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Abstract

The cardiovascular toxicity of unheated and heated flavorants and their products as commonly
present in electronic cigarette liquids (e-liquids) was evaluated previously /n vitro. Based on

the results of /in vitro assays, cinnamaldehyde, eugenol, menthol and vanillin were selected to
conduct a detailed chemical analysis of the aerosol generated following heating of each compound
both at 250°C and at 750°C. Each flavoring was heated in a drop-tube furnace within a quartz
tube. The combustion atmosphere was captured using different methods to enable analysis of 308
formed compounds. Volatile organic compounds (VOCSs) were captured with an evacuated Summa
canister and assayed via GC-MS. Carbonyls (aldehydes and ketones) were captured using a DNPH
cartridge and assayed via an HPLC-UV assay. Polyaromatic hydrocarbons (PAHs) were captured
using an XAD cartridge and filter, and extracts were assayed using GC-MS/MS. Polar compounds
were assayed after derivatization of the XAD/filter extracts and analyzed via GC-MS. At higher
temperature, both cinnamaldehyde and menthol combustion significantly increased formaldehyde
and acetaldehyde levels. At higher temperature, cinnamaldehyde, eugenol, and menthol resulted

in increased benzene concentrations. At low temperature, all four compounds led to higher levels
of benzoic acid. These data show that products of thermal degradation of common flavorant
compounds vary by flavorant and by temperature and include a wide variety of harmful and
potentially harmful constituents (HPHCs).
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Introduction

Many tobacco products are flavored to enhance palatability and appeal. Market research
has shown that flavorings increase the sale of tobacco products and appeal to specific
demographics of tobacco users, particularly youth (Courtemanche et al., 2017). Although
most flavorings are FDA approved and formally are generally regarded as safe (GRAS)
for ingestion, these flavors are not FDA approved for inhalation after heating/burning, and
thus, are not GRAS under these conditions. Therefore, additional research is needed to
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evaluate the toxicological effects of aerosols derived from heated and burned flavors to
assess whether these additives generate toxic thermal degradation products (Hess el al.,
2017; Tegin et al., 2018).

Previous work has evaluated /7 vitro cardiovascular toxicity of parent and products of heated
flavorants commonly present in electronic cigarette liquids (Benowitz et al., 2016, Nystoriak
et al., 2019). In this work, four key flavorants commonly found in electronic cigarette
liquids (cinnamaldehyde, eugenol, menthol, and vanillin) and other tobacco products were
selected for a detailed chemical analysis of the aerosols generated following heating of

the compounds. The overall goal of this project was to identify and quantify the chemical
products generated due to thermal degradation. The evaluation was conducted at a low
(250°C) and high (750°C) temperature. The low temperature was selected from current
patent literature for electronic cigarettes (White, 2000) and the high temperature was based
on the temperature of combustion from a cigarette (Nayir, et. al. 2016). In this manner, the
complete chemical analysis was performed over the range of temperatures these flavorants
would be exposed to in a wide range of tobacco products.

The results of this project provide comprehensive data identifying chemicals that are formed
solely from thermal degradation of commonly used flavors as well as quantifying the extent
to which these chemicals are generated upon pyrolysis and/or oxidation of flavor chemicals.
Thus, this study provides novel information about the chemicals generated from the thermal
degradation of commonly used tobacco product flavorings. Moreover, the study provides
detailed methodology regarding conditions used in the forced degradation experiments

and the collection and analytical approaches used in identification and quantitation of the
degraded products of the flavorant-derived aerosols.

Materials and Methods

Flavorant Heating

The four key flavorants of interest (Figure 1; cinnamaldehyde, eugenol, menthol, and
vanillin) were obtained in a pure solution (Sigma) and were heated (without dilution or
mixing) in a drop-tube furnace (Figure 2) within a quartz tube (1 in ID x 4 ft length) to
250°C (+/-50°C; low temperature) and 750°C (+/-50°C; high temperature). The suspension
air flow rate in the tube was set to 1.5 L/min to allow for the suspension of combustion
products without interfering with atmosphere generation. Each flavorant was loaded into
the liquid fill reservoir with a clean system. A nominal feed rate of 0.5 to 1.0 mL of each
flavoring (pure flavorant) was introduced dropwise into the system. Samples were collected
at the top of the system (shown as the AGI sampler in Figure 2). The sampling parameters
were modulated based on each collection system. Specifically, all glass impingers for total
particulate matter were collected at 5 L/min in 55% ethanol, XAD and DNPH cartridges
were collected at ~ 0.5 L/min and summa canisters were filled at ~ 0.5 L/min. The material
pass-through reservoir at the bottom of the system was used to collect the liquid flavorant
that didn’t vaporize and was used to quantify the efficiency.
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Sample Collection

