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Abstract A coupling between a cigarette smoking simula-
tor and a time-of-flight mass spectrometer was constructed
to allow investigation of tobacco smoke formation under
simulated burning conditions. The cigarette smoking simu-
lator is designed to burn a sample in close approximation to
the conditions experienced by a lit cigarette. The apparatus
also permits conditions outside those of normal cigarette
burning to be investigated for mechanistic understanding
purposes. It allows control of parameters such as smouldering
and puff temperatures, as well as combustion rate and puffing
volume. In this study, the system enabled examination of the
effects of “smoking” a cigarette under a nitrogen atmosphere.
Time-of-flight mass spectrometry combined with a soft ion-
isation technique is expedient to analyse complex mixtures
such as tobacco smoke with a high time resolution. The
objective of the study was to separate pyrolysis from combus-
tion processes to reveal the formation mechanism of several
selected toxicants. A purposely designed adapter, with no
measurable dead volume or memory effects, enables the

analysis of pyrolysis and combustion gases from tobacco
and tobacco products (e.g. 3R4F reference cigarette) with
minimum aging. The combined system demonstrates clear
distinctions between smoke composition found under air and
nitrogen smoking atmospheres based on the corresponding
mass spectra and visualisations using principal component
analysis.
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Introduction

Pyrolysis experiments offer the possibility of unravelling
mechanistic information about the complex processes in-
volved in the thermal decomposition of biomass materials.
This has been demonstrated by investigating single compo-
nents, such as glycerine or D-glucose [1–4], biopolymers,
such as cellulose, lignin or pectin [5, 6], and more complex
types of biomass, such as hardwood or softwood [7, 8].
Another biomass of great interest is tobacco because its
use in the form of cigarettes involves the generation of
various smoke compounds from combustion and pyrolysis
reactions [9, 10].

Most analytical methods concerning cigarette smoke
chemistry employ the trapping and separation of a smoke
aerosol stream (e.g. filter pads, impinger, absorbent tubes) at
the end of a smoking process, with any results so obtained
reflecting the whole cigarette smoking process [11, 12]. This
leads to averaged information about the progress of sub-
stance formation during the smoking process that cannot
reveal information about their detailed reaction mechanisms.
Other techniques may be adapted to analyse tobacco smoke
on a puff-resolved basis including chemical ionisation mass
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spectrometry [13], multiplex gas chromatography-mass
spectrometry [14, 15], liquid chromatography electrospray
ionisation tandem mass spectrometry [16] and extraction
and derivatisation in single drop coupled to matrix-assisted
laser desorption/ionisation Fourier transform ion cyclotron
resonance mass spectrometry [17]. In other works, selected
compounds in a single puff have been monitored online by
Fourier transform infrared spectroscopy [18, 19], quad quan-
tum cascade laser spectrometry [20, 21], quantum cascade
tuneable infrared laser differential absorption spectroscopy
[22] and lead-salt tuneable diode laser infrared spectroscopy
[23]. The limitations of these techniques are their relatively
low time resolution and their specialisation in a few selected
compounds such as carbon dioxide [21], acrolein or 1,3-
butadiene [23]. Since tobacco smoke is a complex and reac-
tive matrix containing over 5,600 identified compounds in
vapour and particle phases [11, 24, 25], unravelling mecha-
nistic information in real time requires a fast analysis tech-
nique. Time-of-flight mass spectrometry combined with photo
ionisation has been proven to be capable of analysing cigarette
smoke and other complex gas mixtures online with a high
time resolution [10, 26–35]. Various volatile organic com-
pounds covering a wide dynamic range of concentrations
can be detected. Photo ionisation includes two different ion-
isation mechanisms: single-photon ionisation (SPI) and reso-
nance enhancedmulti-photon ionisation (REMPI). The results
described in this work refer to the application of single-photon
emission–time-of-flight mass spectrometry (SPI-TOFMS).
Vacuum ultraviolet (VUV) photons with a wavelength of
118 nm are used to generate ions in a single step without
forming fragments. The type of substances that can be
detected include aromatics (e.g. benzene), aliphatics (e.g.
1,3-butadiene), heterocyclic compounds (e.g. pyridine) and
carbonyl compounds (e.g. acetaldehyde). The detection of
bulk matrix compounds present in the combustion atmosphere
such as nitrogen, oxygen, water and carbon dioxide is sup-
pressed due to their ionisation potentials exceeding the energy
of the laser-generated VUV-photons [10, 28].

