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ABSTRACT
Traffic emissions and tobacco smoke are considered two main sources of polycyclic aromatic
hydrocarbons (PAHs) in indoor and outdoor air. In this study, the impact of these sources on
the level of fine particulate matter (PM2.5) and on the distribution of 15 PAHs regarded as
priority pollutants by the US-EPA on PM2.5 were evaluated and compared.
Outdoor and indoor PM2.5 samples were collected during winter 2008 in Oporto city in
Portugal, for sampling periods of 12 and 24 hours, respectively. The outdoor PM2.5 were
sampled at one site directly influenced by traffic emissions and the indoor PM2.5 samples were
collected at one home directly influenced by tobacco smoke and another one without smoke.
A methodology based on microwave-assisted extraction and liquid chromatography with
fluorescence detection was applied for the efficient PAHs determination in indoor and outdoor
PM2.5.
PAHs in indoor PM2.5 concentrations were significantly influenced by the presence of traffic
and tobacco smoking emissions. The mean of ΣPAHs in the outdoor traffic PM2.5 was not
significantly different from the value attained in the indoor without smoking site.
The tobacco smoke increased significantly PAHs concentrations on average about 1000
times more, when compared with the outdoor profile samples suggesting that tobacco
smoking may be the most important source of indoor PAHs pollution.
KEYWORDS: Indoor and outdoor air, PAHs, PM2.5, tobacco smoke, traffic emissions.
1. INTRODUTION
The quality of indoor and outdoor air is an increasingly strong concern related to the public
health since the cases of problems directly caused by human exposure to polluted air
continue to increase in Europe (Directive 2004/107/EC, 2005).
Airborne suspended particulate matter (PM) is an important marker of air quality. It is a
mixture of various sized ambient particles that have potentially toxic compounds associated
with them. Several research studies seem to indicate that PM is associated with negative
respiratory responses. The size of particles is a particular important factor since it determines
the place where particle deposition occurs in the respiratory system. The smaller particles,
such as PM2.5 (particles with an aerodynamic diameter smaller than 2.5 micrometers), can
penetrate in the deeper parts of the lungs, causing pulmonary diseases, lung cancer and
premature mortality and morbidity (Ravindra et al., 2001). The composition of PM2.5 includes
organic and inorganic matter, nitrogen and sulphur compounds, several heavy metals,
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radionuclides and polycyclic aromatic hydrocarbons (PAHs) (Slezakova et al., 2007;
Slezakova et al., 2009a; Slezakova et al., 2009b).
PAHs are regarded as priority pollutants by the U.S. Environmental Protection Agency, since
some of them are classified as carcinogenic and mutagenic (EPA, 1986; IARC, 2002; IARC,
2008). These compounds are composed by two or more fused aromatic rings and mostly
formed during incomplete combustion of organic materials (Maliszewska-Kordybach, 1999;
Mastral and Callen, 2000). The largest PAHs sources to the atmosphere include emissions
from automobiles (traffic emissions; Cacciola et al., 2002; Hien et al., 2007; Kishida et al.,
2008), industrial processes and wood burning.
Indoor air pollution has taken public attention during the last two decades because people
spend more than 80% of their time in indoor environments (homes, schools, offices and
restaurants). Indoor air is also polluted by PAHs, which come not only from outdoor air
through natural and mechanical (without filters) ventilation, but also indoor emission sources
such as cooking, heating and tobacco smoking. The combustion of tobacco generates
inhalable particles that are strongly associated with toxic compounds such as PAHs (Lung et
