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SUMMARY

The work presented deals with the application of Single
Photon | onisation— Time-of -Flight M ass Spectrometry (SPI-
TOFMYS) for the investigation of tobacco smoke. SPI-
TOFMSisamodern analytical technique, which enablesthe
simultaneousanalysisof alarge number of organic speciesin
complex gas mixturesin real time. The paper is a summary
of aPhD thesis (1) and seven research articles, which were
recently published in various scientific journals (2-8).
Consequently, more detailed information on particular
aspects can be found in there.

The experimental part covers two different approaches, and
therefore, it isdivided into two sub-sections. In thefirst one,
the SPI-TOFMS is coupled to a pyrolysis furnace. The
objective is to examine the thermal behaviour of tobacco
under various controlled conditions. In so doing, three
tobacco types (Virginia, Oriental, and Burley) were pyro-
lysed in two reaction gas compositions (nitrogen and synthe-
tic ar) and seven different furnace temperatures (400 °C,
500 °C, 600 °C, 700 °C, 800 °C, 900 °C, and 1000 °C).
Results can help to unravel the complex formation and
decomposition reactionstaking placewhen tobaccoisheated.
Inthe second part the SPI-TOFM Sisconnected to acigarette
smoking machine in order to investigate the behaviour of
cigarette smoke constituents on a puff-by-puff basis. The
work incorporates the comparison of whole smoke and gas
phase of cigarette smoke, a puff-resolved quantification of
severd hazardous smoke constituents, and the overall
chemical characterisation of theindividual smoking puffs. In
addition, a critical consideration of the prevailing smoking
procedure is given when applied to single puff analysis. A
further study examines the influence of five different ciga
rette lighting devices (gas lighter, electric lighter, candle,
match, and burning zone of another cigarette) on the chemi-
cal composition of thefirst puff. [Beitr. Tabakforsch. Int. 23
(2009) 203-226]

*Received: 10" September 2007 — 4" December 2008

ZUSAMMENFASSUNG

Die hier vorgestellte Arbeit behandelt die Anwendung der
Einzel photonen-lonisation (engl.: Single Photon | onisation,
SPI) — Flugzeitmassenspektrometrie (engl.: time-of-flight
mass spectrometry, TOFM S) zur Untersuchung organi scher
Komponenten in Tabakrauch. SPI-TOFMS ist eine Echt-
zeit-Messmethode, die eine gleichzeitige Untersuchung
einer Vielzahl von organischen Speziesin komplexen Gas-
mischungen ermdglicht. Der Artikel ist eine Zusammen-
fassung einer Dissertation sowiesieben damit verbundenen
Publikationen, welche in den letzten Jahren in verschie-
denen wissenschaftlichen Fachzeitschriften vertffentlicht
wurden. Detailliertere I nformationen hinsichtlich einzel ner
Aspekte konnen daher in den zugrunde liegenden Artikeln
bzw. der Dissertationsschrift gefunden werden.
Grundsétzlich werden zwei Ansétze vorgestellt. Im ersten
Teil wird die Kopplung des SPI-TOFMS an einen Pyro-
lyseofen beschrieben. Zweck dieses Aufbausist die Unter-
suchung desthermischen Verhaltesvon Tabak bei verschie-
denen kontrallierten Bedingungen. Im Rahmen dieser Stu-
die wurden drei Tabaksorten (Virginia, Burley und
Orienttabak) in zwei Reaktionsgasen (Stickstoff und syn-
thetische L uft) und sieben verschiedenen Of entemperaturen
(400 °C, 500 °C, 600 °C, 700 °C, 800 °C, 900 °C und
1000 °C) pyrolysiert und charakterisiert. Die erzielten
Ergebnisse konnen behilflich sein um die komplexen Bil-
dungs- und Abbaumechanismen von Substanzen aufzu-
kléren, diebei der thermischen Zersetzung von Tabak vor-
kommen.

Der zweite Teil behandelt die Kopplung des SPI-TOFMS
an eine Rauchmaschine zur zugaufgel dsten Messung von
Rauchinhaltsstoffen. Der Fokus liegt dabel auf folgenden
Teilaspekten: Gegenuberstellung von Gesamtrauch und
Gasphase, zugaufgeloste Quantifizierung ausgewahlter
Schadstoffe und eine allgemeine chemische Charakte-
risierung der einzelnen Zigarettenziige. Des Weiteren wird
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die Anwendung der vorherrschenden Rauchprotokolle zur
Analyse ganzer Zigaretten auf die Messung einzelner
Zigarettenzige diskutiert. In einer weiteren Studiewird der
Einflu3 von funf verschiedenen Zigarettenanziindemetho-
den (Gasfeuerzeug, el ektischer Anziinder, Kerze, Ziindhol z
und Glut einer anderen Zigarette) auf die chemische
Zusammensetzung des ersten Zigarettenzugs untersucht.
[Beitr. Tabakforsch. Int. 23 (2009) 203-226]

RESUME

Cette étude présentel’ application del’ ionisation dephotons
singuliers (SPI) couplée a la spectrométrie de masse a
temps de vol (TOFMS) pour I'examen de la fumée de
tabac. Le systéme SPI-TOFMS est une technique analy-
tigue moderne, permettant I’ analyse simultanée d’ un grand
nombre de composants organiques dans des mélanges
complexes de gaz en temps réel. L’ étude est un résumé
d’une these de doctorat (1) et sept essaies scientifiques
publiés récemment dans divers journaux scientifiques
(2-8). Aing, plus d'informations détaillées peuvent étre
trouvées dans cette littérature.

Dans ce travail, deux approches sont présentées et ainsi la
partie expérimentale est divisée dans deux sections. Dans
la premiére section la SPI-TOFMS est couplée a un four
pyrolytique. Le but est d’ examiner e comportement ther-
mique de la fumée de tabac sous diverses conditions con-
trélées. Ains trois types de tabac (Virginie, Oriental et
Burley) ont été pyrolysés dans deux atmospheéres gazeuses
(azotes et I'air synthétique) et sous sept températures
différentesdefour (400 °C, 500 °C, 600 °C, 700 °C, 800 °C,
900 °C, et 1000 °C). Les résultats obtenus peuvent aider a
démontrer les réactions complexes de formations et de
décomposition surgissant quand le tabac est chauffé. Dans
la deuxieme section le systeme SPI-TOFMS est connecté
aune machine afumer pour examiner le comportement des
composants de la fumée de cigarette bouffée par bouffée.
L’ étude comporte la comparaison de la fumée compléte
avec la phase gazeuse de la fumée de cigarette, la quanti-
fication par bouffée de plusieurs composants dangereux de
la fumée et la caractérisation globale de bouffées indivi-
duelles. En plus, une considération critique delaprocédure
de fumage dominante est donnée dans le cas de I appli-
cation al’analyse d’ une seule bouffée. Une étude supplé-
mentaire examine |’ influence de cinq différents dispositifs
d’ allumage (agaz, électrique, chandelle, allumette, et zone
brllante d’ une autre cigarette) sur lacomposition chimique
delapremiére bouffée. [Beitr. Tabakforsch. Int. 23 (2009)
203-226]

INTRODUCTION

In tobacco smoke more than 4,800 components have been
identified so far (9). Advancesin analytical techniques let
assume that more than 10,000 substances are present (10),
whereas estimations of the number of unidentified species
have been as high as 100,000 (11).

In general tobacco smoke is composed of a gas phase and
aparticulate phasewhereasmany substancesare partitioned
between these two phases. The gas phase is comprised of
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approximately 400 to 500 individual compounds (12) and
about 300 can be classified as semi-volatiles (13). The
greater number of smoke constituents appears in the
particulate fraction (14). All these facts result in a highly
dynamic matrix having a continuously changing chemical
composition (9).

Chemical analysis of cigarette smoke is mostly done by
application of conventional off-line techniques. These
methods can alter the smoke composition during sampling
and analytical processing, such as separation, trapping, and
derivatisation. In addition, the results obtained are usually
for total yields in smoke from whole cigarettes. As a con-
sequence, short fluctuationsand variationsin concentration
during the smoking process are usually not resolved. How-
ever, thisinformation isessentia in order to understand the
complex and often interrelated formation and decay
mechanisms of various smoke constituents and to evaluate
thereal impact of toxic and cancerogeni ¢ species on human
smokers. However, the analytical task of simultaneously
analysing a wide range of compounds at trace levels
combined with a high time-resolution is very difficult to
achieve. In recent times Single Photon lonisation — Time-
of-flight Mass Spectrometry (SPI-TOFMS) has proven to
be well suited for this purpose. In so doing the method has
been successfully applied to the analysis and characte-
risation of organic speciesin al kind of fields, e.g. waste
incineration (15), steel recycling (16), exhaust gases (17,
18), and coffee roasting (19).

When dealing with mass spectrometry ionisation of the
molecules of interest is required. This ionisation can be
carried out by several different ionisation methods. Electron
impact (El) ionisation is one of the standard techniquesin
thisfield. However, for sufficient yields, electron energies
are required which lead to massive fragmentation of most
organic substances. In the case of highly complex samples
this results in superposition of mother ions and fragment
ions, making identification of individual compounds diffi-
cult or even impossible. Consequently, for these samples
soft ionisation techniques are required which cause no or
only little fragmentation of the analytes. In this context the
single photon ionisation uses vacuum ultraviolet (VUV)
photons instead of electrons for ionisation of the target
molecules. A VUV photon with the energy E, is absorbed
by the molecule and the molecule isionised if E, exceeds
itsionisation potential (1P). Therefore, main advantage of
SPI is the low transfer of excess energy beyond the
required ionisation energy. This resultsin low or even no
fragmentation of the target molecules. The thus generated
mother ions are detected in a time-of-flight mass
spectrometer. Main advantage of TOFMS compared to
other commonly used types such as quadrupol or sectorfeld
mass spectrometry, isthat awide massrange of speciescan
be detected at the same time. Subsequently, a fast and
comprehensive analysis of highly complex mixtures can be
achieved. Information about the generation of VUV
photons by a two-fold frequency-tripling of a Nd:YAG
laser and detailed technical facts of the instrument such as
detection limits, massresolution, linearity etc. can befound
in(3, 8, 20).

