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Abstract In this study, the chemical composition of side-
stream smoke (SSS) emissions of cigarettes are character-
ised using a laser-based single-photon ionisation time-of-
flight mass spectrometer. SSS is generated from various
cigarette types (2R4F research cigarette; Burley, Oriental
and Virginia single-tobacco-type cigarettes) smoked on a
single-port smoking machine and collected using a so-
called fishtail chimney device. Using this setup, a puff-
resolved quantification of several SSS components was
performed. Investigations of the dynamics of SSS emissions
show that concentration profiles of various substances can
be categorised into several groups, either depending on the
occurrence of a puff or uninfluenced by the changes in the
burning zone during puffing. The SSS emissions occurring
directly after a puff strongly resemble the composition of
mainstream smoke (MSS). In the smouldering phase, clear
differences between MSS and SSS are observed. The
changed chemical profiles of SSS and MSS might be also
of importance on environmental tobacco smoke which is
largely determined by SSS. Additionally, the chemical

composition of the SSS is strongly affected by the tobacco
type. Hence, the higher nitrogen content of Burley tobacco
leads to the detection of increased amounts of nitrogen-
containing substances in SSS.

Keywords Sidestreamcigarette smoke .Time-of-flightmass
spectrometry . Photo ionisation

Introduction

Currently, environmental tobacco smoke (ETS) and second-
hand smoke is under intense investigation, especially aiming
at its possible health risks for non-smokers. ETS is a highly
complex mixture of particles, droplets and gases resulting
from a burning cigarette and is composed mainly of exhaled
mainstream smoke (MSS) and sidestream smoke (SSS), the
latter a sum of all emissions emerging from the cigarette
between puffs. Approximately 15 to 43 % of the particulate
matter of ETS and 13 % of the vapour phase constituents
can be traced back to exhaled MSS [1]. After diffusion into
the atmosphere from the cigarette, both MSS and SSS
become significantly diluted, resulting in a large variety of
physical and chemical changes. Levels of ETS components
in a room are dependent on air circulation, room ventilation
and deposition onto surfaces. The effects of air exchange
rates on the level of selected components were investigated
by Kotzias et al. [2] and several studies have been published
on aerosol composition in areas such as pubs and bars,
where high levels of ETS can typically be found [3]. As a
consequence, there is a problem of associating possible
health effects directly to SSS as addressed by Reasor in
the late 1980s [4]. Nevertheless, many studies have been
carried out dealing with the effects of exposure to SSS on
health [5–25]. People are not directly exposed to pure SSS
but rather a mixture of SSS and exhaled MSS which has
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undergone significant effects of aging. In the last years,
several North American and European authorities have
reacted with regulations to protect non-smokers from second
hand smoke in offices and public places.

In general, the composition of SSS is similar to MSS. The
quantities of substances, however, can differ significantly
between MSS and SSS. As a consequence, the toxicological
impact of MSS and SSS probably differ, too. There is a
considerable large amount of data available on the various
substances found in MSS and SSS as well as their respective
SSS/MSS ratios for different cigarette types [26–37]. Baker
[38] gives a comprehensive overview of MSS/SSS ratios for
many substances. With a few exceptions, most substances
are present in larger amounts in SSS, among them especially
carcinogenic polycyclic aromatic hydrocarbons as well as a
huge number of potentially health-relevant nitrogen-
containing compounds and a selection of unsaturated hydro-
carbons. On the other side, organic acids containing more
carbon atoms than acetic acid as well as the inorganic
compounds carbonyl sulphide and hydrogen cyanide show
higher amounts in MSS. As SSS is one of the prominent
sources of ETS, a deeper understanding of the chemical
composition and in particular of the chemical dynamics in
SSS formation during and between puffs is of interest.

Real-time or on-line analytical techniques have proven very
useful in terms of a better understanding of the dynamic of
smoke formation processes. Such studies have been reported
applying quantum-cascade infrared laser spectroscopy
[39–42], dual infrared tuneable diode lasers [43–45] and gas
chromatography/mass spectrometry utilising a puff-resolved
trapping mechanism [46–49]. Recently several studies dealing
with online analysis of mainstream tobacco smoke-utilising
photo ionisation mass spectrometry (SPI-MS), namely single-
photon ionisation (SPI) and resonance-enhanced multi-photon
ionisation (REMPI) time-of-flight mass spectrometry
(TOFMS) have been published [50–57]. In contrast to electron
ionisation where molecules are heavily fragmented by the
excess energy of the electrons, PI methods result in soft ionisa-
tion, which, in general, only lead to the generation of the
mother ion. This enables the interpretation of mass spectra of
complex mixtures, such as tobacco smoke, at the expense of a
loss of structural information of the substances resulting from
fragmentations patterns. The puff-resolved dynamics and be-
haviour of regular cigarettes, as well as single tobacco grade
cigarettes were investigated [52–54, 58]. In doing this, SPI
proved to be a valuable tool for the investigation of MSS.