This work reports some initial results on the formation
processes of selected smoke compounds using a cigarette
smoking simulator. The heat needed to burn a cigarette under
simulated puffing and smouldering conditions is provided
externally by three 150 W infrared (IR)-lamps located inside
the cigarette smoking simulator. This feature enables the pos-
sibility of “smoking” a cigarette under normal conditions (air
atmosphere) as well as under inert conditions (nitrogen atmo-
sphere). This unique technique avoids a major disadvantage of
other pyrolysis experiments, which are usually carried out in a
micro-furnace. This makes the detection of trace compounds
challenging due to the small amount of sample burnt and the
lack of adequate filtration. Mass transport steps are indispens-
able key features for effectively approximating the real smoke
formation steps in a cigarette. After smoke is generated via

drying, distillation, pyrolysis and combustion processes, its
composition is changed by filtration (tobacco rod and cigarette
filter) and chemical reactions [36]. Therefore, the composition
of the smoke exiting a cigarette is dependent on several
parameters operating in a real cigarette which have to be
simulated by the cigarette smoking simulator if possible.

The present work describes the utilisation of SPI-TOFMS
combined with a cigarette smoking simulator for the analysis
of simulated mainstream smoke of a Kentucky 3R4F research
reference cigarettes, obtained under either oxidative or inert
conditions, with an intra-puff time resolution of 0.1 s. The
substances recorded cover from m/z 17 (ammonia) to m/z 162
(nicotine). The objective of this research is to establish any
changes of the major species when the atmosphere is switched
from air to nitrogen.

Experimental section

Laser-SPI-TOFMS

The setup of the SPI-TOFMS system has already been
described in detail before [27, 37], therefore only a brief
description is given below.

VUV photons are generated by Nd:YAG laser pulses
(Surelite-III, Continuum, Santa Clara, USA; l01064 nm,
ν010 Hz, tplus05 ns). First, UV photons (l0355 nm, P0
128 mW) are induced by triplication of the Nd:YAG funda-
mental via a third harmonic generator. Afterwards, a second
triplication process in a xenon gas cell (Xe 4.0; p012 mbar) is
used to generate the VUV photons (l0118 nm, E010.49 eV).
Their energy is sufficient to ionise substances featuring an
ionisation potential equal to or less than 10.49 eV in a single
step (SPI).

Cigarette smoking simulator

The cigarette smoking simulator (C-Matic Systems, UK) was
designed to simulate the main thermophysical processes
occurring during cigarette smoking. The simulator consists
of three main parts: a microprocessor controller unit, a housed
combustion fixture and a modified A14 syringe driver (Borg-
waldt KC, Germany). The controller unit regulates the chosen
parameters, such as the set temperature of the three IR-lamps
to cover the selected puff and smoulder temperatures, tube
movement speed that is equivalent to the linear burn rate of a
conventional cigarette, backflow gas purging rate and puffing
flow volume. The combustion fixture contains a Cambridge
filter pad holder, which can be used to hold a cigarette or a
quartz tube loaded with a known amount of tobacco sample. It
also has a connection port linking to the A14 syringe driver on
a moveable shuttle. An accurate stepper motor moves the
quartz tube into the focal point of the three IR-lamps and also
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delivers the pre-selected puffing and smouldering burn rates.
The volume of the tobacco rod being heated is approximately
the same as that of a conventional burning tip of a cigarette.

