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Evaluation of Vitamin E Acetate Volatile Degradation Products;  
a possible Connection to the EVALI Epidemic

Gyorgy Vas

ABSTRACT
The current national outbreak of electronic-cigarette, or vaping, product use–associated lung injury (EVALI) have been 
reported and started to be investigated by CDC, so far without a conclusive outcome of the root cause. The root of the 
problem may be associated with multiple factors, including thermal degradation of Vitamin E acetate (VEA), which could 
produce degradation products with potential risk to human health. 
This study is focused on generating and identifying the volatile thermal degradation products of VEA using GC-High-Res-
olution-MS (GC-HRAMS) system. The degradation was studied in a range of 50-280°C, which is aligned to the highest 
temperature settings of some of the marketed products. More than 40 volatile degradation products were found and a 
majority of them were identified. The study demonstrates that below a certain temperature the formation of degradation 
products is negligible therefore the associated health risk may be low.
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1.0. Introduction
“Vaping” (i.e., heating) is the practice of inhaling an aerosol 
created by heating a liquid or wax containing substances, 
such as nicotine, cannabinoids (tetrahydrocannabinol; Δ9-
THC), or cannabidiol. The “active” ingredients are formulat-
ed with different excipients, additives, and flavorings such as 
propylene glycol, glycerol, Vitamin E acetate. There are many 
available devices to generate an aerosol, including electronic 
cigarettes, e-cigarettes, vape pens, or vape mods. 
Vitamin E acetate is an oily chemical commonly added to 
THC vaping liquids to dilute or thicken them. The substance 
has been acknowledged as a potential toxin of concern by 
the Centers for Disease Control and Prevention (CDC) due 
to its ability to remain in the lungs for long periods of time and 
therefore cause complications in the lungs [1]. The identifi-
cation of VEA as a harmful chemical in vaping liquid allows 
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physicians to implement more concentrated care when treat-
ing vape-related illnesses and allows for the general public 
to gain a better understanding of the harmful substances in 
vaping products. Through recent research, a combined an-
alytical, theoretical, and experimental study has shown that 
the vaping of VEA has the potential to produce toxic ketene 
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gas, which may be a contributing factor to the upsurge in lung 
injuries associated with vaping products [2].
Vitamin E acetate (VEA) is a chemical variant of Vitamin E 
(acid esters of tocopherol naturally occur in lower abundance 
than vitamin E [3]) and is often used in topical products such 
as skin creams or medications. Vitamin E acetate is a fat-sol-
uble liquid when kept at room temperature and therefore, has 
been used as a thickening agent for some THC vape car-
tridge manufacturers [4], and in THC vape cartridges have 
been linked to vaping-related lung disease, also referred to 
as EVALI [5].
While VEA typically does not cause harm when ingested, re-
search suggests that when it is inhaled, it may interfere with 
normal lung functioning, as when vaporized could form toxic 
species [1,2,5]. Electronic cigarettes were first developed in 
China in the early 2000s and introduced to the US market 
in 2006 [6,7]. In the US, the product experienced explosive 
growth, with the number of electronic cigarette users dou-
bling every year between 2008 and 2012. Since the intro-
duction of e-cigarette, global use has grown almost expo-
nentially. For instance, in the UK, the number of users has 
increased from 700,000 in 2012 to 3.6 million in 2019 and 
showed a slight decrease to 3.2 million in 2020 (Action on 
Smoking and Health 2020 report [8]). The general perception 
about e-cigarettes is that they represent a safer and healthi-
er approach to smoke-based products, therefore e-cigarette 
has become a rising trend, particularly among youth. Some 
market estimates suggested that global sales have reached 
US $3.5 billion in 2015, which was a 170-fold increase com-
pared to 2008. e-cigarettes were preliminarily used as an 
alternative for smoking. Today, however, e-cigarettes are 
gaining popularity and becoming widely used in students and 
non-smokers. 
There is the claim that e-cigarettes can help people to quit 
smoking. Yet, many vapers also smoke traditional cigarettes, 
leading to the concern that such dual-use is delaying or de-
terring smoking cessation. According to World Health Orga-
nization, there is no sufficient evidence to prove that e-cig-
arettes help smokers quit the habit and its safety remains 
unknown. Thus, e-cigarettes have not yet been recognized 
as a legitimate tool for smoking cessation [9].  
Several research studies (both in EU and US) have identified 
toxic chemicals and carcinogenic substances in e-cigarettes, 
such as nicotine, various additives, heavy metals, propylene 
glycol, glycerin, formaldehyde, and acetaldehyde [10,11].  
Most of these substances have been shown to cause various 
health problems, such as nausea, bradycardia, respiratory 