When a pulsed Nd:YAG laser system is used for VUV
generation (herewith arepetitionrate of 10 Hz) the photons
have a wavelength of 118 nm, which is equivaent to the



Table 1. Assignment of observed masses to most possible chemical compounds in tobacco pyrolysate and cigarette smoke (1)

m/z Most possible compounds m/z Most possible compounds

67 Pyrrole 105 Vinylpyridine

68 Furan, Isoprene, 1,3-Pentadiene, Cyclopentene 106 Xylene, Ethylbenzene, Benzaldehyde

69 Pyrroline 107 Ethylpyridine, Methylbenzeneamine, 3-

Pyridinecarboxaldehyde

70 2-Butenal, Methyl vinyl ketone, Methylbutene, Pentene, 108 Anisol, Dimethylpyridine, Methylphenol
Butenone, 2-Methyl-2-Propenal 109 3-Methoxypyridine

71 Pyrrolidine 110 Dihydroxybenzene, 2-Acetylfuran, Methylfurfural

72 2-Methylpropenal, 2-Butanone, Butanal 112 Acetylcyclopentane, 2-Hydroxy-3-methyl-2-cyclopenten-1-one

74 Water-eliminated glycerol (C,H;O,), Tetrahydrofuran 116 Indene

77 Unidentified fragment 117 Indole, Methylbenzonitrile

78 Benzene 118 Indane, Methylstyrene, Benzofuran

79 Pyridine 119 Indoline, Aminostyrol, Methylvinylpyridin

80 Pyrazine 120 Methylethylbenzene, Trimethylbenzene

81 Methyl pyrrole 121 Dimethylaniline, Acetylpyridine, Ethyl-methylpyridine

82 Methylfuran, Methylcyclopentene, Cyclohexene, 2- 122 Benzoic acid, Ethylphenol, Hydroxybenzaldehyde,
Cyclopenten-1-one 124 Dihydroxymethylbenzene, Guaiacol

83 Pentanenitrile, 3-Methylbutanenitrile 126 5-Hydroxymethylfurfural

84 Nicotine fragment, Cyclopentanone, Dimethylbutene, Hexene, 128 Naphthalene
3-Methyl-3-buten-2-one 129 Quinoline, Isoquinoline

85 Methylpyrrolidine, Piperidine 130 Methylindene

86 Methylbutanal, 3-Methyl-2-butanone, Pentanone, 2,3- 132 Methylbenzofuran, 1-Indanone, Isopropenyltoluene
Butanedione 134 Isopropyltoluene

92 Toluene 136 Limonene, Methoxybenzaldehyde, 2-Ethyl-5-methylphenol

93 Aniline, Methylpyridine 142 Methyl naphthalene

94  Phenol, 2-Vinylfuran 146 Myosmine

95 Pyridinol, Ethylpyrrol, Dimethylpyrrol 152 Vanillin, 4-ethyl-2-methoxyphenol, 3-Methoxy-2-

96 Dimethylfuran, Furfural hydroxybenzaldehyde, Acenaphthylene

97 Carbohydrate fragment, Hexanenitrile, Methylpentanenitrile 153 Naphthalenecarbonitrile

98 Furanmethanol, Methyl-2-pentenal, 5-Methyl-2(5H)-furanone, 154 Dimethoxyphenol, Vinylnaphthalene
3-Methyl-2(5H)-furanone, 1,3-Cyclopentanedione

102 Phenylacetylene 156 Bipyridine, Dimethylnaphthalene

103 Benzonitrile

104 Styrene, 3-Pyridinecarbonitrile 162 Nicotine, Anabasine

energy of 10.49 eV. Subsequently, all molecules featuring
an IP below 10.49 eV are ionised. Hence, many back-
ground gases such as N, (IP = 15.58 eV), O, (IP = 12.06
eV), CO, (IP=13.77¢eV),and H,0O (IP=12.62 eV) are not
detected astheir | P values are above this threshold. There-
fore, the detector is not oversaturated since these com-
pounds have very high concentrations in smoke and am-
bient air. Compounds addressable by SPI are awide range
of aiphatic and aromatic hydrocarbons as well as hetero-
cyclic and carbonylic species, provided that their IP is
below 10.49 eV. Regarding tobacco smoke, a definite
assignment of all observed massesto chemical compounds
and sources is not possible due to the large number of
species present and the complexity of possible reaction
pathways. Table 1 account for the most likely options
according to (1) and references therin. Data processing is
done by LabView (National Instruments, USA), based on
purpose-written software. Quantification, if wanted, is
carried out by performing external calibration with com-
mercial standard gases or standard gas generators such as
permeation tubes or syringe pump dosage systems.

EXPERIMENTAL —PYROLY SIS EXPERIMENTS
In pyrolysis(Py) studies many experimental conditionscan

be adjusted and controlled. This can give insightsinto the
complex chemistry of many smoke constituents by

revealing the preferred formation and decomposition con-
ditions. In the past, a wide range of pyrolysis studies on
tobacco have been undertaken. A detail ed discussion can be
foundin (21, 22) and referencestherein. However, inrecent
years, application of soft ionisation methods, e.g. molecular
beam mass spectrometry (23), field ionisation mass
spectrometry (24—26), and resonance enhanced multiphoton
mass spectrometry (27, 28), coupled to pyrolysis devices
has been of growing interest mainly due to the complexity
of the investigated samples.

The results presented here can be found in more detail in
(1,2,5)

Experimental set-up of pyrolysis experiments

Theschematicillustration (Figure 1) of the Py-SPI-TOFM S
system demonstrates the experimental setup. A rotary
furnace (Carbolite GmbH, Germany) was used for the
pyrolysis experiments. Inside the furnace, a quartz glass
tube (Iength 140 cm; 13mmii.d.) wasinserted. At theoutlet
of the furnace the quartz tube was connected to a filter
holder containing a Cambridge filter to separate particles
from the gas stream. That was followed by a glass T-piece
connected to atransfer line containing a deactivated fused
silica capillary (0.32 mm i.d.). The capillary was placed
orthogonally to the main gas flow inside the T-piece,
extracting asmall portion of the pyrolysis gas (length: 1.5
m; retention time: < 0.7 s). At the other end of the transfer
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Figure 1. lllustration of the experimental set-up of the Single
Photon lonisation-Time-of-Flight Mass Spectrometry SPI-
TOFMS system coupled to the pyrolysis furnace

line the capillary is housed inside a heated, hollow inlet
needle reaching into the ionisation chamber of the SPI-
TOFMS. All devices between the furnace and the transfer
line such as quartz tube, Cambridge filter holder, T-piece
and all connection parts were wrapped with heating mats
which were constantly heated to 220 ‘C to prevent
condensation and memory effects. The transfer line was
also heated to 220 °C. Intotal, the furnace temperature was
set to seven fixed isothermic temperatures of 400 °C, 500
°C, 600 °C, 700 °C, 800 °C, 900 °C, and 1000 °C,
respectively. Two measurement series with different
reaction gases, synthetic air (80 % nitrogen, 20 % oxygen)
and nitrogen respectively, were carried out, whereby aflow
rate of 0.5 L/minwas adjusted. The sampleswereplacedin
aquartz “boat” and pushed into the middle of the tube by
a wire connected to the boat. Simultaneoudly the data
acquisition was started. Tobacco samples have been taken
from three different tobacco types: Burley, Virginia, and
Oriental. Cigarettes containing these tobacco types were
stored for several daysunder controlled conditionsof 22 °C
and 60 % humidity. Furthermore, these pure tobacco type
cigarettes were analysed for nicotine, total sugar content,
and reducing sugar content by conventional analytical
methods. Results are summarised in Table 2. Before being
pyrolysed the cigarette wrapper was removed and 50 mg of

tobacco was placed in the quartz glass boat. One benefit of
the furnace used compared to commercially-available
pyrolyser devicesisthat no further treatment of the sample
suchasgrindingisnecessary. Intotal, threereplicateswere
measured for each tobacco type, temperature and gas
composition. These results were used to account for
temperature dependence and reaction gas composition
dependence.

A further series of measurements dealt with the characteri-
sation and discrimination of the three tobacco types by sta-
tistical methods. Here the furnace temperature was set to
800 °C. This pyrolysis temperature was chosen because it
roughly resembl esthe conditionsin aburning cigarette but,
in principle, any temperature could have been adjusted
whichleadstothermal decomposition. Furthermore, incon-
trast to the first measurement series, the number of
analysed replicates for the statistical approach was
increased to ten measurements. In addition, these pyrolysis
experiments were performed in nitrogen, but any other
reactiongas composition could have been applied. All other
experimental conditions were kept unchanged.

The recorded time-of-flight spectra were converted into
mass spectra. Dataacquisition was adjusted to averagefive
mass spectra in order to get two complete mass spectra
every second by using a 10 Hz laser. Depending on
temperatureand reaction gasthepyrolysissignal slasted for
up to 80 seconds. Since time-resolution did not matter in
this experiment, the recorded spectra were added up
resulting in a single sum spectrum for each measurement,
which is demonstrated for tobacco pyrolysisin nitrogen at
800 °C in Figures 2A to C. In so doing, Figure 2A
illustrates the online recorded time profile of the occurring
pyrolysisprocessand Figure 2B describestheresulting sum
spectrum after the adding-up procedure. The three repli-
cates of the first and the ten replicates of the second
measurement series, respectively, were used to calculate
mean and standard deviation of each applied condition
which is exemplified in Figure 2C.

RESULTS AND DISCUSSION —
PYROLY SIS EXPERIMENTS

Influence of temperature and reaction gas composition

The occurrence of pyrolysis products strongly depends on
pyrolysis conditions, mainly temperature and reaction gas
composition. Figure 3A exhibits the total averaged signal
SPI mass spectra for pyrolysis temperatures of 400 °C,
500 °C, 600 °C, 700 °C, 800 °C, 900 °C, and 1000 °C for
thetested burley tobacco in nitrogen. Tothe naked eyelittle
or no differences of the three tobacco types could be
observed. Subsequently, the following interpretation is

Table 2. Characteristics of pure tobacco type cigarettes (NFDPM: nicotine-free dry particulate matter; DWB: dry weight basis)

Property Virginia Burley Oriental
Nicotine [% DWB] 2.80 2.63 1.14
Reducing sugar [% DWB] 12.2 0.5 11.2
Total sugar [% DWB] 13.2 0.1 12.5
Tobacco weight [mg/cig] 650 560 742
Nicotine [mg/cig] 1.28 0.94 0.70

206



2 A. Time resolved spectrum

I
N}
o

=]
[
[y

Signal intensity [a.u.]

2 C. Averaged spectrum
including standard deviation

N I [ w
o o o o
! ! L !