al., 2004), especially those with highest molecular weights, which are the most carcinogenic
(EPA, 1986; IARC, 2002; IARC, 2008). This source is considered by some authors the most
important indoor PAHs source (WHO, 2000; Ohura et al., 2004; Lung et al., 2004). However,
passive smoking has also become an important health issue; in Western countries, with an
adult smoking prevalence of 30-50%, it is estimated that over 50% of homes are occupied by
at least one smoker (WHO, 2000), resulting in a high prevalence of environmental tobacco
smoke exposure, that increases the risk of developing asthma by 40-200% (Bernstein et al.,
2008).
Concerning the influence of outdoor air on indoor air quality, studies revealed that the
presence of potentially carcinogenic PAHs (4-6 rings) in indoor air can be strongly associated
with infiltration of PAHs from outdoor air originated mainly by vehicle emissions (Fischer et
al., 2000; Sanderson and Farant, 2004). Diffusion of pollutants from outdoor air to indoor air is
influenced by several factors such as geographic location, concentration of pollutants in
outdoor air, type of residence and type of ventilation.
As the quality of indoor air has an important impact on human health, there is a special
interest in analysing the exposure to PAHs in indoor environments and evaluating the
influence of the main indoor emission sources. Several studies indicated that PAH
concentrations in indoor air can be higher that in outdoor air with certain combustion sources
(Liu et al. 2001), but few studies examined the indoor/outdoor relationships of PAH
concentrations with respect to main outdoor sources, as traffic emissions.
The aim of this work was to evaluate and compare the contribution of the main PAHs and
PM2.5 sources, namely, traffic and tobacco smoking, on the distribution of 15 PAHs in outdoor
and indoor PM2.5.
2. EXPERIMENTAL DESCRIPTION
2.1 Sampling
The monitoring of outdoor and indoor PM2.5 was conducted during winter 2008 for 14 and 21
consecutive days, respectively, in Paranhos district of Oporto city in Portugal.
The outdoor PM2.5 were sampled at one site directly influenced by traffic emissions due to the
proximity of one highway and others important roads (Figure 1). This place was chosen since
the traffic density during morning peak hours is high given its proximity to a central hospital
and several high schools and Universities. Consequently, traffic emissions are the main
source of atmospheric pollutants (Pereira et al., 2005). The monitoring equipment was located
at the entrance of a car parking area of one of the universities, at about 50 m east of one of
the main streets.
The indoor PM2.5 samples were collected at one home directly influenced by tobacco smoke
and another one considered as reference (non smoking site). Both homes were 1 km far from
the outdoor traffic site. Mechanical ventilation did not exist at both monitoring sites so natural
ventilation was provided by opening windows as occupants thought necessary. To avoid
dissimilar influence of outdoor PM, both monitoring places were selected in the same block of
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apartments, and on the same floor (4th). The same domestic activities were kept in the two
indoor environments, namely number of occupants (2), cleaning (three times per week),
frequency of cooking (once per day in electric cooker) and absence of heating.
The particles were collected on polytetrafluoroethylene membrane filters with 2 µm of porosity
for sampling periods of 12 hours (indoor) and 24 hours (outdoor), using TCR TECORA Bravo
H2 constant flow samplers, combined with PM EN LVS sampling heads, in compliance with
the norm EN 14907 (for PM2.5) (Slezakova et al., 2007). A sampling air flow rate of 2.3 m3 h-1
was applied. After sampling, the samples were stored at -20ºC and were protected from light
until analysis.
Paranhos map
500 m