depression, and lung diseases. Other unknown ingredients 
and substances released during the vaping process may 
also cause negative effects on the health of users and oth-
er people. Unintended exposure of e-liquid to children could 
cause vomiting, coughing, choking, and death [9]. Electron-
ic cigarettes (e-cigarettes), unlike conventional cigarettes, 
do not burn tobacco to deliver the active (nicotine or THC) 
[12] and the flavor(s) (menthol is FDA approved flavor for 
conventional smoke-tobacco, however in April of 2021 FDA 
announced to ban the menthol flavoring [13], while no such 
flavor officially approved for e-products). In the past decade, 
a number of alternative vaping products have rapidly gained 
consumer demand, especially in adolescents due to the be-
lief that they are much safer (lower nicotine content) than 
traditional cigarettes [14] and the increased choice offered 
by advertisements of different flavors and ease of access to 
electronic nicotine delivery systems (such as e-cigarettes 
and vape pens) [15,16]. Except for menthol, the use of flavor 
additives has been banned from traditional cigarettes, where-
as e-cigarettes are marketed in over 7,000 different flavors 
[17]. Many of those flavors are found in candy and popular 
soft drinks and, because adolescents are familiar with such 
flavors, e-cigarettes are appealing to them. While tradition-
al cigarettes are smoked through combustion, e-cigarettes 
are “vaped,” and the resultant aerosols potentially contain 
a reduced number of potentially toxic chemicals [14], such 
as nicotine and flavorings like diacetyl and cinnamaldehyde 
[18], as well as byproducts like formaldehyde and acrolein 
caused by the potential overheating of propylene glycol, and 
glycerin. While there are decades of characterization studies 
and numerous standardized analytical procedures for con-
ventional cigarettes, relatively little published analytical data 
exists for commercial e-cigarette products. Furthermore, no 
standardized test methods or reference products exist for 
e-cigarettes [19,20].
The generally accepted early concept (which is being “fine-
tuned” those days [16]), those electronic cigarettes are con-
sidered to provide a safe alternative and reduce chemical 
exposure to conventional cigarettes because they deliver fla-
vors and nicotine through a heat mediated vaporization rath-
er than by burning the constituents, however, the vaporiza-
tion process generates different chemicals [10,21]. Limited 
data is available for the volume of exposure and the overall 
safety of those chemicals, as they are directly inhaled after 
the vaporization [22]. There is also little known about how the 
evaporated glycerin or glycol impacts the absorption of the 
chemicals delivered through the vaping process.
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Although vaping has become an integral part of the adoles-
cent culture in recent years, the medical effects of vaping 
have only recently been brought to light. Many adolescents 
have experienced lung illnesses related to vaping and there 
have been a number of people that have died due to compli-
cations from vaping-related illnesses [5].
The possible causes for these complications are still widely 
debated, as many believe these illnesses could be caused by 
a multitude of ingredients found in vape. In a case study of 
hard-metal pneumoconiosis published in the European Re-
spiratory Journal, researchers tested the patient’s cannabis- 
based e-cigarette and found cobalt in the released vapor as 
well as other toxic metals such as nickel, aluminum, manga-
nese, lead, and chromium [23]. Metal-induced toxicity in the 
lung can result in long-term if not, permanent damage.  The 
ingredients of vape that are suspected of contributing to the 
development of vaping-related illnesses are THC, VEA, and 
some of the flavoring ingredients [2,18].
Vaping product use associated lung injury (EVALI, also called 
vaping associated pulmonary injury [VAPI]) is an acute or 
subacute respiratory illness with damage to the alveoli that 
can be severe and life-threatening [24,25]. There are many 
available devices to generate this aerosol, including bat-
tery-operated electronic cigarettes, e-cigarettes, vape pens, 
or vape mods [26]. While the specific cause of vaping-related 
illnesses has been widely debated among the general public 
and physicians, new research points to vitamin E acetate as a 
potential culprit in the vape-related lung illness outbreak [17]. 
While it is still widely debated which particular component of 
vape liquid is the cause of illness, vitamin E acetate, specifi-
cally, has been identified as a potential culprit in vape-related 
illnesses [17,27]. 
A recently published paper in the Proceedings of the National 
Academy of Sciences of the United States of America by Wu 
and O’Shea confirms the possibility of the formation of toxic 
ketene moieties from Vitamin E acetate during the high-tem-
perature evaporation process [2] and those ketene species 
are being reported as causing sensitization or even death 
in animal studies when it was inhaled [28]. As the ketene 
species show very high reactivity, they can modify the struc-
ture of proteins and it is assumed they have similar action 
of mechanism as that for phosgene. However, it is an ana-
lytically challenging task to confirm the presence of highly 
reactive ketene species in forced degradation experiments 
as they react quickly [21]. Another report for the potential tox-
icity of VEA was published by FDA researchers in connection 
with forming hydrogen bonding between VEA and Δ9-THC. 

