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Abstract In this study, PM,s in diluted exhausts of
motorcycles are collected and emission characteristics of
PM, s-associated polycyclic aromatic hydrocarbons (PAHs)
and mutagenicities are investigated. The measured mutage-
nicity emission factors with metabolic activation for new
fuel injection, used fuel injection, new carburetor and used
carburetor motorcycles are 7.77 x 10%, 1.18 x 10°,
1.32 x 10° and 1.15 x 10° rev/km, respectively. The
mutagenicity emission factors with metabolic activation are
higher than the corresponding values without metabolic
activation. The average PAH emission factors are 12.3, 16.3,
25.5 and 26.5 pg/km for new and used fuel-injection
motorcycles, and new and used carburetor-operated motor-
cycles, respectively. The correlation coefficients between
PAHs and mutagenicity emission factors are higher with
metabolic activation (0.59) than that without metabolic
activation (0.31).
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There is an increased concern about human exposure to air
particulate matter (PM) originating from vehicle traffic.
Combustion processes in vehicle engines produce a wide
variety of PM in urban areas, and are a significant source of
particles with diameters smaller than 2.5 ym (PM,5)
(Lightly et al. 2000). Evidence of a high PM concentration in
two-wheel vehicle emissions have been reported (Rijkeboer
et al. 2005). Previous research on particulate size distribution
has also shown that the particulate emitted from motorcycles
is primarily in size ranges smaller than 2.5 pm (Yang et al.
2005a). Because of its deeper penetration into the gas
exchange region of the lung, PM, 5 has been associated with
increasing the risk of lung cancer and other respiratory-
related problems (Pope et al. 2002; Greaves 2000).

Motor vehicles are also a significant emission source of
polycyclic aromatic hydrocarbons (PAHs) (Larsen and
Baker 2003). Some PAHs are potential mutagens and
carcinogens, and are probably a significant cause of cancer
(IARC 1987). Most carcinogenic PAHs have been found to
associate with particulates, predominately fine particulates
(Westerholm et al. 1991).

PAHs and PM are co-pollutants emitted during com-
bustion processes in engines (Spencer et al. 2006) and
convincing evidence exists that PAHs are significant toxic
components of PM, 5 leading to adverse human health risks
(Deng et al. 2006).

Numerous studies have been conducted on PM and PAH
emissions for diesel vehicles (e.g., Maricq 2007 and refer-
ences in this review article). However, only limited studies
have focused on motorcycles (Rijkeboer et al. 2005; Yang
et al. 2005a, b). Since diesel PM and motorcycle PM
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(Rijkebeor et al. 2005) differ significantly, it is reasonable to
infer that motorcycle PM would exhibit different biological
effects than diesel PM. Motorcycles are important transpor-
tation means for many Asian and European countries. To
control and mitigate PM, 5 and associated PAHs with a view
of reducing health and environmental risks, a good under-
standing of their contribution from motorcycle emissions is
necessary. In addition to PM and PAHS, to the best of our
knowledge, the characteristics of mutagenicity for PM, 5 in
motorcycle exhaust have never been investigated. In this
study, PM, 5 in diluted exhaust from motorcycles was col-
lected and associated mutagenicity and PAHs were analyzed.

Materials and Methods

Two kinds of motorcycles were tested in this study: a 4-
stroke carburetor motorcycle and a 4-stroke fuel injection
motorcycle, both with displacements of 125 cc. To inves-
tigate the influences of driving mileage on emission
characteristics, new and used motorcycles were tested for
both motorcycle types (i.e., overall four motorcycles were
tested in this study). The used motorcycles were chosen
mainly on the basis of accumulated mileage of more than
15,000 km. All motorcycles were produced and supplied
by the same manufacturer (Motive Power Industry). The
test fuel used was a commercial fuel produced by the
Chinese Petroleum Company with an octane number of 95,
the most widely used unleaded gasoline in Taiwan.