Oporto
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Figure 1. Map of Portugal and Paranhos with the locations of the monitoring sites: A- outdoor
site; B- indoor site (with and without smoking); 1- highway; 2- thoroughfares; 3- main streets
2.2 PAHs analysis
Extractions of PAHs from the indoor and outdoor PM2.5 samples were performed by
microwave-assisted extraction (MAE; MARS-X 1500 W Microwave Accelerated Reaction
System for Extraction and Digestion, CEM, Mathews, NC, USA) applying the previously
optimised conditions (Castro et al., 2009). Briefly, 30.0 mL of acetonitrile (Lichrosol for
gradient elution, Carlo Erba, Rodano, Italy, purity > 99.9%) were used at 110 ºC during an
extraction time of 20 min. This approach supports sustainable development as it permits the
use of lower toxicity solvents, require less energy and solvent than conventional processes,
while generating fewer wastes. Extracts, after evaporation to dryness and redissolution in
1000 µL of acetonitrile, were analysed by liquid chromatography with fluorescence detection
(Shimadzu LC system and fluorescence detector RF-10AXL, Shimadzu Corporation, Kyoto,
Japan). Separation of the compounds was performed in a C18 column (YMC, MP-PAH C18,
50×4.0 mm; 3 µm particle size). Fluorescence wavelength programming was used to perform
better sensitivity and minimal interference. The excitation/emission wavelength pair of
260/315 nm was selected for initial time, at 8.0 min it was changed to 260/366 nm, at 9.0 min
to 260/430 nm and at 18.8 min to 290/505 nm. The injected volume was 15.0 µL (Castro et
al., 2009). External calibrations with PAHs mixed standards, using at least 6 calibration
points, were performed. Analytical blanks were handled using the same procedures as those
applied for the collected samples. Blank levels of individual PAHs were in most cases
undetectable. Each analysis was run at least in triplicate. Limits of detection between 0.0016
ng m-3 (0.090 µg L-1) for benz[a]anthracene and 0.027 ng m-3 (1.5 µg L-1) for naphthalene
were obtained, with corresponding limits of quantification in the range 0.0054-0.089 ng m-3
(0.30-4.90 µg L-1). The previously optimized analytical methodology (Castro et al., 2009)
provided evidence that acceptable recoveries (between 82.8 ± 4.5 to 101.0 ± 4.7% for all
compounds except for naphthalene, 56.7 ± 9.1%, and anthracene, 66.7 ± 7.2%) and
repeatability (between 0.2% for acenaphthene and 4.2% for pyrene) are achieved for all
PAHs. The reproducibility (between-day precision) of the analysis was also evaluated by
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repeating the analysis of spiked samples on three consecutive days. Values of RSD ranging
from 1.1% for indeno[1,2,3-cd]pyrene and 7.6% for chrysene were reached.
For the data treatment, the Student’s t-test was applied to determine the statistical
significance (P<0.05, two tailed) of the differences between the determined means.
3. RESULTS AND DISCUSSION
3.1 PM2.5 concentration
The statistical analysis of PM2.5 concentrations measured during the experimental
measurements at the outdoor site influenced by traffic emissions, and at the indoor sites
without and with the influence of tobacco smoking emissions are presented in Figure 2.

