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SUMMARY

A screening method allowing the quantification of 24
aerosol constituents using gas chromatography-mass spec-
trometry has been developed to assess the aerosol chemis-
try of heat-not-burn tobacco products. 
The aim of this method was to quantify phenol, o-cresol,
m-cresol, p-cresol, catechol, resorcinol, hydroquinone,
1,3-butadiene, isoprene, benzene, acrylonitrile, toluene,
pyridine, styrene, 1,2-propylene glycol, menthol, 2-furan-
methanol, acrylamide, naphthalene, nicotine, acetamide,
quinoline, triacetin, and glycerine in the aerosol emitted by
heated tobacco products. The aerosol was generated by an
electrically heated tobacco system (PMI’s Heated Tobacco
System (THS 2.4)) with one single aerosol collection
method, using the Health Canada smoking regimen and
analyzed with two analytical methods.
The method was validated according to the International
Conference on Harmonisation of Technical Requirements
for Registration of Pharmaceuticals for Human Use and the
Association of Official Analytical Chemists guidelines.
A regression model based on a linear relationship between
concentration and response ratio with a 1/x weighting
factor was selected for phenol, o-cresol, m-cresol, p-cresol,
1,3-butadiene, isoprene, benzene, acrylonitrile, toluene,
pyridine, styrene, 2-furanmethanol, acrylamide, naphtha-
lene and acetamide. A quadratic regression model with a
1/x weighting factor was chosen for catechol, resorcinol,
hydroquinone, 1,2-propylene glycol, menthol, nicotine,
quinoline, triacetin and glycerine. Coefficients of variation
for repeatability were determined between 7.9% and 17.8%
and for intermediate precision between 8.1% and 19.9%.

The matrix effect of the heated tobacco aerosol extract was
assessed by performing a recovery study, where the aerosol
extracts were spiked at different concentrations for the
compounds to be analyzed. In addition, the mainstream
smoke from 3R4F reference cigarettes was analyzed, and
results were compared with previously published studies. 
The method was successfully validated, providing data
consistent with published data and it was shown to be
selective, precise and accurate. [Beitr. Tabakforsch. Int. 28
(2019) 317–328]

ZUSAMMENFASSUNG

Es wurde eine Screening-Methode entwickelt, die es
erlaubt, 24 Verbindungen mittels einer gekopplten Gas-
chromatographie-Massenspektrometrie im Aerosol von
erhitzten Tabakerzeugnissen zu quantifizieren. 
Die Zielsetzung dieser Methode war die Quantifizierung
von Phenol, o-Kresol, m-Kresol, p-Kresol, Brenzcatechin,
Resorcinol, Hydrochinon, 1,3-Butadien, Isopren, Benzol,
Acrylonitril, Toluol, Pyridin, Styrol, 1,2-Propylenglykol,
Menthol, 2-Furanmethanol, Acrylamid, Naphthalin,
Nikotin, Acetamid, Chinolin, Triacetin und Glycerin im
Aerosol von erhitztem Tabak. Das Aerosol wurde durch ein
elektrisch beheitztes Tabaksystem (PMI’s Heated Tobacco
System (THS 2.4)) mit einer einzigen Aerosol-Sammel-
methode unter der Verwendung der Health Canada-
Rauchmaschinenbedingungen erzeugt und mit zwei
Analysemethoden analysiert.
Die Methode wurde entsprechend der Richtlinien der
International Conference on Harmonisation of Technical
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Requirements for Registration of Pharmaceuticals for
Human Use und der Association of Official Analytical
Chemists validiert.
Ein lineares Regressionsmodell wurde mit einem 1/x
Gewichtungsfaktor für Phenol, o-Kresol, m-Kresol,
p-Kresol, 1,3-Butadien, Isopren, Benzol, Acrylnitril,
Toluol, Pyridin, Styrol, 2-Furanmethanol, Acrylamid,
Naphthalin und Acetamid gewählt, während für Brenz-
catechin, Resorcin, Hydrochinon, Propylenglykol, Menthol,
Nikotin, Chinolin, Triacetin und Glycerin ein quadratisches
Regressionsmodell mit 1/x Gewichtungsfaktor Anwendung
fand. Die Variationskoeffizienten lagen für die Wiederhol-
genauigkeit (r) zwischen 7,9% und 17,8% und für die
Präzision (IP) zwischen 8,1% und 19,9%. Die Beurteilung
des Matrixeffekts in Aerosolextrakten von erhitzten Tabak-
erzeugnissen wurde mittels einer Studie für Wieder-
findungsraten durchgeführt, wobei die Aerosolextrakte mit
verschiedenen Konzentrationen der zu analysierenden
Verbindungen angereichert wurde. Zusätzlich wurde der
Hauptstromrauch von Referenzzigaretten der Universität
von Kentucky (3R4F) analysiert und die Ergebnisse mit
den bisher veröffentlichten Studien verglichen. 
Die Methode wurde erfolgreich validiert, lieferte Daten, die
mit veröffentlichten Daten übereinstimmen, und erwies sich
als selektiv, präzise und genau.
Durch die Übersetzung des englischen Textes in Deutsch,
können kleine Bedeutungsunterschiede durch eine nicht
ganz entsprechende Wörterwahl entstehen. In diesem Falle
gilt der englische Text. [Beitr. Tabakforsch. Int. 28 (2019)
317–328]