There are much fewer examples of real-time analysis of
SSS. Particles in SSS have been measured by light scatter-
ing [59]. Cole et al. reported Fourier-transform infrared
spectrometry (FTIR) determination of five compounds
[60]. Quantum-cascade infrared laser spectroscopy has been
applied to MSS and SSS analysis. Carbon monoxide and
nitric oxide were monitored by FTIR as well [61].

The main objective of this study is the characterisation of
SSS, i.e., both, gas phase and whole smoke in real time by
laser-based single-photo ionisation TOFMS. Different
trends of various substances should be devised and the
interaction between MSS and SSS and its influence of the
product pattern should be elaborated. Thereby, the effect of
distinct tobacco types is of special interest.

Experimental

An overview of the experimental setup of the sampling can
be seen in Fig. 1a. SSS is generated from various cigarette
types (2R4F research cigarette; Burley, Oriental and Vir-
ginia single tobacco type cigarettes) smoked under ISO
conditions on a Borgwaldt single-port smoking machine
and collected using a fishtail chimney device introduced
by Proctor et al. [62]. Note that the fishtail chimney-based
sampling is a standard approach in tobacco science. There-
fore the device was used as described for comparability with
the literature (e.g., [29, 33, 35]). However, as the device is
not heated it is restricted for fast response measurements to
VOC and the more volatile SVOC. The membrane vacuum
pump (KNF Neuberger, Germany) adjusted to an ISO flow
rate of 2.0 L/min is used to transport the smoke through the
fishtail chimney to the sampling point at the end of the
chimney. A filter is used to prevent contamination of the
vacuum pump and an additional filter pad can optionally be
installed right before the sampling port to allow gas phase
measurements.

The smoke is injected into the ionisation chamber of a
SPI/REMPI-TOFMS system by a 0.32-mm (i.d.) deacti-
vated quartz capillary tube with a length of ∼2.0 m. The
instrument has been extensively explained and characterised
in previous studies on the investigation of tobacco smoke,
waste incineration and pyrolysis [53, 63–65]. Therefore,
only a brief description is given here. The fundamental of
a Nd/YAG laser with 1,064 nm is frequency tripled by a
second harmonics and a third harmonics generator β-barium
borate crystal. The resulting 355-nm laser beam with an
energy of ∼220 mW is guided through a gas cell filled with
∼10 mbar of Xenon. In this medium, a second frequency
tripling step occurs. However, the conversion efficiency is
quite low and therefore a separation of the 355-nm pump
and the resulting 118-nm (10.49 eV) vacuum ultraviolet
(VUV) beam is necessary. This is done by using the differ-
ent refraction indices of 118 and 355 nm: by of axis irradi-
ation of MgF2-focussing lens, the VUV and UV beams
are spatially separated. While the VUV laser beam is fo-
cused underneath the inlet capillary, the 355 nm beam is
blocked by a beam dump. Molecules exhibiting an ionisa-
tion energy below 10.49 eV can be ionised by absorbing a
single photon. Since the ionisation energies of many organic
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substances are in the range of 8–11 eV, usually the excess
energy that is transferred to the molecules upon ionisation is
small. This results in little or no fragmentation of the mo-
lecular ions. The ions formed by SPI are detected by a
Wiley–McLaren 800-mm reflectron mass spectrometer
(Kaesdorf Instruments, Munich, Germany) and the signal
is recorded with wave converter boards (Acqiris, Switzer-
land, 250 MHz, 1GS, signal resolution at 8 bits) and a
National Instruments LabView based acquisition software.