This comprehensive paper mainly focuses on the detection 
and confirmation of VEA and THC chemical complexes, us-
ing various analytical techniques, including FT-IR, NMR, and 
DART-HRMS [5]. 
It is a well-known fact from chemistry textbooks that at higher 
temperatures the speed of the chemical reaction is enhanced 
[29], therefore it is expected to see a higher level of degra-
dation products at a higher temperature. The “vaping tem-
perature” for electronic delivery devices is controlled through 
a heating coil but there is no “standardized” temperature 
being established across the e-cigarette industry [11]. It is 
clear that the vaping temperature is below the combustion 
temperature and it is in a temperature region of evaporation/
pyrolysis depending on the performance of the vaporizer ele-
ment [30]. Different marketed products are generating “vape” 
at different temperatures, and thus devices can be differen-
tiated based on the “vaping” temperature (low, medium, or 
high-temperature devices) [31,32].
The purpose of this study is to find and confirm Vitamin E 
acetate-related volatile thermal degradation products and at-
tempt to propose structures for the different volatile species. 
The study has no intention or claims to address the toxicity 
of the identified species, however, based on our findings it 
could support further evaluation by an expert toxicologist to 
address the potential impact on human health.

2.0. Experimental
2.1. Chemicals and Standards
Tocopheryl acetate is commonly known as Vitamin E ace-
tate ([(2R)-2,5,7,8-Tetramethyl-2-[(4R,8R)-4,8,12-trimethyl-
tridecyl]chroman-6-yl] acetate, CAS 58-95-7), and IS/RS of 
2-flourobiphenyl (2-FBP) among with the dichloro-methane 
was purchased from Sigma Aldrich (St. Louis MO. USA).

2.2. Sample Preparation Methods
2.2.1. Preparation of Standard Solutions
Stock solutions of VEA and the IS/RS analyte were prepared 
in DCM as an individual solution at a concentration of 5 mg/
mL level. Liquid samples of VEA standard were transferred 
to an ultraclean glass vial, using a calibrated positive dis-
placement automatic pipette, and weighted in an analytical 
microbalance. The microbalance was calibrated according 
to USP <41> [33], and the minimum weight was determined 
as 10 mg, the calibration checked on a daily basis. Working 
standard solutions of the IS/RS were prepared by dilution of 
the stock to 10 µg/mL (parts per million) concentration. The 
serial dilution of the stock was performed by transferring the 
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liquids with calibrated automatic pipettors. The stock solution 
of the Vitamin E acetate was used as is and the IS/RS work-
ing standard was used for spiking the thermal degradation 
samples.

2.2.2. Preparation of Samples for Thermal Degradation 
Experiments
Samples for thermal degradation were prepared in a 20 mL 
ultra-high purity screw cap HS vial. One hundred microgram  
(0.1 mg) of VEA was placed into the HS vial by transferring 
one 20 microliter portion and the vial was kept open for 4 
hours until the DCM was completely evaporated. After the 
solvent was completely evaporated (no presence of DCM in 
the head-space), the vials were spiked with 100 ng of IS/RS 
using 10 microliters of the working standard solution. After 
the IS/RS spike, the vials were flushed for 20 seconds with 
high purity nitrogen to prevent un-necessary oxidation and 
closed with a PTFE-faced silicone septum. Each and every 
vial prepared in that manner contains 100 µg of VEA and 100 
ng of IS/RS.

2.2.3. Preparation of Samples for Thermal Degradation 
Experiments
Sample vials with the IS/RS and the VEA were placed in an 
aluminum block heater and placed into a GC oven. One set 
of vials were kept at room temperature were used as a con-
trol sample to evaluate the baseline levels of the volatiles. 
The GC oven was programmed from 50-280°C with 10°C 
steps and the temperature was kept for 10 minutes at each 
step. Samples were replaced after the end of each tempera-
ture step. Two samples were prepared at each temperature 
step. After the samples were removed from the GC oven they 
were cooled down and placed in the HS autosampler rack of 
the GC-HRAMS system.

2.2.4. SPME Extraction of the Thermal Degradation Sam-
ples
The thermal degradation samples were extracted with HS-
SPME. Samples were incubated at 85°C for 10 minutes and 
extracted with a 100 µm PDMS extraction fiber. The extract-
ed analytes were thermally desorbed from the PDMS fiber in 
a hot PTV injector at 260°C using splitless injection mode. 
(Note that SPME injection is not influenced by solvent evapo-
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Table 1. Estimated level of VEA volatile thermal degradation products. Table presenting chemical species with “phenyl-ace-
tate” substructure. Elemental composition was calculated and assigned based on high resolution accurate mass data.

