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Polycyclic aromatic hydrocarbon (PAH) emis-
sions from diesel vehicles have been reduced by re-
cent regulations further dropping the permissible lev-
els of regulated substances. We analyzed emissions of
13 PAHs from cold- or hot-start test cycles in three
diesel vehicles complying with these stringent reg-
ulations, and we estimated cancer risk in terms of
toxic equivalency factors (TEFs). Two vehicles were
equipped with oxidation catalysts and one with a
urea-selective catalytic reduction (SCR) system. Most
PAH emissions were lower from the compliant ve-
hicles than from other diesel vehicles with no after-
treatment devices. For the three vehicles, naphtha-
lene (Naph) was emitted at the highest rate (2.92–
376µg/km); by mass it constituted 51.1–84.8% (mean
73.0%, S.D. ± 12.2%) of all PAH emissions. How-
ever, in the SCR system, Naph emissions probably
decomposed during collection, because the percent-
age recoveries of surrogate were low, suggesting the
presence of specific reactive substances in the SCR
system exhaust. The cancer risk of PAH emissions
was reduced by application of the emission-control
devices. Most benzo[a]pyrene-equivalent (B[a]Peq)
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emissions of two-ring PAHs (Naph) or total emissions
of five-ring PAHs like benzo[a]pyrene were greater
than those of other-ring PAHs. Although Naph has
a low TEF (0.001), it constituted a high proportion
of the total B[a]Peq (26–74%; mean 54%, S.D. ±
15%). The contents of particulate five-ring PAHs,
which pose high cancer risks, are decreasing because
of improvements in emissions-reduction technology.
Hence, the relative contribution of Naph as a gaseous
PAH to the TEF-determined risk of carcinogenesis is
increasing.

Key words —— polycyclic aromatic hydrocarbon, die-
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INTRODUCTION

The mechanism of carcinogenesis of polycyclic
aromatic hydrocarbons (PAHs) is similar to that
of dioxins. The aryl hydrocarbon receptor (AhR)
is a well established receptor for PAHs and diox-
ins. PAHs induce tumors in part by activating the
AhR/transcription factor.1–3) Toxic equivalency fac-
tors (TEFs) are tools for health-risk assessment of
PAHs. Risk assessments of PAHs and attempts to
derive TEFs as indicators of the relative potency
of individual PAHs have been performed in sev-
eral studies for the purpose of summarizing the
cancer risk contributions of total benzo[a]pyrene–
equivalent (B[a]Peq) doses.4–7)

Diesel exhaust is an important source of PAHs
in ambient air. Particulate PAHs such as B[a]P
in diesel exhaust have been a focus of attention
because of their carcinogenicity or mutagenicity.8)

However, particulate PAH emissions have tended
to decrease as a result of advances in combus-
tion control system design, the fitting of emission
after-treatment devices, and the reduction of sul-
fur levels in fuel.9, 10) However, data on the emis-
sion of volatile and semivolatile PAHs from recent-
model diesel vehicles incorporating these advances
are few.

The purpose of this investigation was to clar-
ify the characteristics of PAH emissions from vehi-
cles complying with the recent, stringent emissions
regulations. Three heavy-duty diesel vehicles were
driven on cold- and/or hot-start test cycles. We mea-
sured the emissions of 13 PAHs, including volatile
and semivolatile PAHs, to evaluate the cancer risks
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posed by PAHs in diesel exhaust. Cancer risk was
calculated by using TEFs5) in accordance with the
number of aromatic rings.

MATERIALS AND METHODS

Vehicles and Fuels —— The specifications of the
heavy-duty diesel vehicles and fuels tested are
shown in Table 1. HD-1 and HD-2 complied with
the new (2003) short-term Japanese emission regu-
lation. HD-3 complied with the new (2005) long-
term Japanese emission regulation. These two reg-
ulations differ in terms of regulation values. Partic-
ularly nitrogen oxide (NOx) and particulate matter
regulation values of the new long-term are more se-
vere than the new short-term ones. Every test ve-
hicle had exhaust gas recirculation (EGR) for NOx

emission-reduction. HD-1 and HD-2 had an oxida-
tion catalyst as a hydrocarbon emission-reduction
device. HD-3 had a urea-selective catalytic reduc-
tion (SCR) system that consisted of one de-NOx cat-
alyst and two oxidation catalysts. The fuels used for
the testing differed in sulfur density. Fuel contain-
ing 30 ppm (w/w) sulfur was used in HD-1. Fuel
containing 4.0 ppm (w/w) sulfur was used in HD-2
and HD-3.
Diluted Exhaust-Collection Method —— Empore
extraction disk (EPD) filters containing XAD-2
resin (SDB-XC 90-mm diameter; 3 M Corporation,
St. Paul, MN, U.S.A.) were used for PAHs correc-
tion.