Identification and assignment of the compounds based on
mass spectra with nominal mass resolution is based on GC-
MS measurements [66], on-line fast gas chromatography
SPI-MS results [56], previous SPI and REMPI mass spec-
trometry results [50, 53, 67, 68] and literature data (see
citations above). Note that assignment with a molecular
structure/formula means that more than 80 % of the peak
intensity is evaluated to be originated by the indicated
compound. In Fig. 1b, an exemplary comparison of soft
SPI mass spectra of SSS and exhaled MSS in the mass
region of benzoid aromatic (m/z 76–98) is depicted. The
obvious differences in the pattern motivate the following,
more thorough study on SSS emission.

Quantification of selected substances is done by external
calibration with reference gas mixtures. In this paper, quan-
tification was performed by a 10-ppm mixture of benzene,
toluene and m-xylene in nitrogen. Calibration gas mixtures
were purchased from Linde AG, Germany. This reference
mixture was measured with the same instrument parameters,

such as inlet temperature and flow into the instrument before
and after the respective SSS analyses. Therefore, the mea-
sured signal integral can be used as a direct reference for
concentration and to calculate total amounts. Note, that also
other compounds can be quantified as well, if the respective
relative SPI cross sections are available [69].

A set of filter cigarettes made of a non-blended single
tobacco sort was used. These research cigarettes each are
exhibiting the same physical smoking parameters (pressure
drop and ventilation) as the 2R4F standard cigarette manu-
factured by the University of Kentucky. All cigarettes were
smoked five times, the generated whole SSS gas phase was
analysed three times whereas the combined particulate and
gas phase was analysed twice. SSS gas phase was measured
by incorporating a Cambridge filter pad [29] in the on-line
sampling train to remove the particulate phase.

Results

In Fig. 2, the comparison of typical SSS and MSS whole
smoke SPI-MS mass spectra (averaged spectra of a single
puff out of 100 single-mass spectra each) is presented,
whereas a three-dimensional representation of a SSS on-
line measurement over a full cigarette smoking cycle is
depicted in Fig. 3. The MSS and SSS mass spectra show
the standard deviation as determined from the averaging.
Although there are many similarities in both spectra, as

Fig. 1 a Schematic instrumental setup and photograph of the smoke
generation and the so called fishtail sampling device for the SSS SPI-
TOF on-line monitoring experiment. b SPI-TOFMS mass spectra of
the single aromatic core region (m/z 76–98) of SSS (top) and exhaled

MSS (bottom), demonstrating the large SSS/MSS differences in par-
ticular in the nitrogen containing species (odd m/z values in soft SPI
mass spectra)
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pointed out before; overall composition of MSS and SSS
shows also obvious striking differences, such as the large
peak of ammonia in the SPI mass spectrum of SSS. It is well
known from literature that the ammonia content in SSS is
higher up to a factor of 150 compared with MSS [38].

Another unique attribute of the substance pattern in SSS
consists of the elevated peaks of some odd m/z values,
which are due to the intensified occurrence of nitrogen
containing compounds. This is especially noticeable for
m/z=79, 93, 105 and 107. These signals can be assigned
to pyridine, aniline, vinylpyridine and toluidines, respective-
ly. The fraction of these odd mass number signals caused by
the 13C1-isotopomer contribution of the even mass num-
bered signal from the aromatic hydrocarbons benzene, tolu-
ene, styrene and xylenes, respectively lies in the region of

10 % of the observed relative signal of the pure 12C-iso-
topomer peaks at m/z 78, 92, 104 and 106. As the signal
intensities of the odd m/z values of 79, 93, 105 and 107 in
SSS are almost as high as those of the preceding even m/z
ones the 13C1-isotopomer signals could be neglected for the
qualitative statement that high concentrations of nitrogen
containing aromatics are present in SSS.

In the MSS mass spectrum, the situation is different.
Here, almost no additional intensity exceeding the expected
12C1-isotopomers to the presence of additional species at
these m/z values remains. Phenolic compounds, such as
phenol itself (m/z=94), cresols (m/z=108) and dihydroxy-
benzenes (m/z=110) are in the same intensity range in both
MSS and SSS or even higher in MSS. These findings are all
in good agreement with established data using conventional
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Fig. 2 Comparison of SSS (bottom) and MSS (top) SPI-MS mass
spectra of a single puff in bar graph representation (i.e. mass integrat-
ed for each m/z bin). The data for five full cigarette measurements were

averaged (equals 100 single mass spectra), respectively. The standard
variation of the obtained mass spectral profile is indicated (error
margins)
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gas chromatography/mass spectrometry analysis techniques
for determination of MSS/SSS compounds concentration
ratios [38]. On the other hand, there are some peaks, most
noticeably m/z=30 (NO), 44 (acetaldehyde), 58 (acetone),
68 (isoprene), 78 (benzene), 92 (toluene) and 162 (nicotine),
whose behaviour deviates from literature data insofar, as
their SSS concentrations should be much higher as in MSS.