Sample materials

All experiments were carried out using 3R4F Kentucky re-
search reference cigarettes (University of Kentucky, USA).
They deliver 9.4 mg tar, 0.73 mg nicotine and 12.0 mg carbon
monoxide under ISO/FTC machine-smoking conditions [38].
Detailed smoke chemistry yields from these cigarettes have
been examined by two separate interlaboratory test studies
[39, 40]. Whole 3R4F cigarettes were inserted directly inside
the quartz tube and burnt without modification. The cigarettes
were stored for several days in an air-conditioned room at 22 °C
prior to their usage.

Simulated smoking under nitrogen atmosphere

A schematic representation of the two different operating
states for measurements under nitrogen atmosphere is
shown in Fig. 1. The pathways for smoke and nitrogen
during the puffing phase are displayed by dashed arrows
and solid arrows during the smouldering phase, respectively.
If nitrogen is mixed with smoke, the arrows are dark grey.

Prior to each measurement, the quartz tube loaded with a
3R4F cigarette was purged with nitrogen for 30 s to remove
air from the void volume of the tobacco rod and the cigarette
filter. An excess of nitrogen ((1a) and (1b)) flows through
the T-piece (shown on the left hand side) constantly during
operation. During a puff, a volume of 35 ml nitrogen is
drawn over 2 s and repeated once every 60 s [41] by the

syringe driver (5a) and passes through the quartz tube and
the cigarette (2a). When the lamp power is increased from
smouldering to puffing, the temperature of the burning
tobacco in the focal point raises immediately to the set point;
in this work, it is set at 900 °C. This temperature corre-
sponds to the mean temperature of a normal burning ciga-
rette during puffing [42–44]. The shuttle speed increases
simultaneously at the start of the puff to 120 mm/min to
simulate the higher linear burning rate during a puff [45].
The pyrolysis products are carried over to the adapter, and a
small fraction of this effluent (flow rate05 ml/min) is drawn
through the sampling capillary inside the heated transfer line
(T0280 °C) and fed into the mass spectrometer. Inside the
ion source of the mass spectrometer, the smoke compounds
are ionised by VUV-pulses, and the formed molecular ions
are subsequently separated according to their time of flight,
which is then converted into mass-to-charge (m/z) ratios.

At the end of the puff, the syringe driver valve is closed (4b)
and the backflow valve is opened (5b) to allow the effluents
(e.g. water and volatile compounds) generated during smoul-
dering burn to be taken out the tube from the opposite direc-
tion to the mainstream smoke. This nitrogen purges (at the
back flow rate017.5ml/min) the adapter and also the capillary
inside the heating hose (3b). During the entire smouldering
phase, the shuttle speed decreases to 5 mm/min [46, 47], and
the lamp power is lowered to allow a smouldering temperature
of 600 °C (surface smouldering temperature for a convention-
al burning cigarette0675 °C [48]).

Experiments with an air atmosphere are carried out in a
similar way but with two exceptions. The fume hood is brought
near to the quartz tube without the T-piece connection, i.e.
open to the ambient air, and the back flow is connected to a

Fig. 1 Schematic
representation of cigarette
smoking simulator combined
with adapter to mass
spectrometer: (1a)-(6a) puffing
phase, (1b)-(6b) smouldering
phase [(1a) nitrogen supply,
(2a) smoke generation in the
lamps’ focus and mixing with
nitrogen, (3a) smoke analysis,
(4a) drawing (35 ml over 2 s
every 60 s), (5a) no backflow
supply, (6a) fraction of nitrogen
excess; (1b) nitrogen supply,
(2b) and (3b) nitrogen purging,
(4b) no drawing, (5b) nitrogen
backflow supply, (6b) smoke
and purging gas]
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supply of pressurised and cleaned laboratory air, supplied at
the same backflow rate of 17.5 ml/min.

Connection between MS and cigarette smoking simulator

The adapter linking the simulator and the mass spectrometer
plays a critically important role.

However, it ensures a sufficient purging of itself and the
transfer line immediately post-puffing, thus the MS-signal
was reached 2 to 3 s after the puff was finished, as shown in
Fig. 2 for isoprene and benzene. The remaining time (2 to 3 s)
after the 2 s puff shows the purging behaviour of the adapter
and transfer line.