RESUME

Une méthode a été développée, permettant le dosage de 24
composés par chromatographie en phase gazeuse couplé à
un spectromètre de masse pour l’évaluation de l’aérosol de
tabac chauffé, généré à l’aide d’un dispositif de chauffage
du tabac.
Le but de cette méthode était de quantifier phénol, o-crésol,
m-crésol, p-crésol, catéchol, résorcinol, hydroquinone,
1,3-butadiène, isoprène, benzène, acrylonitrile, toluène,
pyridine, styrène, 1,2-propylène glycol, menthol, 2-furan-
methanol, acrylamide, naphtalène, nicotine, acétamide,
quinoléine, triacétine et glycérine dans l’aérosol d’un tabac
chauffé. L’aérosol a été généré à l’aide d’un dispositif de
chauffage du tabac électriquement (PMI’s Heated Tobacco
System (THS 2.4)) avec une seule méthode pour la collec-
tion de l’aérosol, en utilisant le régime de fumage Health
Canada, et a été analysé avec deux méthodes analytiques.
La méthode a été validée selon les directives de l’Inter-
national Conference on Harmonisation of Technical Re-
quirements for Registration of Pharmaceuticals for Human
Use et de l’Association of Official Analytical Chemists.
Un modèle de régression linéaire avec un facteur de pon-
dération de 1/x a été sélectionné pour le phénol, o-crésol,
m-crésol, p-crésol, 1,3-butadiène, isoprène, benzène,
acrylonitrile, toluène, pyridine, styrène, 2-furanmethanol,
acrylamide, naphtalène, acétamide et un modèle de régres-
sion quadratique avec un facteur de pondération de 1/x a
été choisi pour le catéchol, résorcinol, hydroquinone,
propylène glycol, menthol, la nicotine, quinoléine, triacé-

tine et glycérine. Les coefficients de variation de répétabili-
té ont été déterminés entre 7,9% et 17,8% et pour la fidélité
intermédiaire entre 8,1% et 19,9%. L’évaluation de l’effet
de matrix a été obtenue par une étude de recouvrement avec
des extraits d’aérosol de tabac chauffé, enrichis à des
concentrations différentes avec des composés à analyser.
En plus, la fumée principale de cigarette de référence
Kentucky 3R4F a été analysée et les résultats ont été
comparés aux résultats des études déjà publiées. 
La méthode a été validée avec succès, fournissant des
données cohérentes avec les données publiées et s’est
avérée sélective, précise et exacte.
Petites différences de signification peuvent survenir par la
traduction du texte anglais en français par des mots qui ne
correspondent pas tout à fait. Dans ce cas, le texte anglais
s’applique. [Beitr. Tabakforsch. Int. 28 (2019) 317–328]

INTRODUCTION

Acetamide, acrylamide, acrylonitrile, benzene, 1,3-buta-
diene, catechol, o-cresol, m-cresol, p-cresol, glycerine,
hydroquinone, isoprene, naphthalene, nicotine, phenol,
1,2-propylene glycol, pyridine, quinoline, resorcinol,
styrene, toluene and triacetin were selected because these
compounds are present in tobacco or in the mainstream
smoke of conventional cigarettes and quantitative data are
required by the U.S. Food and Drug Administration FDA
(1), Health Canada (HC) (2), and the World Health Organi-
zation (WHO) (3), with some of them being considered as
harmful and potentially harmful constituents. In addition,
menthol was found of interest due to its use as flavor in
mentholated products. Higher levels of 2-furanmethanol
were observed in the aerosol from our electrically heated
tobacco generated under the HC smoking regimen com-
pared to the smoke of the reference cigarette 3R4F.
2-Furanmethanol is formed at low temperatures from
decomposition of carbohydrates, even at temperatures
occurring in the roasting process of coffee beans (4). For
that reason, this constituent is also of interest.
Usually, these compounds are analyzed using multiple
analytical methods, with each method specific for an
analyte or compound class (1), such as for phenolic com-
pounds (5, 6), volatiles (7–9), or humectants (10, 11), each
with a corresponding aerosol collection method (12),
leading to a high workload for the assessment of aerosol
from heat-not-burn prototypes (13). 

EXPERIMENTAL

The aim of this method was to allow the quantification of
24 compounds in the aerosol generated by heat-not-burn
tobacco products, as well as in the smoke of conventional
cigarettes by decreasing the workload from three aerosol
collection methods to one, and from four analytical meth-
ods to one analytical method. The development of the
method proved to be complex and it was not possible to
find one set of gas chromatography-mass spectrometry
(GC-MS) conditions allowing either the separation of
catechol, resorcinol and hydroquinone or the separation of
all 24 compounds. For this reason, the same aerosol extract
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was injected on two different GC-MS systems, where 21
compounds were analyzed on one system without any
further sample treatment. Catechol, resorcinol and hydro-
quinone were analyzed on a second system after adding a
derivatization step. 
Both, cigarette mainstream smoke and aerosol generated by
heated tobacco products, are combinations of their respec-
tive gas-vapor and particulate matter phases. The gas-vapor
phase contains volatile compounds, whereas the particulate
phase comprises less-volatile compounds. Taking into
account the high volatility of some compounds, the main-
stream smoke from 3R4F reference cigarettes (14) and the
aerosol from electrically heated tobacco generated under
the HC smoking regimen were collected using two micro-
impingers containing a cooled solvent mixture and con-
nected in series after a glass fiber Cambridge filter pad
(CFP). After the aerosol collection, the content of both
impingers were combined and used to extract the CFP. The
method for the quantitation of all compounds was found to
be difficult due to the high volatility of 1,3-butadiene and
isoprene, the low solubility of glycerine in a mid-polar
solvent, and the wide ranges of polarity and concentration
(e.g., naphthalene, an apolar compound at nanogram levels,
versus glycerine, a polar compound at milligram levels). A
suitable peak resolution for most of the compounds was
obtained using a DB-WAX capillary column, which,
however, did not allow the correct elution and an adequate
separation of the three isomers catechol, resorcinol and
hydroquinone. For this reason, a derivatization step with
N,O-Bis(trimethylsilyl)-trifluoracetamide (BSTFA) was
added to increase the volatility of these compounds, which
were then analyzed on a second GC-MS instrument using
the less-polar DB-624 capillary column. 
The presence of phenol, o-cresol, m-cresol and p-cresol
could be observed in the BSTFA solution. Different
BSTFA solutions were tested from several suppliers.
Depending on the supplier, concentrations varied for those
compounds and sometimes were found to be higher than
the lowest calibration level. For this reason and to avoid an
additional variability of the method, o-cresol, m-cresol,
p-cresol, and phenol were not analyzed with catechol,
resorcinol, and hydroquinone.
For the evaluation of the final results using this method, the
mainstream smoke from 3R4F reference cigarettes was
analyzed, and results were compared with previously pub-
lished studies. Results were found to be consistent with
reported data from Cooperation Centre for Scientific Research
Relative to Tobacco (CORESTA) (15), U.S. Centers for
Disease Control and Prevention (16), British American
Tobacco (17), and Philip Morris International (13).