Averaged sum signal [a.u.]

o
o

0.0
30 40 50 60 70 80 90 100 110 120 130 140 150 160
m/z

2 B. Three / ten individual
sum spectra

104
05
00] [

0 40 50 60 70 80 90 100 110 120 130 140 150 160
miz

104
054
0.0 1L |

0 40 50 60 70 80 90 100 110 120 130 140 150 160
3.04 miz

1.04
] ...
30 40 50 60 70 80 90 100 110 120 130 140 150 160
miz

Figures 2A, B, and C. Conversion of time-resolved recorded mass spectrainto averaged sum spectra including standard deviation

generaly valid for all tobacco typeswith only slight fluctu-
ations. A detailed characterisation and distinction of the
individual tobacco typesis given later.

Thechange of the overall pattern of the mass spectracan be
clearly seeninFigure 3A. However, the standard deviations
are disregarded in Figure 3A in order to keep the
illustration simple. Therefore, small peaks and changesin
signal intensities should not be overrated. Scaling of they-
axes (signal intensity) of the individual temperatures is
variable becausethey are adjusted to the highest peak inthe
corresponding spectrum to enable comparison of the
patterns. Absolute signa intensities for different tempera-
turesare discussed | ater for selected compounds. The same
spectraat the different temperatures but in synthetic air are
presented in Figure 3B with the same y-axes scaling which
makes it possible to compare the patterns of the same
temperatures but different reaction gases.

Thelesssevere pyrolysis conditions of 400 *Cyield agreat
variety of species. Besides tobacco components (e.qg.
nicotine 162 n/z and water-eliminated glycerol 74 m/z)
decomposition productsfromthermal degradation of carbo-
hydrates such as cellulose, lignin and sugars (e.g. m/z 43,
44,56, 58, 72, 82, 86, 96, 98, and 110) as well as proteins
and amino acids (e.g. m/z 67, 69, 79, 81, and 93) are
present. Signal intensitiesin synthetic air aremostly higher,
especialy for 42 m/z(propene), 56 m/z (2-propenal, butene,
2-methylpropene), 58 m/z (primarily acetone), 68 m/z (iso-
prene, furan), and 70 m/z (crotonal dehyde amongst others).
Obvioudly therma degradation takes place to a greater
extent when oxygenis present at thislow temperature. This

issupported by higher yields of 48 nVz (methanethiol), 162
m/z (nicotine), and 74 m/z (water-eliminated glycerol) in
nitrogen which survive in a non-oxidative atmosphere.

At 500 °C the overal pattern is similar to 400 °C. In syn-
thetic air hardly any differences can be observed. Remark-
able aretherise of 68 m/z(isoprene/furan) and the decrease
of 74 m/z (water-eliminated glycerol) in nitrogen.

By increasing the temperature to 600 °C the diversity of
observed masses is still evident in nitrogen. Thermal
degradation products rise, simultaneously 162 nvz (nico-
tine) is decreasing. In synthetic air, higher molecular mass
signals are vanishing, 162 nvz (nicotine) is not detected.
Simultaneously unsaturated and oxygen-containing com-
poundsfurther increase, especialy 42 m/z (propene) 44 m'z
(acetaldehyde), 54 nVz (butadiene), 56 m/z (2-propend,
butene, 2-methylpropene), and 58 m/z (acetone).

At 700 °C, the most striking feature is the immense rise of
vinylpyridine (105 my2) in both atmospheres, which is
reported as a decomposition product of nicotine and other
nitrogen-containing compounds under severe pyrolysis
conditions (29, 30). This nicotine decomposition includes
rupture of the pyrrolidine and the pyridine ring resulting in
pyridines (e.g. vinylpyridine, 105 nv2), arylnitriles (e.g.
benzonitrile, 103 myz), and aromatic hydrocarbons (e.g.
toluene, 92 m/z). SCHMELTZ et al. suggested several
pathways and identified more than 38 compounds in the
nicotine pyrolyzate (31), demonstrating the complexity of
the cracking and pyrosynthetic reactions occurring. 68 nvz
(isopreneffuran) isstill abundant in nitrogen whereasit does
not play agreat rolein air anymore. Signal intensitiesinthe

207



gnal intensity [a.u.]

N [vj m 1000°C; N,

_N A CHs

ol CrY

5 Y

Figure 3A. SPI sum spectra of Burley tobacco at 400 °C, 500
°C, 600 °C, 700 °C, 800 °C, 900 °C and 1000 °C in nitrogen

|atter atmosphere becomegenerally lower, indicating rising
conversion of compoundsinto substances not accessible by
SPI-TOFMS, e.g. CO and CO,.

When increasing the temperature to 800 °C, the pattern
changes. In nitrogen, 68 nVz (isoprene/furan) also losesiits
supremacy and 162 myz (nicotine) vanished. 78 m/z (ben-
zene) becomesthe prevailing peak in both atmospheres. At
this relatively severe temperature thermal degradation of
carbohydrates such as cellulose, lignin and sugars as well
as proteins, alkaloids and amino acids with subsequent
pyrosynthesis of thermally more stable compounds occurs.
Subsequently the spectra shift towards unsaturated com-
ponents such as 40 m/z (propyne), 42 nVz (propene), and
54 m/z (butadiene) and homologous series of methylated
benzenes (78 + (n x 14); n = 0,1,2,...) and naphthalenes
(128 m/z + (n x 14); n = 0,1,2,...) as well as other
substituted aromatic speciese.g. 104 m/z (styrene), 105 vz
(vinylpyridine), 116 m/z (indene), and 118 m/z (indane). In
contrast, oxygen-contai ning compounds show the opposite
behaviour and decrease (m/z 44, 56, 58, 70, 82, 86, 96).
Apart fromsignal intensity hardly any differences between
air and nitrogen atmosphere can be observed.

Thegeneral trend continuesat 900 °C. Predominantly unsa-
turated species are visible, first and foremost 78 m/z (ben-
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Figure 3B. SPI sum spectra of Burley tobacco at 400 °C, 500
°C, 600 °C, 700 °C, 800 °C, 900 °C and 1000 °C in synthetic air

zene) and 128 m/z (naphthal ene). Substituted aromatic che-
micals decrease such as 92 m/z (toluene) and 105 m/z
(vinylpyridine). The occurrence of 30 m/z(NO) in nitrogen
is depleted whereasin air, it still exists.

Finally, pyrolysisat 1000 °C resultsin dramatic changesto
the pattern of the spectra. Almost all masses are gone or
only have little signal intensities. The spectra in both
atmospheres are dominated by 78 mv/z (benzene) and 128
mV/z (naphthalene) together with a few smaller peaks, e.g.
92 m/z (toluene), 103 m/z (benzonitrile), and 104 m/z (sty-
rene). The spectrum at 1000 °C clearly showsthat at such
high temperatures only the most stable aromatic com-
pounds prevail.

Evansand MILNE (32) illustrated the nature of the products
as a function of pyrolysis temperature. Moderate
temperatures lead to so-called primary components, which
aresubstantially free of gasphase cracking products. Under
more severe conditions these substances undergo sub-
sequent thermal degradation resulting in secondary com-
ponents. Tertiary components are generated by further
decomposition and pyrosynthesis of the secondary com-
pounds.

At the high temperatures applied in the pyrolysis experi-
ments, glycerol (1,2,3-trihydroxypropane) immediately
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Figures 4A, B, and C. Behaviour of primary (A), secondary (B),
and tertiary components (C) as a function of temperature from
the pyrolysis of tobacco in nitrogen and air by means of
selected compounds and tobacco types

eliminates water and finally most likely leads to acrolein.
The water-eliminated intermediate product of glycerol, 3-
hydroxy propanal (C,H,O,, 74 m/z), exhibits the typica
behaviour of a primary component which is shown in
Figure 4A. In both reaction gases, nitrogen and air, the
highest yields can be observed for the lowest applied pyro-
lysis temperature of 400 °C. With increasing temperature,
their signals tend to decline due to thermal degradation up
to almost complete decomposition at 800 °C.

The afore-mentioned behaviour of oxygen-containing and
unsaturated compounds for different temperaturesisagain
illustrated in Figure 4B by means of acetaldehyde (44 m/z)
and cyclopentadiene (66 m/z) in nitrogen and air, respec-
tively. Both substances show a rise and decline in signa
intensity within the temperature range but have their maxi-
maat different temperatures. Thisbehaviour resultsintheir
classification as secondary components. The formation of
these species depends mainly on prior decomposition
reactions. In the case of the tested burley tobacco, acet-
adehyde clearly exhibited the behaviour of a secondary
component, having one formation maximum. Higher yields
were detected in air as shown. However, the pyrolysis of
the tested Virginia tobacco in air lead to two maxima
(400 °C and 600 °C). In addition to unsaturated and oxy-
gen-containing compounds, certain aromatics e.g. indene
(116 m/2) and indole (117 m/z) as well as substituted aro-
matic compounds e.g. alkylated benzenes (92 m/z and 106
nVz), can aso be classified as secondary components.

In contrast, the group of tertiary components mainly con-
sists of thermally stable aromatic compounds without side
chains and a few substituted aromatic species e.g. benzo-
nitrile (103 m/z). Figure 4C demonstrates their thermal
behaviour by means of naphthalene (128 m/z).

Theresults achieved enable an unambiguous classification
of a wide range of tobacco smoke substances into either
primary, secondary or tertiary compounds which is illu-
strated in Table 3. Components not listed either showed
behaviour of more than one class or differences between
tobacco types occurred as explained for acetaldehyde
earlier. The reasons for this can originate from different
sources for the same compound, e.g. distillation from the
tobacco into the smoke (primary component) and formation
viapyrolysig/pyrosynthesisreactions(secondary or tertiary
product) in similar measures.

This group assignment makes it possible to draw con-
clusions on the formation and decomposition mechanisms
of the detected species in smoke and provides an insight
into the complex tobacco chemistry.

Discrimination of tobacco types by sum parameters

Besides genetic characterisitics of the tobacco plants, soil
typesand curing processes strongly influence the character
of the tobacco leaf, and therefore, play a key role in
chemical composition of generated smoke and pyrolysis
gas.