The atmosphere was captured using different methods to enable analysis of an array of
potential chemicals. Samples were collected using: 1) evacuated Summa canisters to collect
Volatile Organic Compounds (VOCs); 2) 2,4-dinitrophenylhydrazine (DNPH) cartridges

to capture carbonyls (aldehydes and ketones); 3) XAD cartridges and filters to capture
PolyAromatic Hydrocarbons (PAHSs) and other polar compounds. Summa canisters, DNPH
cartridges, and XAD cartridges and filters were sent to the Organic Analytical Laboratory
of Desert Research Institute (Reno, NV) for analysis and quantification of 308 individual
compounds.

VOC analysis

Canister samples were analyzed for 72 VOC species using (GC-MS) according to

EPA Method TO-15 (U.S.EPA, 1999). The GC-MS-FID system includes a Lotus
Consulting Ultra-Trace Toxics sample preconcentration system built into a Varian 3800 gas
chromatograph with flame ionization detector (FID) and a Varian Saturn 2000 ion trap mass
spectrometer. The Lotus preconcentration system consists of three traps. Mid and heavier
weight hydrocarbons are trapped on the front trap consisting of 1/8” nickel tubing packed
with multiple adsorbents. Trapping is performed at 55 °C and eluting is performed at 200
°C. The rear traps consist of two traps: empty 0.040” ID nickel tubing for trapping light
hydrocarbons and a cryo-focusing trap for mid and higher weight hydrocarbons isolated

in the front trap. The cryo-focusing trap is built from 6” x 1/8” nickel tubing filled with
glass beads. Trapping of both rear traps occurs at —180 °C and eluting at 200 °C. Light
hydrocarbons are deposited to a Varian CP-Sil5 column (15m x 0.32mm x 1um) plumbed
to a column-switching valve in the GC oven, then to a Chrompack AI203/KCI column
(25m x 0.53mm x 10pm) leading to the flame ionization detector for quantitation of light
hydrocarbons. The mid-range and heavier hydrocarbons cryo-focused in the rear trap are
deposited to a J&W DB-1 column (60m x 0.32mm x 1um) connected to the ion trap mass
spectrometer. The GC initial temperature is 5 °C held for approximately 9.5 min, then ramps
at 3 °C/min to 200 °C for a total run time of 80 min.

Carbonyl (aldehyde/ketone) analysis

DNPH cartridges were eluted within 2 days after delivery and analyzed within 10 days
following US-EPA TO-11A method (U.S.EPA, 1997). Briefly, an aliquot of the eluent

is transferred into a 2-ml septum vial and injected with an autosampler into a high-
performance liquid chromatograph (Waters 2690 Alliance System with 996 Photodiode
Array Detector, Waters, Milford, MA, USA) for separation and quantitation of the
hydrazones. Since our HPLC system is equipped with the photodiode array detector (PDA),
the identification of carbonyl compounds is much more accurate than with standard UV/VIS
detector. The PDA also enhances the sensitivity of the method. Our current HPLC method
requires: Polaris C18-A 3um 100 x 2.0 mm HPLC column (Agilent), flow 0.2 ml/min,
injection volume 2 pl, solvent A: water, solvent B: acetonitrile. The HPLC program is: 50%
A, 50% B for 10 min, 30% A and 70% B for 8 min and 100% B for 1 min. Run time:

31 min. The HPLC response is calibrated with certified calibration mixture purchased form
AccuStandard. Five-point external calibration is run prior to analysis, and one calibration
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check is run every 24 h. If the response of an individual compound is more than 10% off, the
system is recalibrated.

Carbonyl identification was performed by retention time matching with standards.
The identification was further confirmed by comparing the UV-Vis spectrum of each
chromatographic peak (measured with the PDA) with the standard for each compound
(Khlystov et. al. 2016; Son and Khlystov 2021).

