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SUMMARY

Particulate- and gas-phase polycyclic aromatic hydrocar-
bons (PAHs) were determined in the mainstream smoke
(MSS) of 59 manufactured cigarette brands (commercialy
available brands of unknown tobacco and blend type) with
variable‘tar’ yieldsand physical/technological characteris-
tics. Depending on the existence/absence of filter, the ‘tar’
yield indicated on the packet, and the cigarette length and
diameter, the examined cigarette brands were classified
into 15 groups. non filter (NF), high (H), medium (M),
light (L), super light (SL), ultralight (UL), one-tar yields
(0), 100 mm long cigarettes (H-100, L-100, SL-100, UL-
100, O-100), and lim cigarettes (SL-SLIM, UL-SLIM, O-
SLIM). Cigarettes were smoked in a reference smoking
machine equipped with glass fibre filters for collection of
PAHSs bound to total particulate matter (TPM), and poly-
urethane foam plugs (PUF) for collection of gas-phase
PAHs. The relationships of gas- and particulate-phase
concentrations of PAHs (ng/cig) with the contents of typi-
cal MSS components, such as TPM, ‘tar’, nicotine and
carbon monoxide were investigated. In addition, the phase
partitioning of PAHs in MSS was evaluated in relation to
the technological characteristics of cigarettes. [Beitr.
Tabakforsch. Int. 21 (2005) 331-344]

ZUSAMMENFASSUNG
Das Vorkommen polyzyklischer aromatischer Kohlenwas-

serstoffe (PAH) in der Partikel- und der Gasphase des
Hauptstromrauchs (HSR) von 59 verschiedenen, industriell
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hergestellten Zigaretten (im Handdl erhétliche Marken un-
bekannter Tabaksorte und Mischung) mit unterschiedlichem
Kondensatgehalt und physikalischen/technol ogischen Eigen-
schaften wurde bestimmt. Je nach Vorhandensein bzw.
Nichtvorhandensein eines Filters, dem auf der Verpackung
angegebenen Kondensatgehalt sowie der Lange und des
Durchmessers der Zigaretten wurden die untersuchten Ziga-
rettenmarken in 15 Gruppen unterteilt: ohne Filter (NF),
hoher (H), mittlerer (M), niedriger (L) Kondensatgehalt,
super light (SL), ultralight (UL), 1 mg Kondensatklasse (O),
100 mm Zigaretten (H-100, L-100, SL-100, UL-100, O-100)
sowie ,schlanke” Zigaretten (SL-SLIM, UL-SLIM, O-
SLIM). Die Zigaretten wurden mit einer Referenz-Rauch-
maschine abgeraucht, die zum Sammeln der partikel gebun-
denen PAHs mit einem Glasfaserfilter und zum Auffangen
der Gasphasen-PAHs mit eéinem Polyurethan-Schaumstoff-
kartusche (PUF) ausgestattet war. Der Zusammenhang zwi-
schen den PAH-Konzentrationen (ng/Zigarette) in der Gas-
und Partikelphase und dem Vorkommen typischer HSR-
Komponenten wie Gesamtpartikelmasse (TPM), Kondensat,
Nikotin und Kohlenmonoxid wurde untersucht. Auf3erdem
wurde die Phasenverteilung der PAHs im Hauptstromrauch
in Abhangigkeit von den technol ogischen Eigenschaften der
Zigaretten bestimmt. [Beitr. Tabakforsch. Int. 21 (2005)
331-344]

RESUME
La présence d’'hydrocarbures aromatiques polycycliques

(PAH) dans les phases particulaire et gazeuse de lafumée
du courant principal (CP) de 59 marques de cigarettes fa-
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briquées industriellement (vendues dans le commerce,
fabriquées de tabacs et mélanges inconnus) ayant diffé-
rents rendements en goudron et caractéristiques phy-
siques/technologiques, a été examinée. Selon |'exis-
tence/absence d’ unfiltre, lateneur en goudron indiquée sur
le paquet ainsi que la longueur et le diamétre de la ciga
rette, les cigarettes étudiées ont été classées en 15 groupes:
sans filtre (NF), plein arbme (H), moyennes (M), |égéres
(L), super-légéres (SL) ultra-légéres (UL), 1 mg de gou-
dron (O), cigarettes de 100 mm (H-100, L-100, SL-100,
UL-100, O-100) et cigarettes minces (SL-SLIM, UL-
SLIM, O-SLIM). Les cigarettes ont été fumées sur une
machine a fumer de référence, équipée de filtres en fibres
deverre pour lacollecte des PAH liés alamatiére particu-
laire totale (TPM), et de tampons de polyuréthane (PUF)
pour la collecte des PAH dans la phase gazeuse. Les rela-
tions entre lateneur en PAH (ng/cigarette) dans |es phases
particulaire et gazeuse et lateneur en composants typiques
du CP, comme le TPM, le goudron, la nicotine et le mon-
oxyde de carbone, ont éé examinées. De plus, le partage
des PAH entre les deux phases du CP a été évalué en fonc-
tion des caractéristiques technologiques des cigarettes.
[Beitr. Tabakforsch. Int. 331-344]