Figure 2. PM2.5 concentrations obtained at the outdoor traffic site, and indoor non smoking
and smoking sites. Boxes show 25th to 75th percentiles, lower and upper bars show minimum
and maximum values, and lines inside the boxes show the mean concentration
PM2.5 concentration means at the outdoor traffic site and at the indoor non smoking site
ranged between 9.5 to 52 µg m-3 and 10 to 40 µg m-3, with mean concentrations and standard
deviations of 26 ± 14 and 26 ± 10 µg m-3, respectively. These concentration differences were
not statistically significant showing that the PM2.5 concentrations in both sites were very
similar. This fact reflects that the levels of indoor PM2.5 are influenced by traffic-related
emissions. These results are in agreement with those reported by Diapouli et al. (2008), that
conducted simultaneous indoor and outdoor measurements of PM10 and PM2.5 in the center of
Athens. They concluded that indoor concentration levels are mainly affected by PM of outdoor
origin, since the calculated indoor-to-outdoor concentrations ratios were much lower than 1.00
during all days of their experiment. Furthermore, in their study, indoor and outdoor
concentrations were highly correlated.
PM2.5 concentration mean at the indoor smoking site ranged between 88 to 440 µg m-3, with a
mean and a standard deviation of 197 ± 103 µg m-3. In this indoor ambience, the tobacco
smoking emissions were responsible for the significant increase of PM2.5 concentrations near
700%, compared with both the indoor non smoking and the outdoor traffic sites.
The indoor-to-outdoor (I/O) ratio gives an idea of the relative contribution of indoor and
outdoor sources to the indoor concentration levels. I/O ratio > 1 indicates that the indoor
sources make a significant contribution to indoor air concentrations, while in the absence of
strong indoor sources this ratio is expected to be close or lower than 1 (Ilgen et al., 2001).
The obtained I/O PM2.5 concentration ratio considering indoor non smoking was 0.98. This
value indicated the absence of significant indoor sources related with domestic activities as
cooking, cleaning and heating. Thus, for PM2.5 the outdoor air affects significantly the
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composition of indoor air, leading almost to equilibrium between indoor and outdoor air. PM2.5
can be infiltrated and transported easily from outdoor to indoor through the natural ventilation,
because of their small size. This PM fraction is of great health concern, since when inhaled, it
can be deposited deeply in the lungs (Ravindra et al., 2001). Thus, it is important to develop
strategies to improve the outdoor air quality and consequently this would be also reflected in
the enhancement of the indoor air quality.
In the ambience affected by tobacco smoke the I/O PM2.5 concentration ratio was 7.7. This
value is indicative that tobacco smoking is the dominant source for the significant increase of
indoor PM2.5 concentrations.
3.2 PAHs distribution
The statistical analysis of individual PAH and the total PAHs (ΣPAHs) concentrations, in
PM2.5, measured during the experimental measurements at the outdoor traffic site, and at
indoor non smoking and indoor smoking sites are presented in Table 1.
The mean of ΣPAHs found in the outdoor traffic PM2.5 samples during the experimental
measurement was 121x102 pg m-3. In the indoor samples without smoking the ΣPAHs mean
was not significantly different to the outdoor traffic (107x102 pg m-3). These data evidenced
that the presence of PAHs in indoor environments was influenced by outdoor air pollution that
spreads to the interior of the spaces through natural ventilation.
The influence of tobacco smoke increased significantly the ΣPAHs to 918x102 pg m-3, pointing
to be the major PAHs indoor source. This evidence allowed concluding that tobacco smoke
strongly increased ΣPAHs in PM2.5.
Fuorene, anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene,
dibenz[a,h]anthracene, benzo[g,h,i]perylene and indeno[1,2,3-cd]pyrene concentration levels
were not significantly different at outdoor traffic and indoor non smoking sites. It is interesting
to notice that the PAHs with more aromatic chains (5-6 rings) were majority found in PM2.5
samples collected in outdoor traffic and indoor non smoking sites. The sum of these PAHs
corresponds to ca. 70% and 87% of the ΣPAHs, for the outdoor traffic and indoor non
smoking sites, respectively.
A detailed analysis of each PAH permitted concluding that dibenz[a,h]anthracene, a possible
indicator of traffic emissions (Rehwagen et al., 2005) was the PAH more abundant during
outdoor traffic and indoor non smoking experimental measurements and corresponds to ca.
29% and 43% of ΣPAHs, respectively. It seems that dibenz[a,h]anthracene was not affected
by the presence of tobacco smoke since in the indoor smoking experimental measurement it
was determined in levels below those detected under the influence of traffic.
According
to
some
authors
chrysene,
benzo[b]fluoranthene,
benzo[a]pyrene,
dibenz[a,h]anthracene, benzo[g,h,i]perylene and indeno[1,2,3-cd]pyrene (PAHs with high
molecular weight), are indicators of traffic emissions and are strongly associated to emissions
from incomplete motor combustion (Dallarosa et al., 2008; Guo et al., 2003). The
benzo[a]pyrene/ benzo[g,h,i]perylene mean ratios obtained were 0.81 and 0.66, for outdoor
traffic and indoor non smoking sites, respectively, which indicate the presence of diesel
engines (Vardar et al., 2008). Furthermore, the mean values attained for the indeno[1,2,3cd]pyrene/(Indeno[1,2,3-cd]pyrene + benzo[g,h,i]perylene) ratio at both sites were
approximately the same (0.55 for outdoor traffic site and 0.56 for indoor non smoking place)
and greater than 0.3 confirming the occurrence of traffic emissions, especially from diesel
engines (Guo et al., 2003). As most of PAHs composition on PM2.5 was similar on both places
(outdoor traffic and indoor non smoking), it revealed the important influence of the outdoor
pollution in indoor air quality. This is an interesting information because PAHs with higher
molecular weight are considered more carcinogenic and dangerous for human health (EPA,
1986; IARC, 2002; IARC, 2008).
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Table 1. PAH concentrations measured in PM2.5 samples, collected in outdoor traffic, indoor non smoking and indoor smoking sites