Data evaluation

The signals (intensity as a function of time-of-flight) recorded
were mass-calibrated and exported as ASCII data file by a
customised LabVIEW-based (National Instruments, USA) soft-
ware for further evaluations in Origin 8.1 (OriginLab, USA)
and The Unscrambler v9.7 (Camo Software AS, Norway).

The results obtained in this work are based on mean values
from puff number 2 to 6, and the puffing parameters used are
35 ml puff volume, 2 s duration and once every 60 s (i.e. the
ISO puff parameters [41]). The yield from each puff was
averaged over 2 s, i.e. the period from the puffs beginning to
the end which corresponds to 20 single mass spectra. Ten
replicates under each atmospheric condition, i.e. nitrogen and
air atmosphere, were measured, and the mean values including
the associated standard deviations were calculated. For further
statistical evaluations, 39 assignable masses with the highest
signal intensities were selected and summarised in Table 1.

The analysis technique did not allow the differentiation
of isobars, thus the mass assignment in this work was
carried out by relating the mass (m/z) to known tobacco
smoke compounds which are accessible by SPI-TOFMS
[49]. For selected isobaric compounds (e.g. m/z 56, m/z 58
and m/z 68), it is also possible to determine the predominant
compound [50]. Partially, compounds’ names concerning a
certain mass are omitted.

The first puff was excluded because of the unique igni-
tion of the cigarette, i.e. the cigarette was lit from a radial
direction rather than from the front end as a conventional
cigarette. The last puff was excluded because of the close-
ness of the heating with respect to the cigarette filter, which
may be able to desorb some condensed semi-volatile com-
pounds from the cigarette filter.

For further statistical analysis of the data sets, principal
component analysis (PCA) was utilised. PCA attempts to
identify interdependencies between key features within
complex data sets. New artificial variables, viz. the prin-
cipal components are formed and arranged in an ascend-
ing order to statistically account for most of the
variance of the original data set [51, 52]. Each of the
signal intensities (SI) of the 39 selected masses were
normalised to the maximum: SImax(nitrogen and/or
air)01. This normalisation method suppresses the influ-
ence of substances with high concentrations in tobacco
smoke towards substances with low concentrations and
emphasises their different behaviour based on the varying
external experimental conditions. All input variables were
pre-processed by mean centring (i.e. subtraction of the mean
value from each value of one feature (here, m/z)) to translate
the centre of the data cloud to the origin of the score plot to
allow an easier interpretation of the PCA-results.

Fig. 2 Signal intensity of
isoprene (black) and benzene
(grey) of one 3R4F cigarette by
using theoptimised adapter
between cigarette smoking
simulator and mass
spectrometer (puff number 2 to
6)
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Results

An initial assessment of the cigarette smoking simulator’s
suitability to reproduce chemistry from mainstream cigarette
smoke was carried out by comparing selected volatile and
aerosol species present in the mainstream cigarette smoke. In
the smoking simulator, for a given linear burning rate, the
burning conditions are determined by the set smouldering and
puffing temperatures and puffing conditions. The missing
ventilation leads only to a lower smoke dilution and a higher
compound concentration which should have a proportional
effect on the chemical composition of the smoke. Hence,
similar but not equal relative profiles of main chemical species
are expected from the cigarette smoking simulator and from
burning cigarettes. The first comparison was done with the
results obtained for this work (i.e. cigarette smoking simulator,
3R4F cigarettes), a different measurement series (3R4F ciga-
rettes, smoking machine) and another previously published
measurement using SPI-TOFMS with 2R4F cigarettes [55]
(a predecessor of the 3R4F) and a smoking machine [34].
Figure 3a shows the signal intensities of seven compounds
normalised to the highest peak, viz. acetaldehyde for all measure-
ments. Comparison of the signal intensity ratios between the
three experiments shows quantitative differences across a
number of compounds, but broad directional similarities in
the trends between the ratio profiles found with different
compounds. The second comparison was done with a high-
performance liquid chromatography (HPLC) analysis of car-
bonyl compounds using the smoking simulator and a standard
smoking machine (according to the ISO puffing parameters).
Figure 3b shows the sum of mainstream smoke yields from
eight carbonyl compounds provided by the two devices with
single-grade Virginia and Burley tobacco experimental ciga-
rettes. The features of these experimental cigarettes can be
found in Adam et al. [30]. The yields generated by the simu-
lator are higher due to the absence of filter ventilation and
paper permeability. Again, the relative ratio of most analytes
(exception for acetone) between the two tobacco types can be
reproduced by the smoking simulator (Fig. 3c). This degree of
conformity enables analysis of smoke chemistry reactions
from burning tobacco in the cigarette smoking simulator to
provide insights into the thermochemistry of tobacco within a
burning cigarette.