INTRODUCTION

Cigarette mainstream smoke (MSS) is a complex aerosol
consisting of a vapour and a particulate phase. It has been
reported that approximately 8% of the total composition of
MSS exists as particulate matter, with the remainder being
composed of various gases and organic vapours. Some com-
ponents (e.g. carbon monoxide and carbon dioxide) are
found primarily in the vapour phase, while others, such as
phytosterols, predominate in the particulate phase. Com-
pounds of medium volatility, such as phenol and the cresols,
are partitioned between the vapour and particulate phases. In
tobacco smoke, the term “semivolatiles’ has been used to
describe the volatile fraction of the particulate phase of
smoke. Thisfraction includes acidic, basic and neutral com-
pounds important for the flavor and, in some cases, for the
physiological effects of smoke (1).

Cigarette design has been largely evolved over the last de-
cades with the incorporation of new tobacco processes, pa
pers, filters, and several ingredients (flavorants, casing mate-
rials, humectants), which either alone or in combination
have the potential to modify the quantity and/or the quality
of the smoke yielded from the cigarette (2,3). Theincorpora
tion of these new technologies and materias has resulted in
the development of a diverse market of commercia ciga
rettes encompassing a wide range of ‘tar’ yields. Collec-
tively, these technol ogiesinteract within the complex system
of the burning cigarette and, ultimately, influence the main-
stream smoke formed during the smoking process (4).
Polycyclic aromatic hydrocarbons (PAHSs) areformed during
the incomplete combustion of organic matter under condi-
tions of insufficient oxygen amounts, and their presence in
both mainstream and sidestream tobacco smoke has been
well documented (1,5-7). PAH formation mechanisms under
tobacco smoking involve degradation of complex molecules
and formation of simpler molecules or freeradica sfollowed
by recombination to form PAHs (8), or aromatisation of
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complex molecules, such as phytosterols, to form the many
structures of PAHs. The major precursors of PAHs are re-
portedly solanesol, phytosterols, terpenes, amino acids, nico-
tine, lipids, cellulose and several other tobacco components
(9,10).

Many PAHs have been proven to be mutagens and/or car-
cinogens. PAHs like benzo[a]pyrene, benz[a]anthracene,
and dibenz[a,h]anthracene, which have been classified as
probably carcinogenic to humans, and others like
benzo[ b]fluoranthene, benzo[K]fluoranthene, benzofj]fluor-
anthene, dibenzo[a,e]pyrene, dibenzo[a,h]pyrene, di-
benzo[a,i]pyrene, dibenzo[a,|]pyrene, indeno[1,2,3-cd] py-
rene, and 5-methylchrysene, classified as possible carcino-
gens, have been reported in cigarette MSS (11,12). Never-
theless, many of the PAHs usually present in tobacco
smoke have been found to be not only tumorigenic but also
antitumorigenic to many of the most potent tumorigenic
PAHswhen administered simultaneously by several routes
(skin painting, subcutaneous injection, etc.). Such anti-
tumoric action has been reported for phenanthrene, fluor-
anthene, pyrene and benzo[e]pyrene vs. 7,12 dimethyl-
benz[a]anthracene (41,42).

PAHSs span a broad spectrum of vapour pressures (e.g.,
from 1.1 x 10 kPa for naphthalene to 2 x 10™** kPa for
coronene at 25 °C), hence those with vapour pressures
above approximately 10 kPawill be present in the ambi-
ent air substantially distributed between the gas and partic-
ulate phases of the atmosphere (13). Earlier studies on
PAHs in MSS (5,6) were mainly referred to cigarette
smoke condensate, which includes primarily the particul ate
phase and secondarily semi-volatile components from the
vapour phase that can dissolve or disperse into particulate
components of MSS (14). More recent studies are focused
amost exclusively on PAHs bound to the total particulate
matter of MSS, the so-called TPM (15-18). Information
concerning the occurrence of PAHSs in the gas phase of
MSS is very limited. GRIMMER et al. (19) identified 12
PAHSs in the gas-phase MSS of a cigarette of unknown
‘tar’ yield collected on silanized polystyrene beads (Para-
pak PS), whereas in (18) no PAHs were detected in the
gas-phase MSS of 10 Kentucky reference cigarettes
(1R4F) collected in ice-cooled n-hexane liquid traps.

