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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are contaminants widespread in the environment and vehicular
emissions have long been recognized as the most important anthropogenic sources of PAHs in urban air
Polycyclic aromatic hydrocarbons (PAHs) emitted in the exhaust gases of diesel and petrol engines using
different fuels were quantified. Size fractionated chemical analysis of particles in vehicle emissions were
carried out by sampling with an electrical low pressure multi-stage impactor ELPI. The mean concentrations
of total PAHs adsorbed onto the particulate matter in the rage of 0.03-0.25 um emitted from the exhaust
gases were 48.3, 128.2 and 83.0 ng-m?, respectively from three kinds of diesel fuels. Results indicated
that PAHs present in the last two fraction (0.17-0.25 um) have the highest contribution in the total content
of these compounds. In the collected fractions of particulate matter emitted in gasoline engine exhaust 12

compounds were identified in the 0.25 um fraction and 9 PAHs in the 0.17 pm fraction.
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Introduction

Emissions from motor vehicles have substantial-
ly changed over the last decade because of new fuels,
changed engine designs, and improved emission-con-
trol technology. Engine exhaust gases form a mixture
of substances in various states. Gases are dominant, but
liquids and solids from incomplete combustion of fuel
and engine oil are also present. Particulate matter (PM)
emitted from diesel and gasoline engines is a mixture of
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soot and soluble organic fraction, which is composed of an
aromatic fraction resulting from unburned hydrocarbons
(benzene, toluene, styrene, xylene) from the paraffin
acidic phase (cresol, benzoic acid) and the alkaline phase
(pyridine, aniline). The remaining components adsorbed at
the carbon core include inter alia water-soluble sulphates,
nitrates, metals, and other carbon particulates. The con-
centrations, modal structures, and temporal patterns of
urban particles are strongly influenced by traffic emis-
sions, which are identified as the main source of particle
number in urban environments [1].

Polycyclic aromatic hydrocarbons (PAHs) are
contaminants widespread in the environment, and
vehicular emissions have long been recognized as the
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most important anthropogenic sources of PAHs in urban
air [2]. They are mainly derived from the incomplete
combustion of fossil fuels, wood, and biomass, and from
the volatilization of petroleum products. Once released
into the air, gaseous and particle-bound PAHs can be
transported over a long distance and transferred to other
environmental media such as surface soil and water. Due
to the carcinogenicity and mutagenicity of some of these
compounds — particularly those containing four or more
aromatic rings — they have been included in the European
Union priority lists of pollutants [3].

Particulate matter with dimensions of 0.1-0.5 pm
are very casily absorbed by the body and accumulated
within the pulmonary alveoli. They may remain there
for hundreds of days, which leads to chronic pulmonary
trouble and has a potential carcinogenic effect [4, 5]. In
the case of acute exposure, the exhaust gases irritate the
oral and upper respiratory tract mucosa, cause headaches,
vertigo, and tiredness, as well as nausea. The aecrodynamic
size of the particulates has an impact on their absorption
and accumulation in the body [6].

During recent decades, continuous concern has been
raised with respect to PM emitted during the opera-
tion of motor vehicles, mainly by diesel engines [7-13].
The World Health Organization (WHO) has reported
that diesel engine exhaust is classified as carcinogenic
to humans [14]. To assess the potential health hazards
resulting from inhalation of PM emitted from engines, it
is important to establish their qualitative and quantitative
composition and to establish the distribution of hazardous
substances in individual fractions, as the aerodynamic size
of the particulates has an impact on their absorption and
accumulation in the body.

It can be assumed that the concentrations of polycyclic
aromatic hydrocarbons and their toxic effects will vary
depending on particle size. These of the smallest size are
possibly the most important source of PAHs, because the
number concentration of particles dominates, and they
have the largest specific surface area. The operating condi-
tions of the engine, including its power, speed, and the ex-
haust gas temperature as well as the properties of the fuel
itself (e.g., sulphur content, density, distillation point, and
octane index) may have an impact on the chemical com-
position of the exhaust gases and the aerodynamic dis-
tribution of particulate matter [14-19]. Therefore, in this
paper particulates were collected from diesel and petrol
engines running on three different fuels each. Consider-

Table 1. Characteristics of the used fuels.

ing the increasing importance of small airborne particles
for exposure assessment, the objective of this study was to
characterize and quantify the main pollutants (i.e., PAHs)
emitted in the exhaust gases of diesel and petrol engines.
Size fractionated chemical analyses of particles in vehicle
emissions were carried out by sampling with an electrical
low pressure multi-stage electrical low-pressure impactor
(ELPI; Dekati, Finland).