To prepare the filters, they were first washed
with dichloromethane [pesticide residue analy-
sis and polychlorinated biphenyl (PCB) analytical

grade; Wako Pure Chemical Industries Inc., Osaka,
Japan] in a Soxhlet apparatus (Shibata Glass Fac-
tory, Tokyo, Japan). The filters were then dried in a
draft at room temperature and cut to a diameter of
70 mm with a stainless-steel punch.

For quantification of artificial effects during
PAHs collection, the cut filters were spiked with
three deuterium-labeled PAHs (PAHs-d; Daiichi
Pure Chemicals Co., Tokyo, Japan) in acetonitrile
solution: naphthalene-d8 (Naph-d) at 400 ng/filter;
pyrene-d10 (Pyre-d) at 100 ng/filter; and B[a]P-d12

(B[a]P-d) at 200 ng/filter. They were then dried
again in a draft and placed in plastic petri dishes.
The percent recoveries of these PAHs-d were deter-
mined. After pretreatment as described above, the
filters in petri dishes were stored in aluminum bags
together with charcoal cloth until PAHs collection.

The PAHs collection detail is shown in Fig. 1.
The vehicles were operated on a chassis dynamome-
ter at half payload. The exhausts of HD-1 were in-
troduced into a full-flow dilution tunnel and were di-
luted by means of a constant-volume sampler (CVS;
CVS 9400T, Horiba, Kyoto, Japan). The exhausts
of HD-2 and HD-3 were diluted by means of a CVS
(DLT-1890 W, Horiba) with a dilution air refiner.

For PAHs collection, a pretreated EPD filter was
placed in the stainless-steel filter holder. The diluted
exhausts were collected at an isokinetic collecting
flow rate of 20 l/min (9.3 cm/s) at the end of the di-
lution tunnel, in the tunnel’s cross-sectional center.
At the collection flow rate, we tested breakthrough
of PAHs measured preliminarily. Diluted exhaust
of a heavy-duty diesel vehicle with no emission-
control devices and driven at a steady state of speed
of 80 km/h (S.S. 80 km/h) was collected by two EPD

Table 1. Specification of Test Heavy-duty Diesel Vehicles and Fuels

Vehicle number HD-1 HD-2 HD-3
Regulation year for Japan 2003 2003 2005
Maximum payload 2000 kg 2000 kg 16000 kg
Gross vehicle weight 5100 kg 4600 kg 25000 kg
Displacement 4800 ml 4800 ml 9200 ml
Emission control device Common-rail,a) EGR,b)

Oxidation catalyst
Common-rail, EGR,
Oxidation catalyst

Common-rail, EGR, Oxida-
tion catalyst, Urea SCR

Fuel type JIS #2 c) JIS #2 JIS #2
Sulfur in fuel 30 ppm (w/w) 4.0 ppm (w/w) 4.0 ppm (w/w)
Total aromatics in fuel 20.9% (w/w) 16.5% (w/w) 16.5% (w/w)
Test cycle (start-up
conditions, number
of tests)

S.S. 80 km/h d) (hot, n = 2)
JE05 (hot, n = 1)
JE05 (cold, n = 2)

S.S. 80 km/h (hot, n = 2)
JE05 (hot, n = 2)
JE05 (cold, n = 2)

a) Common-rail fuel injection. b) Exhaust gas recirculation. c) Japanese industrial standards #2 diesel fuel. d) Steady state of speed
80 km/h.
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Fig. 1. Apparatus for Sampling PAHs from Diluted Diesel Exhaust
CVS, constant-volume sampler.

filters over a period of 3600 s. We confirmed no
breakthrough of measured PAHs onto the second
EPD filter, which was placed downstream of the first
EPD filter for PAH collection.