The major objectives of the present study were to examine
the occurrence of the 16 US Environmental Protection
Agency (EPA) PAHSs in the gas- and particulate-phase
MSS for a wide range of cigarette brands, and to investi-
gatetheir phase distribution in relation to design character-
istics, such as existence/absence of filter, ‘tar’ yield, ciga-
rette length/diameter, ventilation rate and pressure drop.
The potential associations of particulate- and gas-phase
PAHs with cigarette design characteristics and other MSS
components (e.g. TPM, ‘tar’, nicotine and CO) were exam-
ined in an attempt to identify the mgjor influential factors.

EXPERIMENTAL
Cigarette sampling and preparation
A total of 59 brands of manufactured cigarettes (commer-

cialy available brands retailed in the Greek market over
the period August—September 2001) were chosen for inclu-



Table 1. The time program of the HPLC—fluorescence
detector

Time Excitation Emission

(min)  wavelength (nm) wavelength (nm) PAHSs detected
6.0 275 350 Np

9.0 280 350 Ace, F
11.2 246 370 Ph, An
14.4 280 450 Fl

15.0 270 390 Py

20.0 260 420 B[a]A, Chry
24.4 284 430 B[e]Py, B[b]FI
28.8 290 430 B[K]FI, B[a]Py
335 290 410 dB[a,h]An, B[ghi]Pe
36.5 250 500 1[1,2,3-cd]Py

sion in the present survey. These brands were selected to
include a wide range of ‘tar’ yields and variable physical
cigarette characteristics (existence/absence of filter, ciga-
rette length and diameter, ventilation rate, pressure drop,
etc.). Preceding smoking, cigarettes were conditioned at
constant relative humidity (60 £ 2%) and temperature
(22 £ 1°C) for at least 48 h but less than 10 days (20). At
least three determinations of each type of anaysis were
made in each brand.

Cigarette smoking: Sampling of particulate- and
vapour-phase MSS

Twenty cigarettes from each brand were smoked according
to International Standard (1SO) 3308 (21) in a Borgwaldt
RM 20 CS smoking machine. The particulate phase of
MSS was collected onto a 92 mm Cambridge filter pad to
determine TPM and ‘tar’ according to SO 4387 (22). The
vapour phase of MSS was channeled through a polyure-
thane foam cartridge (PUF), which collected the vapour-
phase PAHS, into a polythene bag connected to a non-
dispersive infrared CO analyzer (Borgwaldt C24) for de-
termination of carbon monoxide according to 1SO 8454
(23). The determination of nicotine and water on Cam-
bridge filter pads was performed by gas chromatography
(GC) according to 1SO 10315 (24) and 10362 (25) Stan-
dard Methods, respectively. Nicotine-free dry particulate
metter (NFDPM, also known as ‘tar’) was calculated on a
per-cigarette basis from the difference: TPM - (nicotine +
water).

Filter pads were thermally treated (at 450 °C for 6 h) be-
fore use to remove organic contaminants. PUF sorbent
cartridges were pre-cleaned by sequential Soxhlet extrac-
tion with first acetonitrile and then n-hexane. After vac-
uum drying, the clean sorbent cartridges were stored in
screw-capped glass jars wrapped in solvent-rinsed alumi-
num foil (or otherwise protected from light) before careful
installation on the traps. All solvents used in experimental
work were pesticide analytical grade.

Deter mination of PAHsin MSS

Standard methods for the quantitative determination of
PAHSsin tobacco smoke have not been established yet. Anal-
ysis of PAHs in TPM has been achieved by two mgjor in-
strumental methods: high pressure liquid chromatography

with fluorimetric detection (HPLC-FD) (15,26-28) and gas
chromatography-mass spectrometry (GC-MS) selective ion
monitoring (SIM) mode analysis (16-18). Gas chroma
tography-flame ionization detection (GC-FID) and GC-MS
have been employed for PAH analysisin gas phase of MSS
(18,19). Inthe present study, PAHsin TPM were determined
by reversed-phase HPLC with programmable fluorescence
detection, while PAHSs in the vapour phase of MSS were
analysed by using the GC-MS SIM mode procedure.
Briefly, after completion of smoking and weighing of the
filter holders, the filter pad was removed from its holder
and transferred into a 150-mL flask. The inside surfaces of
the holder were wiped with further portions of the filter
material that were also put in the flask. Each filter pad was
thrice extracted with 40 mL cyclohexane each time under
shaking at a medium speed for 30 min. The extracts were
combined and after the addition of 1 mL isooctane (keeper
solvent) wererotary evaporated to ~2 mL. The condensate
was loaded on a chromatographic column filled with 7 g
neutral silicagel (Kieselgel 40, 70-230 mesh), cleaned by
24-h Soxhlet extraction with dichloromethane and acti-
vated for 24 h at 160 °C in order to separate the fraction of
aliphatic hydrocarbons (AHs) and remove potential inter-
ferences, prior the analysis. The AH fraction was first
eluted from the column by gravity with 25 mL of n-hex-
ane, whilethe PAH fraction was subsequently eluted by 50
mL of n-hexane:DMC (40:60, v/v) mixture. The PAH fac-
tions were concentrated, cleaned up through 500-mg
aminopropyl-SPE columns, solvent changed from hexane
to acetonitrile and analysed by HPLC-FD.

