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Sizes and polycyclic aromatic hydrocarbon composition
distributions of nano, ultrafine, fine, and coarse particulates
emitted from a four-stroke motorcycle

SHU M. CHIEN and YUH J. HUANG

Department of Biomedical Engineering & Environmental Sciences, National Tsing Hua University, Hsinchu, Taiwan

Thus, this study was undertaken to determine the size distribution, concentration, species, and carcinogenic potency of particulate
matter and particle-bound polycyclic aromatic hydrocarbons (PAHs) emitted from 4-st/mc at various speeds (idle, 15 km/h, 30
km/h). Approximately 80% of the particles emitted from the that is, they are primary inhalable particulates. The particle total number
concentrations (TNCs) emitted while idling and at 15 and 30 km/h were 2.07 × 104, 2.35 × 104, and 2.60 × 104 #/cm3, respectively;
i.e., they increased at elevated speeds. Notably, most of the particles emitted at 30 km/h had diameters of less than 0.65 µm and
contained higher percentages of total PAHs. Excluding incomplete combustion, we suspected that some of the lower-molecular-
weight PAHs [phenanthrene (PA), anthracene (Ant), pyrene (Pyr)] obtained in the fine particles at idle originated from unburned
95-octane unleaded fuel. When operated at 15 km/h, pyrolysis of the PAHs dominated, resulting in increased amounts of medium-
molecular-weight PAHs {fluorene (FL), Pyr, benz[a]anthracene (BaA), chrysene (CHR)} in the ultrafine particles. Furthermore,
at 30 km/h, more pyrosynthesis products {benzo[a]pyrene (BaP), indeno[1,2,3,-cd]pyrene (IND), dibenz[a,h]anthracene (DBA)},
induced through combustion at the correspondingly higher temperature, were exhausted with the nanoparticles. Although the total
concentrations of BaP-equivalent emissions were inconsistent with the total PAHs, the nanoscale-sized particulates emitted from the
4-st/mc at higher speeds had the strongest PAH-related carcinogenic potencies, which should be a great concern.

Keywords: Four-stroke motorcycle, PAHs, carcinogenicity, electrical low pressure impactor (ELPI).

Introduction

The high mobility, convenience, and low fuel consump-
tion of motorcycles makes them attractive on-road ve-
hicles in both the urban and suburban areas of many
tropical and subtropical countries. In Taiwan, for exam-
ple, there are over 13.2 × 106 motorcycles, accounting
for 67% of all motor vehicles; in addition, the number of
motorcycles per area is among the highest in the world
(315 motorcycles/km2).[1] Two- and four-stoke motorcycles
comprise ca. 35 and 65%, respectively, of the motorcycles
in Taiwan. Although many studies have been conducted to
measure the levels of regulated air pollutants, such as car-
bon monoxide (CO), hydrocarbons (HCs), and nitrogen
oxide (NOx), released from motorcycles,[2−4] the levels of
several unregulated constituents, especially combined with
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particulate matter (PM), might be of greater concern for
their potential health effects.

Atmospheric PM contains various carcinogenic and mu-
tagenic compounds that are generally accepted to cause
respiratory diseases, such as lung cancer. Polycyclic aro-
matic hydrocarbons (PAHs) are typical indirect- and direct-
acting mutagenic compounds.[5,6] Motor vehicles are major
sources of PAH emissions.[7−9] PAHs are formed as a com-
plex mixture of compounds during the incomplete combus-
tion of organic matter. Most carcinogenic PAHs are associ-
ated with particulates-predominantly, fine particulates.[6,10]

The particle number concentrations and size distributions
of these mutagenic compounds are two of the major factors
used to assess their influence on human health: the particle
size controls the deposition behavior of PMs in respiratory
organs and the number concentration affects the carcino-
genic rate.