Filter and XAD extraction

Filters and XAD-4 resin were loaded together into accelerated solvent extractor

(ASE, Dionex, Sunnyvale, CA, USA) cells and spiked with the following deuterated
internal standards: naphthalene-dg, biphenyl-ay, acenaphthene-do, phenanthrene-dg,
anthracene-dy, pyrene-d, benz(a)anthracene-dy,, chrysene-d;, benzo(k)fluoranthene-d;,
benzo(e)pyrene-dy,, benzo(a)pyrene-dio, perylene-d,, benzo(ghi)perylene-a;, coronene-
d12, hexanoic-dj acid, succinic-dj acid, decanoic-a;g acid, adipic-dyq acid, suberic-d;»
acid, homovanillic-2,2-& acid, myristic-db7 acid, heptadecanoic-ds3 acid, oleic-9,10-d,
acid, and tetradecanedioic-ab4 acid (CDN Isotopes, Quebec, Canada) and benzoic-ds acid,
levoglucosan-d;, and cholesterol-2,2,3,4,4,6-a5 (Cambridge Isotope Laboratories, Inc., MA,
USA) Parameters for ASE extraction were: temperature: 80 °C, solvents: 150 mL of
dichloromethane followed by 150 mL of acetone, pressure: 1500 psi, extraction time for
each solvent: 15 min. After extraction, samples were pre-concentrated to 1 mL with a rotary
evaporator (Rotavapor R-124, BUCHI, New Castle, USA) under gentle vacuum at 35+2 °C.
The extracts were then filtered with a 0.2-um pore size polytetrafluoroethylene membrane
syringe filters (Whatman, Florham Park, NJ, USA), and transferred into 2-mL volume amber
glass vials. The extracts were split into two parts for PAH and polar compound analysis.

PAH analysis

For PAH analysis, the solvent mixture (dichloromethane/acetone) was exchanged on toluene
and then pre-concentrated to 0.5 mL volume under ultra-high purity nitrogen stream.

XAD and filter extracts were then quantitatively analyzed using a Varian CP-3800 GC
equipped with a CP-8400 autosampler and interfaced to a Varian 4000 lon Trap Mass
Spectrometer (Varian, Inc. Walnut Creek, CA, USA). The analysis was performed using
splitless injections onto a 30-m column (5% phenylmethylsilicone-fused silica capillary
column, DB-5MS, Agilent Technologies, Palo Alto, CA, USA) that has a 10 m integrated
deactivated guard column. PAH separation was performed by gradient elution of compounds
with N gas (ultra-high purity grade) as the mobile phase. The GC oven temperature was
programmed as follows: 75°C for 2 min, 14 °C min~1 ramp to 300 °C for 16.1 min, 10 °C
min~1 ramp to 325 °C, and hold for 9 min. Transfer line and injector temperatures were set
at 250 °C and 280 °C, respectively. The injection volume was 1 pL. The MS was operated
in SIM mode in the range of m/z 124 — 320. PAH quantification was performed using an
internal standard approach, where concentration of analyte is determined based on the ratio
of the target compound signal to the internal standard signal.
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Analysis of polar compounds

Results

A fraction of each extract was evaporated to 100 pl under UHP nitrogen and transferred to
300 ul silanized glass inserts (National Sientific Company, Inc.). Samples were evaporated
further to 50 pl, and then 50 pL of pyridine and 150 pL of BSTFA with 1% TMCS [N,O-
bis-(trimethylsilyl) trifluoroacetamide with 1% trimethylchlorosilane (Pierce)] were added.
These derivatizing reagents convert the polar compounds into their trimethylsilyl derivatives
for analysis of organic acids, methoxyphenols, cholesterol, sitosterol, and levoglucosan.
The maximum recovery vial from Waters Corporation containing the sample was placed
into a thermal plate at 65 °C for 2 h. Calibration solutions were made fresh in methanol

and derivatized just prior to the analysis of each sample set. All samples were analyzed

by gas chromatography interfaced with mass spectrometry (GC/MS) within 18 h to avoid
degradation. The samples were analyzed by an electron impact ionization GC/MS technique
using a Varian 4000 gas chromatograph with a model 4000 autosampler and interfaced to a
Saturn 2000 ion trap mass spectrometer.