Concentration
2
-3
(x10 pg m )
Outdoor traffic
(n=3)
Compound
Naphthalene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benz[a]anthracene
Chrysene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Benzo[a]pyrene
Dibenz[a,h]anthracene
Benzo[g,h,i]perylene
Indeno[1,2,3-cd]pyrene
∑PAHs
n.d.- not detected.
n- number of samples.

Number
of rings
2
3
3
3
3
4
4
4
4
5
5
5
5
6
6

Indoor non smoking
(n=3)

Indoor smoking
(n=3)

Mean ± SD

Min - Max

Mean ± SD

Min - Max

Mean ± SD

Min - Max

n.d.
n.d.
0.260 ± 0.190
4.47 ± 3.03
7.85 ± 5.91
2.76 ± 2.34
5.14 ± 3.78
6.54 ± 4.94
9.29 ± 6.85
13.4 ± 9.7
5.02 ± 3.69
8.47 ± 6.55
34.7 ± 24.0
10.5 ± 7.7
13.0 ± 9.6
121

n.d.
n.d.
0.050 – 0.710
0.920 – 10.8
1.14 – 24.4
0.620 – 7.69
0.930 – 12.6
0.990 – 17.2
1.30 – 23.8
2.15 – 29.7
0.740 – 10.6
0.950 – 21.8
2.70 – 68.1
0.740 – 23.1
0.590 – 26.5
20.9 – 264

1.12 ± 0.78
n.d.
0.180 ± 0.070
0.870 ± 0.760
3.54 ± 2.33
0.610 ± 0.340
1.64 ± 1.06
1.74 ± 0.97
3.28 ± 1.79
8.83 ± 4.80
3.06 ± 1.67
7.83 ± 4.09
46.5 ± 25.9
11.9 ± 6.7
15.4 ± 8.7
107

n.d. – 2.00
n.d.
0.070 – 0.310
0.030 – 2.46
1.04 – 6.95
0.120 – 10.4
0.300 – 3.42
0.350 – 2.88
0.650 – 5.69
1.23 – 14.9
0.380 – 5.03
1.07 – 12.2
4.78 – 81.2
1.43 – 21.7
1.61 – 27.6
17.7 – 183

8.0 ± 13.3
67.1 ± 68.1
0.920 ± 0.690
24.0 ± 22.1
36.7 ± 43.8
102.2 ± 96.2
136.5 ± 143.1
56.9 ± 41.7
226.5 ± 214.4
50.9 ± 24.0
13.4 ± 7.4
86.0 ± 55.7
14.9 ± 14.3
45.2 ± 28.7
48.4 ± 24.9
918