Materials and Methods
Chemicals

Standard PAH mixture and corresponding individual
compounds were obtained from Supelco. The standard
PAH mixture (EPA 610 Polynuclear Aromatic Hydrocar-
bons Mix 100-2,000 pg/mL in MeOH:CH,CL, 1:1 v/v)
contained naphthalene (NA), acenaphtene (AC), fluorene
(FL), phenanthrene (PH), anthracene (AN), fluoranthene
(FLR), pyrene (PH), benzo(a)anthracene (BaA): chrysene
(CH), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene
(BKF), dibenzo(ah)anthracene (DBA), benzo(a)pyrene
(BaP), benzo(ghi)perylene (BghiP), and indeno(1.2,3-
cd)pyrene (IN). We used standard reference material
SRM 2975 Diesel Particulate Matter (Industrial Forklift)
from the National Institute of Standards and Technology
(NIST), U.S. Department of Commerce (Gaithersburg,
MD). Acetonitrile, dichloromethane, and methanol were
of analytical grade and were purchased from Sigma-Al-
drich. We used Milli-Q water, obtained with a Milli-Q sys-
tem (Millipore, Bedford, MA, USA) for dilution.

Sampling Site

For the presented study we used a diesel engine system
from a Skoda Fabia automobile (manufactured in 2007:
2.0 L volumetric capacity and 130 kW of power at 1,400
rpm) and a 1.4 L gasoline engine system of 55kW man-
ufactured in 2009 (complying with the Euro 4European
emission standards). Different diesel fuels used includ-
ed commercial DIESEL Verva (supplied by the Polish
oil company ORLEN), Ultimate (from a British Petro-
leum station), and Gold (from a Statoil station). We ob-
tained Euro 95 commercial gasoils from three companies
(ORLEN, BP, and Statoil). The properties of the fuels used
are presented in Table 1. Fuel suppliers assure the high

Diesel Gasoil
Gold Verva Ultimate Orlen BP Statoil
Cetane index 55 46.0 55-60
Octane index 95 95 95
Density at 15°C (g/cm?) 0.8-0.84 0.82-0.85 0.83 0.72-0.76 0.74-0.76 0.72-0.76
Flashpoint (°C) <56 55 61.5 <-10°C -40°C Not available
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Fig. 1. Sampling system electrical low pressure impactor a), impactor assembly b), one impactor stage c).

quality of their products on their websites and noted that
sulphur content was not more than 50 mg kg! (for taking
care of a car’s engine and helping it to run smoother).
During the collection of fine particle fraction engines were
run at idle speed without load.

Collection of Samples

PAH samples of particle phase were collected using
an ELPI sampling system (Fig. 1) at a temperature below
52°C for five days for 4-5 hours at a flow rate of 30 L-min'.
Basic parameters of ELPI operations were: impactor out-
put pressure 100 mbar, charging voltage 5 kV, and charg-
ing current 1 pA. The particles were charged by corona
charging and subsequently separated in a low-pressure
cascade impactor with 13 electrically insulated collection
stages. The measured current signals were proportional
to the number concentration and size. By using kernel
functions in order to account for the charging efficiency
dependency on diameter and for the collection efficiencies
of the different stages, the number concentration in every
channel could be calculated [20]. During operation with
a diesel engine, sampled gas was drawn from the tailpipe
and diluted in an ejection double-dilutor (Dekati, Finland)
that enabled us to control the dilution ratio at around 64.

About 7,200-9,000 L of air was passed through
the ELPI sampler every day. Only six impactor stages
were considered to be essential since they contributed
significantly to the measurement. The engine was launched
15 min. before collecting particle-phase PAHs with fuel
corresponding to the cycle of measurements.

Particle phase PAHs were collected on aluminum
filters weighed on an analytical electronic balance
(Mettler Toledo AT261, Switzerland) before and after
each collection. Before each weighing the filters were
preconditioned in a desiccator for 10 h to remove moisture.
The samples were stored in a refrigerator at 4°C for less
than seven days until extraction.