The HPLC analyses were performed on a Hewlett Packard
1100 series system consisting of a vacuum degasser, a qua-
ternary pump, a 5-mL injection loop, and a diode array de-
tector (DAD). A fluorescence detector (HP1046A) is con-
nected in serieswith the DAD to the output of aVydac-PAH
column (250 x 4.6 mm, polymeric bonded silica) preceded
by a guard column (Phenomenex Envirosep-PP, 30 x
3.20 mm). The mobile phase (flow rate 0.5 mL/min) was a
CH,CN-H,0 gradient changing from 58% to 100% CH,CN
over 0-35 min and remaining at 100% CH,CN for 10 min.
All analyseswere carried out at room temperature. Ten pairs
of excitation/emission wavelengths were used for PAH de-
tection (Table 1). The system was calibrated with the NIST
1647b Standard PAH Mixture containing 16 PAHS, 15 spe-
cies specified by the US EPA as priority pollutants: naphtha-
lene (Np), acenapthene (Ace), fluorene (F), phenanthrene
(Ph), anthracene (An), fluoranthene (Fl), pyrene (Py), ben-
zo[a]anthracene (B[a]An), chrysene (Chry), benzo[€]pyrene
(B[€]Py), benzo[b]fluoranthene (B[b]FI), benzo[K]fluor-
anthene (B[K]FI), benzo[a]pyrene (B[a]Py), dibenz[a,h]an-
thracene (dB[a,h]An), benzo[ghi]perylene (B[ghi]Pe),
indeno[1,2,3-cd] pyrene (IPy), plus benzo[ e]pyrene (B[ €] Py)
which is frequently used as a reference PAH compound.
Acenaphthylene, although contained in the standard was not
determined because it is only weskly fluorescent.
Vapour-phase PAHs were recovered from PUFs using
accelerated solvent extraction with a mixture of ace-
tone:hexane (30:70, v/v) according to procedures previ-
ously optimized (29,30). Internal standards (naphthalene-
d;, acenaphthene-d,,, phenanthrene-d,,, chrysene-d,,,
perylene-d,;) and 1 mL isooctane (keeper solvent) were
added. The extracts were rotary evaporated to ~5 mL and
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Smoking of cigarette samples under ISO conditions

1

l

Collection of TPM from 20 cigarettes
on Cambridge filter (& 92 mm)

Collection of gas-phase PAHs
from 40 cigarettes in PUF sorbent

1

1

Filter extraction with 3 x 40 mL
cyclohexane under simultaneous agitation

Accelerated solvent extraction with
acetone:n-hexane (30:70, v/v)

l l

‘ Rotary evaporation to 2 mL Rotary evaporation to 2 mL |
l l

‘ Fractionation through activated silica column (7 g) Fractionation through SPE silica cartridges (2 g) ‘
1 l

‘ Elution with 25 mL n-hexane (AH fraction) Elution with 8 mL n-hexane (AH fraction) ‘
l l

Elution with 50 mL n-hexane:DCM (40:60, v/v) (PAH Elution with 10 mL n-hexane:DCM (40:60, v/v) (PAH
fraction) fraction)

‘ Clean up through NH,-SPE cartridge

GC-MS analysis ‘

1

| Solvent change to CHsCN

|

| HPLC-FD analysis

Figure 1. Diagram of the experimental procedure employed for the determination of PAHSs in the particulate and the gas phase of

cigarette mainstream smoke (abbreviations are explained in text)

finally to ~1 mL under agentle stream of nitrogen. Conden-
sates were fractionated through silica SPE cartridges (2 g).
After elution of the AH fraction with 8 mL of n-hexane, the
PAH fraction was recovered by 8 mL hexane:DCM (40:60,
v/v) mixture and concentrated to 200 uL. PAHs were ana-
lyzed by GC-MS in the SIM mode. The amount of 2-pL
sample volume was injected into a Hewlett Packard 5890
series |1 GC fitted with a heated (280 °C) splitlessinjection
port. The injector was directly connected to HP-5M S capil-
lary column (30 m length, 0.25 mm i.d. and 0.25 pm film
thickness). The temperature program was as follows: 60 °C
(1 min), 60-120 °C (10 °C /min), 120-240 °C (5 "C/min),
240-300 °C (3 °C/min), 300 “C (30 min). Helium (flow rate
1 mL/min) was used asthe carrier gas with both oxygen and
moisture scrubbers connected in-line. The electron impact
ionization conditions were the following: ion energy 70 eV,
ion source temperature 180 °C, eectron multiplier voltage 2
KV. GC-MS datawere acquired and processed using the HP
enhanced Chemstation software (version A.03.00). | dentifi-
cation of target analytes was accomplished by using authen-
tic standards in combination with retention times and quali-
fier ions. The linear regression method was employed for
quantification using five-point calibration curves established
between the authentic standard/internal standard concentra-
tion ratios and corresponding peak arearatios. The diagram
of the experimental procedures employed for the determina
tion of PAHsin TPM and the gas phase of cigarette MSSis
shown in Figure 1.
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Data validation