Analyte Elemental 
Composition

Observed 
Mass (m/z)

Mass Error 
(ppm) 170°C 190°C 220°C Max. 

280°C

1 C9H10O2 150.0675 0.2 0 0 136 1060

Phenyl-acetate (2) C8H8O2 136.0519 0.1 0 0 1 205

3 C11H14O3 194.0935 1.3 21 41 127 4200

4 C12H14O4 222.0884 0.7 0 125 7074 31288

5 C11H12O3 192.0779 1.0 0 0 106 2541

6 C15H18O3 246.1249 0.6 55 90 324 1464

7 C18H24O3 288.1722 0.7 0 9 73 1070

8 C17H22O4 290.1514 0.5 0 0 3 874

9 C16H18O5 290.1151 0.8 0 0 13 719

10 C18H20O3 284.1409 0.7 0 12 199 1112

11 C18H22O4 302.1513 0.1 0 0 23 1040

12 C18H24O4 304.1670 0.3 0 0 51 822

13 C21H30O3 330.2189 0.1 0 0 2 769

14 C20H28O4 332.1982 0.1 0 0 1 675

Average for Mass Error 
(ppm)

0.5

Sum (µg/day exposure) 76 277 8133 47839
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ration vs. injecting liquid to the system [34,35]). 

2.2.5. GC-MS method
Thermo Scientific GC-Orbitrap® High Resolution Accurate 
Mass System (referenced as GC-Orbi) was used for the test-
ing [36,37]. It is equipped with a PTV injection system [38], 
which was used in hot constant temperature splitless mode 
at 260°C with a 3 minute splitless time. For the chromato-
graphic separation, a Restek Rxi 5 MS 30 m x 0.25 mm with 
0.25 µm film thickness (β=250) with He carrier (Ultra High 
Purity, less than 1 ppm total impurities) at 1.2 mL/min con-
stant flow was used. The temperature program was starting 
at 50°C (1-minute hold) to 300°C at 20°C/min (10-minute 
hold). Electron ionization at 70 eV energy with 50 µA current 
with an ExtractaBrite™ ion source operated at 275°C. The 
high-resolution system was calibrated on a daily basis and 
the mass error for the calibration peaks was below 0.5 ppm. 
The overall mass error for the observed degradation species 
is presented in Tables 1 and Table 2. 

3.0. Results and Discussion
The degradation samples were evaluated based on high 
-resolution accurate mass-based scan data, which means 
multiple high-resolution scans (8 full scans per second) were 
collected across each chromatographic peak to support the 
identification of the formed degradation species. This form 
of data acquisition allows the user to perform multiple levels 
of data processing once the data is acquired. The 1st round 
of the evaluation (presented in this paper) was based on a 
TTC (threshold of toxicological concern) level of 540 µg/day 
exposure level (Cramer class II) [39,40]. The rationale was 
chosen based on the fact that vitamin E acetate is gener-
ally approved as safe (GRAS) for oral route of administra-
tion [41] and can be used safely as a food supplement and 
as well for cosmetics [42]. Understanding that for inhalation 
route of exposure the toxicity may be different it needs to 
be further evaluated and addressed. (The toxicological risk 
assessment is outside the scope of this paper.) The calcu-
lation of the exposure levels was based on the assumption 
that approximately 4 mL of the e-liquid consumed daily [43] 
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Table 2. Estimated level of VEA volatile thermal degradation products. Table presenting chemical species without “phenyl-ac-
etate” substructure. Elemental composition was calculated and assigned based on high resolution accurate mass data.

Analyte Elemental 
Composition

Observed 
Mass (m/z)

Mass Error 
(ppm) 170°C 190°C 220°C Max. 

280°C

15 C10H10O2 162.0675 0.2 0 0 122 4499

16 C13H26 182.2027 1.1 0 48 2479 25310

17 C9H12O2 152.0831 0.5 0 4 56 3535

18 C13H14O3 218.0935 1.1 0 16 264 15538

19 C10H14O2 166.0987 0.8 138 236 686 3682

20 C9H10O3 166.0623 0.9 0 0 146 1902

21 C13H14O3 218.0935 1.1 0 0 87 5611

22 C19H36 264.2812 0.2 0 0 356 2091

23 C13H12O2 200.0830 0.9 0 0 0 2533

24 C18H34O2 282.2551 0.8 0 0 207 3137

25 C19H36O 280.2759 0.6 0 1 151 1656

26 C11H12O3 192.0779 1.0 0 0 106 2216

27 C13H16O2 204.1144 0.4 1 98 2832 4080

28 C12H12O3 204.0781 0.1 0 11 178 989

29 C7H12O2 128.0832 0.1 0 4 221 9782

Average for Mass Error 
(ppm)