Filter, XAD and canister samples were assayed with the GC-MS method. All compounds
were identified using retention times of the standard compounds. The identification was then
confirmed by comparing the mass spectra of each chromatographic peak with that of the
standard compound (Zielinska et. al 2004a, Zielinska et. al. 2004b, Samburova et. al 2019;
Sengupta 2020).

The aerosol generation system utilized to create the high and low temperature atmospheres
was initially evaluated for the efficiency of aerosol generation. This was conducted by
quantitative differential mass analysis of the flavorant dropped into the system and the mass
collected in the pass-through reservoir; this was determined to be ~ 70% for all flavorants.
The concentration of compounds in the flavorant atmosphere was determined by burning
each flavoring liquid (cinnamaldehyde, eugenol, menthol, and vanillin) at high (750°C)

and low (250°C) temperature. Samples were collected with the purpose of characterizing
the composition of both the aerosol in the gas, and particulate phase. Data are reported

in units of concentration per unit of air in the test atmosphere. Table 1 reveals the top

five degradation products (ranked by concentration in the test atmosphere) for each of the
tested conditions. Table 2 indicates the compounds that were identified by analysis of mass
spectral analysis of samples, but were not quantitatively analyzed. Appendix 1 lists the
measured concentration of all 308 compounds measured in all flavorant atmospheres tested.
The composition of each individual flavorant degradant atmosphere at different temperatures
varied, and was in general related to the chemical structures of the starting materials (Figure
1).

Cinnamaldehyde

Cinnamaldehyde (3-phenylprop-2-enal) showed degradation to primary aromatic
compounds, with eugenol and benzoic acid/dibenzoic acid being the largest concentrations
at low temperature and benzene at the high temperature. Figure 3 illustrates the composition
of volatile aromatic organics measured from each of the test atmospheres, indicating the
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high presence of alkylated benzene across each of the molecules and both temperatures. At
the high temperature there were also high concentrations of low molecular weight alkene
and alkynes for cinnamaldehyde, presumably from dealkylation of the functional group

from the alkenal of the parent compound. A primary difference in the cinnamaldehyde
flavorant atmosphere is the presence of eugenol at 158.1 mg/m3 in the low temperature
sample and at 3.1 mg/m?3 in the high temperature sample. Nystoriak et al., [2019] reports less
toxicity of high temperature mixture than the parent cinnamaldehyde. Authors hypothesize
that double bond breakage with heating led to the formation of less reactive aldehydes

such as formaldehyde and acetaldehyde. The results of our current study show that high
temperature burning, in fact, increased both formaldehyde (101.5 pg/m?3) and acetaldehyde
(34.8 ug/md), respectively, compared with the low temperature (formaldehyde, 6.1 pg/m3;
acetaldehyde, 3.3 pg/m?3), respectively. This is not surprising due to the expected increased
oxidation at higher temperatures. Figure 4 illustrates the composition of semi-volatile PAHs
formed at low and high temperatures. The lower molecular weight compounds (2-3 aromatic
rings and substituted 2—3 aromatic rings) were formed at similar concentrations at both
temperatures, but the higher temperature made more complex PAHs (heavier molecular
weight) (McDonald et al. 2000).

Eugenol (4-allyl-2-methoxyphenol) is the main constituent of several essential oils

of clove (Bhuiyan et al., 2010). The primary degradation products of eugenol were

vanillin (4-hydroxy-3-methoxybenzaldehyde), 2,4-dimethylbenzoic acid and 2-3 ring PAHs
(naphthalene and acenathylene). Notably, eugenol is often used as a precursor of vanillin
through chemical or biotransformation, and thus, vanillin formation was unsurprising.

In fact, isomerization of eugenol double bond and oxidation of isoeugenol is described
(Lampman et al., 1977). Additional constituents result from the oxidation and aromatization.
High temperature formed vanillin and benzene as well as low molecular weight VOCs

(e.g., formaldehyde, acetaldehyde). Volatile aromatic organics were produced in similar
concentrations by high and low temperature, but these were more minor constituents
compared with the low molecular weight alkenes and alkanes.

Menthol (cyclohexanol, 5-methyl-2-(1-methylethyl)) aromatizes and converts to benzoic and
dibenzioc acid as the primary degradation products at both low and high temperatures.

