrument from the lab
atmosphere.
Regardless, the presence and enhanced formation of OH

radicals are noteworthy as a recent study by Li et al.38

suggested that many degradation products of VEA may result
from OH radical- and O2-mediated reactions. Radicals such as
OH may initiate bond homolysis, dehydration, or H-
abstraction on the side chain of VEA, followed by RO2
radical-mediated chemistry to form highly oxygenated
products observed in vaping emissions.38,50 Such degradation
pathways may occur simultaneously through pyrolysis-induced
degradation, producing unique compounds that cannot be
explained through pyrolysis alone. In our results, the enhanced
formation of OH radicals in an oxidizing environment and the
increased number of degradation products observed in the
presence of O2 and Cu−Ni provide further evidence of
oxidative pathways as a dominant factor in VEA degradation,
particularly at low temperatures. Furthermore, the catalytic
effect of metals from heating coils in the presence of O2 at low
temperatures may explain the abundance of low-temperature
thermal degradation products in vaping scenarios that are not
explained through pyrolysis alone.7

3.5. Potential Limitations. While this study improves our
understanding of the catalytic effect of metals when vaping,
some limitations must be noted when these results are applied
to real-world vaping scenarios. First, this study investigates the
influence of three metals commonly found in high abundance
in the body of e-cigarette coils and cartridges.12 It should be

noted that real-life devices may contain a mixture of various
metal alloys and several metals not investigated here, such as
Mn, Zn, Sn, etc.12,13 Large amounts of other redox-active
transition metals, such as Fe, may further alter the chemical
composition of resulting e-cigarette emissions through
alternative metal−organic interactions or enhanced production
of OH radicals. While this study chose to investigate metals
that were representative of common e-cigarette devices, more
studies are needed to fully characterize the influence of various
metals on the chemical composition of e-cigarette emissions.
Additionally, the limitations of the cold trap method have been
previously described.4,7 This method was optimized for the
detection of compounds with boiling points at or above the
temperature of dry ice without the use of additional
derivatization techniques. As a result, while this method is
effective for capturing compounds such as VEA and DQ,
highly volatile and reactive compounds like ketene and various
carbonyls may be produced from VEA degradation but are not
detectable. Nonetheless, we do not expect that the inability to
detect certain reactive or highly volatile compounds will have a
significant impact on the interpretation of our findings.

4. CONCLUSION AND IMPLICATIONS
This study examines the effects of O2 and two metal alloy
nanopowders on the chemical composition of e-cigarette
emissions. Our results show significant degradation of VEA at
high and low temperatures in the presence of O2 and Cu−Ni
alloy nanopowder. Moreover, VEA heated in clean air resulted
in significantly greater OH production than in inert
atmospheres, with Cu−Ni metal alloy enhancing OH
production only in the presence of O2. Ultimately, these
results highlight the importance of oxidation pathways in the
low-temperature degradation of e-liquids catalyzed by metals.
The production of many oxygenated VEA and other e-liquid
vaping products likely cannot be explained by the pyrolysis of
VEA alone; rather, it is likely that multiple, simultaneous
pathways degrade the parent oils. As such, the role of O2 and
oxidation pathways must be considered when predicting e-
liquid thermal degradation.
Furthermore, the observed presence of OH radicals in VEA

emissions not only provides evidence of the role of oxidation in
the low-temperature degradation of VEA but also has
important implications for the health of vape users. First, as
evidenced here, the promotion of OH radical formation likely
promotes oxidation and the formation of oxygenated
degradation products. Exposure to such products through
vaping may result in oxidative damage to biomolecules;51−54

consideration of OH radical-mediated pathways may assist in
predictive models attempting to characterize potential
degradation products that may cause harm to users. Second,
inhalation of OH radicals alone may pose a serious risk of
oxidative damage. OH radicals are considered one of the most
strongly oxidizing ROS species.55,56 These radicals have
immense potential to interact with biomolecules such as
proteins and lipids in lung lining fluid56−58 and have been
found to induce DNA strand breaks and the formation of
oxidative DNA adducts.59,60 To fully understand the risk of
oxidative damage associated with vaping, it is clearly critical to
consider the formation of OH radical species and OH-
mediated reactions.
Overall, the findings of this study provide insight into the

potential role of O2 and metals in not only e-liquid degradation
but also various other systems investigating the inhalation risk

Figure 5. 2-OHTA generated by VEA heated in inert (N2) and
oxidizing (clean air) atmospheres in the absence and presence of Cu−
Ni alloy nanopowder. Results are expressed as means ± SEM (n = 3).
One asterisk indicates p < 0.05. Three asterisks indicate p < 0.001.
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of organic compounds heated in the presence of O2 or metals.
These results emphasize that the consideration of many factors
is crucial for future exposure and risk assessment. Future
studies should focus on the impact of these oxidation pathways
and how they interact with other varying parameters (such as
puffing topography, temperature, and design of e-cigarette
devices) to influence the chemical composition of vaping
emissions.
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