Two averaged mass spectra of the fourth puff measured
under nitrogen and air atmosphere, respectively, are shown
in Fig. 4. The pattern of the mass spectrum (air atmosphere)
is comparable to a mass spectrum of the fourth puff from a
puff-resolved analysis of 2R4F reference cigarettes reported
previously in Adam et al. [34]. Both mass spectra in Fig. 4
appear to be very similar. For example, the patterns concerning
the five highest signal intensities ofm/z 44 (acetaldehyde), m/z
68 (isoprene), m/z 58 (acetone), m/z 42 (propene), m/z 92
(toluene) and m/z 56 (butene) are visually equal. One obvious

Table 1 Selected 39
compounds based on
their signal intensities
and their potential
appearance in tobacco
smoke [11, 31, 53, 54]

m/z Substances

17 Ammonia (NH3)

30 Nitrogen monoxide (NO)

34 Hydrogen sulphide (H2S)

40 Propyne

42 Propene

43 Carbohydrate fragment:
C3H7

+, C2H3O
+

44 Acetaldehyde

48 Methanethiol

54 1,3-Butadiene, 1-butyne

56 1-Butene, 2-propenal

57 Carbohydrate fragment,
2-propen-1-amine

58 Acetone, propanal

66 Cyclopentadiene

67 Pyrrole

68 Isoprene, furan, 1,3-pentadiene,
cyclopentene

69 Pyrroline

70 2-Butenal, pentenes

72 2-Methylpropenal, 2-butanone,
butanal

78 Benzene

79 Pyridine

80 Pyrazine

81 Methylpyrrole

82 Methylfuran,
methylcyclopentene,
cyclohexane,
2-cyclopenten-1-one

84 Nicotine fragment, hexenes

85 Methylpyrrolidine, piperidine

86 Methylbutanal, pentanone

92 Toluene

93 Aniline, methylpyridine

94 Phenol

95 Pyridinol, dimethylpyrrol

96 Dimethylfuran, furfural

104 Styrene

106 Xylenes, benzaldehyde

107 Ethylpyridine, 3-
pyridinecarboxaldehyde

108 Anisol, methylphenols

110 Dihydroxybenzenes,
methylfurfural

120 C3-Alkylbenzenes,
phenylacetaldehyde,
acetophenone

136 Limonene, methoxybenzaldehyde

145 2-(4-Pyridyl)furan, 2,3-dimethyl-
1H-indole, 3-ethylindole
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difference between the two experimental conditions is the
higher signal intensity of nearly all the mass-to-charge ratios
measured under nitrogen atmosphere. The following statistical
evaluations will emphasize the major differences of the atmo-
sphere change.