0.7

Sum (µg/day exposure) 139 418 7891 86561

Evaluation of Vitamin E Acetate Volatile Degradation Products by GC-MS



and an estimate of 50% VEA was used as a diluent, resulting 
in a 2 mL exposure to the lung tissue. This calculation may 
represent a conservative over-exposure approach. 
The level of detected chromatographic peaks was evaluat-
ed based on the response of the spiked IS/RS peaks that 
are above the 540 µg/day exposure level identified based on 
their mass spectra. Identification was supported by NIST EI 
spectral database, the elemental composition of the molec-
ular ion, and the different fragment ions [2,44,45]. Structure 
assignments were attempted based on the collected high- 
resolution mass spectral data and fragmentation was sup-
ported by the elemental composition of the fragments and 
the molecular ion(s).
The TIC chromatogram of a non-degraded sample versus 
the sample exposed to 280°C temperature is presented in 
Figure 1. While the sample which was not exposed to ele-
vated temperature conditions (used as a control) shows a 
low level of volatile degradation products (in a magnitude of 
less than 10% of the IS peak intensity), the high temperature 
exposed sample shows a significant a level of volatile degra-
dation species. More than 25 different chemical species were 
observed above the level of 540 µg/day exposure level. Ad-
ditionally, more than 100 volatile degradation species were 
observed. However, since they were below that particular 
limit, they were not identified. If a more conservative 0.15 µg/

day evaluation limit would have been used (if the study were 
executed to follow special safety concern limit used in the 
pharma industry for inhalation-based pharmaceuticals) the 
identification process would require years of research. The 
full identification of the low-level analytes was not the main 
purpose of the study as it can be done at a later time since 
the data were acquired in scan data acquisition mode. There-
fore data can be re-processed and re-evaluated at a later 
stage of this research.
It was observed that there are multiple high-intensity peaks 
on the chromatogram associated with the 280°C temperature 
experiment, as this highest study temperature the degrada-
tion of the VEA slightly above 7% calculated based on the 
sum of the degradant peaks, which is a considerable level 
of thermal degradation. The forced degradation guideline of 
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Figure 1. TIC chromatogram of a control sample, (top trace) 
and a thermally degraded sample (bottom trace 280°C ex-
posure). The peak at 7.50 minute is the spiked IS/RS @ 100 
ng/vial level.

Vas G.

Figure 2. (A) Thermal exposure effect on the level of the vol-
atile degradation products. The sum of the volatile degrada-
tion products expressed as % of the vitamin E acetate. level; 
(B) Thermal exposure effect on the level of the volatile deg-
radation products. The sum of the volatile degradation products 
expressed mg/day exposure level.