The comparability of the HPLC-FD and the GC-MS pro-
cedures used for PAH analysis in TPM and the vapour-
phase M SS respectively was checked by parallel applica-
tion on the particulate and gas phase of the MSS of the
Cooperation Centre for Scientific Research Relative to
Tobacco (CORESTA) CM 3 reference brand. In both MSS
phases, the two-tailed F-test and the paired t-test indicated
that the two procedures are of equal precision and accu-
racy at the 95% confidence level.

In addition, blank filter pad and PUF samples were rou-
tinely analyzed to evaluate analytical bias and precision.
Blank levels of individual PAHs were not detectable in
both collection substrates. The estimated precision of
compound quantification by HPLC-FD and GC-MS was
better than +10%. The recoveries of PAHsfrom TPM and
PUFs were examined by analyzing samples spiked with
low and high concentrations of standard compounds. Per-
cent recoveries of PAHs from the TPM were in the range
72 + 4% for Chry and 114 + 3.6% for B[b]Fl, and only Np
yielded lower and more variable recovery (63 = 11%).
Percent recoveries of PAHs from PUFs ranged between
65 + 9% for dB[ &,h]An and 108 + 6% for Py. The preci-
sion of PAHs analysis in TPM was between 3-22% and
5-20% in TPM and PUFs, respectively. The limit of de-
tection (LOD) wasin the range 0.04-0.75 ng/cigarette for
TPM and in the range 0.04-1.46 for PUFs.



Table 2. Classification of cigarette brands

Cigarette class Cigarette code Filter (Y/N) @

Diameter (mm)

Length (mm)  ‘Tar quoted on packet (mg/cig) °

Non filter NF N
High ‘tar’ yield H Y
High ‘tar’ yield/100 mm H-100 Y
Medium ‘tar’ yield M Y
Light ‘tar’ yield L Y
Light ‘tar’ yield/200 mm L-100 Y
Super light ‘tar’ yield SL Y
Super light ‘tar’ yield/100 mm SL-100 Y
Super light ‘tar’ yield/Slim SL-SLIM Y
Ultra light ‘tar’ yield UL Y
Ultra light ‘tar’ yield/100 mm UL-100 Y
Ultra light ‘tar’ yield/Slim UL-SLIM Y
1 mg ‘tar’, 0.1 mg nicotine O Y
1mg ‘tar’, 0-100 Y
0.1 mg nicotine/100 mm
1 mg ‘tar’, O-SLIM Y
0.1 mg nicotine/Slim
Reference cigarette CORESTA CM3 Y

68 13(1), 14(1), 15(1)

7.9 84 12(4), 13(3), 14(2)
7.9 100 11(1), 12(3),13(1),14(1)
7.9 84 10(3)

7.9 84 7(5), 8(4)

7.9 100 8(2), 9(2), 10(1)
7.9 84 5(1), 4(3)

7.9 100 5(1)

6.3 84 6(2), 5(1)

7.9 84 2(1), 1(4)

7.9 100 3(1)

6.3 84 3(1)

7.9 84 1(6)

7.9 84 1(1)

6.3 84 1(2)

7.9 84 13(1)

2Y =yes, N = no.
®The parentheses indicate the number of brands examined.

The CORESTA CM3 reference brand was also used for
validation of TPM, ‘tar’, nicotine, CO, moisture and puff
number measurements. Results obtained were within
+0.6% of certified valuesfor ‘tar’ and CO, within +2.4%
for TPM and nicotine, and within £8.5% for moisture.

RESULTS AND DISCUSSION
Classification of cigarettes

In order to draw conclusions, the 59 examined brands of
cigaretteswere classified into 15 groups with respect to the
existence of filter or not, the ‘tar’ indicated on the packet,
and the cigarette dimensions (length and diameter). The
classification of cigarettesis shown in Table 2.