The particle size distributions of PAHs emitted from
two-stroke motorcycles (2-st/mcs) have been studied
previously.[11] In general, 2-stk/mcs are often run using a
mixture of gasoline and a lubricant, causing the emission of
unburned oil.[12] The exhaust emitted from a 2-stk/mc con-
tains more regulated air pollutants[2,13−15] and PAHs[3,16]
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than that from a 4-st/mc. Nevertheless, 4-st/mcs are be-
coming increasingly popular in many countries. Therefore,
to provide an advanced health risk assessment, we aimed to
characterize the particulate and particle size distributions
of PAHs in the exhaust from a 4-st/mc.

The cascade impactor approach has been used previously
to investigate the particle size distributions of PAHs emit-
ted from diesel and gasoline vehicles.[17−21] In this study,
particle-bound PAHs in the 4-st/mc exhaust were size-
segregated, from 0.03 to 10 µm, using an electrical low-
pressure impactor (ELPI). We evaluated the particle size
and composition distributions of 16 priority PAHs, desig-
nated by the US Environmental Protection Agency (EPA),
that were emitted from the exhaust of a 4-st/mc operated
at three speeds. We then used the toxic equivalency fac-
tors (TEFs) proposed by Nisbet and LaGoy (1992)[22] to
estimate the health risk of particulate-bound PAHs.

Materials and methods

Motorcycle and testing

PM was sampled from the exhaust of a 4-stroke carbure-
tor motorcycle. This one-cylinder motorcycle had a bore
and stroke of 51 mm × 60 mm, a total displacement
of 125 cm3, a compression ratio of 10.1:1, a maximum
power of 6.0 kW/7500 rpm, and a maximum torque of
0.85 kgm/6000 rpm. A carburetor was used for the fuel
supply system. Commercial 95-octane unleaded fuel from
the Chinese Petroleum Company was used as the test fuel.
Based on Taiwan’s metropolitan characteristics, topogra-
phy, and regulations, these motorcycles can be driven only
on local roads, not on the freeway. They are generally used
for short-distance transport; during the rush hour, the av-
erage distance travelled and speed are ca. 5–8 km/trip and
30 km/h, respectively.[23,24] The driving patterns of vehicles
operated at three different cruising speeds (idling and 15
and 30 km/h) were applied in the tests. To enhance the
PAH analytical sensitivity, each ELPI sampling was per-
formed over 60 min and repeated three times.

ELPI

The number and size distributions of the particles were
measured using an ELPI (Dekati, Ltd.) equipped with
aluminum foil (diameter: 37 mm) to collect size-resolved
aerosol samples. The instrument sampled air at a nominal
flow rate of 10 L/min. The ELPI had three main compo-
nents: a cascade impactor, a unipolar diode charger, and
a multichannel electrometer; it was used to simultaneously
measure the charges carried by the collected particles at
each stage. The measured current signals were then con-
verted to number concentrations based on the response
function of the charger. The function relates the measured
current to the number concentration at different particle

sizes. These impactors effectively separated the PM into
13 ranges (at 50% efficiency) with the following equivalent
cut-off diameters: 0.03, 0.06, 0.09, 0.17, 0.26, 0.38, 0.65,
0.95, 1.61, 2.50, 4.40, 6.80, and 9.97 µm. Accordingly, the
particles were divided into four size groups: nano (0.03 µm
≤ dp < 0.09 µm), ultrafine (0.17 µm ≤ dp < 0.38 µm), fine
(0.65 µm ≤ dp < 1.61 µm), and coarse (2.50 µm ≤ dp <

9.97 µm). In this study, the combined filters were extracted
together for PAH analysis. Combining the 12 filters into
four groups increased the sensitivity of the PAH analysis.