Extraction Procedure

PAHs were extracted from the filters with cold
dichloromethane (below 5°C) to prevent their loss by
volatilization [21]. A sonic bath was used with closed vials
for 30 min. After extraction, samples were evaporated to
dryness under a high-purity stream of nitrogen, redissolved
in ImL of acetonitrile, and then analysed. The standards
were prepared by spiking known amounts of the EPA 16
PAH mixture onto the filter. Therefore, no blank correction
was applied.

Chromatographic Analysis

The samples preconcentrated in nitrogen atmosphere
were separated by using the RP-HPLC method (Elite
LaChrom with fluorescence detection (FL) of Merck
Hitachi, USA) on the column Pinnacle II PAH 15 cm x
3.2 mm ID with precolumn 20x3.2 mm ID, according to
the methods mentioned earlier [21]. The flow rate was
0.97 mL-min! and the injection volume was 10 uL. Elu-
tion was performed with a gradient starting from an eluent
composition of 50% acetonitrile in water (up to 5 min).
The acetonitrile concentration was increased up to 100%
in 25 minutes, and maintained at 100% for 5 min. The
wavelength of the fluorescence detector was altered for
each PAH [10]. Data was collected and processed with HP
ChemsStation software. Limit of detection (LOD), which
was determined based on blanks analysis, did not exceed
0.1 ng'm>. Precision of the method was about 14% and to-
tal uncertainty was less than 28%; correlation coefficient
was 0.998. For validation of the method we used the stan-
dard reference material SRM 2975 (diesel particulate mat-
ter). There was no significant difference (confidence inter-
val at 95% using t-test) between the obtained results and
the certified content.
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Fig. 2. Distribution of PAHs adsorbed on the fine particles in
gasoline and diesel exhaust fumes.

Results and Discussion
Results for Total PAHs

Fig. 2 has presented the average distribution of total
PAHs adsorbed on the ultrafine particles in gasoline and
diesel exhaust fumes. Particles with a diameter below 0.25
pum were mainly detected in the diesel exhaust, which
confirmed our earlier results [11]. The average sizes of
particles emitted in gasoline exhaust were smaller than
particles emitted in diesel exhaust under similar operat-
ing conditions.

The distribution of total PAH concentrations on
particulate matter emitted from the used car powered by
different diesel fuels is presented in Fig. 3a. Gold fuel
generated the smallest PAH emissions, followed by Verva
and Ultimate fuels. The mean concentrations of total
PAHs adsorbed onto the particulate phase (in the rage of
0.03-0.25 um aerodynamic diameter) using these diesel
fuels were 48.3, 128.2, and 83.0 ng'm?, respectively.
While distribution of total PAH content between different
sizes of particles emitted in the exhaust of Verva ON has
been almost at the same level, and considerable amounts
of these compounds were found in 0.11-0.17 pm (35.2
ng'm?) and 0.17-0.25 pm (24.5 ng'm) fractions emitted
with Ultimate diesel fuel, which is about 72% in relation
to total content.

The distribution of total concentration of PAHs in ultra-
fine particulate matter emitted in the exhaust of the petrol
engine using oils from different suppliers is presented in
Fig. 3b. The obtained results indicate that PAHs present
in the last two fractions (0.17-0.25 um) had the highest
contribution in the total content of these compounds.

Results for Individual PAHs

Four PAH compounds were predominantly identified
in particulate matter emitted in diesel engine exhaust:
fluorene (FL), phenanthrene (PH), pyrene (PY), and
benzo(a)pyrene (BaP). The example of the distribution of
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Fig. 3. Distribution of total PAH contents between different siz-
es of particles emitted in the exhaust of a) diesel and b) petrol
engines using different oils.

PAHs identified in individual fractions of particulate matter
emitted in diesel engine exhaust running on Verva ON fuel
is presented in Fig. 4. On average, the sum of Fl, PH, PY,
and BaP emission rates amounted to 83.7% of total PAH
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Fig. 4. Concentrations of PAHs identified in ultra-fine particles
emitted in the exhaust of diesel (Verva fuel).
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Fig. 5. Emission rates of individual PAH compounds emitted in
the gasoline engine exhaust (fuel from BP petrol station).

emissions. Phenanthrene had the highest concentrations
(13.4-15.0 ng'm?) in the tests performed for all collected
fractions. Its participation averaged 44.8% in relation to
the sum of total PAH compounds. Similarly, pyrene and
fluorine averaged 21.7% and 16.0%, respectively.