n.d. – 34.1
19.2 – 285
0.070 – 2.79
7.08 – 90.8
5.38 – 175
32.1 – 376
27.1 – 569
11.5 – 164
30.2 – 704
12.8 – 101
4.93 – 30.2
15.5 – 230
3.48 – 41.8
7.30 – 111
13.2 – 109
398 – 2933
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For benzo[a]pyrene (5 rings), that is the marker used for evaluating the carcinogenic risk of
PAHs in ambient air (Directive 2004/107/EC, 2005), the mean concentration and the standard
deviation were (8.47 ± 6.55)x102 pg m-3 on traffic outdoor and (7.83 ± 4.09)x102 pg m-3 on
indoor non smoking samples, that corresponded to 7% of the ΣPAHs in both places.
Benzo[a]pyrene was also very affected by tobacco smoke, the mean concentration found was
(86.0 ± 55.7)x102 pg m-3, that corresponded to an increase of ca. 900% relatively to the level
detected on PM2.5 collected in traffic outdoor. Lu and Zhu (2007) demonstrated that
benzo[a]pyrene concentration of indoor air in smoking homes is significantly higher than in
non smoking homes, but the comparison with the level issued by automobile traffic was not
made.
In the presence of tobacco smoke, a significant increase on the concentration levels of PAHs
was observed, when compared with the outdoor profile samples, affected by high traffic
intensity. The PAHs more abundant in smoking PM2.5 samples were chrysene, pyrene and
fluoranthene with 25%, 15% and 11% of ΣPAHs detected, respectively.
The PAHs more affected by tobacco smoke compared with traffic outdoor were: naphthalene
and acenaphthene (not detected on outdoor traffic), fluoranthene (increased ca. 3500%),
pyrene (increased ca. 2500%), chrysene (increased ca. 2300%), benzo[a]pyrene (increased
ca. 900%), benz[a]anthracene (increased ca. 700%), phenanthrene (increased ca. 400%) and
anthracene (increased ca. 370%). This information is relevant because chrysene,
benz[a]anthracene and naphthalene are classified as possible carcinogenic to humans and
benzo[a]pyrene as carcinogenic to humans (EPA, 1986; IARC, 2002; IARC, 2008).
To evaluate the influence of traffic outdoor air on the PAHs concentration in PM2.5 detected in
indoor non smoking and indoor smoking the I/O PAH concentrations ratios were determined
(Figure 3).
Indoor non smoking

Indoor with smoking

Figure 3. Indoor/Outdoor ratio of the individual PAH concentrations measured in this study
The I/O PAHs ratios without the influence of tobacco smoke were less than 1 (Figure 2,
indoor non smoking), except for dibenz[a,h]anthracene, benzo[g,h,i]perylene and
indeno[1,2,3-cd]pyrene. This observation confirmed the absence of significant indoor PAH
sources and suggests that PAH concentrations in indoor non smoking air were dominated by
outdoor sources, previously justified by natural ventilation (the selected homes were 1 km far
from the outdoor traffic site).These results were consistent with the data reported by other
authors (Sanderson and Farant, 2004).
In the presence of tobacco smoke the I/O PAHs ratios were much higher than 1 (ranged
between 2.7 and 37 (Figure 3, indoor with smoking). The high values of this ratio indicate a
strong relationship between the tobacco smoking and PAHs emissions, which proves that
tobacco is the most important PAHs pollution source on indoor air. The only exception was for
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dibenz[a,h]anthracene, which I/O ratio was 0.43 demonstrating that this compound is more
characteristic of traffic emissions than tobacco smoke.
The data reached in this study question the quality of breathable air existing in indoor spaces.
The implementation of a policy of indoor air quality is undoubtedly necessary and urgent in
the fight and awareness of people to tobacco smoke.
3. CONCLUSIONS
Indoor PM2.5 concentrations were significantly influenced by the presence of traffic and
tobacco smoking emissions. The health effects associated with PM2.5 justifies the need to
continue developing efficient strategies to protect human health.
PAHs in PM2.5 are also affected by the PM traffic and tobacco smoke emissions. PAHs with
higher molecular weight (5-6 rings), that are classified as carcinogenic, were preferentially
found in the outdoor traffic and indoor non smoking sites. The I/O PAHs ratios without the
influence of tobacco smoking allowed concluding that PAHs concentrations in indoor air were
dominated by outdoor traffic emissions.
The presence of tobacco smoke emissions increased significantly PAHs concentrations on
average about 1000 times more, with a significant increase on the concentration levels of the
following PAHs: fluoranthene, pyrene, chrysene, benzo[a]pyrene and benz[a]anthracene,
when compared with the outdoor profile samples, affected by high traffic intensity.
Tobacco smoke revealed to be the most important indoor source of PAHs in PM2.5 fraction.
However, although the tobacco smoke is listed as the major cause of PAHs, the levels of
these compounds in outdoor air may be also considered a serious public health problem,
because all people are subject to the conditions of outdoor air, either by direct exposure or
through the natural ventilation in indoor spaces.
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