MATERIALS AND METHODS

Materials

Phenol (99.5%), o-cresol (99.7%), m-cresol (99.7%),
p-cresol (99.7%), catechol (99%), hydroquinone (traceable
certified reference material (CRM)), resorcinol (traceable
CRM), catechol-D6 (99%, 98 atom%D), hydroquinone-D6
(99%, 98 atom%D), acetamide (99%), acrylamide (trace-
able CRM), acetamide-D3 (99%, 99 atom%D), benzene

(99.9%), isoprene (99.5%), acrylonitrile (99%), pyridine
(99.8%), styrene (99%), naphthalene (99.7%), quinoline
(98%), 2-furanmethanol (97.5%), benzene-D6 (99%, 99.96
atom%D), naphthalene-D8 (98%, 99 atom%D), quino-
line-D7 (98%, 97 atom%D), pyridine-D5 (99%, 99.5
atom%D), phenol-D6 (99%), styrene-D8 (98%, 98
atom%D), menthol (99%), glycerine (99.5%), triacetin
(99%) and 1,2-propylene glycol (99.5%) were purchased
from Sigma-Aldrich (Buchs, Switzerland). A customized
1,3-butadiene standard solution (12 mg/mL in methanol
(99.9%)) was purchased from Restek (Bad Homburg,
Germany). Toluene (99.9%) and ethyl acetate (SupraSolv®)
were purchased from Merck (Darmstadt, Germany).
Nicotine (CRM) was purchased from LGC (Wesel, Ger-
many), N,O-Bis(trimethylsilyl)-trifluoracetamide + 1%
trimethylsilyl chloride (BSTFA+ 1% TMCS) from Thermo
(Basel, Switzerland), methanol (99.9%) from Romil
(Büren, Switzerland) and helium (99.999%) from Carbagas
(Basel, Switzerland). For the aerosol collection, 30-mL
micro-impinger without frit and 44-mm diameter glass fiber
CFP were used.
The 3R4F reference cigarettes were obtained from the
University of Kentucky (14) and were conditioned for at
least 48 h under controlled conditions (22 ± 1 °C, relative
humidity 60 ± 3%) prior to aerosol generation; Tobacco
Sticks (consumables of the heat-not-burn tobacco system)
were taken from a production batch and conditioned in the
same way as the 3R4F reference cigarettes.

Instrumentation

The aerosol was collected on a linear 20-port smoking
machine, SM 450 Cerulean (Milton Keynes, UK).
Two gas chromatographs (GC) 7890A coupled with an
electron ionization mass spectrometer 5977A and an auto-
sampler 7693 with split/splitless injection from Agilent
(Basel, Switzerland) were used. GC-A was equipped with a
DB-WAX UI capillary column from Agilent
(30 m × 0.25 mm internal diameter × 0.5 µm film thickness,
Agilent, Basel, Switzerland) and GC-B with a DB-624
capillary column (30 m × 0.32 mm internal diameter × 1.8 µm
film thickness, Agilent, Basel, Switzerland). For both GC-MS
systems, a liner focused with glass wool was used. For system
A, the split injection mode was applied using the GC-MS
parameters described in Table 1 and Table 2, and for system
B, the pulsed splitless mode using GC-MS parameters
described in Table 3 and Table 4 was used. Masshunter
Quantitative Analysis software version B.07.01 (Agilent,
Basel, Switzerland) was used for data treatment. For com-
pound extraction, samples were shaken on an Infors HT
orbital shaker (Infors, Basel, Switzerland).

Preparation of standards

Standards were dissolved individually in a solvent mixture
of ethyl acetate/methanol (95:5 vol/vol) to obtain individual
standard stock solutions. These solutions were prepared
from the less-volatile compounds to the more-volatile
compounds to avoid cross-contamination. The individual
standard stock solutions, with the exception of glycerine,
were then serially diluted and combined to create three
mixed standard solutions. Considering the expected aerosol 
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Table 1.  Instrument conditions for gas chromatography (GC) A. 