Fig. 1 Schematic diagram of

The test motorcycles were driven on a Schenck GS-530
GS 30 chassis dynamometer. The dynamometer system
was comprised of a fan, a dynamometer, a dilution tunnel,
a constant-volume sampler (CVS) unit, a gas analyzer and
a personal computer (Fig. 1). The European driving cycle
(ECE) is the legistive cycle used for automotive emission
certification in Taiwan. One complete test cycle (780 s)
includes idle time (240 s), acceleration (168 s), cruising
(228 s) and deceleration (144 s). Four different cruising
speeds (15, 32, 35 and 50 km/h) are applied in these tests.
Diluted exhaust gas was extracted by the Apex Instruments
source sampling system (Model MC-500). Apex Instru-
ments’ cyclone was attached to the probe to determine
particulate emissions at 2.5 um. PM, s in diluted motor-
cycle exhaust was separated by the cyclone and was
collected by pre-weighed PTFE filters (Advantec) at tem-
peratures of approximately 25-30°C. The filter was stored
in a desiccator for at least 8 h for moisture equilibrium
before weighing. After the experiment, the filter was
brought back to the laboratory and put in a desiccator for
8 h to remove moisture, then weighed again to determine
the net mass of particulates collected.

Each PAH-containing filter was Soxhlet-extracted with a
mixed solvent (n-hexane and dichloromethane, 200 mL/L
each) for 24 h. The extract was then concentrated by
purging with ultra-pure nitrogen to 2 mL for the cleanup
procedure. The cleanup procedure was to remove pollutants
which would coelute with PAHs from the GC column. The
cleanup procedure was described in detail in our previous
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study (Yang et al. 2005b). The collected eluent from the
cleanup procedure was reconcentrated to 1 mL with ultra-
pure nitrogen. One-half (0.5 mL) of the eluent was analyzed
for PAHs and the other-half was used for mutagenicity
testing. The concentrations of the following 21 PAHs were
determined: naphthalene, acenaphthylene, acenaphthene,
fluorene, phenanthrene, anthracene, fluoranthene, pyrene,
cyclopenta[c,d]pyrene,  benz[a]anthracene,  chrysene,
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[e]pyr-
ene, benzo[a]pyrene, perylene, indeno[/,2,3-cd]pyrene,
dibenz[a, h]anthracene, benzo[b]chrysene, benzo[ghi]per-
ylene, and coronene. A gas chromatography (GC) (Agilent
6890) with a mass selective detector (MSD) (Agilent
5973N) and a computer workstation were used for PAH
analysis.

In this study, two internal standards (phenanthrene-d;q
and perylene-d;,) were used to check the response factors
and the recovery efficiencies for PAH analysis. The
recovery efficiencies of 21 individual PAHs and these two
internal standards were determined by processing a solu-
tion containing known PAH concentrations through the
same experimental procedure used for the samples. This
study showed that the recovery efficiency of PAHs varied
between 78% and 113%, and averaged 86%. The recovery
efficiencies of the two internal standards were between
83.0% and 88.0%. Blank tests for PAHs were accom-
plished by performing the same procedure as the recovery-
efficiency tests without adding the standard solution before
extraction. Analysis of the field blank filter found no sig-
nificant contamination.

The other-half of the extracted eluent was evaporated to
complete dryness by high-purity nitrogen. The residue was
subsequently re-dissolved in 1 mL of dimethylsulfoxide
(DMSO) for mutagenicity testing. Mutagenicity testing
was performed following the procedure described by Ma-
ron and Ames (1983). In this study, 10 uL. of DMSO
sample solution, 10 pL of S9 mix (only when metabolic
activation was desired), 200 pL of histidine-biotin solution
and 100 pL of bacterial strain Salmonella typhimurium
TA100 solution were preincubated for 60 min at 37°C,
then added into 2 mL of top agar and the content of the
tube poured onto minimal agar plates. Plates were counted
after a 72 h incubation at 37°C. In this study, mutagenicity
was determined both in the presence and in the absence of
activating enzymes from rat liver microsomal fractions
(S9), so as to determine the relative contribution of direct-
acting and indirect-acting mutagens. Three dilutions of the
DMSO solution were applied to the plates: 1.0, 0.5 and
0.25. Five replicates were performed, except in the case of
spot tests, where plates were prepared in triplicate.

Benzo[a]pyrene and 2-nitrofluorene were used as a
positive control under conditions with and without S9. The
DMSO blanks were used as negative controls for
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spontaneous revertants in the Ames assay. According to the
procedure, the sample was considered mutagenic when its
mutagenicity ratio was higher than 2 and when it showed a
linear dose—response (Maron and Ames 1983). The muta-
genicity ratio is the ratio of the number of revertants induced
by the sample and the number of spontaneous revertants.