In the case of particulate matter emitted in gasoline
engine exhausts, PAH analysis in the collected fractions
indicated 12 compounds in the 0.25 pm fraction and nine
PAHs in the 0.17 um fraction. Fig. 5 presents the profile of
PAH compounds collected in different ultrafine fractions
of particulate matter from the vehicle exhaust using fuel
supplied from the BP petrol station. Phenanthrene (PH)
and benzo(b)fluoranthene (BHF) dominated in these sam-
ples, followed by fluoranthene (FLR) and benzo(a)pyrene
(BaP).

Motelay-Massei et al. [22] suggested that indeno(1.2,3-
cd)pyrene (IN) and dibenzo(ah)anthracene (DBA) could
be indicators of vehicular emissions. As diesel exhaust is
known to contain more particulate matter than gasoline
exhaust, and heavier PAHs are associated with these par-
ticles, benzo(ghi)perylene), IN, and DBA have been pro-
posed as markers of diesel emissions [23-25]. Tian et al.

[26] also assigned chrysene (CH) for this purpose. How-
ever, BghiP, IN, and DBA, as well as benzo(a)pyrene
(BaP) and benzo(a)naphtalene (BaA), were linked with
gasoline emission sources [25-27]. Gunawardena et al.
[28] concluded that heavy-duty traffic primarily gener-
ated five- and six-ring PAHs. They correlated heavy-du-
ty traffic sources with fluorene, dibenz(a,/)anthracene,
indeno(1,2,3-cd)pyrene, and benzo(ghi)perylene, where-
as acenaphthene, acenaphthylene, phenanthrene, pyrene,
benzo(a)pyrene, and benzo(e)pyrene were correlated with
the total traffic volume.

Benzo(a)pyrene is considered one of the most car-
cinogenic PAHs and has been used as an indicator
of environmental pollution with polycyclic aromatic
hydrocarbons [29]. Table 2 shows the concentrations of
this compound in ultrafine particles emitted from diesel and
gasoil engine exhaust. In the case of Ultimate diesel and
gasoline fuel supplied from Orlen, the contents of BaP were
below the limit of detection in all the collected fractions.
From the other side, the highest level of that compound was
found in the fume exhaust from Gold diesel fuel.

Conclusions

Using ELPI and a multi-day cycle of particulate
matter sampling enabled us to separate the particulate
matter fractions and establish the distribution of PAH
concentrations. The chemical composition of particulate
matter emitted in engine exhaust is important due to the
issues of environmental pollution. Particulate matter and
chemical substances adsorbed onto their surface, such
as carcinogenic PAHs, are of great significance because
they may have a negative impact on human health due to
the place where they accumulate within the human body.
The average sizes of particles emitted in gasoline exhaust
are smaller than particles emitted in diesel exhaust under

similar operating conditions.
Measurements have indicated that the particulate
matter in fractions below 0.4 pum is emitted in the diesel

Table 2. Concentrations of benzo(a)pyrene (in ng/m?) in ultrafine particles emitted from diesel and gasoil engine exhaust.

Acrodynamic diameter (pum)
0.03 0.06 0.11 0.17 0.25
Diesel
Verva <LOD* 0.41+0.08 0.50+0.1 0.42+0.09 <LOD
Ultimate <LOD <LOD <LOD <LOD <LOD
Gold 0.22+0.04 0.50+0.1 1.30+0.26 0.95+0.19 0.98+0.20
Gasoil
Orlen <LOD <LOD <LOD <LOD <LOD
BP <LOD <LOD 0.17+0.034 0.30+0.06 0.77+0.15
Statoil <LOD 0.11£0.02 0.20+0.04 0.36+£0.07 0.92+0.18

*LOD — limit of detection
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engine exhaust and, to a lesser extent, from the petrol
engine. Thus, petrol engines also may be a potential
source of environmental pollution with ultra-fine particles.
The studies have not indicated the tendency of individual
PAH compounds to be adsorbed only on single fractions
of particulate matter with specific dimensions.
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