Parameters for GC-A

Capillary column DBWAX UI, 30 m × 0.25 mm × 0.5 µm
Pre-column 2 m, deactivated silica 0.25 µm
Injector temperature 240 °C
Injection mode Split
Split ratio 1:20
Pressure (initial) 83.2 kPa
Linear velocity 44.4 cm/sec
Column flow 1.5 mL/min
Septum purge flow 5 mL/min
Total flow 36.5 mL/min
Column oven:
 Initial temp
 Initial time
 Ramp 1 rate
 Ramp 1 temperature
 Ramp 1 hold time
 Ramp 2 rate
 Ramp 2 temperature
 Ramp 2 hold time
 Ramp 3 rate
 Ramp 3 temperature
 Ramp 3 hold time
 Ramp 4 rate
 Ramp 4 temperature
 Ramp 4 hold time
 Total run time

40 °C
2.5 min
30 °C/min
150 °C
0 min
5 °C/min
200 °C
0 min
8 °C/min
220 °C
1 min
30 °C/min
240 °C
8 min
28.333 min

Table 3.  Instrument conditions for gas chromatography (GC) B.

Parameters for GC-B

Capillary column DB-624, 30 m × 0.32 mm × 1.8 µm
Injector temperature 220 °C
Injection mode Pulsed splitless
Injection pulse pressure 250 kPa
Pressure (initial) 74.5 kPa
Purge flow to split vent 50 mL/min for 2 min
Column flow 3.2 mL/min
Septum purge flow 5 mL/min for 2 min
Total flow 36.5 mL/min
Gas saver on 20 mL/min after 10 min
Column oven:
 Initial temp
 Initial time
 Ramp 1 rate
 Ramp 1 temperature
 Ramp 1 hold time
 Ramp 2 rate
 Ramp 2 temperature
 Ramp 2 hold time
 Ramp 3 rate
 Ramp 3 temperature
 Ramp 3 hold time
 Total run time

60 °C
1.0 min
15 °C/min
130 °C
0 min
4 °C/min
180 °C
0 min
20 °C/min
250 °C
5 min
26.667 min

Table 2.  Mass spectrometer (MS) settings acquisition parameters for GC-A. 

Group
Start of acquisition

window (min)
Delta EMV

Total dwell
time (ms)

Compound name
Quantifier ion 

m/z / dwell time (ms)
Qualifier ion 

m/z / dwell time (ms)

1 1.2 0 300 1,3-Butadiene 54/120 53/40
Isoprene 67/100 68/40

2 3.7 0 320 Benzene 78/80 77/80
ISTD Benzene-D6 84/80 56/80

3 4.2 0 325 Acrylonitrile 53/150 52/50
Toluene 92/75 91/50

4 5.2 0 290 Pyridine 79/100 51/80
ISTD Pyridine-D5 84/70 56/40

5 6.2 0 370 Styrene 104/150 103/50
ISTD Styrene-D8 112/100 110/70

6 8.0 0 310 Propylene glycol 61/50 45/50
2-Furanmethanol 98/60 97/50
Menthol 138/50 123/50

7 10.0 100 440 Acetamide 59/180 NA a

ISTD Acetamide-D3 62/30 NA
Naphthalene 128/180 NA
ISTD Naphthalene-D8 136/50 NA

8 12.0 !100 350 Nicotine 162/150 161/100
163/100

9 12.6 50 360 Acrylamide 71/200 55/80
ISTD Acrylamide-D3 74/40 58/40

10 13.0 100 250 Quinoline 129/250 NA
11 13.6 100 520 Phenol 94/80 95/40

ISTD Phenol-D6 99/50 100/50
o-Cresol 108/200 107/100

12 14.5 0 300 Triacetine 145/200 116/100
13 14.9 100 400 m-Cresol 108/300 107/100

p-Cresol 108/300 107/100
14 14.5 !100 160 Glycerin 61/80 43/80

Ion source: EI; Source temperature: 230°C; MS Quad temperature: 150°C; Electro-multiplier (EM) settings: Delta EMV; Relative voltage (initial): 0;
a NA: not analyzed
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Table 4.  Mass spectrometer (MS) settings for acquisition for GC-B. 

Group
Start of acquisition

window (min)
Delta EMV

Total dwell
time (ms)

Compound name
Quantifier ion 

m/z / dwell time (ms)
Qualifier ion 

m/z / dwell time (ms)

1 125 0 425 Catechol 254/100 239/100
ISTD Catechol-D6 258/200 243/100

Resorcinol 239/200 254/100
Hydroquinone 239/200 254/100

ISTD Hydroquinone-D6 258/200 243/100

Ion source: EI; Source temperature: 230 °C; MS quad temperature: 150 °C; Electro-multiplier (EM) settings: Delta EMV; Relative voltage
(initial): 0

Table 5.  Concentrations of internal standard (ISTD) stock
solutions in µg/mL.

Compound (ISTD)
Theoretical concentration for

STD1–STD7 (µg/mL)

Phenol-D6 2
Catechol-D6 24
Hydroquinone-D6 12

Acetamide-D3 9
Naphthalene-D8 0.1
Pyridine-D5 24
Styrene-D8 1.5
Benzene-D6 2.2

concentrations generated by heated tobacco products,
compounds were grouped in the following way: phenol,
catechol, hydroquinone, pyridine, toluene, styrene, 2-furan-
methanol, isoprene, and benzene were combined in
solution A; o-cresol, m-cresol, p-cresol, resorcinol,
1,2-propylene glycol, quinoline, acrylamide, acetamide.
1,3-butadiene, and acrylonitrile were combined in solution
B; and menthol, nicotine, triacetin, and naphthalene were
combined in solution C. Concentration ranges for working
standard solutions depicted in Table 5 were obtained by
diluting a combination of solutions A, B, C, and the
standard stock solution of glycerine.