Burley tobacco is alight air-cured tobacco, usually grown
on heavier-textured, more fertile soils where nitrogen-
fertilisation with ammonium nitrate and urea is common.
During the long curing process lasting several weeks
chemical and microbiological reactionstake place. Thereby
carbohydrates are depleted to agreat extent viametabolism
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Table 3. Classification of observed tobacco masses as primary, secondary or tertiary component

m/z Compounds identified in tobacco smoke and pyrolysis gas Classification
34 H,S Secondary
40 Propyne Secondary
42 Propene Secondary
43 Carbohydrate fragment: C,H,", C,H,0" Primary
48 Methanethiol Primary
54 1,3-Butadiene, 1-Butyne Secondary
56 2-Propenal, Butene, 2-Methylpropene Secondary
66 Cyclopentadiene Secondary
67 Pyrrole Secondary
74 3-Hydroxy propanal, Tetrahydrofuran Primary
77 Fragment Tertiary
78 Benzene Tertiary
80 Pyrazine Secondary
85 Methylpyrrolidine, Piperidine Primary
86 Methylbutanal, 3-Methyl-2-butanone, Pentanone, 2,3-Butanedione Primary
92 Toluene Secondary
93 Aniline, Methylpyridine Secondary
98 Furanmethanol, Methyl-2-pentenal, 5-Methyl-2(5H)-furanone, 3-Methyl-2(5H)-furanone, Primary
1,3-Cyclopentanedione

103 Benzonitrile Tertiary
104 Styrene, 3-Pyridinecarbonitrile Secondary
105 Vinylpyridine Secondary
112 Acetylcyclopentane, 2-Hydroxy-3-methyl-2-cyclopenten-1-one Primary
118 Indane, Methyl styrene, Benzofuran Secondary
119 Indoline, Aminostyrol, Methylvinylpyridin Secondary
128 Naphthalene Tertiary
129 Quinoline, Isoquinoline Tertiary
130 Methylindene Secondary
142 Methyl naphthalene Secondary
152 Vanillin, 4-ethyl-2-methoxyphenol, 3-Methoxy-2-hydroxybenzaldehyde, Acenaphthylene Tertiary
162 Nicotine, Anabasine Primary

of the plant cells resulting in cured leaves with relatively
low sugar contents. Consequently, characteristic chemical
components are nitrogen-containing species such as
proteins, akaloids, amino acids, and nitrates (33, 34).
Figure 5A illustrates an averaged sum spectrum including
standard deviation of the pyrolysis of burley tobacco in
nitrogen at 800 °C.

Virginia is typically grown on infertile, sandy soils with
low organic matter and nitrogen reserves often leading to
very light-bodied smooth tobaccos. During flue-curing,
degradation of theleaves' chlorophyll takesplace and most
carbohydrates are converted to simple sugars (34, 35).
Figure 5B showsatypical sum spectrum of the pyrolysis of
Virginiatobacco in nitrogen at 800 °C.

Oriental tobacco resembles Virginia but it often grows on
rocky soils, which are low in nutrients. Oriental tobacco
possesses significant amounts of sugarsand lesser amounts
of protein and amino acids (36). The averaged sum
spectrum in Figure 5C gives the result for the pyrolysis of
Orienta tobacco in nitrogen at 800 “C.

First differences of the three tobacco types tested in these
experiments can be determined by opposing single chara-
cteristic masses as shown in Figure 6A and 6B. Figure 6A
shows the content of nitrogenous substances by means of
17 m/z(NH,) formed during pyrolysisat 800 “Cin nitrogen
and air. The columns represent averaged sum signals of the
three replicates and are normalised to the highest occurring
peak for easier comparison.

The ammonia content of the pyrolysis gases from burley
tobacco is more than twice as high as from Virginia and
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Oriental, whereas the amounts of ammonia from the latter
two are about the same. This behaviour suggests a higher
nitrogen-content of the tested burley tobacco. Oxidative
pyrolysis conditions by application of air in the pyrolysis
atmosphere results in partial decomposition of NH; for all
tobacco types.

In contrast to burley, the pyrolysis products of Oriental and
Virginia show an abundance of peaks assigned to carbo-
hydrate-derived products. Figure6B illustratesthedifferent
contents of 96 nVz, which is most likely attributable to
furfural and dimethylfuran, pyrolysed at 400 °C. These
compounds are known to be decomposition products of
cellulose and used as indicators for carbohydrates in
tobacco smoke (23).

The amount of carbohydrates increases in the following
order: Burley < Oriental < Virginia. The presence of oxy-
gen in the pyrolysis atmosphere might enhance the decom-
position reaction of carbohydrates, but the error bars do not
allow further interpretations on that.

However, the simple comparison of individua key com-
pounds leads to the assumption that various compound
classes, mainly carbohydratesand nitrogen-containing sub-
stances, yield specific signa intensities for the three
different tobacco types.

Discrimination of tobacco types by statistical methods
Differences between the tested tobacco samples can result

in different mass spectral information, which, however,
might not be unambiguous to the naked eye. Therefore,
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dataprocessing methodsarerequired that allow theidentifi-
cation of themost distinctivefeaturesof thesamples. There-
fore, asecond series of pyrolysis measurementswas carried
out. To achieve a greater reliability of the results ten repli-
cates of each tobacco typein nitrogen at 800 °C were pyro-
lysed.

A simple way of verifying differences in the tobaccos
compl ete mass spectraisto subtract an average spectrum of
one type of tobacco from an average spectrum of the other
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Figures 6A. Comparison of the content of nitrogen-containing
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and air by means of furfural/dimethylfuran (96 m/z) formed

type, leading to three difference spectra (Burley — Oriental,
Burley — Virginia, and Oriental — Virginia), which are
shown in Figures 7A, B, and C respectively.

The difference spectrum between Burley and Oriental
tobacco (Figure 7A) illustrates that the tested burley
exhibitshigher signal intensitiesfor e.g. m/z105, 17, 93, 79,
67,104, 103, 117, 34, 30. These masses can amost entirely
be assigned to nitrogen-containing compounds. In thefina
browning stage of burley curing, reactions cease as the
leaves die. Consequently, the characteristic chemical
components are nitrogen-containing species such as pro-
teins, alkaloids, amino acids, and nitrates. These compounds
act as precursors of numerous tobacco smoke components
suchasammonia, pyridines, amines, nitrosamines, pyrroles,
pyrazines, indoles, nitriles, and hydrogen cyanide (33, 34).
Asaresult, concentrationsof thesecompoundsintheburley
pyrolysis gas are higher than in the Oriental and Virginia
pyrolysis gases, which is also illustrated in Figure 7B.
Differences between the tested burley and Virginiaare not
as striking as between burley and Oriental but are still
visible. Again, the burley tobacco pyrolysis gas exhibits
high amounts of nitrogenous species (m/z 17, 67, 93, 79,
104, 103, 117, 30, 105, etc.) but is deficient in masses such
asm/z 44, 66, 54, 58, 56, 68, 78, 42, etc. compared to the
tested Virginia. Similar massesin slightly different order of
signal intensity characterise the Oriental tobacco pyrolysis
gas compared to burley (m/z 78, 54, 42, 66, 44, 92, 56, 58,
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142, 94, etc.) and can mainly be identified as unsaturated
hydrocarbons, some of them containing oxygen. An
explanation is that Oriental tobacco possesses significant
amounts of sugars and lesser amounts of protein and amino
acids, resulting in typical masses for carbohydrate break-
down (23, 36, 37). In turn, when Virginiais compared to
burley, typica masses for carbohydrate decomposition
prevail but if comparedto Oriental nitrogenous speciesplay
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a more important role demonstrated in Figure 7C. As a
result, in this experiment the pyrolysis gas compositions of
burley and Oriental are very characteristic and differ quite
a lot. In contrast, the tested Virginia tobacco features
properties of both other types.

In general, modern analysistechniques enabl e sensitiveand
sophisticated investigations of al sorts of samples. At the
same time the immense amount of data obtained often
requires pruning datasets in order to focus on the most
relevant features. In this way, chemometrics has gained
great influence in modern analytical chemistry. In this
context Principal Component Anaysis (PCA) is one
common method of choice. It basically seeksto reduce the
dimensionality of adataset consisting of alarge number of
interrelated variabl es, whileretai ning asmuch of the present
variation as possible. Thisis achieved by transformation to
a new set of variables, the Principal Components (PCs),
which are uncorrelated and ordered so that the first few
components contain most of the variation of the entire
original data set. The PCA is based on the covariance
matrix of the entire data set. The eigenvectors of the
covariance matrix are the so-called loading vectors (which
project the original data to the new space spanned by the
Principal Components) and the respective eigenvalues
represent the fraction of the variance explained by the
Principal Component. Often aprojection of theoriginal data
spanned by the first two PCsis sufficient. The outcome of
PCA ismostly depicted by two two-dimensiona plots, the
loading-pl ot and the score-plot. Theloading-plot visualises
the influence of the original variables on the respective
Principal Components, the scores are the projected datain
the lower dimensional subspace defined by the PCs.

The first step of processing the dataset was performed by
normalisation to total ion signal and autoscaling. Auto-
scaling is often useful when variables span different ranges
in order to make the variables of equal importance. It is
carried out by mean centring the data, i.e. subtracting the
mean and subsequent variance scaling, i.e. division by the
standard deviation to make the dataindependent of scaling.
Pre-selection of relevant masseswasdoneby cal culating the
Fisher-Ratios. The pair-wise Fisher-Ratio between any two
classes is defined as the ratio of between-class scatter and
within-class scatter. The best features in descending order
of the Fisher-Ratios can then be selected for the
classification task (38, 39). This Fisher criterion can be
extended to multi-class problemsenabling the simultaneous
distinction between several groups (39, 40). Masses
featuring the twenty-five highest Fisher-Ratios were
incorporated into the PCA calculations. These masseswere
in descending order of the Fisher-Ratio value 105 nvz, 17
m/z, 103 m/z, 106 m/z, 104 m/z, 93 miz, 79 m/z, 44 m/z, 107
m/z, 59 nVz, 81 m/z, 43 m/z, 66 m/z, 67 miz, 117 m/z, 96 m/z,
80 m/z, 42 m/z, 94 m/z, 119 m/z, 78 m/z, 118 m/z, 86 m/z, 58
Mz, and 116 m/z (1, 5).