However, for evaluation of the impact of the emitted
compounds on health, the yield and finally the second-
hand smoke or ETS concentration is a by far more important
property. Thus, if the whole cigarette is regarded, the SSS
yield is considerably higher than the MSS yield. For exam-
ple, the SSS yields of benzene and toluene could be directly
quantified utilising a standard gas mixture (see above) for
external calibration. The respective SSS yields were deter-
mined to be 275 (benzene) and 602 μg (toluene). Compar-
ison with MSS yields measured with the same method [52]
reveals that SSS yields are higher by a factor of 5 (benzene)
and 7 (toluene). A more detailed discussion of these quan-
tified values follows below.

In the three-dimensional overview of a whole cigarette
MSS and SSS time profile measurement, it is clearly visible
that in contrast to the MSS emissions (Fig. 3a) the release of
many SSS compounds show an elevated, rather constant
level between the individual puffs (Fig. 3b). Although many
species show a certain dependency on cigarette puffing,
these puff-related emission exhibit a much broader time
structure if compared with the sharp, 2 s lasting MSS puff
emission pulses (see Fig. 3a). If the emission yields are
analysed as a function of the puff-number for MSS compo-
nents, several unique time profiles are observed. While
many species show a steadily increasing yield puff-by-
puff, other species show different behaviours. For example,
some unsaturated compounds, such as butadiene, show the
so called “first-puff-high” behaviour, characterised by an
exceptional high yield in the first puff. The puff number—

yield dependencies were thoroughly investigated, described
and quantified by Adam et al. [52, 58].

In contrast to MSS the SSS emissions show a larger variety
of puff behaviours and a constant emission component also
between the individual puffs. In Fig. 4, the time profiles of
selected masses of unfiltered SSS, namelym/z=93 (b), 58 (c),
30 (d), 17 (e), 105 (f), 78 (g), 92 (h) and 106 (i) are plotted in
comparison to a typical MSS profile, exemplarily shown at
m/z=44 (acetaldehyde) (a). In general, these masses represent
the five different time behaviours observed during the meas-
urements. The m/z=93 (methylpyridine/aniline, Fig. 4b)
shows a constant increase after ignition (first puff) within
30–40 s. The succeeding level is constant and no dependency
on MSS puffs can be observed. Another substance exhibiting
no significant puff dependence is m/z=30 (NO) (Fig. 4d).
However, in contrast to m/z=93 (methylpyridine/aniline), a
large concentration peak associated with the first puff can be
observed. Another compound, where in the conjunction with
the first puff relatively high emissions can be seen is acetone
(m/z=58, Fig. 4c). It increases in concentration right after
ignition. In contrast to m/z=30 (NO), however, here a puff-
dependency can be seen for all of the puffs, including the first.
The overall peak level within the puffs seems to decrease with
the puff-number. This is visible on m/z=17 (ammonia)
(Fig. 4e) as well. However, there are no strong emissions
during the first puff, instead the level increases constantly
during the first 30–40 s after ignition. The concentration peaks
following immediately after a puff are not as high compared
with acetone; however a much higher decrease in concentra-
tion during the puff occurs (see also Fig. 5 on these effects). A
linear increase over the whole cigarette can be found at m/z=
105 (vinylpyridine) (Fig. 4f), which exhibits an increase in
concentration from the ignition to the end of the cigarette
without significant effects of the occurrence of the puffs.

The different time profiles can be explained by the
change of conditions of the combustion processes within

Fig. 3 Three dimensional
representation of an on-line
SPI-TOFMS cigarette
measurement (full smoking
cycle, ISO conditions). a MSS
measurement. The sharply
structured appearance of the
profile is due to the fact that
MSS is only formed during the
2-s puff duration. One puff/min
was taken by the smoking
machine (ISO). b MSS
measurement. SSS smoke is
emitted during the whole
smoking cycle. The puffing
structure however is still visible

Time-resolved analysis of the emission of sidestream smoke (SSS) 7075



the cigarette. The average temperature during a puff is much
higher than during smouldering and higher temperatures can
be found in much larger areas of the burning zone. Previous
investigations by Baker [70] show that the high temperature
distribution shortly after the end of the puffing phase still
consists inside the glowing tip. As previously illustrated by
Adam et al. [52, 71] in investigations of pyrolysis gases of
tobacco with single-photon ionisation time-of-flight mass
spectrometry (SPI-TOFMS), various substances are formed
and decomposed at different temperatures. Therefore, they
can be classified into primary (formed directly from tobacco
ingredients), secondary (formed at higher temperatures from
primary compounds) and tertiary products, which are
formed from secondary products at very high temperatures.