Internal standards (ISTD), phenol-D6, catechol-D6,
hydroquinone-D6, acetamide-D3, naphthalene-D8,
pyridine-D5, styrene-D8 and benzene-D6 were dissolved
individually in ethyl acetate/methanol (95:5 vol/vol) to
obtain individual ISTD stock solutions. The individual
stock solutions were then serially diluted and combined to
form a single solution with the concentrations presented in
Table 5 and were used for the quantification of the different
compounds, as depicted in Table 6. For quantification,
seven standard levels were prepared for the calibration
curve in 2-mL GC vials for GC-MS systems A and B, as
presented in Figure 1. For GC vial A (GC-A), 100 µL of
the combined ISTD solution were transferred into a 2-mL
GC vial containing 1000 µL of working standard (prepared
individually for levels 1 to 7). The vial was closed immedi-
ately after the addition of ISTD solution and carefully
mixed. Phenol, o-cresol, m-cresol, p-cresol, 1,3-butadiene,
isoprene, benzene, acrylonitrile, toluene, pyridine, styrene,
1,2-propylene glycol, menthol, 2-furanmethanol, acryl-
amide, naphthalene, nicotine, acetamide, quinoline, tri-
acetin, and glycerine were analyzed using GC-A, as shown
in Figures 2 and 3.

For GC vial B (GC-B), 100 µL of calibration standard
(individually for levels 1 to 7) from GC-A were transferred
into a 2-mL GC vial with an insert containing 100 µL BSTFA
solution. The vial was closed immediately after the addition
of the calibration standard and carefully mixed. Catechol,
resorcinol and hydroquinone were analyzed using GC-B (due
to the presence of phenol and cresols in the BSTFA solution,
these compounds were not analyzed with GC-B), shown in
Figure 4. Presence of toluene, styrene and benzene in ethyl
acetate was observed throughout the method development
phase. Ethyl acetate of different qualities from several
suppliers was tested and the one with the lowest concentra-
tions of those compounds was selected. Concentrations of
toluene, styrene and benzene were found to be lower than the
lowest calibration level. However, no impact on quantification
was observed for these compounds as long as standard
solutions and aerosol extracts were prepared using exactly the
same batch of ethyl acetate, thereby compensating for any
contribution by compounds present in the solvent.

Aerosol collection

The mainstream smoke of two 3R4F reference cigarettes or
the aerosol of five Tobacco Sticks (commercialized under
the HEETS® brand name), used with the Tobacco Heating
System 2.4 (commercialized under the IQOS® brand name),
was collected under the HC smoking regimen using two
micro-impingers connected in series after a glass fiber
Cambridge filter pad (CFP). For 3R4F, ventilation holes
were blocked by 100% and after a pre-heating time of 15 s,
the smoking run started with a puff volume of 55 mL, puff
duration of 2 s and puff interval of 30 s (18). For Tobacco
Sticks, after a pre-heating time of 40 s the aerosol collec-
tion started for 12 puffs with a puff volume of 55 mL, puff
duration of 2 s and puff interval of 30 s. Before the aerosol
collection of test items, smoked blanks were generated in
the same way.
Particulate matter of the mainstream smoke of 3R4F
reference cigarettes and the aerosol generated by heating
tobacco was retained on a 44-mm diameter CFP, and the
gas-vapor phase was trapped using a 30-mL micro-im-
pinger containing 10 mL extraction solution (ethyl ace-
tate/methanol 95:5 vol/vol) maintained at 0 °C, followed by
a second 30-mL micro-impinger containing 10 mL extrac-
tion solution maintained at !75 °C. After the aerosol
collection, the CFP and the contents of both impingers were
combined in the same 20-mL amber vial and placed on an
orbital shaker (150 rpm for 10 min ± 1 min) for the extrac-
tion of compounds from the CFP.
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Table 6.  Theoretical concentration ranges in µg/mL of standard solutions for all compounds. 

Compound / standard
STD1

(µg/mL)
STD2

(µg/mL)
STD3

(µg/mL)
STD4

(µg/mL)
STD5

(µg/mL)
STD6

(µg/mL)
STD7

(µg/mL)
ISTD used

Phenol 0.010 0.050 0.199 0.398 0.597 0.796 0.995 Phenol-D6
Catechol 0.081 0.404 1.62 3.23 4.85 6.46 8.08 Catechol-D6
Hydroquinone 0.040 0.200 0.798 1.60 2.40 3.19 3.99 Hydroquinone-D6
Pyridine 0.040 0.200 0.802 1.60 2.41 3.21 4.01 Pyridine-D5
Toluene 0.025 0.125 0.499 0.998 1.50 2.00 2.50 Benzene-D6
Styrene 0.003 0.013 0.050 0.100 0.150 0.200 0.251 Styrene-D8
2-Furanmethanol 0.199 0.997 3.989 8.0 12.0 16.0 19.9 Napthalene-D8
Isoprene 0.105 0.525 2.10 4.20 6.30 8.40 10.5 Benzene-D6
Benzene 0.012 0.060 0.240 0.480 0.720 0.960 1.20 Benzene-D6
o-cresol 0.002 0.003 0.009 0.018 0.027 0.036 0.045 Phenol-D6
m-cresol 0.001 0.003 0.009 0.018 0.027 0.036 0.045 Phenol-D6
p-cresol 0.002 0.003 0.009 0.018 0.027 0.036 0.045 Phenol-D6
Resorcinol 0.001 0.002 0.006 0.012 0.018 0.024 0.030 Hydroquinone-D6
Propylene glycol 9.00 18.0 54.0 108 162 216 270 Napthalene-D8
Quinoline 0.001 0.002 0.006 0.012 0.018 0.024 0.030 Phenol-D6
Acrylamide 0.025 0.050 0.150 0.299 0.449 0.598 0.748 Phenol-D6
Acetamide 0.100 0.200 0.601 1.20 1.80 2.41 3.01 Acetamide-D3
1,3-Butadiene 0.036 0.072 0.216 0.433 0.649 0.865 1.08 Benzene-D6
Acrylonitrile 0.019 0.038 0.114 0.228 0.342 0.456 0.570 Benzene-D6
Menthol 30.0 150 270 390 510 630 750 Acetamide-D3
Nicotine 22.5 113 203 293 383 473 563 Acetamide-D3
Triacetin 15.0 75.0 135 195 255 315 375 Acetamide-D3
Naphthalene 0.0010 0.0050 0.0090 0.0130 0.0170 0.0210 0.0250 Napthalene-D8
Glycerine 210 526 840 1155 1470 1786 2100 Phenol-D6