Concentration levelsin particulate- and gas-phase MSS

Theyielded ‘tar’, nicotine and CO in the MSS of the stud-
ied cigarette brands were largely variable ranging between
0.8-14.76, 1.31-0.08, and 0.75-14.76 mg/cigarette,
respectively. Mean values for each cigarette class are pre-
sented in Tables 3 and 4. Non-filtered cigarettes (NF) de-
livered less CO than filter tipped cigarettes with compara-
ble‘tar’ yields, such asH-100 and H. The CO-to-‘tar’ ratio
ranged between 0.70-1.68 (mean value 1.04) inindividual
brands being in consistency to literature data (18).

Mean+SD values of particul ate-phase PAH concentrations
in different classes of cigarettes are reported in Table 3.
All 16 targeted PAHs were detectable in the particulate
phase of all cigarette brands, and only dB[a,h]An yield
was below the limit of quantification in some low ‘tar’
cigarettes. The concentrations of all PAHswere highest in
non-filtered and high-‘tar’ cigarettes, while the lowest
values were found in the one-‘tar’ yield dim class (O-
SLIM). In general, the PAH concentrations in the TPM of
the commercial brands examined in the present study are

comparable to results reported in literature (16-19,31,32).
Despite their different PAH content, the TPMs of the vari-
ous cigarette classes exhibited quite similar PAH profiles
(Figure 2), in which the lower molecular weight species
(particularly Np and F) exhibited relative abundances
(14-30%) proportionally greater than the less volatile, yet
more carcinogenic B[b]Fl (0.6-1.7%), B[K]Fl (0.2—-0.6%),
B[a]Py (0.7-1.3%), IPy (0.4-1.0%) or dB[a,h]An
(0.2-0.6%). In all cigarette brands, concentrations fol-
lowed the order: 2-3 ring PAHs > 4-ring PAHs > 5-6-ring
PAHSs.

Theratio of individual PAH concentrationsin TPM to *tar’
yield (PAH/'tar’), often examined in relevant studies, are
shown in Figure 3. Reported values for this ratio range
between approximately 0.1-35 ng/mg with lower values
for high molecular weight PAHs and higher values for the
lighter species (32,33). In the present study, the mean
PAH/'tar’ ratio valuesranged between 0.22 for dB[a,h]An
to 29.6 for F. In general, the PAH/tar’ ratio for a certain
compound remained quite stable among different cigarette
classes, however, someincreased variability in the UL and
O classes was evident. This variability might be attributed
to one or both of the following reasons: @) the extremely
low concentrations of PAHS, close to the limit of quantifi-
cation, in the MSS of these brands, b) the tobacco material
used in cigarettes with extremely low ‘tar’ and nicotine
content, which may contain variable proportions of stems,
woody plant parts, reconstructed tobacco, etc. Indeed, a
larger chemical complexity of the MSS of the UL and O
cigarette classes as compared to other categories was evi-
dent in the corresponding GC-MS and HPLC-FD
chromatograms (34). EVANS et al. (32) has found lower
PAH/‘tar’ ratios for B[b]Fl, B[K]FI and B[a]Py in SLIM
cigarettes than in cigarettes with respective ‘tar’, however
this was not observed here.

The mean PAH concentrations determined in the gas phase
of MSS are reported in Table 4. In al cigarette brands,
only eight PAH specieswere quantifiable at concentrations
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Figure 2. PAH profiles in the particulate and the gas phase of MSS from various cigarette classes (code names as quoted in Table 2)
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Figure 5. PAH distribution in gas phase as a function of TPM concentration

following the order: Np > F > Ph > An> Acy > Ace> Fl
> Py. B[a]An and Chry, athough detectable in certain
cigarette brands, could not be quantified. In general, PAH
concentrations ranged between 0.18-50.5 ng/cigarette for
Py and Np, respectively. Non filter tipped cigarettes pre-
sented the lowest values for gas-phase Np, Acy, Ace, F
and Ph among all other classes probably due to the higher
TPM content in their MSS as shown in Table 3 and/or to
lower MSS temperature as reported in early studies (35).
However, the PAH profiles in the gas-phase MSS were
quite similar among the various cigarette classes (Figure
2).

The concentrations of all PAHs detected in the present
study in the gas phase of cigarette MSS are in accordance
with the values reported by GRIMMER et al. for these spe-
cies (19). However, the very low levels reported by these
investigators for some of the heavier PAHs (e.g.
0.08 ng/cig for B[a]Py) could not be determined here.