For SSS this explains the chemical shifts resulting from the
rapid temperature increase. Additionally, as air is drawn
through the tip, a constant source of fresh oxygen is provid-
ed, which lacks during the smouldering. Substances such as
m/z=93 (methylpyridine/aniline), 30 (nitric oxide) and 105
(vinylpyridine) are not or hardly affected by the higher
temperatures and oxygen content right after a MSS puff is
drawn. In contrast, due to more extreme burning conditions
a large amount of acetone is formed from combustion of
various carbohydrates in the hot burning zone. After the puff
suction ends, it diffuses into SSS. The relatively constant
level of emissions between all puffs suggests a state of
steady smouldering conditions between the puffs, after re-
equilibrating from the “disturbance” of a MSS puff. The

Fig. 4 Different characteristic
SPI-MS time profiles of
selected main- (MSS) and
sidestream smoke (SSS)
compounds. a The MSS
emission behaviour exemplarily
demonstrated by acetaldehyde
(m/z 44). The following traces
show the temporal behaviour of
SSS compounds: b aniline,
methylpyridine (m/z 93), c
acetone (m/z 58), d nitrogen
monoxide (m/z 30), e) ammonia
(m/z 17), f) vinyl-pyridine (m/z
105) g) benzene (m/z 78),
h toluene (m/z 92) and the C2-
alkylated benzenes (m/z 106). It
is obvious that the observed
emission consists of a constant
and—for some compounds—a
puff-driven component
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time profiles of the three aromatic compounds benzene
(Fig. 4g), toluene (Fig. 4h) and the mixture of C2-alkylated
benzenes (Fig. 4i) can also be categorized into the different
emission characteristics shown earlier. Benzene and toluene
exhibit the same characteristics as acetone. This suggests
that large amounts of benzene and toluene, which are typical
products of incomplete combustion, are emitted right after
the end of a puff because of lack of oxygen in the burning
zone. However, the C2-alkylated benzenes show different
behaviour, similar to Fig. 3b, suggesting a different mecha-
nism of formation less sensitive to changes in temperature
and level of oxygen. Although also the standard, non-heated
fishtail chimney SSS sampling system may play a role in
blurring the profile for the higher boiling compounds, the
observation fits well to the fact that the less alkylated aro-
matics and in particular the carbon-skeletons itself are rather
combustion products (i.e. formed predominately during the
puff) while the higher alkylated species rather are formed
under low-temperature pyrolysis (i.e. smouldering).

To visualise the dynamics of SSS emissions in more detail,
the fifth and sixth puff of the SSS emissions of m/z=17
(ammonia) in unfiltered SSS are presented in Fig. 5. The
decrease in concentration during the puff and the following
increase for a period of ∼10 s, which is representative for all
compounds with puff dependency, is in consistence with
observations made by Dittmann et al. [72] who performed
measurements of different aerosol concentrations in SSS. This
decrease in concentration occurs simultaneously with the
drawing of a MSS puff and lasts ∼2 s, which equals the
duration of a standard puff and can therefore be utilised to
correlate corresponding SSS and MSS data. It results from the
air flow through the cigarette into the MSS. Additionally, with
higher oxygen content and temperature within the burning

zones the chemical composition of the emissions change sig-
nificantly, e.g. more NO will be formed from nitrogen-
containing compounds instead of ammonia.