The PCA score plot, shown in Fig. 5a, features the
distinction of the experimental parameters (puff number
and gas atmosphere, respectively). Principal component 1
(PC1) explains 62% of the total variance of the data set and
separates the experiments mainly by the gas atmosphere.
PC2 explains 24% of the total variance and separates the
experiments due to the puff number. The experimental
parameters cannot assigned completely to a single principal
component, thus a new coordinate system (grey dashed
arrows, rotated anti-clockwise through 45°) is applied to
the score and loading plot. The new coordinate system
separates the different features more clearly. The influence
of the variables and their linkage to the calculated model is
presented in the loading plot in Fig. 5b and the magnified
section in Fig. 5c. Five compounds stand out noticeably
from the bulk near the point of origin: ammonia (m/z 17),
2-(4-pyridyl)furan/2,3-dimethyl-1H-indole/3-ethylindole
(m/z 145), hydrogen sulphide (m/z 34), dihydroxybenzene
(m/z 110) and methylpyrrolidine/piperidine (m/z 85). These
compounds are marked by grey frames in Fig. 5b and have
the strongest influence on the PCA model. Figure 6 shows
the mean signal intensities of eight selected compounds
featuring a more or less noticeable difference between the

yields generated under different conditions (atmosphere,
puff number).

Given a certain tobacco blend, ammonia content in the
mainstream smoke is strongly influenced by puff number as
shown by these results (high values for PC1 and PC2,
Fig. 5b), i.e. its concentration rises with increasing puff
number. In addition, ammonia (Fig. 6a) possesses a different
puff dependency compared with pyrrole (Fig. 6b). Ammo-
nia’s signal intensity increases more sharply from puff 6
than that of pyrrole under both atmospheres. In a previous
work [30], a similar exponential increase in ammonia yield
was found for a Burley tobacco cigarette but not for the
2R4F reference cigarette. Two other previous works [56, 57]
describe the significant increase of ammonia release on a
puff-by-puff basis from a 1R4F reference cigarette (i.e. the
predecessor of the 2R4F reference cigarette). A similar puff-
by-puff increase of pyrrole was also reported [37].

Hydrogen sulphide possesses the maximum value for
PC1 and is therefore located between the new artificial axes.
Hydrogen sulphide (Fig. 6c) yields show a strong puff
dependency [34] and additionally a strong atmospheric de-
pendency. It features a low signal during the second puffs
compared with the later puffs and a larger signal difference
between the two atmospheres whereas methanethiol
(Fig. 6d) shows no puff dependency and a less distinctive
difference due to the atmosphere change.

Another two compounds are located in the negative area
of the loading plot (Fig. 5b) and also excluded from the

Fig. 3 a Normalised signal
intensities (acetaldehyde
intensities=1) of selected
compounds from the fourth puff
of 3R4F (cigarette smoking
simulator), of 3R4F (smoking
machine) and of 2R4F
cigarettes (smoking machine)
(SPI-TOFMS, n=10); b sum
of carbonyl compounds’
(formaldehyde, acetaldehyde,
acetone, acrolein, propanal,
crotonaldehyde, butanone
and butanal) smoke yields
(HPLC-UV, n=3); c normalised
individual smoke yields
(acetaldehyde yields=1) from
the cigarette smoking simulator
and a smoking machine of two
single tobacco types
(HPLC-UV, n=3)
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compact group located near the axes’ intercept point: dihy-
droxybenzene (m/z 110) and methylpyrrolidine/piperidine
(m/z 85). These compounds (Fig. 6e, g) exhibit a strong
puff dependency, although in the opposite manner to that
of ammonia, i.e. a signal decrease with increasing puff num-
ber. The puff-by-puff decreasing trend for dihydroxybenzene
is different from that of conventionally smoked 2R4F ciga-
rettes where the amount increases as the puff number increases
[37]. The profile of the phenol’s signal (Fig. 6f) shows no
significant differences between the atmospheres and a weak
puff dependency, which agrees with a previous work [37].

The yield of 2,3-dimethyl-1H-indole/2-(4-pyridyl)furan/
3-ethylindol (m/z 145) is also determined by the puff number
and shows a similar behaviour to that of hydrogen sulphide
(Fig. 6h). The maximum yield is reached after the third puff,
thus these compounds feature lower values for PC1 and PC2
in Fig. 5b compared with ammonia.