PAH analysis

In this study, only particle-bound PAHs were analyzed.
The combined filter samples were extracted using a mixed
solvent [n-hexane (30 mL) and dichloromethane (30 mL)]
under ultrasonication for 2 h. The extract was then concen-
trated to 2 mL by purging with ultra-pure N2 for the cleanup
procedure. A C18 cartridge (500 mg, 6 mL, Supelco) was
applied to the cleanup procedure; it was pre-conditioned
using methanol (6 mL), dichloromethane (6 mL), and n-
hexane (6 mL). After cleaning the cartridge, the eluted so-
lutions were discarded. The 2-mL concentrated sample was
then transferred onto the C18 cartridge; the vessel’s walls
were rinsed n-hexane (2 × 2 mL), and then the washings
were also added to the cartridge. Next, n-hexane (18 mL)
was added to the cartridge and allowed to flow through it
at a rate of 0.1–0.5 mL/min. The collected eluate was re-
concentrated to 0.5 mL under a stream of ultra-pure N2 to
complete the cleanup procedure. The concentrations of the
following PAHs were determined: naphthalene (Nap), ace-
naphthylene (Acpy), acenaphthene (Acp), fluorine (FL),
phenanthrene (PA), anthracene (Ant), fluoranthene (Flu),
pyrene (pyr), benz[a]anthracene (BaA), chrysene (CHR),
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF),
benzo[a]pyrene (BaP), indeno[1,2,3,-cd]pyrene (IND),
dibenz[a,h]-anthracene (DBA), and benzo[ghi]perylene
(Bghip).

PAHs were identified and quantified using an Agilent
6890 gas chromatograph equipped with an Agilent 5973N
mass-selective detector (MS); a computer workstation was
used for the PAH analysis. This gas chromatography/mass
spectrometry (GC/MS) system was equipped with an Abel
Bonded capillary column featuring a polysiloxane station-
ary phase (50 m × 0.32 mm × 0.17 µm); the film thick-
ness injection volume was 1 µL; splitless injection was per-
formed at 310◦C; the ion source temperature was 290◦C;
the oven temperature was increased from 50 to 100◦C at
20◦C/min, from 100 to 290◦C at 3◦C/min, and then held
at 290◦C for 40 min. The masses of the primary and sec-
ondary ions of the PAHs were determined using the scan
mode for pure PAH standards. In this study, two internal
standards (phenanthrene-d10 and perylene-d12) were used
to check the response factors and the recovery efficiencies
for the PAH analyses.[25,26] The recovery efficiencies of 16
individual PAHs and 2 internal standards were determined
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1770 Chien and Huang

Table 1. Recovery efficiencies of p-PAH species.

PAH Recovery efficiency (%)

Nap 87.6 ± 1.38
AcPy 88.0 ± 4.56
Acp 87.4 ± 12.4
Flu 87.3 ± 21.2
PA 85.8 ± 9.15
Ant 85.9 ± 10.6
FL 85.4 ± 19.4
Pyr 85.5 ± 11.8
BaA 85.2 ± 7.46
CHR 87.7 ± 17.7
BbF 82.2 ± 18.6
BkF 88.5 ± 15.0
BaP 86.9 ± 11.5
IND 82.7 ± 17.0
DBA 85.3 ± 4.51
BghiP 86.7 ± 0.72

directly after their addition to the filter samples. All of these
spiked samples, containing known PAH concentrations (1
ppm), were subjected to the same extraction, concentration,
and clean-up procedures mentioned above. The recovery ef-
ficiencies of the PAH standards (from 85.5 ± 11.8% to 88.5
± 15.0%) were fairly constant (Table 1).

Method detection limits (MDLs) are defined as the min-
imum concentrations of the target analytics that could be
measured and reported with 99% confidence that the con-
centration was greater than zero; they were determined us-
ing standard procedures.[27] Prior to analysis, calibration
curves of the 16 PAHs were developed such that their val-
ues of R2 were greater than 0.995 for analyzing PAH sam-
ples. MDLs were determined using a PAHs standard (10
ppb), i.e., at a concentration slightly higher than the lowest
concentration of the calibration curve.