As an example of puff resolved quantification of SSS the
data of two 2R4F research cigarettes measured without a Cam-
bridge filter pad is depicted in Fig. 6. The summed values of
benzene (Fig. 6a) and toluene (Fig. 6b) for a whole cigarette
are well within the range of previously published work. The
total amount of xylenes (Fig. 6c) is calculated based on the
assumption that the whole signal on m/z=106 originates from
m-xylene. Since the different isomeric C2-alkylated benzenes
might have slightly different photo ionisation cross sections
and, additionally, benzaldehyde and ethylbenzene may also
contribute to the ion signal, the calculated values only represent
an estimate. However, it becomes obvious that the values
emitted between puffs are many times higher than the
correspondingMSS values. During smouldering more tobacco
is burned than in the two second puff duration. Additionally,
different burning conditionsmay also contribute. The values of
the different puffs show great variations without clear tenden-
cies within any of the substances. However, a slightly reduced
amount can be seen during the first puff, which could be a
result of inhomogeneous lighting of the tobacco during igni-
tion. A puff resolved analysis including benzene and toluene
has previously been done by Brunnemann et al. [32, 73] and
achieved slightly higher values. However, these studies were
published prior to the general introduction of the fishtail chim-
ney or an ISO standard for SSS sampling and various cigarettes
including the 1R4F research cigarette were used. The different
sampling conditions and cigarette types make a comparison of
absolute values difficult.

For a deeper insight into the puff-resolved chemical signa-
tures of SSS—also in comparison to MSS—a multivariate

Fig. 5 SPI-TOFMS on-line
measured emissions profile of a
typical SSS component
(ammonia, m/z 17) during and
in between two succeeding
puffs

Time-resolved analysis of the emission of sidestream smoke (SSS) 7077



statistical data treatment was performed, using the principal
component analysis (PCA) methodology. Data pre-treatment
and normalisationwas done as described in earlier studies [52].

In Fig. 7, the results of the PCA of puff-resolved Cambridge-
pad filtered SSS (gas phase, Fig. 7a, b) and unfiltered SSS
(whole smoke, Fig. 7c, d), respectively, compared with puff-
resolved MSS data are depicted. The explained variance of the
data set for the first principal component is 67 and 73 % and for
the second principal component 22 and 21 %, respectively. No
significant changes between the gas phase and the combined gas
and particulate phase data are observed. In the score plot (Fig. 7a,
c), MSS and SSS are clearly separated according to the first
principal component. Evaluating the loading plots (Fig. 7b, d), it
becomes obvious that MSS is characterised, e.g. by sulphur-
containing substances, such as m/z=34 (H2S) and 48
(methanthiole) as well as by major MSS compounds, such as
m/z=44 (acetaldehyde). In contrast, SSS is represented by vari-
ous oddm/z values, corresponding to nitrogen containing species
such as ammonia, pyridine, aniline, benzonitrile, vinylpyridine
and indole. Some well-known tobacco smoke substances do not
show a clear association for either SSS or MSS smoke; this
implies butadiene, isoprene, benzene and phenol, albeit they are
tending more to the SSS. The second principal component
describes the changes of the puff sequence of the MSS. These
effects have been observed and discussed in detail previously
[52]. However, interestingly the SSS does not show this behav-
iour. Here, the concentrations of most species remain rather
constant over the whole smoking cycle. This suggests a state
of rather steady burning conditions between the puffs.

However, an interesting question arises from looking at
Fig. 5, whether the composition of the smoke, which is emitted
immediately after a MSS puff, has more similarities with MSS.
Figure 8 depicts the result of a PCA analysis of MSS, inter- and
post-puff gas phase SSS (filtered, Fig. 8a, b) and unfiltered SSS
(combined gas and particulate, Fig. 8c, d) of a 2R4F research
cigarette. The integration time frames for the respective regions
(inter- and post-puff SSS) are shown in Fig. 5. The explained
variance within the first principal component is 86 and 81 %,
respectively. The second principal component describes in both
cases 11 % of the variance in the data set and can be interpreted
as the temperature axis. Temperature while a puff is taken is
much higher than during smouldering. Compounds whose for-
mations are favoured by higher temperatures start to diffuse into
SSS when the puff has ended as already explained before. Thus
in the first phase immediately after the puff SSS shows
still some similarities to MSS. After a short time, SSS
compound distribution tends to return to steady burning con-
ditions again. Hence, the basic chemical properties of MSS and
SSS are visible in these plots while there are no significant
changes between the gas phase and the combined gas and
particulate phase. Additionally, the SSS post-puff emissions
are slightly shifted towards the MSS measurements. This
emphasises the earlier observations of the puff-resolved analysis

Fig. 6 Puff resolved quantification of benzene (a), toluene (b) and the
isobaric xylenes and ethylbenzene (c) in SSS of a Kentucky 2R4F
research cigarette smoked under ISO-conditions. For comparison, the
value of MSS evaluated by Adam et al. [52] is also shown for a and b.
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of inter-puff and post-puff SSS emissions, where typical MSS
masses are found in post-puff emissions. Examples for this are
butadiene, propyne (m/z=40) and 1-butene-3-yne (m/z=52).