To extract further information from the compact group of
compounds, this area has been magnified in Fig. 5c. Sub-
stances such as phenol (m/z 94) and benzene (m/z 78)
featuring values (for PC1 and PC2) close to zero on the

left-hand side of this section are not influenced by the
experimental parameters. Nitrogen-containing and heteroar-
omatic compounds, at the top right of this section such as
pyridine (m/z 79) and aniline/methylpyridine (m/z 93), have
a weak positive influence from the puff number. Substances
occurring at the lower right corner are reactive species such
as cyclopentadiene (m/z 66) and propyne (m/z 40). Their
yields are slightly enhanced by the inert atmosphere. Com-
pounds shown at the lower left region (towards air atmosphere)
are oxidised hydrocarbons like methylbutanal (m/z 86) and
acetaldehyde (m/z 44).

Discussion

Previous work [13, 53] has established that, when a cigarette
is puffed, combustion products formed in the combustion
and pyrolysis/distillation zones travel through the bed of
unburnt tobacco and the cigarette filter before leaving the
cigarette as mainstream smoke. Condensable compounds
accumulate downstream from the cigarette coal to form the
particulates in cigarette smoke which can be filtered by the
unburnt tobacco and filter material. Compounds deposited
onto the tobacco in previous puffs can subsequently be re-
volatilised by the approaching cigarette coal. This results on
a puff-by-puff basis in an increase in the per-puff yield of
particulate constituents as the puff number increases. In the
cigarette smoking simulator, the presence of the quartz tube
prevents air from entering through the paper which dilutes
the smoke compounds, and hence a reduced puff-by-puff
increase can be expected in these experiments. In this study,
an increase in puff-by-puff yields was observed with 2-(4-
pyridyl)furan/2,3-dimethyl-1H-indole/3-ethylindole (m/z
145) and pyrrole (m/z 67) in the cigarette smoking simulator.
These compounds can be generated from polymers, proteins
or small molecules and are Maillard reaction products [58].
Pyrrole originates from proteins, individual amino acids,
alkaloids and nitrates as a pyrolysis product [36].

Ammonia displays an even stronger dependence on the
puff number. As ammonia is a gaseous compound, it is not
likely to be mechanically filtered in the same way as partic-
ulate smoke constituents. However, ammonia is highly
water-soluble (520 g/l at 20 °C [59]); therefore, filtration
by the tobacco rod may occur due to the moisture content of
the tobacco rod. Tobacco moisture increases towards later
puffs, due to cumulative condensation of water in smoke
onto the tobacco rod, hence promoting more ammonia to be
absorbed onto the tobacco surface. In the final puffs, when
the remaining unburnt tobacco rod is relatively small, the
combination of heat from the burning zone, drying of the
remaining tobacco and diminished tobacco filtration can
result in a substantial increase in the ammonia yield [57].
The main sources of ammonia in smoke are thought to be

Fig. 4 Mean mass spectra of puff number 4 from ten 3R4F cigarettes
smoked under nitrogen and air atmosphere (based on ISO puffing
conditions)
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Fig. 5 a Score plot of principal
component 1 (PC1) and PC2
based on averaged puffs
(numbers 2 to 6) from ten 3R4F
cigarettes (SI normalised to
maximum); b loading plot; c
loading plot (sectional
enlargement)
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the decomposition products from proteins, individual amino
acids, alkaloids and nitrates [11, 36]. The lack of sensitivity
of ammonia yields to the type of atmosphere suggests that
ammonia is released in the pyrolysis zone of the cigarette,
where the cigarette is highly depleted in oxygen.

The puff-by-puff yields of detected phenol (m/z 94) are
constant under a nitrogen atmosphere and increase slightly with
an air atmosphere, respectively. This is consistent with the
volatile nature of phenol in smoke, which would mean it is less
subject to mechanical filtration and subsequent re-evaporation

with unburnt tobacco than the tobacco smoke particles. There is
little atmospheric sensitivity in the phenol yields. The main
precursor compounds for phenol are reported to be chlorogenic
acid and lignin, and for diphenols, chlorogenic acid, caffeic
acid, rutin, quercetin and lignin as well as cellulose and sugars
[11]. It is likely that these decomposition reactions take place in
the pyrolysis/distillation zone of the tobacco rod where atmo-
spheric sensitivity can be anticipated to be low.