The score plot proves that a clear distinction between the
three tobacco types can be achieved by Py-SPI-TOFMS
which isillustrated in Figure 8A. Burley and Oriental are
clearly separated on thefirst PC (explaining 70.34% of the
total variance), while Virginiais separated from the other
two tobacco types along the second PC (14.31% of total
variance). Theloadings (Figure 8B) reveal the influence of
the variables on the Principal Components in conjunction
with the scoreplot on each tobacco type. Consequently, all
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twenty five masses can be divided into two large groups
either mainly influencing Oriental or burley tobacco. Nitro-
genous compounds typical for burley have a strong influ-
ence on the first Principal Component towards positive
values, whereas unsaturated carbohydrates show strong
influence on negative values along the axis of thefirst PC.
Regarding this, the first Principal Component mainly
describes the differentiation between burley and Oriental
and isdominated by the appearance of nitrogen-containing
species and carbohydrates. Therefore it is aso related to
cultivation conditions as explained beforehand. Virginia
tobacco is affected solely on the second PC by components
of both groups whereby some masses have agreater impact
(e.g. Mz 116, 79, 96, 80, 106, 118, 105) than others (e.g.
m/z59, 17, 117).

As a consequence PCA enables the discrimination of al
three tobacco types and confirms the revelation that Vir-
ginia shows features of burley and Oriental tobacco. This
difficulty inclassification of Virginiacanalsobeseeninthe
small fraction of total variance explained by the second PC
compared to PC1 (14.31% to 70.34%).

Interestingly, a similar distinction of the classes can be
achieved by only using the three masses exhibiting the
highest Fisher-Ratios, m/z 105 (vinylpyridine), 17 (ammo-
nia), and 103 (benzonitrile). More details on that can be
foundin (1, 5).

CONCLUSION — PYROLY SIS EXPERIMENTS

Thecoupling of SPI-TOFM Sto apyrolysisfurnace enabled
the comprehensive characterisation of many tobacco smoke
constituents, regarding the influence of temperature and
reaction gas composition. In this context, by spanning a
temperature range between 400 °C and 1000 °C in steps of
A 100 °*C and applying two different gas compositions, pure
nitrogen and synthetic air, the preferred formation con-
ditions of many individual compounds could be identified
as well as the overall change of the pattern was observed.
Moreover, the classification of severa substances in pri-
mary, secondary, and tertiary components was carried out.
With respect to the three tested tobacco types Virginia, Ori-
ental, and burley, differences in composition of the pyro-
lysis gas were clearly illustrated. In this way the principle
and possibility of discriminating between these three
tobacco types by PCA was demonstrated.

EXPERIMENTAL — SMOKING EXPERIMENTS
Puff-by-puff resolved measurements of cigarette smoke

First investigations on the analysis within single cigarette
puffswere carried out by VILCINS (41) and CESCHINI et al.
(42). Over the years severa techniques have been applied
for single puff or puff-by-puff characterisation such as
Fourier transforminfrared spectroscopy (FTIR) (43, 44) and
guantum cascade infrared laser spectroscopy (45-47) by
PARRISH and co-workers aswell as quad quantum cascade
laser spectrometry by BAREN et al. (48). PLUNKETT et al.
used a dud infrared tuneable diode laser system (46, 49)
whereas GC-MS was applied by THoMAS et al. (50), L1 et
al. (51), and WAGNER et al. (52). In addition CRooKkS et al.
developed a technique for determining intrapuff nicotine
yields (53).

Limiting factors for most of these methods are either the
low time-resolution or the fact that only a few substances
can be analysed simultaneously. Moreover, in order to gain
analytical information of smoke components relevant for
human smokers, it is important to investigate relatively
fresh smoke (ca. oneto two secondsold), rather than smoke
that has aged over afew minutes (54). In addition, the ana-
lysis technique must not interfere too much with the com-
bustion and pyrolysis processes occurring in the cigarette.
In this context, an inherent problem is the fact that besides
the composition, the partition between the gas phase and
particulate phase can also change continuously and is
strongly influenced by time, temperature and dilution of
smoke (9). In practice, investigations of the effects of
cigarette smoke constituentshave generally concentrated on
the particulate phase of smoke (12). However, knowledge
about the phase affiliation of smoke components is
important because gas phase and particulate matter have
very different deposition characteristicsin the human respi-
ratory tract, be it oral, pharyngeal, bronchial, or alveolar.
Consequently, the focus of this study is on whole smoke
and gas phase investigations. Main goal of the method isa
fast and comprehensive analysiswhich interferesaslittle as
possible with the complex smoke matrix.
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machine coupled to the SPI-TOFMS

Experimental set-up of smoking experiments

Thesmoking machineand the SPI-TOFM Sinstrument were
connected by the heated transfer line containing the
deactivated capillary (Figure 9), similar to the experimental
set-up described for the pyrolysis experiments. The
smoking machine used was a custom-made smoking
machine based on a commercial Borgwaldt single port
smoking machine. The main reason for the modifications
was the fact that the commercial machine was insufficient
for real-time measurements since the smoke was collected
and mixed in a piston before being pumped to any ana
Iytical device. In addition to that, the smoking machine
caused much greater memory effects dueto its higher dead
volume. A detailed description of the modified smoking
machine can be found in (8). During analysis a small
portion of the smoke (flow: 8 mL/min) was sucked in the
ionisation chamber. The T-piece was wrapped by aheating
mat and adjusted to ca. 80 "C. Thetransfer line was heated
to 220 °C.

Concerning sample cigarettes, the main focuswas on 2R4F
Kentucky reference cigarettes whereby only mainstream
smoke, smoked under | nernational Standard (1SO) smoking
conditions, wasinvestigated. Usually several cleaning puffs
without cigarette were taken in between the actual smoking
puffs. Thisprocedure was necessary in order to remove any
remaining smoke in the smoking machine and will be
discussed in detail in the section “Drawbacks of the
smoking regime”.

The first test series dealt with the qualitative and quan-
titative comparison of whole smoke and gas phase. The
cigarettes were lit with a Borgwaldt electric lighter. Gas
phase measurements were carried out by incorporating a
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Cambridge filter pad in the cigarette holder. For whole
smoke measurements the Cambridge filter pad was
removed. Intotal threereplicateswere measured. In contrast
to the pyrolysis experiments, three (not five) successive
single laser shot mass spectra were averaged (time reso-
lution 3.3 Hz) to improve signal stability. Thisholdsfor all
following measurements. A detailed interpretation of these
results can be found (1, 4, 8).

A further measurement series dealt with a qualitative sta-
tistical approach to characterise and discriminate between
the individual cigarette puffs by means of their chemical
pattens. The cigarettes were also lit with a Borgwaldt
electric lighter and measurements of whole smoke only
were carried out. Here, only puffs one to eight were con-
sidered for the statistical evaluation. In total, ten replicates
were measured and the corresponding mean and standard
deviation were calculated. Forty one mass signals, which
could be clearly detected in the mass spectra, were selected
for further analysis. Thesignal intensities per puff (withand
without cleaning puffs) were normalised to the corre-
sponding total ion signal of the puff. This eliminatesinflu-
ences of absolute mass signal values and enables the
investigation of changing chemical patterns. Prior to the
principal component analysisautoscaling of thedataset was
carried out similar asdescribed in the pyrolysisexperiment.
The resultant puff-resolved data sets of the ten measure-
ments were used to perform a PCA. These outcome of this
experiment is also covered in (6).

A last test series was performed in order to investigate the
influence of different cigarette lighting devices on the
chemical composition of thefirst cigarette puff. Investigated
lighting deviceswere aBorgwal dt el ectric lighter, amatch,
acommercia propane/butane gas lighter, acandle, and the
burning zone of another cigarette. In the latter case a first
cigarette was it properly and the burning zone of thisciga-
rette was used to light the actual sample cigarette whereby
both cigarettes were kept in an angle of approximately 180
°C. For all measurements only the first cigarette puff was
recorded and ten replicates were carried out for each
lighting device. Normalisation was carried out by norma-
lising the absolute signals to the corresponding total ion
signal of the puff. This eliminates influences of varying
masses of burnt tobacco. These resultscan befound in more
detail in (7).

For al test series the recorded time-of-flight spectra were
converted to mass spectrathe same way as described for the
pyrolysis experiments. For puff-by-puff evaluation, the
time-resolved signal intensities of each individual smoking
puff were added. Finaly, mean and standard deviation of
the corresponding replicates were cal culated for each puff.
The processing from the time-resol ved mass spectra to the
puff-resolved yields is demonstrated by means of acet-
aldehydein Figure 10.

Besides qualitative evaluation, afew substances, which are
considered to berelevant for smoking rel ated di seases, were
selected for aquantitative interpretation. Thesetarget com-
poundswere chosen according to their accessibility by SPI-
TOFM Saswell aspossiblerelevancefor the human smoker
and expected yield in tobacco smoke. The substances
studied quantitatively werenitric oxide, acetaldehyde, buta-
diene, acetone, isoprene, benzene, toluene, and the C2-
benzene derivatives ethyl benzene and xylene. The latter
two are given as the sum of both since the TOFMS used
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doesnot allow separation between them. Some quantitative
information might be influenced by small amounts of
isobaric species i.e. compounds with the same or very
similar molecular weights. A detailed discussion onthat can
be found in (1). Calibration of the instrument was per-
formed by applying commercial standard gases (Linde AG,
Unterschleiheim, Germany; Air Liquide, Grébenzell,
Germany).

RESULTS AND DISCUSSION —
SMOKING EXPERIMENTS

For the first evaluation of the composition of whole ciga-
rette mainstream smoke and the gas phase, spectrafrom the

smoking of a complete 2R4F research cigarette with and
without a Cambridge filter pad were summed up (over all
puffs) in order to compare the different signal patterns. The
summed signal intensities of the gas phase and whole
smoke areillustrated in Figure 11. In general, signal inten-
sitiesof almost all masses are higher for whole smoke com-
pared to the vapour phase. In addition, whole smoke results
in agreater variety of masses, especially in the massregion
higher than 70 m/z. The assignment of masses observed in
cigarette smoke to the most likely compounds is given in
Table 1. Good to seeisthe occurrence of nicotine (162 m/z)
in whole smoke whereas in the cigarette vapour phase,
nicotine is non-existent.

Drawbacks of the smoking regime

When contemplating puff-by-puff resolved smoking pro-
files for the first time one must consider massive memory
effects and the contamination on the following puffs, even
for the modified smoking machine with the reduced dead
volume. This effect was much more pronounced for gas
phase measurements. Subsequently, several cleaning puffs
were taken with no cigarette present in between the actual
cigarette smoking puffs until the signals of the cleaning
puffs declined to zero. In general, two cleaning puffs were
necessary for this purpose for whole smoke. Gas phase
measurements required up to five cleaning puffs. These
signals were added together and compared to the smoking
puffs. Figure 12B shows the yields for acetaldehyde (44
m/z) in the successive unfiltered smoking puffs and sub-
sequent cleaning puffs of a 2R4F research cigarette. To a
first approximation, contamination and memory effectsfor
each puff amounted for about onethird of the corresponding
smoking puff intensity. For whole smoke this will mostly
depend on thetype of smoking-machine used. However, the
summed cleaning puffsof the gas phase measurementswith
aCambridgefilter pad present resultedin even higher signal
intensities than for the smoking puff, especialy for the
earlier puffs (Figure 12A).