The standard deviation was estimated after repeating
this process 7 times; the MDL was considered to be equal
to three times the standard deviation. Recovery tests were
performed with at least 10% of the samples being analyzed

after spiking with various amounts of the PAHs. The MDLs
of the 16 PAHs analyzed were as follows: Nap, 0.74 ng;
AcPy, 0.41 ng; Acp, 0.32 ng; Flu, 0.12 ng; PA, 0.06 ng; Ant,
0.09 ng; FL, 0.19 ng; Pyr, 0.57 ng; BaA, 0.02 ng; CHR, 0.09
ng; BbF, 0.14 ng; BkF, 0.04 ng; BaP, 0.02 ng; IND, 0.07 ng;
DBA, 0.15 ng; BghiP, 0.06 ng.

Carcinogenic potency

The carcinogenic potency of a given PAH can be expressed
in terms of the BaP emission equivalent (BaPeq), which is
the product of its toxic equivalency factor (TEF)[21] and its
concentration. The TEF reflects the actual state of knowl-
edge on the toxic potency of each individual PAH. The
carcinogenic potency of the total-PAHs (total-BaPeq) was
the sum of the BaP emission equivalents of the 16 individual
PAHs.

Results and discussion

Number distribution of particulate matter in motorcycle
exhaust

The load and speed of a motorcycle affect both the size and
number of its exhaust particles. Figure 1 presents the parti-
cle number concentrations (#/cm3) and size distributions
(dN/dlog dp versus dp) of the particles emitted from the
4-st/mc when operated at 3 different speeds. When idling
and at 15 and 30 km/h, the total number concentrations
(TNCs) were 2.07 × 104, 2.35 × 104, and 2.60 × 104 #/cm3,
respectively. We applied a 1-sample t-test to identify signif-
icant differences between the TNCs of the particles emitted
at the 3 speeds. This statistical analysis also revealed that the
number concentrations at 15 (p = 0.03) and 30 (p = 0.04)
km/h were significantly higher than that at idle (signifi-
cance level: α = 0.05). The particle number concentration
increased upon increasing the speed. In general, at high ve-
hicular speeds, the particle number concentration increases
because of a higher engine load, exhaust temperature, or
exhaust flow, resulting in greater TNCs at high speeds.[28,29]
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Fig. 1. Number and size distributions of PM emitted from a 4-st/mc operated at idle and at 15 and 30 km/h.
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Our findings are similar to those reported for diesel and
gasoline vehicles.[30−34]

Figure 1 also presents the size distributions of the par-
ticles at idle and at speeds of 15 and 30 km/h. Approx-
imately 80% of the particles emitted from the motorcycle
were smaller than 1.0 µm, indicating that they were primary
inhalable particulates. Notably, however, the particle size
distributions at the three speeds were significantly different.
When idling, fine particulates were the major component.
After increasing the speed to 15 km/h, the level of ultra-
fine particulates increased; at 30 km/h, nano-particulates
predominated the size distribution.

The number-median diameter (NMDs) of a particulate
matter can be determined from the plot of its cumulative
fractions; the value is equal to the particle diameter at 50%
in the cumulative curve. The NMDs of the particles at idle
and at 15 and 30 km/h were 0.67, 0.45, and 0.19 µm, respec-
tively. Our results indicate that smaller particles gradually
dominated in the exhaust upon increasing the speed of the
4-st/mc. Although, the TNCs of the particles emitted at
higher speeds were greater, most of them were smaller par-
ticles. Thus, we suspect that the more-complete combustion
of fuel at higher speeds may have led to the decrement of
larger particulates.

Concentration of PAHs in the four particle-size ranges

Figure 2 displays the emission concentrations of the 16
PAHs in the four particle-size ranges at each of the three
speeds of operation. At idle and at 15 and 30 km/h, the
total-PAH (t-PAH) emission concentrations were 339, 243,
and 220 ng/m3, respectively. Generally, a higher combus-
tion efficiency, which is often associated with a higher com-
bustion temperature, occurs at higher speeds.[29,35,36] Such
a phenomenon might explain why the values of t-PAH de-
creased at greater engine speeds.