Phase distribution of PAHs in MSS

The percentage of the total PAH concentration distributed
in the gas phase of MSSis shown in Figure 4. As seen, Np
presented the highest gas-phase fraction, which however
varied largely among the different cigarette classes (from
around 10% in H-100, NF, H and M to 70% in O-SLIM).
The data of Figure 4 suggest that, in more concentrated
smoke, as those produced by cigarettes with higher ‘tar’
yield, thedistribution of PAHsin gas phase decreases. This
could be attributed to the higher TPM concentrationsin the
higher ‘tar’ yield cigarette smoke (astrong linear correlati-
on of TPM with ‘tar’ yield with r = 0.994, p = 0.01 was
revealed), which favoursthe adsorption of PAHs on smoke
particles. In Figure 5, the gas-phase PAH fraction has been
plotted as a function of the TPM content of MSS. A good
hyperbolic relationship of thetypey = ax™®wasfound for all
PAHs with R? valuesin the range 0.860 (Py) — 0.926 (Ph).
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Table 5. Pearson correlation coefficients for particulate- and vapour-phase PAH concentrations with other MSS components 2°

Particulate-phase PAHs

Vapour-phase PAHs

Substance TPM Nicotine ‘Tar' CO TPM Nicotine ‘Tar' CO
Np 0.924 0.852 0.931 0.861 -0.269 -0.280 -0.280 -0.270
Acy® nd nd nd nd -0.149 -0.121 -0.157 -0.102
Ace 0.927 0.879 0.932 0.861 -0.423 -0.398 -0.418 -0.387
F 0.941 0.877 0.945 0.858 -0.580 -0.558 -0.591 -0.547
Ph 0.941 0.895 0.944 0.895 -0.507 -0.544 -0.508 -0.460
An 0.932 0.897 0.929 0.871 -0.279 -0.330 -0.278 -0.271
Fl 0.924 0.913 0.923 0.905 -0.515 -0.610 -0.523 -0.554
Py 0.918 0.898 0.916 0.886 -0.456 -0.545 -0.463 -0.534
B[aJAn® 0.858 0.849 0.870 0.825 ng ng ng ng
Chry¢ 0.883 0.862 0.889 0.872 nq ng ng nq
Ble]Py* 0.874 0.808 0.884 0.798 ng ng ng nq
B[b]FI¢ 0.940 0.921 0.945 0.907 nq nq nq nq
BIK]FI¢ 0.885 0.879 0.893 0.869 nq nq nq nq
B[a]Py* 0.927 0.904 0.926 0.917 ng ng ng nq
dB[a,h]An® 0.873 0.823 0.880 0.848 nq nq nq nq
B[ghi]Pe* 0.891 0.868 0.901 0.899 ng nq nq ng
IPy¢ 0.890 0.883 0.891 0.890 nq nq nq nq
>PAHs 0.963 0.907 0.967 0.901 -0.308 -0.320 -0.319 -0.306

@ Concentrations below the detection limits were considered as equal to the half of the detection limit.
P Correlation coefficients in bold are significant at the 0.01 level. Coefficients in italics are significant at the 0.05 level.

°nd = Acy was not determined in the particulate-phase of MSS.
9 ng = PAHs not quantified in gas-phase.

However, other factorsaswell could influence the distribu-
tion of PAHsin the gas phase of MSS, and cigarette venti-
lation appears to be one of the most likely, as discussed
below.

The Pearson correlation coefficients between the PAH
concentrations in the two phases of MSS and other chemi-
cal parameters are given in Table 5. A reasonably strong
positive linear correlation between particul ate phase PAHs
and TPM, ‘tar’, nicotine and CO was evident for all 16
PAH compounds. CHEPIGA et al. (4) also found strong
positive correlation between the particulate-phase PAH
levelsin MSS and ‘tar’ delivery. The relationship between
particulate-phase PAHs and ‘tar’ is shownin Figure 6. All
PAHs were linearly related to ‘tar’ with R? values ranging
from 0.779 for dB[a,h]An to 0.892 for F. PAHs with high
abundances in MSS exhibited in general better ‘tar’ corre-
lation. It is noteworthy to say that the relationship between
particulate-phase PAH levels and ‘tar’ delivery appears to
be unaffected by the large differencesin design characteris-
tics among the various cigarette brands, thus suggesting
that particulate-phase MSS constituents levels are well
predicted by the‘tar’ yield. Therelationship between B[a]P
and ‘tar’ yield in MSS has been investigated by several
researchers, however, with contradictory conclusions.
KAISERMAN and RICKERT (36) claimed that, despite their
linear relationship, ‘tar’ was not agood predictor of B[a]Py
because of the wide scatter around the regression line (R2 =
0.89 for 35 cigarette brands). In a Laboratory of the Gov-
ernment Chemist of UK (LGC) study (18) involving 60
cigarette brands, it was also reported considerable scatter
around the regression line (R’ = 0.65). On the contrary,
CHEPIGA et al. (4) found R? = 0.96 for 29 market brands.
Vapour-phase PAH concentrations exhibited weak negative
linear correlations with TPM, which were statistically sig-
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nificant (p = 0.01) only for Ace, F, Ph, Fl and Py (Table5).
Similarly poor negative correlations were aso observed
with nicotine, ‘tar’ and CO.