The next most prevalent compounds were small molecular weight alkanes at the high
temperatures, and cyclo-acids at both temperatures. These data reflect an oxidative
mechanism as well as an aromatization under both temperature conditions. Further, there
was a larger abundance of carbonyls, such as glyoxyl, acetone, and propionaldehyde,
compared with the amount produced from other flavorants. For menthol, PAHs were formed
in similar amounts as lower molecular weight compounds but the higher molecular weight
PAHs were only formed at high temperature.

Vanillin (4-hydroxy-3-methoxybenzaldehyde) degradation products at both temperatures
included benzone and oxidized benzenes. At low temperature, the most abundant products
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were acetylene, ethene and isobutane, indicating carbon-carbon breaks and dehydrogenation
reactions occurring during the thermal heating process. The high temperature formed
primarily oxidized aromatics, including vanillic acid. Similar to the products of other
flavorants, the degradation profile also included lower concentrations of carbonyls, alkylated
aromatic compounds and PAHSs at both temperatures.

Comparison Among Flavorants and Unknown Compounds

Figure 5 illustrates the compositional differences among each of the four flavorants studied
at both temperatures. Each of the flavorants had their own characteristic chemical profile
upon degradation that can be linked to the chemical structure of the parent compound

and the mechanism of degradation (i.e. oxidation, cyclization, dehydrogenation, etc.). As
illustrated, vanillin and menthol both showed high abundance of benzoic acid: at both
temperatures for menthol, yet only at the high temperature for vanillin. In contrast, benzoic
acid was only present (in lower concentrations) for eugenol and cinnamaldehyde and only at
the lower temperature. Eugenol interestingly decomposes in large part to vanillin, especially
at the lower temperature. At the higher temperature, eugenol made a mix of alkylated

and oxygenated volatile aromatics. Cinnamaldehyde formed large amounts of eugenol at
the lower temperature, and formed benzene and acetylene at the higher concentrations.
Eugenol may be present as a contaminant in the cinnamaldehyde starting material as they
both commonly co-exist in the natural products in which they originate (Sharma et al.,
2017). All of the flavorants formed somewhat similar amounts of volatile aromatic and PAH
compounds; and each had small amounts of acid and other polar compounds (Appendix 1).

Table 2 illustrates the compounds that were identified by mass spectral analysis in

each of the test atmospheres but were not quantified due to a lack of an analytical

standard. The table provides a relative abundance of these compounds in each of the
atmospheres (i.e., low, medium, high). As would be expected based on the composition

of the measured compounds, the compounds are volatile aromatics with varying substituent
groups that include: alkenes, alkanes, acids, alcohols (phenols) and carbonyls. Almost all
test atmospheres showed high concentrations of menthol. The observation of menthol from
thermal decomposition of flavorants had not been reported to our knowledge. Although a
surprise, the chemical structure of menthol is similar enough to the other flavorants (albeit
simpler in complexity) that it is possible it is a decomposition product.

Discussion

Because many flavorants are additives in an incredible array of tobacco products including
electronic nicotine delivery systems such as E-cigarettes and e-hookah, this study was
performed to generate atmospheres of a few common yet ubiquitous flavorants. The system
was adapted to capture and quantify the complex atmospheres using multiple approaches
to enable analysis of over 300 compounds. Because tobacco products vary widely in their
applied internal temperatures (e-cigs to “mods” to conventional cigarettes), we applied
these methods uniformly to four common flavorants (cinnamaldehyde, eugenol, menthol
and vanillin) for resolution of aerosol composition at both low (250°C) and high (750°C)
temperatures.
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Our findings show that heating initiates thermal degradation of common flavorant
compounds to generate (not surprisingly) a broad array of compounds that vary dependent
on the chemical structure of the parent material and the temperature. Similarly, Czegeny
et al. (2016) performed thermal degradation experiments of flavorants in a similar study
that evaluated thermal decomposition in a helium atmosphere. The heating conditions in
that study (300°C and 900°C) are intended to mimic the hot and cold zones of tobacco
combustion products. Consistent with our current study, they report a number of polar
oxidation products that were dependent upon temperature conditions. However, the only
overlapping compound of both studies is menthol, and they report the presence of menthone
and menthene (in low abundance), which were not detected (or directly analyzed) in our
study. Nonetheless, our temperatures are in agreement with this previous study and with
reports of temperatures reached in e-cigarettes (Farsalinos et al., 2017) and in conventional
tobacco cigarettes (Czegeny et al. 2016).