Although the trends of the total PAHs and the total num-
ber concentrations at the three speeds were contrasting,
the t-PAH distributions in the different particle-size ranges
(Fig. 2) were quite similar to the corresponding number
distributions of particles (Fig. 1); i.e., the higher concen-

tration of t-PAHs shifted to finer particulate size ranges
as the engine speed increased. Such results are expected
because emissions of particle-bound PAHs are highly re-
lated to those of PM. At idle and at 15 and 30 km/h, the
mass percentages of PAHs in the PM were 31.0, 33.9, and
26.6%, respectively, in the ultra-fine-size range and 15, 21.5,
and 40.9%, respectively, in the nano-range. Thus, higher
percentages of PAHs were contained in the ultra-fine and
nano-particulate ranges for the exhaust gases emitted at
higher speeds. Note that particle-bound PAHs may exhibit
enhanced toxicity and pose greater harm to human health
when associated with ultra-fine and nano-sized particles.

PAH

PAHs are generally derived from the unburned (or incom-
pletely burned) pyrolysis and/or pyrosynthesis condensa-
tion of fuel and lubricant oil.[37,38] The composition of the
fuel plays an important role in determining the PAH emis-
sion from engine combustion.[4,9,12,38,39] Table 1 lists the
main PAH species present in 95-octane unleaded fuel. The
scope of the concentrations of these PAHs is widespread
(from 0.001 to 206 ppm). Most of the PAHs present in this
fuel are low-molecular-weight compounds. The concentra-
tion ranges of the top three PAHs—Nap, PA, and Ant—
were 147–206, 25.8–36.5, and 17.9–24.5 ppm, respectively.
Figure 3 presents the percentages of the 16 PAHs contained
in the 4 size-group ranges (nano, ultra-fine, fine and coarse)
of the particles exhausted from the 4-st/mc operated at the
3 speeds. The principal PAH species were the three-ring
compounds PA and Ant, followed by Pyr, CHR, BaP, IND,
and DBA.

The major PAH species contained in the four particle-
size ranges varied at each speed. Figure 3 reveals that lower-
molecular-weight (Acp, Flu, PA, Ant, Pyr, CHR) and 5-ring
(BaP, IND, DBA) PAHs were the main emission species
when idling. It seems that, excluding the incomplete com-
bustion of fuel, some of the lower-molecular-weight PAHs
(e.g., PA, Ant, Pyr), which existed at notably higher levels
in the fine particles, may have originated from unburned
95-octane unleaded fuel. In contrast, the presence of

Fig. 2. Concentration distributions of PAHs in the 4 size ranges of the PM emitted from a 4-st/mc operated at idle and at 15 and 30
km/h.
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1772 Chien and Huang

Table 2. Concentrations of the 16 main PAH species present in
the 95-unleaded fuel.

Range Mean ± standard Percentage
PAH (ppm) deviation (%)

Nap 147–206 176 ± 10.6 68.8
AcPy 8.00–18.3 13.1 ± 3.87 5.13
Acp 0.061–0.304 0.183 ± 0.62 0.07
Flu 1.83–3.24 2.53 ± 0.29 0.99
PA 25.8–36.5 31.1 ± 1.83 12.1
Ant 17.9–24.5 21.2 ± 1.67 8.27
FL 2.38–2.93 2.66 ± 0.12 1.04
Pyr 5.02–6.02 5.52 ± 0.92 2.15
BaA 1.86–2.51 2.18 ± 0.23 0.57
CHR 0.489–1.021 0.750 ± 0.04 0.29
BbF 0.010–0.021 0.016 ± 0.04 0.01
BkF 0.014–0.022 0.018 ± 0.02 0.01
BaP 0.490–2.057 1.274 ± 0.07 0.50
IND 0.001–0.010 0.006 ± 0.11 0.002
DBA 0.002–0.003 0.002 ± 0.17 0.001
BghiP 0.002–0.004 0.003 ± 0.11 0.001

higher-molecular-weight PAHs, which are found at lower
levels in the fuel, may have originated from other sources,
such as the lubricating oil or through pyrosynthesis.[7,9,33]

After increasing the driving speed to 15 km/h, the main
PAHs species were Ant, Pyr, CHR, BaP, and IND. Most
of these compounds were present in the ultrafine parti-
cles. Relative to the idle mode, the levels of the medium-
molecular-weight PAHs (FL, Pyr BaA, CHR) increased in
the ultrafine particles, whereas those of the small (PA, Ant)
and large (BaP, DBA) PAHs decreased. Because elevating
the driving speed can lead to more-complete combustion
efficiency,[25,30] we suspect that pyrolysis of the PAHs might
have occurred, thereby leading to increases in the levels of
the mid-sized products.