Figure 1.  Scheme of the calibration procedure and the analytical methods.

Sample preparation procedure

For the recovery study and to evaluate the matrix effect,
four individual aerosol collection replicates obtained under
HC smoking regimen were homogenized. The homo-
genized aerosol extract was then spiked at four different
concentration levels. The added volume of the spiking
solution did not exceed 5% of the homogenized extract
volume. For each concentration level, four individual GC
vials were prepared for GC-MS systems A and B and were

then analyzed on both GC-MS systems.
For the quantification, aerosol extracts were prepared in
2-mL GC vials for GC-MS systems A and B, as presented
in Figure 5.
For GC-A, 100 µL of the combined ISTD solution were
transferred into a 2-mL GC vial containing 1000 µL of the
aerosol extract. The vial was closed immediately after the
addition of ISTD solution and carefully mixed.
For GC-B, 100 µL of the measurement solution from GC-A
were transferred into a 2-mL GC vial with an insert 
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Figure 2.  Total ion chromatogram (TIC) from the selected ion monitoring (SIM) for the highest calibration solution, analyzed on
GC-MS system A.

Figure 3.  Zoom of Figure 2 for the highest calibration solution, analyzed on GC-MS system A.

Figure 4.  Total ion chromatogram (TIC) from the selected ion monitoring (SIM) for the highest calibration solution, analyzed on
GC-MS system B.
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Figure 5.  Scheme of the aerosol collection and the analytical methods.

Table 7.  Summary of limits of detection (LOD) and lower limits of quantification (LLOQ) for heated tobacco aerosol matrix. 

Compound
STD1

(µg/mL)
STD7

(µg/mL)
LOD

(µg/mL)
LLOQ

(µg/mL)

Nominal content, 
without menthol 

(µg/mL)

Nominal content,
mentholated version 

(µg/mL)

1,3-Butadiene 0.036 1.08 0.004 0.012 0.0564 0.0522
Isoprene 0.105 10.5 0.005 0.016 0.413 0.359
Benzene 0.012 1.2 0.0005 0.0018 0.132 0.122
Acrylonitrile 0.019 0.57 0.002 0.006 0.0333 0.0299
Toluene 0.025 2.5 0.003 0.010 0.379 0.332
Pyridine 0.04 4 0.002 0.006 1.82 2.02
Styrene 0.0025 0.25 0.0005 0.0015 0.138 0.131
Propylene glycol 9 270 0.737 2.46 98.9 57.0
Menthol 30 750 1.37 4.55 NA 333
2-Furanmethanol 0.2 20 0.034 0.115 8.16 4.99
Acetamide 0.2 6 0.045 0.151 0.856 0.741
Naphthalene 0.001 0.025 0.0003 0.0009 0.00289 0.00221
Nicotine 22.5 562.5 1.03 3.43 313 310
Acrylamide 0.1 3 0.010 0.035 0.392 0.373
Quinoline 0.001 0.03 0.0002 0.0005 0.00149 0.00070
o-Cresol 0.003 0.09 0.0004 0.0013 0.0235 0.00836
Phenol 0.01 1.001 0.0006 0.0020 0.445 0.192
Triacetin 15 375 0.502 1.67 128 119
p-Cresol 0.003 0.09 0.0005 0.0017 0.0216 0.0121
m-Cresol 0.003 0.09 0.0002 0.0006 0.0106 0.00533
Glycerine 210 2100 6.14 20.5 1174 1053
Catechol 0.08 8.01 0.006 0.019 3.66 3.23
Resorcinol 0.001 0.03 0.0001 0.0005 0.00873 0.00653
Hydroquinone 0.04 4 0.003 0.009 1.75 1.46

containing 100 µL BSTFA solution. The vial was closed
immediately after the addition of the measurement solution
and carefully mixed.

Validation

The method for the quantification of 24 compounds in the
heated tobacco aerosol generated under the HC smoking
regimen was validated according to International Con-
ference on Harmonisation of Technical Requirements for
Registration of Pharmaceuticals for Human Use Guidelines

(ICH) (19) and Association of Official Analytical Chemists
(AOAC) official methods of analysis (20), where the
selectivity, the linearity of the response function, the
stability of samples and standard solutions, the instrumental
limit of detection (LOD), the lower limit of quantification
(LLOQ), the instrumental repeatability (r), the r limit, and
the intermediate precision (IP) limit were tested. 
The matrix effect of the heated tobacco aerosol extract was
assessed by performing a recovery study, where the aerosol
extracts were spiked at different concentrations of the
compounds to be analyzed. Moreover, results for 
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Table 8.  Summary of r and IP limits, coefficient of variations of r (CVr) and coefficient of variations of IP (CVIP) obtained for heated
tobacco aerosol matrix (HEETS) without menthol. All data are replicates of n = 16. 