The study advances our understanding of the composition of thermal degradation products
of commonly used flavorants that are likely present within aerosols generated from a number
of tobacco products. Despite this, our study has a number of limitations regarding any
direct extrapolation to ENDS products. First, these studies used neat flavorant material

that was directly heated in a thermal atmosphere with air present. This results in a high
temperature oxidative environment that does not directly compare with the environment
within ENDS products or conventional cigarettes where there are other excipients present
that alter significantly the degradation conditions. Second, the high temperature setting

far exceeds the temperature that is seen in e-cigarettes (Farsalinos et al., 2017); however,
the high temperature sample is within range of combustion temperatures of commercial
cigarettes. Thus, our system used herein is an exaggerated degradation environment that
results in changes that may occur under certain (more extreme) conditions, such as with
high wattage, open dripping on coils of modified e-cigs (mods) and perhaps under other
conditions, yet, perhaps not to the extent observed here. Third, we did not include the
common solvents of propylene glycol and vegetable glycerin that not only undergo thermal
degradation themselves as well but can form more toxic flavor acetals with parent flavors or
their degradation aldehyde products (Jabba et al., 2020).

Nonetheless, these degradation aerosol mixtures can be used in an in vitro toxicity study

to evaluate and screen for the potential impact of these products created under extreme
degradation conditions. In fact, in one such study, the high temperature atmosphere mixture
from parent cinnamaldehyde is less toxic than the parent compound in human induced
pluripotent stem cells differentiated into cardiomyocytes (hiPSC-CM) (Nystoriak et al.,
2019), which is not surprising given the high toxicity of concentrated cinnamaldehyde as
present in some e-liquids (Clapp et al., 2017 and Clapp et al., 2019). Of particular concern
is that each heated flavorant atmosphere contained abundant menthol. Menthol has coolant
properties that mask the effects of irritants in tobacco smoke, and thereby, it promotes both
deeper inhalation, greater acquisition of nicotine, and thus, more rapid addiction (Willis et
al., 2011 and Ha et al., 2015). Thus, menthol has been long used in combustible cigarettes
to market cigarettes to communities of color to promote greater smoking. Thus, inclusion of
any one of these four flavorants tested here (and perhaps other flavorants, e.g., ethylvanillin)
may be one way that tobacco industry promotes addiction with e-cigarettes. Notably, FDA
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did not ban menthol flavoring from e-liquids although fruit, candy and other characterizing
flavors were banned. (FDA 2020).

Overall, we identify a variety of potential degradation products from common e-cigarette
flavorants when heated under low and high (extreme) conditions. Some of these degradants,
such as the carbonyls, are shown to be present in aerosols of many ENDS products as a
function of coil resistance, wattage, temperature and PG:VG ratio (Kosmider et al., 2014;
Ogunwale et al., 2017; Conklin et al., 2018; Noel et al., 2020). It is likely that many of the
constituents measured herein are also present in varying amounts within aerosols of ENDS
under a variety of use circumstances. Moreover, as these flavorants are used in combination
with many other e-liquid constituents, the complexity of degradations is likely greater, and
thus, it makes it a greater challenge to address the potential health risks that come with
exposures to these mixtures produced by the many and varied forms of electronic cigarettes
in the ever-evolving marketplace.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(250°C) and high (750°C) temperature-generated atmospheres. Individual listed compounds
were measured in the highest abundance (excluding parent flavorant).
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Compounds (5) of highest concentration in each flavorant atmosphere (excluding the parent flavorant).

Table 1.