A

B
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ICH Q1B, recommends conditions which, generate degra-
dation species in a range of 5-20%, and the 7% observed 
degradation is within that range. The plot in Figure 2a shows 
that the formation of the volatile degradation products be-
low 200°C is negligible and the formation of the degradation 
products above 260°C shows almost exponential growth. 
The sum of the degradation peaks reaches 0.1% level at 200 
°C, and both the numbers of the degradation products and 
the amount in the head-space is starting to elevate above 
that temperature see the data presented in Table 1 and Ta-
ble 2. Based on the level of the degradation product a daily 
exposure level can be estimated using the assumptions ex-
plained above. The overall daily exposure presented in Fig-
ure 2b and at the highest temperature can be as high as 140 
mg/day. 
The vaporizers available on the market use different tem-
perature settings for vaporization: as 180°C is the region of 
the low-temperature vaporization, 180-200°C range is the 
medium-temperature, while the 200-250°C region is the high 
-temperature vaporization in general terms [30,31,32]. The 
lower temperature obviously associated with a lower rate of 
vaporization and potentially lower level thermal degradation 
products, and some of the flavors may not release at the 
lower temperature. It is important to note that the low tem-
perature range is below the boiling point of the nicotine while 
it is above the boiling point of Δ9-THC. It does not neces-
sarily mean that during the “vaping” process the chemicals 
were not exposed to a higher temperature [11] as there is 
no guarantee the heating element has a homogenous heat 
zone without any hotspots, or different models of vaping de-
vices can be used higher temperature settings. Therefore it 
is highly possible that in an actual e-device, the degradation 
products could reach an even higher level, and/or different 
degradation products can be formed.
There is limited availability for the chemical assessment of 
VEA volatile thermal degradation products and the data sets 
are not directly comparable since the thermal procedure 
was different for the two studies [18,46]. Also, the sampling 
technique and the analytical instrumentations were differ-
ent and therefore the reported degradation products do not 
show complete overlap between the published studies. In the 
application note [46], static headspace was used with a unit 
resolution mass spectral detection and the majority of the re-
ported analytes were low molecular weight (below m/z=200). 
The identification was limited to spectral libraries based on 
unit resolution data. In the referenced research paper [2], the 
focus of the study was to look for potential ketene precursor 
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species and the authors used LC-MS with HRAM detection 
as well as GC-MS with unit and with high resolution. This pa-
per presented evidence that the high temperature (pyrolysis 
temperature) degradation products of VEA and the vitamin 
E acetate itself may produce ketene as a pyrolysis by-prod-
uct. The fragmentation pattern that was proposed for vitamin 
E acetate either follows the route of direct elimination of a 
ketene, producing duroquinone and short-chain alkenes as 
main degradation products, or goes through the formation of 
duroquinone acetate and a hydrocarbon chain (C19H38). Ad-
ditionally, the duroquinone-acetate forms duroquinone and a 
ketene [2]. Based on the proposed fragmentation patterns, 
both patterns end up in a ketene elimination, which may have  
been associated with the negative health effects experienced 
in e-device users. The volatile degradation products identi-
fied in our experimental conditions show some similarity to 
the data published in PNAS [2], as 14 different species were 
tentatively identified to show a phenyl-acetate sub-structure, 
while the other 15 species are not carrying that function. It 
is important to note that all of the structural assignments are 
tentative and were based on the spectral fragmentation and 
the elemental composition of the observed molecular ion(s). 
It is important to state that mass spectrometry is a high-per-
forming, multi-use analytical tool and it has limited structure 
elucidation capability. Unfortunately, it is not an absolute 
structure confirming technique and thus the term “tentative” 
is used for identifications. For confirming the proposed struc-
tures, NMR should be used which would be very difficult in 
connection with a GC-based separation [47].
In our study, the thermal degradation conditions did not reach 
the pyrolysis temperature, therefore it was expected to see 
different degradation products [18], however, our expectation 
was to identify species that were formed both at the pyrolysis 
and the lower temperature exposure [18]. As the data collec-
tion was completed, one of the 1st actions was to look for the 
specific molecular markers of m/z=164.0831 for duroquinone 
and m/z=206.0937 for duroquinone-acetate, as they were re-
ported as significant ketene produced degradation products. 
There is a single major peak and a few small peaks in the 
chromatogram for the extracted ion of m/z=164.0831 at 10.7 
minutes retention time (Figure 3b). However, no peak was 
present for the trace of m/z=206.0937. The spectra associat-
ed with the peak at 10.7 minutes showed a base peak ion for 
164.0831 but this was not the molecular ion. The molecular 
ion was at m/z=192.0779, which is associated with the ele-
mental composition of C11H12O3 (a carbonyl C=O addition to 
the duroquinone) (Figure 3b). The extraction ion trace of m/
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z=192.0779 (Figure 3a) shows two intense peaks with sig-
nificantly different EI spectra associated with the two peaks. 
The earlier eluting peak only shows a low-intensity peak of 
the duroquinone moiety but shows a significant loss of a 
methyl group from the molecule. 
The experimental conditions being used in this study lead 
to a major volatile degradation product with an elemen-
tal composition of C12H14O4 with an associated mass of m/
z=222.0884 with a spectral base peak of m/z=180.0777. The 
second most intense chromatographic peak was associated 
to a C13H26 hydrocarbon, which could be formed by a chain 
scission of the alkyl chain part of the VEA. The major degra-
dation peak eluted with an asymmetrical peak shape, indi-
cating a polar nature of the analyte as the peak has a slight 
fronting. The base peak of the EI spectra is associated with 
a C2H2O loss from the molecular ion indicating a presence 
of acetyl group. The base peak also shows further C=O loss 
from the molecule indicating the presence of an additional 
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carbonyl group. Chromatographic and spectral data are pre-
sented in Figure 4. The extracted ion chromatogram shows 
almost perfect alignment for the molecular ion and the base 
peak ion, and the peak alignment combining with the spectral 
interpretation, providing strong evidence that they are associ-
ated with the same chemical entity, however, the possibility of 
a peak co-elution is still present, with a low probability.
Based on the elemental composition and the fragmentation 
patterns an attempt was made to assign a tentative struc-
ture for all of the observed chromatographic peaks above the 
540 µg/day exposure level. The structure assignment was 
necessary to have a preliminary toxicological screen for the 
degradation products using the Cramer classification system 
[48-51]. At this stage of the research, the Cramer system 
was only used to group the thermal degradation products, 
the toxicity of the individual chemical species has not been 
evaluated. Since the Cramer classification system is based 
on the oral route of administration, therefore it may not be rel-
evant for assigning inhalation-based toxicity. The tentatively 
assigned structures are presented in Figures 5, structures 
1-14 showing the species with phenylacetate function, and 
Figure 5, structures 15-29 showing degradation species 
without the phenyl-acetate function. The author has no in-
tention to estimate or evaluate the toxicity of the individual 
degradation products. 