MSSPAHs in relation to design characteristics
of cigarettes

The correlation coefficients between the sum concentra
tions of PAHs determined in the particulate and the gas
phase of MSS (XPAHSs) and the technological characteris-
tics of cigarettes are given in Table 6. Strong negative cor-
relation was observed for particulate-phase XPAH concen-
trations with tip ventilation that could be attributed to the
dilution of cigarette smoke. A similar effect of cigarette
ventilation has al so been reported for nicotinein MSS (37).
Ventilated filters alter pyrolytic conditions, increase the
residence time of smoke gases in the tobacco column, alter
the flow pattern, and decrease the flow rate of smokeinthe
cigarette filter. Consequently, the amounts of most smoke
components, including the fraction of semivolatiles, are
reduced and the chemical composition of smoke is altered.
The slower flow rate through the cigarette column enables
significant amounts of low molecular weight gases, such as
CO, to diffuse out of the cigarette, while the lower flow
rate through the filter facilitates increased filtration effi-
ciencies (38).

Surprisingly, a positive correlation, although not as strong
as those found for tip ventilation, was observed for paper
ventilation. Both thetip and paper ventilation contribute to
thetotal ventilation of cigarette, but the contribution of the
latter is expected to become less significant with decreasing
the cigarette length during smoking (39). The fact that the
correlation coefficient of particulate-phase XPAH levels
with total ventilation wasidentical tothosewith tip ventila-
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Table 6. Pearson correlation coefficients for particulate- and
vapour- phase XPAH concentrations with cigarette design
characteristics *

Particulate- =~ Gas-phase
Characteristics phase PAHs PAHs
Cigarette weight (g) 0.342 -0.244
Puff number 0.077 -0.023
Cigarette length (mm) -0.249 0.175
Tip length (mm) -0.304 -0.018
Cigarette diameter (mm) 0.207 -0.231
Cigarette ventilation (%) -0.902 0.267
Tip ventilation (%) -0.905 0.220
Paper ventilation (%) 0.739 -0.148
Pressure drop open (mm water) 0.136 0.042
Pressure drop closed (mm water) -0.764 0.310

2Correlation coefficients in bold are significant at the 0.01 level.
Coefficients in italics are significant at the 0.05 level.

tion (Table 6) supports this hypothesis. In Figure 7, the
%PAHSs in the gas phase of MSS has been plotted as a
function of the total cigarette ventilation. It is evident that
an increase in ventilation is associated with an increase in
the gas-phase PAH fraction. Good exponential relation-
ships of the type y = a e™ were exhibited by all seven
PAHs with R? valuesin the range 0.774 (F)-0.948 (Np).

A significant negative correlation was found between
particulate-phase XPAHs and the pressure drop closed
(PDC). PDC is the sum of pressure drops dueto filter and
tobacco column. High filter pressure drop meansincreased
filter efficiency resulting from more dense acetate cellulose
fibres, and the use of additives. The pressure drop of to-
bacco columnisrelated to packing density, and itsincrease
is associated initially with an increase and then with a re-
duction of TPM. From the data of Table 6 it could be sug-
gested that, as the PDC increases, voldtilization of parti-
culate-phase PAHSs s occurring in asimilar manner as dur-
ing sampling of ambient air PAHs under high sampling
rates (40). This hypothesis is supported by the low, yet
significant at the 0.05 level, correlation of PCD with the
gas-phase ZPAHsr = 0.310, Table 6).

Finally, particulate-phase £PAHs concentrations were
negatively correlated with tip length, probably due to the
better filtration efficiency resulted from the longer butt, and
positively with cigarette weight, as a result of the higher
tobacco content.

CONCLUSIONS

Sixteen PAHs were determined in the particulate and the
gas phase of the MSS of several cigarette brands with
variable ‘tar’ yields and technological characteristics. The
particulate-phase PAH concentrations (ng/cig) exhibited
significant positive linear relationships with TPM, ‘tar’,
nicotine and CO, in contrast to the gas-phase PAH levels
that showed weak negative correlations with all chemical
constituents of MSS. Ventilation among all cigarette de-
sign characteristics examined was found to significantly
affect the distribution of PAHs between the particul ate and
the gaseous phase. High ventilation rates favor the reduc-
tion of TPM content in MSS and the desorption of
particulate-phase PAHSs. A significant negative correlation
was also observed between the particulate-phase PAHs
and the pressure drop of closed cigarette (PDC) suggesting
that high PDC values, such as in the case of light ciga-
rettes, favor the distribution of PAHs in the gas phase.
Finally, particulate-phase XPAH concentrations were nega-
tively correlated with tip length, probably due to the better
filtration efficiency resulting from the longer butt, and
positively with cigarette weight, as a result of the higher
tobacco content.
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