This must be due mainly to desorption effects from the
Cambridgefilter. Intheliterature no report about this effect
could be found, therefore, it is possible that previous puff-
by-puff resolved studies have not considered this problem.
However, PARRISH et al. (43) described the influence of
several Cambridge filter parameters on smoke composition
and trapping efficiencies. This desorption effect must also
occur intotal yield investigationsfrom entire cigarettes but,
sinceinthiscasesignasof all puffsare summed up, are not
ascrucial asfor single puff characterisation. Subsequently,
thedefinition of “single puff” isproblematical sinceitisnot
obvious if the subsequent contamination levels should be
added to the yield of the previous puff. If this is not the
case, thorough cleaning or filter changing after every puff
will be required. Otherwise, this contamination level is
added automatically to the subsequent smoking puff, which
consequently affects this result. Therefore for single puff
evaluations, two approaches are possible, which are illu-
strated in Figure 13: either contemplation of the smoking
puffs only without cleaning puffs (approach B’), or adding
together smoking and corresponding (subsequent) cleaning
puffs (approach A’). The former method results in a mis-
match when all single puff yields are added together and
compared to the conventional total yield measurements
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Figure 11. Comparison of gas phase and whole smoke by opposing two sum spectra of a completely smoked 2R4F cigarette
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Figures 12A and B. Successive smoking and cleaning puffs of
the gas phase (Fig. 12A) and whole smoke (Fig. 12B) of the
2RA4F cigarette, shown for acetaldehyde (44 m/z)
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Figure 13. lllustration of the three different approaches (A, B,
and C) for the definition of ‘whole cigarette’ and the two
approaches for the definition of ‘single puff’ (A’ and B’)

since it will result in smaller total amounts (approach B).
The latter approach (A’) makes the results comparable to
published data dealing with total amounts of smoke
compounds. Secondly, thelevels of componentsin both the
smoking puffs and the cleaning puffs are relevant to the
human smoker. However, especially for gas phaseanalysis,
some particulate matter held back by the filter might
evaporate to the smoke stream of the following puffs and
wrongly contributesto the gas phase. Thissource of erroris
also relevant for conventional total yield measurements.
Regarding this work the puffs are defined as smoking puff
plus subsequent cleaning puffs, mainly because both
fractions affect the human smoker.
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Figure 14. Quantitative, puff-by-puff resolved and total yields of selected substances analysed in the gas phase and whole smoke
of the 2R4F research cigarette with cleaning puffs added to the smoking puffs

Itisalso possiblethat institutionsdealing with thedefinition
of standard smoking conditions are not aware of thesefacts.
One reason is probably the lower relevance for the total
yields. However, total yieldinvestigationscan beinfluenced
but to a smaller extent. If smoke sampling is immediately
stopped after the final smoking puff, the contamination and
desorption yields of this final puff (here: 23 pg and 26 pg
acetaldehyde for the whole smoke and the vapour phase
respectively) remain in the smoking machine and/or filter.
As a consequence, approach A was used regarding total
smoke analysis.

After al, recently published total yields of some smoke con-
stituents of the 2R4F (52, 55) arein good agreement with the
values achieved in the present study when the cleaning puffs
areconsidered. Without including the cleaning puffsthetotal
yields would be lower.

Quantitative evaluation of 2R4F cigarette

Figure 14 illustrates the puff profile of the quantitatively
analysed substances in the smoke of 2R4F cigarette for the
whole smoke and the gas phase. The cleaning puffs have
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Table 4A Averaged yield (;) and standard deviation (std) of the quantitative, puff-by-puff resolved compounds in pg, analysed
in the whole smoke of the 2R4F research cigarette by adding the cleaning puffs to the smoking puffs

Compound Puff 1 2 3 4 5 6 7 8 9 2
NO m 18.9 22.5 234 314 41.7 38.3 37.6 45.9 50 309.6
std 4.3 3.8 1.2 2.8 2.9 1.2 49 5.7 2.9 13.9
Acetaldehyde m 324 40.1 44.4 54.2 61.7 63.6 69.3 79.2 82.2 527.1
std 1.3 0.3 0.6 0.8 0.4 0.3 0.6 0.4 0.1 2.2
Acetone m 11.9 21.3 24.1 28.4 30.7 325 35.3 38.3 425 265.1
std 2.7 3 2.9 25 1.6 25 4.4 2.9 2.3 15.1
Isoprene m 41.6 36.6 374 38.6 47.2 41.9 48.3 50.2 55.3 397.2
std 2.7 2.3 8.8 2.3 15 31 2.3 4 5 15.3
Benzene m 5 4.1 4.2 5.3 5 5.4 6.1 6.2 6.8 48.2
std 1.6 04 0.5 0.6 0.3 0.5 0.9 0.6 0.4 3.6
Toluene m 4 7.3 7.7 9 9.5 9.9 10.8 11.6 14.6 84.5
std 1.3 1 1.2 1.3 0.9 0.9 12 0.9 1.2 4.3
Xylene/Ethyl m 0.5 1.2 11 1.6 1.6 18 2.4 2.9 4.6 17.8
Benzene std 0.4 0.1 0.3 0.4 0.3 0.2 0.4 0.3 0.9 1.9

Table 4B. Averaged yield (n_1) and standard deviation (std) of the quantitative, puff-by-puff resolved compounds in pg, analysed
in the gas phase of the 2R4F research cigarette by adding the cleaning puffs to the smoking puffs

Compound Puff 1 2 3 4 5 6 7 8 9 2
NO m 14.3 17.9 15.6 17.9 25.1 28.1 34.3 39.1 34 226.2
std 1.6 3 3 2.4 3.9 4.5 5.4 5.1 12.6
Acetaldehyde m 21.6 21.7 22.2 26.3 35.2 38.6 45.4 47.8 52 310.7
std 5.2 4.9 3.9 4.3 4.5 4.2 6.1 4.7 17.6
Butadiene m 3.7 0.9 0.7 1.1 15 2.1 2.4 2.1 3.3 17.9
std 0.7 0.2 0.3 0.1 0.1 0.3 0.5 0.4 1.1
Acetone m 6.5 10.9 11.9 14.3 17.8 19 21.2 21.8 24.9 148.1
std 1.6 2.6 2 2.7 2.1 2.1 2.8 2.4 9.6
Isoprene m 30.7 18.8 18.4 21.6 24.5 28.8 34.8 31.1 41.5 250.2
std 5.7 4 3.3 3.8 3.9 2.2 2.3 7.3 13.6
Benzene m 1.6 1.7 1.6 2 2.5 2.7 3.2 3.2 4 22.5
std 0.6 0.2 0.3 0.4 0.4 0.2 0.3 0.5 1.7
Toluene m 1 2.7 3 3.3 4.2 4.5 5.2 5.8 7.4 37.1
std 0.2 0.5 0.9 0.6 0.8 0.4 0.6 0.6 3.1
Xylene/Ethyl m 0 0 0 0 0 0 0 0.3 1 1.3
benzene std 0 0 0 0 0 0 0 0.3 0.3

been added to the corresponding preceding puffs as dis-
cussed earlier. The mean values including standard devia-
tion arealso listed in Tables4A and B. The sameyieldsfor
the smoking puffs only, i.e. without adding the cleaning
puffs to the smoking puffs can be found in (1).

The presented results of NO reveal a further flaw of the
Cambridge filter separation. NO is a small molecule and
should beentirely inthe gas phase of cigarette smoke. How-
ever, some NO seems to be trapped on the Cambridge pad
sincetheyieldislower inthe gas phasewhichindicatesthat
the Cambridge pad isnot anideal filter for separating al the
gas and particulate phase constituents of cigarette smoke.
This effect is even more pronounced for the smoking puffs
only, which supports the trapping theory. The observed
results for NO must reflect a reaction that removes NO,
which is enhanced by the presence of the Cambridge pad.
Although such an effect of the Cambridge pad has not been
reported previously for NO, WiLLIAMS (56) has observed
recoveries of only 87—-91% when NO was added to whole
smoke using anon-dispersive infrared analytical technique
together with aCambridgefilter pad. He postul ated that NO
wasbeing lost by its reaction with other smoke constituents
such as amines and alcohols to form nitrosamines and
methy! nitrite respectively. Nitric oxideisknown to oxidise
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withinafew secondsin smoketo generatenitrogen dioxide,
and the nitrogen dioxide subsequently reacts within a
further few secondswith smoke constituents such asmethyl
acohol, isoprene, butadiene and acrolein (57, 58). Therate
of oxidation of nitric oxide to nitrogen dioxide in main-
stream smoke has been determined in several studies (56,
58-60). The rate constant in smoke is almost a magnitude
higher than for the pure gas phase oxidation, possibly due
to catalysis of the reaction by free radicals present in
smoke. In the present study the transit time of the smoketo
the analyser will be greater in the presence of the Cam-
bridge pad because of the tortuous path of the smoke
through thefilter pad. Thisallowsmoretimefor reaction of
NO and will result in the measurement of lower quantities
of NO when the Cambridge filter pad is present. It is
experimentally convenient to use a Cambridge pad in
smoke analysis but it does not give an absolute separation
of the two phases. The materials collected on the pad are
affected by a host of factors, including moisture content,
temperature, flow rate and specific chemical interaction
between aerosol constituents and the fibre glass. Different
separation techniques, such as electrostatic precipitation
and jet impaction traps give different values for the
vapour/aerosol composition (14).
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The yields of most of the compounds present in cigarette
smoke (whole smoke and gas phase) feature a continuous
increase from puff to puff which can be clearly seenfor e.g.
NO, acetaldehyde, acetone, and toluene. This is due to a
gradual reduction in tobacco rod length as the cigarette is
consumed, which results in a decrease in filtration by the
tobacco rod for products in the particulate phase and their
components, and a decrease in air dilution and outward
gaseous diffusion for products in the gas phase (61, 62).
However, a second puff-by-puff behaviour was also ob-
served in which the first puff exhibits the highest yield,
followed by smaller yields in the second puff and then the
usual increase with puff number mentioned before. Species
observed following this behaviour are mainly unsaturated
hydrocarbons. Here (Figure 14) butadieneand, lessdistinct,
isoprene show this puff profile.