Compound
Nominal content

(µg/item)
r

(µg/item)
CVr 
(%)

IP
(µg/item)

CVIP

(%)

1,3-Butadiene 0.226 0.0703 11.0 0.0709 11.1
Isoprene 1.65 0.619 13.3 0.647 13.9
Benzene 0.529 0.151 10.1 0.207 13.8
Acrylonitrile 0.133 0.0348 9.3 0.0374 9.9
Toluene 1.52 0.522 12.2 0.662 15.4
Pyridine 7.28 2.01 9.8 2.82 13.7
Styrene 0.553 0.209 13.4 0.215 13.8
Propylene glycol 396 99.6 8.9 129 11.6
Menthol NAa NA NA NA NA

2-Furanmethanol 32.6 10.3 11.2 14.7 15.9
Acetamide 3.42 0.950 9.8 0.950 9.8
Naphthalene 0.0116 0.00357 10.9 0.00522 16.0
Nicotine 1252 279 7.9 288 8.1
Acrylamide 1.57 0.381 8.6 0.429 9.7
Quinoline 0.00597 0.00203 12.0 0.00252 14.9
o-Cresol 0.0941 0.0472 17.7 0.0496 18.6
Phenol 1.78 0.894 17.7 0.928 18.4
Triacetin 510 132 9.1 149 10.3
p-Cresol 0.0864 0.0394 16.1 0.0485 19.9
m-Cresol 0.0425 0.0212 17.6 0.0225 18.7
Glycerine 4697 1358 10.2 1526 11.5
Catechol 14.7 3.94 9.5 3.94 9.5
Resorcinol 0.0349 0.0113 11.5 0.0141 14.3
Hydroquinone 7.02 2.63 13.3 2.63 13.3

a NA:  not analyzed

Figure 6.  Linear calibration curve for pyridine, obtained from
the combined solution A.

3R4F obtained under the HC smoking regimen were
compared with data from previous published studies. The
trueness of the method was assessed by comparison of
results from 3R4F reference cigarettes with previously
published studies (13, 15–17). Results were found to be
consistent with published data.

RESULTS AND DISCUSSION

The selectivity for analytes was demonstrated in blanks
(solvent; ethyl acetate/methanol (95:5 vol/vol) only and a
mixture of ethyl acetate/methanol (95:5 vol/vol and
BSTFA + 1% TMCS) and smoked blank extracts (aerosol

Figure 7.  Quadratic calibration curve for glycerine, obtained
from the glycerine stock solution. 

collection without test item), where the responses of
analytes were compared with those of the lowest corre-
sponding standard response. In general, responses for all
compounds were found to be less than 20% of the response
of the lowest calibration level (acceptance threshold 0.20),
with the exception of compounds present in ethyl acetate as
contaminants, such as benzene, toluene and styrene. Indeed,
during the method development phase, these compounds
were detected in ethyl acetate. However, no impact on
quantification was observed for these compounds as long
as standard solutions and aerosol extracts were prepared
using exactly the same batch of ethyl acetate, thereby
compensating for any contribution of compounds present in
the solvent. The selectivity of ISTDs was demonstrated in
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Table 9.  Summary of r and IP limits, coefficients of variations of r (CVr ) and coefficients of variations of IP (CVIP) obtained for heated
tobacco aerosol matrix for mentholated HEETS. All data are replicates of n= 16.

Compound
Nominal content

(µg/item)
r

(µg/item)
CVr

(%)
IP

(µg/item)
CVIP

(%)

1,3-Butadiene 0.209 0.0523 8.87 0.0878 14.88
Isoprene 1.44 0.4250 10.46 0.537 13.21
Benzene 0.487 0.0869 6.31 0.0869 6.31
Acrylonitrile 0.120 0.02801 8.28 0.0344 10.16
Toluene 1.33 0.3527 9.40 0.452 12.05
Pyridine 8.08 1.155 5.05 3.53 15.45

Styrene 0.524 0.1054 7.11 0.185 12.50
Propylene glycol 228 33.4 5.19 106.0 16.44
Menthol 1330 178.0 4.73 392 10.41
2-Furanmethanol 20.0 3.99 7.06 8.71 15.42
Acetamide 2.96 0.778 9.28 1.179 14.07
Naphthalene 0.00885 0.00339 13.53 0.00482 19.25
Nicotine 1241 206.5 5.88 283 8.07
Acrylamide 1.49 0.311 7.37 0.451 10.69
Quinoline 0.00280 0.00158 19.87 0.00206 25.99
o-Cresol 0.0335 0.01084 11.45 0.0149 15.75
Phenol 0.770 0.2990 13.73 0.392 18.00
Triacetin 476 87.0 6.45 87.0 6.45
p-Cresol 0.0485 0.01734 12.65 0.0272 19.81
m-Cresol 0.0213 0.01453 24.11 0.0212 35.27
Glycerine 4213 804 6.74 1092 9.16
Catechol 12.9 3.059 8.36 3.82 10.43
Resorcinol 0.0261 0.00825 11.17 0.00951 12.88
Hydroquinone 5.84 1.764 10.68 2.23 13.53