Vas G.

Figure 3. Extracted ion chromatogram of m/z=164.0831 (up-
per trace), and m/z=192.0779 (lower trace), with a 5 ppm 
wide mass extraction window. The peak at 10.70 minute is 
related to duroquinone structure. The associated high resolu-
tion EI spectra for the peak at 10.55 minutes on the top, and 
the 10.70 minute is on the bottom.

Figure 4. Extracted ion chromatogram of m/z=222.0884 (up-
per trace), and m/z=180.0777 (lower trace), with a 5 ppm 
wide mass extraction window. The peak is the most abundant 
degradation peak. The associated high resolution EI spectra 
for the peak at 10.55 minutes on the bottom of the Figure.
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Figure 5. Tentatively assigned structures (based on spectral data), associated with thermal degradation of VEA, with phe-
nyl-acetate sub-structure (molecular structures 1-14) and tentatively assigned structures (based on spectral data), associated 
with thermal degradation of VEA, without a presence of phenyl-acetate sub-structure (molecular structures 15-29). The peak 
assignment was based on the elemental composition and the EI fragmentation. The corresponding levels are presented in 
Table 1 and Table 2.
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Based on the tentatively assigned structures the following 
degradation products were classified as: 
•	 Cramer class I: 1, 2, 4, 15, 16, 17, 19, 20, 22, 24 	

		       (10 out of 29).
•	 Cramer class II: 3, 5, 25, 26 (4 out of 29).
•	 Cramer class III: 6, 7, 8, 9, 10, 11, 12, 13, 14, 18, 	

		         21, 23, 27, 28, 29 (15 out of 29).

Upon observation, the majority of the degradation products 
(51.7%) were classified as Cramer class III and it would be 
wise to further evaluate the potential toxicity of those degra-
dation species. 
The levels of the thermal degeneration products were also 
estimated and presented in Tables 1 and Table 2.
Based on the tentatively assigned chemical structures, the 
logP of the analytes can be calculated [52]. Based on the 
logP value for the individual degradation product, the solu-
bility in the alveolar lining fluid can be estimated. Lower logP 
values will indicate better solubility, therefore, better absorp-
tion by the respiratory tract [53]. The logP of VEA itself is rel-
atively high (logP=12.26), indicating very low absorption by 
the polar environment of a healthy alveolus. However, during 
the thermal degradation process, polar species are formed 
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either by creation of a double bond on the hydrocarbon chain 
(structure No. 16 and 22) or oxidation which will reduce the 
logP value. For example, the log P of structure No. 16-hy-
drocarbon with a double bond has a logP=6.5, structure No. 
15 has a logP=1.35, structure No. 4 has logP=2.28. The re-
duced logP values may predict that the more polar degrada-
tion products have better absorption into the alveolar lining 
fluid and therefore have a higher chemical impact than the 
VEA itself.
The data in the tables show that only 4 degradation products 
(component No. 3, 6, 19, and 27) were detected at 170°C 
temperature, and the overall estimated exposure level is es-
timated at 215 µg/day. Even at 190°C, the total exposure is 
below 540 µg/day. At the highest temperature, the exposure 
level is above 134 mg/day. Although component No. 4 shows 
the highest level as individual degradation products, the sum 
of the degradation products associated with a phenyl-ace-
tate function is approximately half of the degradation prod-
ucts without the phenyl-acetate group. It is also appears that 
the degradation group with phenyl-acetate function shows a 
higher number of Cramer class III products compared to the 
other group.

Vas G.