The reason for this behaviour must be related to the lighting
of the cigarette before the first puff istaken. During lighting
the tobacco is heated from ambient temperature, resulting in
amuch higher temperature gradient than is the case for the
subsequent puffs, since the inter-puff smoulder temperature
is around 600 °C to 700 °C. Thus, tobacco closest to the
burning zone is preheated for al puffs except the first one.
This trend attracts specid interest, especialy regarding the
highly toxic smoke constituentsbutadieneand i soprene, when
assuming that human smokers inhae differently during the
first puff. For example, itispossiblethat asmoker may inhale
the first puff longer and deeper in order to light the cigarette
properly. It isaso possible that some human smokers do not
inhade the first puff at all. The detailed andysis on the
chemical composition of theindividua puff asshownin this
work will beinteresting from human smoking behaviour and
smoke retention studies point of view.

Similar high levelsin thefirst puff have aso been reported
for formaldehyde and ethylene (41, 47-49) aswell as ben-
zo[a]pyrene (51, 63). Formaldehyde and benzo[a]pyrene
are considered as some of the most hazardous species in
smoke (72-75). Therefore, formaldehyde seems to feature
a unique smoking profile since it is the only oxygen-con-
taining compound following this behaviour. All the other
species having high yields in the first puff are unsaturated
or aromatic hydrocarbons. VILCINS (41) has reported that
the manner of lighting a cigarette can sometimes cause the
yieldsin the first puff to be higher or lower than expected.
L1 et al. (63) showed that the high levels of benzo[a]pyrene
in the first puff were dependent on the method of lighting

the cigarette. They showed that lighting the cigarette with
a butane lighter (yellow flame) or match resulted in very
high concentrationsin thefirst puff whereasatorch lighter
(blueflame) and electric lighter resulted in quite low levels
of benzo[a]pyrene in the first puff. They deduced that the
excess benzo[a]pyrenein thefirst puff with ayellow flame
or match was from soot particles covered with polycyclic
aromatic hydrocarbons, produced in the incomplete com-
bustion of theyellow lighting flame. Furthermore, PARRISH
and HARWARD (46) compared butane lighters, electric
lighters, and matches and did not find significant changes
with respect to the high levels of formaldehyde in the first
puff. As a consegquence a further study was carried out in
order toeval uatetheinfluenceof different cigarettelighting
devicesonthechemica composition of thefirst puff. These
results can be found in the section “Influence of different
lighting devices’.

Qualitative evaluation of 2R4F cigarette

The different characters of the first and second puff can
also be examined by a difference spectrum in which the
summed and normalised (to total ion signal) spectrum of
the second puff is subtracted from the summed and nor-
malised spectrum of thefirst puff asdemonstrated for 2R4F
research cigarette in Figure 15.

In so doing, positive signal intensities account for higher
amounts in the first puff and vice versa. The spectrum
illustrates that the first puff is dominated by unsaturated
species, mainly 40 mv/z (propyne), 52 nvz (1-buten-3-yne),
54 m/z (mainly butadiene), and 66 nVz (cyclopentadiene).
In contrast to this, the second puff is dominated by oxygen-
containing species such as carbonyls, e.g. 44 m/z (acet-
aldehyde), 56 m/z (mainly acrolein), 58 m/z (acetone), and
70 m'z (mainly crotonaldehyde) aswell as 94 m/z (phenal),
30 m/z (NO), and the sulphurous components 34 nvVz (H,S)
and 48 m/z(methanethiol). Theonly obviousexceptionsare
92 m/z (toluene) and 42 m/z (propene).

The origin of mass 68 m/z usually can be attributed to two
isobaric compounds, isoprene and furan, both identified in
cigarette smoke (23, 30). BAKER (9) and HOFFMANN (64,
65) reported that the yield of isoprene in plain non-filter
cigarettesisapproximately fiveto ten times higher than for
furan. In Figure 15 it can be seen that 68 m/zis much more
abundant in the first puff. Therefore it is assumed that the
main proportion of 68 mV/z in fact originates from the
unsaturated hydrocarbon isoprene, rather than the oxygen-
containing furan. Variationsin composition between other
successive puffs(2—3; 3—4; etc.) could not be observed by
this approach. Therefore, the application of statistical
methods, similar to the pyrolysis study, was pursuited.

In so doing, a further measurement series was carried out,
whereby both approaches of data evaluation were carried
out. Firstly, thetwo cleaning puffswere added to the corre-
sponding smoking puff, and secondly, the cleaning puffs
were neglected and only the smoking puffs without
cleaning puffs were considered. The results of both
approaches wereincorporated into a PCA and the outcome
of the first approach (cleaning puffs added to smoking
puffs) isillustrated in the Figures 16A and B.

It can be seen that the first puff is clearly separated on the
first principal component (variance 50.06%) confirming the
very unique chemical composition mentioned earlier. In
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Figure 16A. Score-plot of the first and second principal com-
ponents of the mean and ten individual puff-resolved cigarette
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Figure 16B. Loading-plot of the first and second principal com-
ponent of the ten puff-resolved cigarette smoke measurements
(smoking puffs and cleaning puffs)

addition the second puff isa so separated but on the second
principal component (variance 23.15%). Thismeansthat the
chemical pattern of the second puff isnot just different from
the first puff but also from the following puffs three to
eight. In contrast the data points of these six puffs (threeto
eight) seem to form an undefined cluster. However, when
incorporating the calculated mean (black dots and line) of
theindividual score values even puffsthreeto eight show a
trend and are separated on the second principal component.
The black figuresrefer to the puff numbers of the averaged
score values. Plotting the first versus the third principal
component confirms the described trends but does not give
any additional information, subsequently, it is not shown
here. According to thesefindingsall cigarette puffshavean
individual chemical pattern. The first and the second puff
are very unique whereas the variations within the puffs
three to eight are small. The corresponding loading-plot
visualises the influence of the 41 masses on the respective
principal componentsillustrated in Figure 16B.

The loading-plot shows that the first puff is highly influ-
enced by the masses 39 nvVz, 40 nVz, 52 Nz, 54 n/z, 66 Nz,
68 m/z, 78 m/z, and 80 m/z. Almost all of these are
unsaturated hydrocarbons, 80 nvz (pyrazine) is a nitrogen-
containing aromatic compound. As mentioned earlier,
lighting the cigarette and heating the tobacco from ambient
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Figure 17A. Score-plot of the first and second principal com-
ponents of the mean and ten individual puff-resolved cigarette
smoke measurements (smoking puffs only)
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Figure 17B. Loading-plot of the first and second principal

component of the ten puff-resolved cigarette smoke measure-
ments (smoking puffs only)

temperature to more than 900 °C (66) seemsto enhancethe
formation of unsaturated species. Contamination by the
lighting devicecan beexcluded sincean electriclighter was
used. In contrast the second cigarette puff is more influ-
enced by nitrogen-containing species such as 17 m/z (am-
monia), 67 m/z(pyrrole), 69 m/z (pyrroline), 71 m/z (pyrro-
lidine), 79 mVz (pyridine), and 81 m/z (methyl pyrrole). In
addition, the clustered species in the bottom left corner
have an effect on the separation of the second puff on the
second principal component, two of them (93 nvz and 95
m/z) also being nitrogen-containing smoke constituents.
Fromthethird puff onward oxygen-containing compounds
such as 30 m/z (nitrogen oxide), 44 m/z (acetaldehyde), 56
m/z(mainly acrolein), 70 m/z(mainly crotonaldehyde), and
94 mV/z (phenal) play a greater role but sulphurous species
(34 m/z and 48 mY2) and nicotine peaks (162 m/z and 84
m/z) can also be found.

The score and loading plots of the PCA when the cleaning
puffsarenot added to the smoking puffs(Figures17A and B)
look very similar regarding the clear separation of the first
puff on the first principal component (variance 59.64 %).
However, two nitrogen-containing unsaturated species, 67
m/z (pyrrole) and 69 nvVz (pyrroline), enlarge the cluster of
compounds which is responsible for the separation. Thus,
thegroup of smoke constituentswhich separated the second
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puff from the first and the third puff when the cleaning
puffs are considered (Figures 16A and 16B) have almost
vanished. Only 43 mVz (carbohydrate pyrolysis fragment)
and 17 m/z(ammonia) remain. A separationtothefollowing
puffsisvisible but with approximately the same magnitude
asfor puffsthreeto eight (variance of the second principal
component 13.25%). Thus when the cleaning puffs are not
added to the smoking puffs the clear separation of the
second puff isnolonger observedin thescore plot. Looking
at the puff-resolved data of the cleaning puffsrevealed (not
shown here) that these masses, which separated the second
puff from the other puffs in Figures 16A and B, feature
rather high signal intensitiesin thefirst cleaning puff of the
second smoking puff. In all the other cleaning puffs the

signa intensities are not exceptionally high. The reasons
for this are unclear. However, it hasto be stressed that the
modified smoking machine has amuch lower dead volume
than the most commercia smoking machines. For
commercial machinesthese effects might be even stronger.
In the following discussion the puff-by-puff behaviour of
the clustered masses is considered by focussing on three
different areas on the loading plot of Figure. 17B (greyish
areas). In so doing the averaged normalised and the
averaged absolute puff yields of one selected compound
including standard deviationsareillustrated in Figures 18A
to C. It should be borne in mind that the PCA was carried
out by the individual measurements. The standard devia-
tions of all ten measurementsareinfluenced by thefact that

221



{17 m/z

k] 1.5

0= 1

=R

Ex

25 .1

>® 1.04

235 ]

O —

g8

=2e 1

T o 054

=) 1

7]

0.0 SN — ~ —~ —
L EH C M Cig

signal intensity normalised

to total ion signal [%]

78 m/z

L EH C M  Cig

Figures 19A and B. Comparison of the normalised yields for ammonia, 17 m/z (Fig. 19 A) and benzene, 78 m/z (Fig. 19 B) of all
five different lighting methods (L = gas lighter; EH = electric heater; C = candle; M = match; Cig = cigarette)

the same puff number of different measurements can origi-
nate by a dlightly different length of the cigarette rod
depending on the lighting behaviour and burning characte-
ristics of the cigarettes. This variation of the cigarette rod
will influence the chemical smoke composition, and thus
increasesthe corresponding standard deviation although all
individual measurements exhibit almost exclusively the
same trends.