Motivated by earlier studies which depicted that the chem-
ical fingerprint of MSS is significantly different for cigarettes
made from different tobacco sorts [71], it was investigated if
the same is true for SSS as well. Model cigarettes made of
pure Burley, Oriental and Virginia tobacco were investigated.
In Fig. 9, a PCA of SSS from these single-tobacco-type
cigarettes with identical physical parameters (Burley, green;
Oriental, red; and Virginia, black) smoked under ISO condi-
tions is portrayed. The same holds for SSS, for Burley and
Oriental could clearly be separated on principal component 1,
whereas Virginia is additionally separated on principal com-
ponent 2. The observed chemical variations can be seen in
both, gas phase and combined gas and particulate phase SSS
emissions. Mainly, the nitrogen enriched Burley tobacco is
characterised by compounds such as m/z=17 (ammonia), 30

(nitric oxide), 79 (pyridine) and 93 (aniline). In contrast,
Oriental, a tobacco enriched with oxygen containing com-
pounds, is for example represented by species, such as dihy-
droxybenzenes (m/z=110), carbonyl compounds (m/z=86,
100) and furfural/dimethylfuran (m/z=96).

Conclusions

Modern on-line mass spectrometric techniques can provide
deep insights in the time dependence and dynamics of the
chemical signature of fast processes, such as SSS and MSS
generation during cigarette smoking. Even a puff-resolved
quantification of selected compounds is possible and
summed values are clearly within the expected ranges.
However, the highly dynamic behaviour, which for many
compounds was observed for the first time, needs to be
further investigated in the future.

-6 -4 -2 0 2 4 6 8 10

-8

-6

-4

-2

0

2

4

6

8

10

-0.1 0.0 0.1 0.2

0.0

0.1

0.2

0.3

-6 -4 -2 0 2 4 6 8 10

-8

-6

-4

-2

0

2

4

6

8

10

-0.1 0.0 0.1 0.2
-0.1

0.0

0.1

0.2

0.3

1

2

3

4

5

6
7

8

1

2

3

4

5

6
7

8

85

3
7

46

2

1

 filtered MSS
 filtered SSS

)
%

51.22(
2tnenop

mo
Clapicnir

P

Principal Component 1 (67.15 %)

152
126

62

4686
60

114

44
162

104132
118

106
7967

93

120
103

13492

96

17

129

80
82 122

108

94
117

78

68

54

131
34

48

70

P
rin

ci
pa

l C
om

po
ne

nt
 2

Principal Component 1

b

dc

a

8

2

7

5

4

36

1

 unfiltered MSS
 unfiltered SSS

P
rin

ci
pa

l C
om

po
ne

nt
 2

 (
20

.5
0 

%
)

Principal Component 1 (72.87 %)

67
93

132 118
104

120

103

72
44

39 48
46

11462
60

86

117

17

98

92

94

105

129

108

96

130

10654

78
70

34

122

8280

P
rin

ci
pl

e 
C

om
po

ne
nt

 2

Principal Component 1

Fig. 7 Principal component analysis of puff resolved data with score
(a, c) and loading (b, d) plots of MSS in comparison to filtered (a, b)
and unfiltered (c, d) SSS emissions of a 2R4F research cigarette. MSS

and SSS are separated according to principal component 1. Principal
component 2 depicts the puff dependency of MSS which is absent for
SSS. Dots in the loading plot depict different m/z values
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d) plots of MSS, inter- and post-puff-filtered SSS (gas phase, a, b) and
unfiltered SSS (c, d) of a 2R4F research cigarette. MSS and SSS are

separated according to principal component 1. Principal component 2
depicts the temperature influence on SSS in various time intervals.
Dots in the loading plot depict different m/z values

Fig. 9 Principal component analysis with score (a) and loading (b)
plots of SPI-MS data of SSS measurements of single tobacco-type
cigarettes with identical physical parameters. The cigarettes were
smoked under ISO conditions. The SSS data of three cigarettes per

type were individually averaged for the analysis (Burley, green; Ori-
ental, red; and Virginia, black). Dots in the loading plot depict different
m/z values
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