Figure 6. Extracted ion chromatogram of m/z=166 (unit wide mass extraction window) on the left, and m/z=166.0623 (C9H10O3) 
on the top right panel, and m/z=166.0987 (C10H14O2) on the bottom right panel with a 5 ppm wide mass extraction window. The 
HRAM based narrow extraction window clearly separates degradation species with different elemental composition.
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3.1. Benefit of using High Resolution Accurate Mass De-
tection
High-Resolution Accurate Mass (HRAM) based detection 
hyphenated with gas-chromatography has been used for 
decades in the analytical laboratories, However, in the past 
were only sector-type instruments available. Those instru-
ments were required significant laboratory space and signif-
icant capital investment compared to the benchtop systems. 
Therefore, they were not a very popular choice for the labo-
ratories. The landscape has been changed when a benchtop 
Q-Tof or Orbitrap-based instrumentations were commercially 
introduced in the early 2000’s. The major advantage of an 
HRAM based detection is the accurate mass-based elemen-
tal composition of the spectral peak and the reduced level of 
background (spectral) noise. 
The data in Tables 1 and Table 2 shows multiple degra-
dation species with the same nominal mass (m/z=192 for 5 
and 26; m/z=290 for 8 and 9; m/z=166 for 19 and 20, and 
m/z=204 for 27 and 28 pairs), however, the accurate mass 
results are different for the last 3 sets and their elemental 
composition is different. For example, the m/z=166.0987 is 
associated with the elemental composition of C10H14O2, while 
the m/z=166.0623 is associated with C9H10O3. The scenario 
for the difference between the extracted ion chromatograms 
of unit resolution and the high resolution was presented in 
Figure 6.
The chromatograms of Figure 6 show significant differenc-
es when a unit resolution mass extraction window is being 
used. Approximately 15 peaks can be observed in the chro-
matogram. Since they are associated with the same nominal 
mass, it is believed they are related to each other. However, 
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when a 5 ppm wide mass extraction window is being used, 
the species with a same elemental composition were shown 
in one chromatogram, and became clear that species are re-
lated to each other within the same elemental group. It helps 
to differentiate different chemical species in addition to the 
fragmentation pattern. 

3.2. Impact of the Sample Preparation for the Identifica-
tion Process
Sample preparation is playing an important role in the analy-
sis of complex mixtures [54]. Reliable and optimized sample 
preparation may:
•		 reduce interferences from the sample matrix
•		 enhance the concentration of the analyte(s) of interest
•		 reduce the cost of the analysis
•		 reduce the overall time of the sample analysis
Headspace-based SPME sample preparation was used as 
sample preparation and sample introduction for GC-MS, 
since the focus of the study was to evaluate the volatile deg-
radation species, assuming they will reach the lung and may 
be connected to the EVALI epidemic. SPME seemed a rea-
sonable fit for purpose as only the most volatile and semi-vol-
atile species reach the fiber during the sampling and the 
heavy matrix of non-volatiles are not reaching the fiber and 
therefore they are not extracted. The sampling technique is 
also known for concentrating the analyte in the head-space. 
Thus, it enhances a chance for higher amounts of analytes 
introduced to the GC-MS, which increases the quality of the 
spectral data. The SPME sample preparation was compared 
to the direct injection of a degradation sample is presented 
in Figure 7. The thermal degradation sample was dissolved 

Figure 7. Spectral differences between different sample introduction techniques. The EI spectra on the left acquired from the 
peak at 10.70 minutes using solventless sample introduction, on the right the spectra acquired from the same peak introduced 
by direct liquid injection.
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in dichloromethane and was injected directly into the GC-
MS system. With SPME extraction, approximately 50 ng of 
a selected analyte was introduced to the system and detect-
ed and with direct liquid injection, only 0.4 ng of the same 
analyte was introduced and detected. The major reason for 
this considerable difference is that SPME concentrates the 
analytes, in contrast when the thermally degraded sample 
dissolved in a solvent it is diluted and only a small portion of 
the diluted material is injected and reaches the column. The 
result of the lower amount of analyte shows a significant dif-
ference in the spectral quality. The EI spectra on the left show 
negligible effect of the column bleed associated peaks, how-
ever, when the amount of the analyte is low, the background 
peaks become significant, reducing the spectral quality. As 
the spectral quality lowers with the direct liquid introduction, 
the identification becomes difficult, as the analyst needs to 
spend time and effort to assign which peak is related to the 
target analyte and which peak is related to the background. 

4.0. Conclusion
High-Resolution GC-MS combined with SPME sample prepa-
ration was used to evaluate and identify VEA thermal degra-
dation products. The performed thermal degradation experi-
ment resulted in over a hundred volatile degradation species. 
Although the maximum degradation temperature was lower 
than the pyrolysis temperature, which is usually associated 
with the electronic vaping devices, the formation of potential 
ketene precursor species previously reported [2], were also 
observed in our study. Based on the acquired data, the vita-
min E acetate thermal degradation species are more polar 
and associated with lower logP than the original molecule, 
and likely to have better absorption to the alveolus lining fluid. 
The solventless sample preparation technique showed some 
benefit over the traditional “dissolve and shoot” approach, 
resulting in higher quality spectra data for identification and 
quantitation purposes. The toxicity of the identified species 
has not been evaluated, however, the presented data in this 
paper can support further toxicological risk assessment, re-
lated to vaping products, that are containing VEA .
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