Figure 18A (area 1) represents the unsaturated hydrocar-
bons located on the right hand side of the loading-plots
using 54 m/z (butadiene) as an example. Thisgroup of com-
pounds is mainly responsible for the separation of the first
puff on the first principal component. The normalised illu-
stration on the left clearly shows that the signal intensity of
the first puff is much higher than for the following puffs.
Puffstwo to eight feature about the same normalised yields.
Theabsolutevaluesontheright al so exhibit thevery unique
behaviour of thefirst puff. Theyieldsof thefollowing puffs
are much lower but steadily increase from the second puff
onward. Thefact that the normalised yields of the second to
the eighth puff do not change reveals that the influence of
these species on the chemica pattern of all accessible
compounds is always similar except for the first puff. Sub-
sequently therising yieldsof the absolutevaluesmainly ori-
ginate by physical reasonsi.e. the decreasing ventilation by
the reduced cigarette rod and condensation/desorption
effects, whichwerementioned earlier. A chemical influence
of these compoundson the changing smoke patternfromthe
second puff onward is not observable.

The second class, shown in Figure 18B (area 2) using 74
m/z (probably 3-hydroxy propanal) as an example, has a
different behaviour. Although the absolute values exhibit a
rather steady increase in puff yields, the normalised signal
intensities feature an increase in intensity from the first to
thethird puff followed by adecreaseto thelast puff. There-
fore, this puff behaviour is rather different compared to the
former one. The influence of these compounds on the
chemical pattern seems to change during the smoking pro-
cess with respect to the other accessible species.
Figure18C (area3) illustrates another puff behaviour demon-
strated by 34 m/z (hydrogen sulphide). This class of
substancesshowsamoreor lesssteady increasein normalised
aswell asabsolute signal intensitiesfrom thefirst to the eight
puff. Subsequently, these compounds gain importance with
respect to the overall chemical pattern of observed species
and influence the later puffs more than the earlier ones.
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It can be said that the chemical pattern of the observed smoke
congtituents changes significantly during the cigarette
smoking process from puff to puff. Almost every puff
features a characteristic chemical composition. In this way
the varying influence of certain compound classes can be
clearly seen. In this context, the composition of thefirst puff
is unique. Thisis most likely to be related to the different
combustion conditions when the cigarette is lit. The
separation of the second puff isalso very clear but only if the
cleaning puffs are included. For puffs 3 to 8 achangein the
chemical pattern is observable but to a much lower extent.
Interrel ated reactions between invol ved species are probably
the reason for al these changes.

Influence of different cigarette lighting devices
on 2R4F cigarette

In previous sections it was demonstrated that a few smoke
congtituentsfeature exceptionally high yieldsinthefirst puff
compared tothefollowing puffs. Among these substancesare
some carcinogenic and toxic compounds such as butadiene
and isoprene. These high yields are probably caused by the
unique combustion and pyrolysis conditions when the
cigarette is lit. Therefore, the device used for lighting the
cigarette may also play an important role.

Figure 19A illustrates a comparison of the normalised yields
for ammonia, 17 m/z. It can be observed that the gaslighter,
electric heater, candle, and match result in smilar values
whereas another cigarette as the lighter causes much higher
signals.

This is also the case for other substances such as 30 m/z
(nitric oxide), 45 m/z (dimethyl amine, ethyl amine), 71 m/z
(pyrrolidine), 81 m/z (methyl pyrrole), 93 m/z (aniline,
methyl pyridine), 94 m/z (phenal), and 95 m/z (pyridinol,
ethyl pyrrole, dimethyl pyrrole), 96 m/z (dimethylfuran,
furfural), 106 m/z (xylene, ethyl benzene, benzaldehyde),
108 mvz(anisol, dimethyl pyridine, methyl phenol), 110 m/z
(dihydroxybenzene, methyl furfural), 136 m/z (mainly
limonene) etc. Most of these substances are nitrogen-con-
taining compounds. This can be explained by the fact that
part of the sidestream smoke from the lighting cigarette is
drawn into the mainstream smoke of the cigarette to be
analysed. Sidestream smoke is known to contain higher
concentrations of nitrogen-containing compounds than
mainstream smoke (9). In contrast, values for 40 m/z (pro-
pyne), 42 m/z (propene), 52 m/z (1-butene-3-yne), 54 m/z
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Figures 20A and B. Score-plot (A) and loading-plot (B) of the
first and second principal components of the PCA for the dis-
crimination of the chemical patterns of the five different
lighting methods

(butadiene), 66 m/z (cyclopentadiene), and 78 m/z (ben-
zene), al of them being unsaturated hydrocarbons, are
lower in intensity when another cigarette is used as the
lighting device (1) (not shown here).

In Figure 19B the normalised yields of 78 m/z (benzene) are
given. Benzene is a carcinogenic smoke constituent which
is believed to be relevant for smoking-related diseases
(71-74).

Normalised yields generated by the cigarettes lit with the
gas lighter, the electric heater, and the other cigarette are
similar whereas values for the match seem to be higher but
therelatively high standard deviation does not allow amore
detailed interpretation. However, the signals generated by
the candle as the lighting device are much higher. In this
context it should be noted that even the absolute benzene
values were about twice as high as with the four other
lighting methods (not shown here). A similar behaviour but
to aless extent than for benzene can be observed for 52 m/z
(1-butene-3-yne), 54 m/z (butadiene), and 66 m/z (cyclo-
pentadiene), all of them being unsaturated hydrocarbons. It
should be noted that butadiene is believed to be the sub-
stance with the highest carcinogenic potential in cigarette
smoke (72—75). These high yields most likely have their
origin in the thermal degradation of the candle’s wax
materia (e.g. paraffin, stearin, beeswax etc.). In contrast to

lighting by the gas lighter, electric lighter, candle, and
another cigarette, the information obtained on lighting by
amatch islower because the standard deviations of almost
al recorded substances are higher. One reason is the fact
that to precisely position the lighting device at the cigarette
is much easier with the other four devices because of the
limited time a match burns. Therefore, the results of the
match should not be over-interpreted.

Besides the comparison of the normalised yields, a prin-
cipal component analysis was performed in order to find
other features of the lighting technique.

Figure 20A showsthe score-plot of thefirst and the second
principal components of the PCA. It can be observed that
the measurements where the cigarette was used as the
lighting device are mainly separated on the first principal
component with avariance of 51.50%. On the second prin-
cipal component the measurements related to the electric
heater are clearly separated (variance 22.55%), which form
asmaller cluster. Thethreelighting methodswhere an open
flamewas used (candl e, gaslighter, and match) also cluster
together. It should be noted that the fuel of the gas lighter
(propane/butane) is not influencing the results because the
ionisation potential of both compounds is above the
threshold of 10.49 eV for SPI. The corresponding loading-
plot of Figure 20B points to the mass values, which are
responsiblefor the separation. In so doing the formation of
the cluster of the cigarette as lighting device is amost
entirely originated by nitrogen-containing and higher
molecular species. These compounds are abundant in
sidestream smoke, as explained earlier. The separation of
the electric heater from the rest is partialy achieved by
oxygen-containing compounds. A reason for this is not
clear. In contrast, the cluster containing the three open
flame devices is dominated by unsaturated hydrocarbons.
Thus these three methods seem to have similar properties.
The discrimination between the three open flamedevicesis
aso possible but requires some pre-selection of most
characteristic masssignal saccording tothe Fisher criterion.
However, details on this can be found in (7). It should be
noted that these three lighting methods (and also another
cigarette as lighting device) are used by most human
smokers whereas the electric lighter is only used in
laboratory experiments with few exceptions such as
cigarettelightersin carsetc. The clear separation of electric
lighter and other lighting devices with open flames shows
that 1aboratory experiments might have somedifferencesin
the results compared to human smoking results.

CONCLUSION — SMOKING EXPERIMENTS

Application of SPI-TOFMS to the analysis of cigarette
smoke enabled a detailed characterisation of the smoking
process (gas phase and whole smoke) on a puff-by-puff
basis. In so doing, thevery unique chemical composition of
the first cigarette puff was discovered and described. In
addition, evidence was found for a continuous change of
the smoke composition from the second to the last puff.
Puff-resolved quantification of various health-related
smoke constituents was carried out, demonstrating the
potential varying hazardous burden of each single puff for
the human smoker. Thereby, drawbacks and limitations of
the existing standardised smoking regime were discovered

223



when applied to puff-by-puff analysis. Furthermore, the
influence of different cigarettelighting devices (gaslighter,
electric lighter, match, candle, burning zone of other
cigarette) on the smoke composition was investigated.

OUTLOOK

In this work the coupling of SPI-TOFMS to a smoking
machine has proven to be a sophisticated and powerful
approach for the investigation and characterisation of the
cigarette smoking process (whole smoke and gas phase) on
a puff-by-puff basis. Current activities focus on the
combination of gas phase and particulate phase on-line
instrumentation for acomprehensiveanalysisof both phases
in real-time. In so doing, SPI is complemented by a second
soft photoionisation technique, the resonance-enhanced
multiphoton ionisation REMPI, which is highly sensitive
for aromatic species, both coupled to a TOFMS.
SPI/REMPI-TOFMS for on-line gas phase analysis is
coupled to an electrical mobility spectrometer for on-line
particle analysis, working at 10 Hz resolution in the range
5 —1000 nm (Model DM S-500, Cambustion, Cambridge,
UK) in order to gain additional information on several
particle properties, such as particle nature, number, size
distribution, and surface area. In addition on-line
investigationsof sidestream smoke have been carried out by
using both photoionisation techniques, SPI and REMPI.
Furthermore, to examine the influence of the human puff
behaviour and to determine the retention of hazardous
smoke constituents in human smokers an experimental set-
up has been developed where the SPI/REMPI-TOFMS is
coupled to aflow box which measures the stream of smoke
inhalation and exhalation of voluntary test smokers. Inthis
way the effects of cigarette design parameters, vent-
blocking, and personal smoking habits of the carefully
recruited test smokers will be evaluated. The results might
give new insights on the exposure of human smokersto the
cigarette smoke.

Latest improvements of the ionisation technique are the
development of electron-beam pumped rare-gas excimer
VUV-lamp systems, which replace costly |aser instruments
(17, 18). Based on this enhancement a combined system of
SPI-TOFM S and smoking machine is under development,
which will be easy to handle and suited for large-scale
routine analysis.
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