In contrast to phenol, the amount of detected dihydrox-
ybenzenes (m/z 110) and piperidine decrease with increasing

Fig. 6 Mean signal intensity of
a ammonia (m/z 17), b pyrrole
(m/z 67), c hydrogen sulphide
(m/z 34), d methanethiol (m/z
48), e dihydroxybenzene (m/z
110), f phenol (m/z 94), g
piperidine (m/z 85) and (h)
ethylindole (m/z 145) of ten
smoked 3R4F cigarettes under
nitrogen (black squares) and air
(gray circles) atmosphere
(maximum normalised)
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puff number. This phenomenon has been reported previous-
ly with formaldehyde and some other volatile materials
where the highest yields were observed in the first puff of
cigarette smoking [17, 19, 34]. This unusual puff profile has
been explained on the basis of the atypical temperature
history of the tobacco rod in the initial puffs of the cigarette
and implies a relatively low temperature source for these
compounds. During pyrolysis of chlorogenic acid, diphe-
nols are formed as primary products from quinic acid and
caffeic acid at low temperatures by dehydration and decom-
position reactions. Further reactions involving the primary
products lead to so-called secondary products such as water,
CO2 and phenol [60]. It was found that an increasing oxy-
gen level during pyrolysis at low temperatures led to a
significant decrease of the generated dihydroxybenzenes,
but the yields of phenol (i.e., primary decomposition prod-
ucts of tobacco as well as a decomposition product of the
residual solid after the tobacco’s temperature treatment
(350 °C)) were unaffected; therefore, only the decomposi-
tion pathways of the dihydroxybenzenes’ precursors are
influenced by oxygen [61].

The formation of hydrogen sulphide shows a remarkable
dependency on puff and atmosphere, with a flat puff-profile
in air and with the nitrogen atmosphere an initial rise after
the second puff to a flat puff-profile. A satisfactory expla-
nation to this profile and to its different shape compared
with methanethiol’s profile cannot be provided in this paper
and needs further studies.

Finally, it needs to be noted that nearly all substances, such
as carbonyl and carboxyl compounds, (poly-) aromatics, het-
erocyclics and S-/N-containing compounds, feature higher
signal intensities under the inert (N2) condition. A likely ex-
planation for this observation is that an oxidative atmosphere
leads to a further degradation of these compounds towards
small molecules such as CO, CO2, H2O, NOx and HCN [62].

Conclusions

The hyphenation of SPI-TOFMS and the cigarette smoking
simulator together with the applied statistical methods have
been evaluated and found to be a useful tool that allows
investigation of tobacco’s thermochemical reactions outside
of from natural restrictions present with cigarette smoking
(e.g. the necessary presence of oxygen). However, the possi-
bility to compare the results with other findings from different
analytical methods is not abandoned. The results presented in
this paper reveal that the change of the gas atmosphere—from
inert to oxidative conditions—for simulated smoking of 3R4F
reference cigarettes lead to a decrease of nearly all com-
pounds’ yields but only to small changes in the overall pattern
of smoke constituent yields. This observation is in agreement
with previous studies which show that majority of the

mainstream smoke components are produced by pyrolysis
and distillation processes, which are relatively independent
of the gas atmosphere. Therefore, yields of substances like
benzene and phenol are not influenced significantly due to the
mutual dependency of the pyrolysis/distillation zone and the
combustion zone in a burning cigarette. Of the compounds
examined, the yield of one substance, in particular, hydrogen
sulphide, appears to be significantly dependent on the type of
atmosphere.

Future work with this system will explore the cigarette
smoking simulator’s capability to change the puffing and
smouldering temperatures for further investigation of the
formation mechanisms for smoke constituents. Additional
inclusion of REMPI-TOFMS analysis will allow extension
of the group of accessible compounds to polycyclic aromat-
ic compounds.
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