When the speed of the 4-st/mc was 30 km/h, more
of the pyrosynthesis products (BaP, IND, DBA) were in-
duced through the corresponding higher-temperature com-

bustion. Notably, most of the particles exhausted at that
speed were nanoparticles (Fig. 1). We suspect that conden-
sation of the PAHs as nuclei might have predominated,
thereby leading to most of the PAHs being contained in the
nanoparticles (Fig. 2).

BaP-equivalent carcinogenicity of particles of various sizes
in motorcycle exhaust emission

In this study, we applied TEFs to assess the carcinogenic
potencies of the 16 analyzed PAHs in the nano, ultrafine,
fine, and coarse particulates emitted at the 3 speeds. We de-
veloped these TEFs as a means of comparing the carcino-
genic potencies of the individual PAHs relative to the car-
cinogenicity of BaP. Each TEF is expressed in terms of its
BaP emission equivalent (BaPeq). We calculated the BaPeq
factor for each individual PAH by multiplying its emission
concentration by its corresponding TEF. The total-BaPeq
(t-BaPeq) emission concentrations in the four size ranges of
the particles emitted at idle and at 15 and 30 km/h were
15.3, 11.8, and 11.6 µg/m3, respectively (Fig. 4). Indeed, the
t-BaPeq emission concentrations for all particle-size ranges
when idling were higher than those at the other 2 speeds.

As the engine speed increased, the total BaPeq emis-
sion concentration decreased accordingly. Notably, how-
ever, when compared with Figure 2, the t-BaPeq emissions
were inconsistent with the total PAH emissions, especially
for the ultrafine particles emitted at 15 km/hand for the
coarse particles emitted at 30 km/h. In terms of carcino-
genicity, we suspect that the 5- (BaP, DBA) and 6-ring
(IND) PAHs are probably the main sources of carcino-
genicity in the emissions from the 4-st/mc. The main PAHs
emitted in the ultrafine particles at 15 km/h were four-ring
compounds, which are less carcinogenic.

In contrast, the main PAH species emitted in the coarse
particles at 30 km/h were 5- and 6-ring compounds,
which are more carcinogenic. In summary, although the
total PAH concentration is an important factor when
determining the carcinogenicity of PAHs, the nature of

Fig. 3. PAH compounds in the 4 groups of size ranges (nano, ultrafine, fine, coarse) of the PM emitted from a 4-st/mc operated at
idle and at 15 and 30 km/h.
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PAH distribution and particulate emissions from motorcycle 1773

Fig. 4. BaPeq emission concentrations in the 4 groups of size ranges of the PM emitted from a 4-st/mc operated at idle and at 15 and
30 km/h.

the individual PAH species should also be taken into
consideration.

Conclusion

In this study, we examined the effects of three different
speeds (idling, 15 km/h, 30 km/h) on the particulate sizes,
particle size distributions of PAHs, and carcinogenic po-
tencies of the emissions from a 4-st/mc. Although the
TNC of the particles increased upon increasing the engine
speed, smaller particles became more prominent accord-
ingly. Both the t-PAH emission concentration and the PAH
corresponding carcinogenic potency over the entire parti-
cle size range decreased in the exhaust gas upon increasing
the speed, which also caused a higher proportion of the
PAHs to be contained in ultra-fine and nano-sized partic-
ulates. The particulates that were emitted in the nano size
range from the 4-st/mc at higher speeds had the strongest
PAH-related carcinogenic potencies; this particle size range
might be the greatest vector for transferring various car-
cinogenic compounds into the human body.
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