blanks, blank aerosol extracts, and heated tobacco aerosol
matrices, where the area responses of ISTDs were shown
to be lower than 5% in measurement solutions without
addition of ISTDs compared to area response for ISTDs in
measurement solutions with ISTDs (acceptance threshold
0.05). A regression model based on a linear relationship
between concentration and response ratio with 1/x weight-
ing factor was applied for the quantification of phenol,
o-cresol, m-cresol, p-cresol, 1,3-butadiene, isoprene,
benzene, acrylonitrile, toluene, pyridine, styrene, 2-furan-
methanol, acrylamide, naphthalene and acetamide. A
quadratic regression model with 1/x weighting factor was
applied for the quantification of catechol, resorcinol,
hydroquinone, 1,2-propylene glycol, menthol, nicotine,
quinoline, triacetin and glycerine for the intended concen-
tration ranges planned for routine use, as presented in
Table 6. Typical calibration curves are shown in Figures 6
and 7. Lower LOD and LLOQ were calculated based on
the standard deviation of the lowest calibration standard
solutions from five different working standard preparations
derived from five different preparations of stock solutions.
LLOQs were found to be lower than the lowest standard
solution (STD1) for all compounds used in the calibration
curve, as depicted in Table 7.
Recoveries in heated tobacco aerosol extract were deter-
mined using homogenized and compound-spiked samples.
Regardless of compound and concentration levels, all
recoveries obtained from spiked extracts were found to be
between 82.1% and 113.8%. Since no systematic upward
or downward trends could be observed for recoveries, a
matrix effect for heated tobacco aerosol could be excluded.
The instrumental repeatability (r) was performed for the

evaluation of the intra-assay precision of the analytical
method under the same operating conditions during a short
time period by analyzing the same heated tobacco aerosol
extract 10 times on GC-MS A and B. Coefficents of
variation of r (CVr) were found to be lower for all com-
pounds (<2.7%) compared to the r of the whole procedure,
which includes the variability of the aerosol collection and
the variability of the analytical method.
The repeatability (r) and intermediate precision (IP) limits
for the 24 compounds were evaluated at nominal content by
injecting four heated tobacco aerosol collection replicates,
collected under the HC smoking regimen over four differ-
ent days (in total 16 replicates). Only intra-day variability
was considered in the calculations for the estimation of the
r limit, and intra-day and inter-day variabilities were
considered for the IP limit calculation using the same data
set. As depicted in Table 8 and Table 9, coefficients of
variation of IP (CVIP) were similar or slightly higher than
the CVr, meaning that the variability between days is less
than the variability of the aerosol collection combined with
the variability of the analytical method (variability of the
whole process).
For the comparison between results obtained for 3R4F
under the HC smoking regimen and data from previously
published studies (13, 15–17), results were found compara-
ble with published data, as depicted in Table 10.

CONCLUSIONS

The purpose of the developed method was to provide the
quantification of 24 compounds in the aerosol generated by 
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Table 10.  Comparison of results (mean ± SD) for 3R4F obtained under the Health Canada (HC) smoking regimen to previous
published data.

Compound
3R4F CORESTA (15)

(µg/cig)
CDC (16) 

(µg/cig)
BAT (17)
(µg/cig)

PMI (13; Table 5)
(µg/cig)

Validated method
(µg/cig)

1,3-Butadiene NA
a

92.4 ± 12.6 90.5 ± 25.8 63.8 ± 3.5 98.2± 9.9
Isoprene NA NA 1042 ± 76 798 ± 49 911± 51
Benzene NA 97.7 ± 7.91 99.2 ± 5.6 97.6 ± 4.7 106± 3.0
Acrylonitrile NA 28.0 ± 2.46 33.7 ± 1.5 31.9 ± 1.8 29.9± 0.91
Toluene NA 139 ± 14 164 ± 8.4 188 ± 11 199± 12
Pyridine 40.3 ± 7.17 NA 32.5 ± 4.3 36.1 ± 2.2 37.7± 3.3
Styrene 24.3 ± 4.42 14.5 ± 1.47 16.7 ± 1.7 24.5 ± 1.2 25.5± 1.1
Propylene glycol NA NA NA NA <LOQ
Menthol NA NA NA NA <LOD
2-Furanmethanol NA NA NA NA 4.30± 0.59
Acetamide NA NA NA 13.9 ± 0.5 14.6± 1.6
Naphthalene NA NA NA NA 1.18± 0.11
Nicotine NA NA 1970 ± 40 1890 ± 160 1952± 140
Acrylamide NA NA NA 4.8 ± 0.3 5.17± 0.60
Quinoline 0.5 ± 0.08 NA 0.47 ± 0.06 0.513 ± 0.023 0.50± 0.08
o-Cresol 4.1 ± 0.46 NA 4.71 ± 0.16 4.47 ± 0.16 4.16± 0.40
Phenol 14.3 ± 2.35 NA 14.7 ± 0.6 13.6 ± 0.9 12.9± 1.5
Triacetin NA NA NA NA 1050± 101
p-Cresol NA NA 9.4 ± 0.62 9.17 ± 0.44 9.52± 0.85
m-Cresol NA NA 3.92 ± 0.3 3.03 ± 0.08 3.27± 0.32

m- & p-Cresol 11.8 ± 1.25 NA 13.3 12.2 12.8
Glycerine NA NA NA 2420 ± 140 2869± 459
Catechol 89.7 ± 6.28 NA 97.7 ± 5.4 91.4 ± 5.6 93.6± 4.4
Resorcinol 1.9 ± 0.36 NA 2.25 ± 0.37 1.85 ± 0.08 1.97± 0.14
Hydroquinone 86.6 ± 6.24 NA 86.7 ± 4.9 83.1 ± 5.5 89.5± 5.2

a NA: not analyzed

heat-not-burn tobacco products by decreasing the number
of aerosol collection methods from three to one, and from
four analytical methods to two.
The method was successfully validated and was shown to
be selective, precise and accurate over the concentration
ranges presented in Table 6 for all compounds.
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