Cinnamaldehyde

Low Temperature (250°C)

High Temperature (750°C)

Compound Concentration (mg/m3) | Compound Concentration (mg/m?3)
eugenol 158 benzene 189
benzoic acid 27.4 acetylene 135
2,4-dimethylbenzoic acid 24.3 ethene 98.0
vanillin 10.7 2,4-dimethylbenzoic acid 26.4
nonanoic acid 4.62 naphthalene 26.1

Eugenal

Low Temperature (250°C)

High Temperature (750°C)

Compound Concentration (mg/m3) | Compound Concentration (mg/m?3)
vanillin 75.8 ethene 42.2
benzoic acid 18.2 vanillin 38.8
naphthalene 113 acetylene 32.6
2,4-dimethylbenzoic acid 9.28 benzene 32.1
acenaphthylene 6.31 1-butene 26.6

Menthol

Low Temperature (250°C)

High Temperature (750°C)

Compound Concentration (mg/m®) | Compound Concentration (mg/m?3)
benzoic acid 19.7 benzoic acid 19.9
2,4-dimethylbenzoic acid 7.67 2,4-dimethylbenzoic acid 6.33
hexanoic acid 3.69 propene 4.06
isophthalic acid 3.56 ethene 4.03

succinic acid 1.25 isophthalic acid 3.30

Vanillin

Low Temperature (250°C)

High Temperature (750°C)

Compound Concentration (mg/m3) | Compound Concentration (mg/m?3)
acetylene 26.7 benzoic acid 14.0
ethene 174 benzene 10.2
iso-butane 14.0 2,4-dimethylbenzoic acid 5.18
benzoic acid 125 vanillic acid 4.77
benzene 11.9 isophthalic acid 2.64
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Table 2.

Identified compounds determined by mass spectral analysis of flavorant atmosphere samples at low and high
temperatures.

Eugenol Vanillin Menthol Cinn Menthol Cinn Eugenol Vanillin
Low Low High Low Low High High High
iGeneyuiy ] Benzene. low low | high
2,3-dihydroxy benzoic acid
2,5-dihydroxy benzeneacetic acid high
2,5-Dihydroxyacetophenone super high
3-methoxy benzenepropanoic acid high low low very low very low
9-methylene-9H-Fluorene high
Benzeneaﬁézﬁ;ﬁ;ﬂi;—methoxy, medium
a-Methylstyrene med med
p-Citronellol low med high
e ey mathanone med | low
1-Butanol, 3-methyl-, acetate med
1-Hydroxy-3-methoxy-6- low
methylanthraquinone
1-hydroxy-4-methoxy-3-(2-
methoxy-6-0xo-1-cyclohexenyl)-, low
acetate
1-methoxy-2,3-dihydroxybenzene very high medium
1-Phenylpropene low
2-Methoxyphenylacetone high low
2-methyl-1,1’-Biphenyl low low high
2-Propenal, 3-phenyl- high
2,5-dimethylphenol very low med very low
3-hydroxy benzoic acid med low
3-hydroxy-4-r:§itgoxy cinnamic high
3,4-dihydroxy Benzoic acid high med high
3,4-Dimethylbenzoic acid medium med
4-hydroxy cinnamic acid high low high med
Acetic acid, cinnamyl ester high high
Acetophenone very low low low high low high high low
Benzene, (1-methylethyl)- low
Benzene, 1-propynyl- very low high high med low high high high
Benzene, 1,3-diethenyl- very low low high very low high med very low
Benzene, 2-propenyl- high high
benzeneacetic aé:sitc‘i;ydroxy methyl medium stl].lig?]r very low very low high
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Eugenol Vanillin Menthol Cinn Menthol Cinn Eugenol Vanillin
Low Low High Low Low High High High
Benzenepropanoic acid, 4-hydroxy high
Benzofuran med low low med med very low
Benzoic acid methyl ester high very low
Benzoic acid, Ze-srt\;e;thoxy-, methyl high med
cinnamaldehyde high rf:g?]ei medium ﬁ:g?]ei medium
Cinnamaldehyde, B-methyl- high high
Coniferyl aldehyde high very low
Cyclohexene, 3-methyl-6-(1- med
methylethyl)-
Cyclohexene, 4-methyl-1-(1- high
methylethyl)-
Ethanone, 1,1’-(1,3-phenylene)bis- med med med low med low
Hydroxy benzoic acid low medium low medium low
Mentol superign | SUPer | super | euper | super super | super
Menthyl acetate high high
. Methy! ester of 3,4,5- high
rimethoxycinnamic acid
Methylphenol high
0-Methylphenol medium high
Phenol, 4-(2-propenyl)- high low
Phenol, 4-(2-propenyl)- high
Phenylethyne med med med med
Propionic acid, 3-benzoyl low
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