Results and Discussion

Emission factors of PM, s were calculated from the mass of
PM, 5 emitted, divided by the mileage traveled during the
whole driving test. The average PM, s emission factors
measured in this study were 1.38, 3.18, 7.02 and 8.48 mg/km
for the new and used fuel-injection motorcycles, and new and
used carburetor motorcycles, respectively. PM, 5 emission
factors of used motorcycles were higher than those of new
ones for all test motorcycles. The results indicate that dete-
rioration of the motorcycle engines would lead to the higher
PM, 5 emissions.

The same as PM, s, the emission factors of PAHs were
expressed as the mass of PAHs emitted per kilometer
traveled. The average PAH emission factors are 12.3, 16.3,
25.5 and 26.5 pg/km for the new and used fuel-injection
motorcycles, and the new and used carburetor motorcycles,
respectively. The trends between the test motorcycles are
the same as those of PM,s (i.e., carburetor and used
motorcycles have higher emissions than fuel injection and
new motorcycles, respectively). These results are expected
since the PAHs were adsorbed on PM, 5. Higher PM; 5
emission offers more surface area for PAHs to be adsorbed
onto PM particles. Since PM, s can penetrate deeply into
the lungs through inhalation, the PM, s-associated PAHs
could contact with lungs and potentially negatively effect
human health. Stricter emission regulations are gradually
being implemented all over the world. In Taiwan, for
example, the Phase 5 emission regulations for CO, HC and
NO, have been reduced to 2, 0.8 and 0.15 g/km, respec-
tively. Only fuel-injection motorcycles can meet the strict
criteria. Carburetor motorcycles will not be produced and
sold in Taiwan after 2009. According to the results in this
study, not only the regulated air pollutants (CO, HC and
NO,), but PM, s, as well as the associated PAH emissions,
could also be reduced while carburetor motorcycles are
replaced by the fuel-injection motorcycles.

Mutagenicity emission factors are shown in Fig. 2. The
results show that all PM, 5 extracts in this study are muta-
genic, which allows one to conclude that the samples contain
mutagens causing base-pair mutations. The emission factors
of mutagenicities without metabolic activation (—S9) are
2.03 x 10% 1.14 x 10°, 8.05 x 10* and 1.04 x 10’ rev/
km for the new fuel injection, used fuel injection, new car-
buretor and used carburetor motorcycles, respectively. With
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Fig. 2 Emission factors of mutagenicity. FI: fuel injection; Cb:
carburetor

metabolic activation (+S9), the mutagenicity emission fac-
tors are 7.77 x 104, 1.18 x 105, 1.32 x 10° and
1.15 x 10° rev/km, respectively. The mutagenicity emis-
sion factors are higher for the used fuel-injection motorcycle
than the new one. For carburetor motorcycles, the mutage-
nicity emission factors are similar for new and used
motorcycles, which agree with PAH emission factors. With
metabolic activation, the mutagenicity emission factors are
higher than the corresponding values without metabolic
activation. Higher values in the assay with S9 are expected
due to the contribution of both direct- (—S9) and indirect-
(+S9) acting mutagenicity; whereas, in assays without S9
only the direct-acting component contributes. In the pres-
ence of NO,, direct-acting mutagens, such as nitro-PAHs,
can be formed by transformation of PAHs during the passage
of the emissions through the exhaust pipe and dilution tunnel
and lead to higher contribution of direct-acting mutagenicity
(DeMarini et al. 2004). The formation of direct-acting nitro-
PAHs might be the reason for the higher mutagenicity
without metabolic activation found in this study.

The correlation coefficients are 0.31 and 0.59 between
PAHs and mutagenicity emission factors for the tests with
and without metabolic activation. The higher correlation
between PAHs and indirect-acting mutagenicity can also
be used to explain the higher mutagenicity with metabolic
activation than that without activation, due to the presence
of indirect-acting compound PAHs. Only moderate corre-
lations are found between PAHs and indirect-acting
mutagenicity. It is suggested that, in addition to PAHs,
other mutagenic compounds are contained in PM,s. A
complete chemical characterization of PM, s is practically
impossible. In addition, there are also possible synergistic
and antagonistic effects of the chemical compounds. In this
study, only 21 PAHs were analyzed (i.e., just a small
fraction of mutagenic compounds in PM, 5). It is therefore

not expected to reveal the true relationship between the
chemical compounds in PM, 5 and its mutagenicity; even
though the moderate correlation between PAHs and indi-
rect acting mutagenicity in this study indicate that PAHs
play an important role in causing mutagenicity in PM; s
from motorcycle exhaust.

References

DeMarini DM, Brooks LR, Warren SH, Kobayashi T, Gilmour MI,
Singh P (2004) Bioassay-directed fractionation and Salmonella
mutagenicity of automobile and forklift diesel exhaust particles.
Environ Health Prospect 112:814-819

Deng WIJ, Louie PKK, Liu WK, Bi XH, Fu JM, Wong MH (2006)
Atmospheric levels and cytotoxicity of PAHs and heavy metals
in TSP and PM,s at an electronic waste recycling site in
southeast China. Atmos Environ 40:6945-6955. doi:10.1016/
j-atmosenv.2006.06.032

Greaves SP (2006) Variability of personal exposure to fine particu-
lates for urban commuters inside an automobile. Transp Res Rec
1987:161-169. doi:10.3141/1987-17

TIARC (International Agency for Research on Cancer) (1987) IARC
Monographs on the evaluation of carcinogenic risks to humans,
overall evaluation of carcinogenicity: An updating of mono-
graphs, Lyon, France

Larsen RK, Baker JE (2003) Source apportionment of polycyclic
aromatic hydrocarbons in the urban atmosphere: a comparison of
three methods. Environ Sci Technol 37:1873-1881. doi:10.1021/
es0206184

Lightly JS, Veranth JM, Sarofin AF (2000) Combustion aerosols:
factors governing their size and composition and implications to
human health. J Air Waste Manage Assoc 50:1565-1618

Maricq MM (2007) Chemical characterization of particulate emis-
sions from diesel engines: a review. J Aerosol Sci 38:1079-1118.
doi: 10.1016/j.jaerosci.2007.08.001

Maron DM, Ames BN (1983) Revised methods for the Salmonella
mutagenicity test. Mutat Res 113:173-215

Pope CA III, Rurnrtt RT, Thun MJ, Calle EE, Krewski D, Ito K,
Thurston GD (2002) Lung cancer, cardiopulmonary mortality,
and long-term exposure to fine particulate air pollution. JAMA
287:1132-1141. doi:10.1001/jama.287.9.1132

Rijkeboer R, Bremmers D, Samaras Z, Ntziachristos L (2005)
Particulate matter regulation for two-stroke two wheels: neces-
sity or haphazard legislation? Atmos Environ 39:2483-2490.
doi: 10.1016/j.atmosenv.2004.04.040

Spencer MT, Shields LG, Sodeman DA, Toner SM, Prather KA
(2006) Comparison of oil and fuel particle chemical signatures
with particle emissions from heavy and light duty vehicles.
Atmos Environ 40:5224-5235. doi:10.1016/j.atmosenv.2006.
04.011

Westerholm RN, Almén JH, Li Rannug JU, Egebick KE, Grigg K
(1991) Chemical and biological characterization of particulate-,
semivolatile-, and gas-phase-associated compounds in diluted
heavy-duty diesel exhausts: a comparison of three different
semivolatile-phase samplers. Environ Sci Technol 37:332-338.
doi:10.1021/es00014a018

Yang HH, Chien SM, Chao MR, Lin CC (2005a) Particle size
distribution of polycyclic aromatic hydrocarbons in motorcycle
exhaust emissions. J Hazard Mater 125:154-159. doi:
10.1016/j.jhazmat.2005.05.019

Yang HH, Hsieh LT, Liu HC, Mi HH (2005b) Polycyclic aromatic
hydrocarbon emissions from motorcycles. Atmos Environ
39:17-25. doi:10.1016/j.atmosenv.2004.09.054

@ Springer


http://dx.doi.org/10.1016/j.atmosenv.2006.06.032
http://dx.doi.org/10.1016/j.atmosenv.2006.06.032
http://dx.doi.org/10.3141/1987-17
http://dx.doi.org/10.1021/es0206184
http://dx.doi.org/10.1021/es0206184
http://dx.doi.org/10.1016/j.jaerosci.2007.08.001
http://dx.doi.org/10.1001/jama.287.9.1132
http://dx.doi.org/10.1016/j.atmosenv.2004.04.040
http://dx.doi.org/10.1016/j.atmosenv.2006.04.011
http://dx.doi.org/10.1016/j.atmosenv.2006.04.011
http://dx.doi.org/10.1021/es00014a018
http://dx.doi.org/10.1016/j.jhazmat.2005.05.019
http://dx.doi.org/10.1016/j.atmosenv.2004.09.054

	PM2.5 and Associated Polycyclic Aromatic Hydrocarbon �and Mutagenicity Emissions from Motorcycles
	Abstract
	Materials and Methods
	Results and Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