The diluted exhaust of HD-1, driven at an S.S.
80 km/h, was collected with an EPD filter over a pe-
riod of 1200 s. The diluted exhausts of HD-2 and
HD-3 driven at JE05 cold- and hot-start test cy-
cles (cycle duration: 1829 s)11) were collected with
an EPD filter. The JE05 transient cycle simulates
real driving conditions. Furthermore, the exhaust of
HD-3 driven at an S.S. 80 km/h was collected with
an EPD filter over a period of 1800 s. The collection
time for HD-3 was longer than that for HD-1 be-
cause the lower emission rates of the former by two
oxidation catalysts of SCR system were estimated.
After collection of the diluted exhaust, the EPD fil-
ter was packed in the aluminum bag and then stored
in a refrigerator at lower temperature than −20◦C
until the PAHs were extracted.
PAH Analysis —— The PAHs analyzed were
Naph, fluorene (Flre), phenanthrene (Phen), fluo-
ranthene (Flra), anthracene (Anth), Pyre, benz[a]an-
thracene (B[a]A), benzo[b]fluoranthene (B[b]F),
benzo[k]fluoranthene (B[k]F), B[a]P, benzo[ghi]
perylene (B[ghi]P), dibenz[a,h]anthracene (DB
[ah]A), and indeno[1,2,3-cd]pyrene (I[cd]P). PAHs
were extracted from each EPD filter with ca. 150 ml
of dichloromethane for 24 hr in a Soxhlet extrac-
tor in a water bath at 60◦C. Dimethyl sulfoxide
(HPLC grade, 100 µl; Dojindokagaku, Kumamoto,

Japan) was added to prevent evaporation to dryness,
and the solution was concentrated to 100 µl with
a Kuderna—Danish concentrator. After concentra-
tion, the residue was diluted with 1 ml of methanol
(HPLC analytical grade; Wako Pure Chemical In-
dustries Inc.), and the resulting solution was filtered
through membrane filters (Ekicrodisc 3CR; Gelman
Sciences Inc., Ann Arbor, MI, U.S.A.). The analy-
sis was performed by reverse-phase HPLC with two
fluorescence detectors (RF-10AXL; Shimadzu, Ky-
oto, Japan) connected in series, because number of
PAHs to analyse PAHs were many. The detection
wavelengths were changed based on correspond-
ing PAHs. Excitation and emission wavelengths
for the 13 PAHs are shown in Table 2, with the
limits of detection (LODs), together with the TEFs
proposed by Nisbet and Lagoy.5) PAHs were sepa-
rated on a guard column (Cartridge guard column E,
10 mm × 3.0 mm Inside diameter (ID); GL Science,
Tokyo, Japan) and two main columns (Inertsil ODS-
P, 100 mm × 4.6 mm ID + 250 mm × 4.6 mm ID;
GL Science). The column temperature was set at
40◦C. A mobile-phase solvent gradient of acetoni-
trile (aldehyde analytical grade; Wako Pure Chem-
ical Industries Inc.) and deionized distilled water
(50 : 50) was held isocratically for 10 min, changed
linearly to 95% acetonitrile over 40 min, and then
held at 95% acetonitrile for 10 min. The flow rate
of the mobile phase was 1 ml/min. Standard Ref-
erence Material 1647d (SRM 1647d; National In-
stitute of Standards and Technology, Gaithersburg,



No. 2 203

MD, U.S.A.) which contained all 13 PAHs was
used as a calibration standard. The validity of the
method from extraction to analysis was confirmed
by the percentage recoveries of the 13 PAHs, as fol-
lows (n = 4). SRM 1647d was diluted 10 times
with acetonitrile and a 100-µl aliquot was added
to each EPD filter. The percentage recovery of
Naph was only slightly lower (78–97%) than the re-
covery of the other PAHs (90–110%). Therefore,
PAH losses in the period from extraction to analysis
were low. In addition, we confirmed the percent-
age recoveries of PAHs-d in HD-3 experiment. Two

Table 2. Fluorescence Detection Wavelengths, LODs, and
TEFs of Analyzed PAHs

PAH Fluorescence detection LOD TEF
wavelength (ng/filter)
Excitation Emission

(nm) (nm)
Naph 283 330 3.6 0.001
Flre 268 304 0.90 0.001
Phen 296 367 1.2 0.001
Anth 375 403 0.62 0.01
Flra 352 452 1.3 0.001
Pyre 340 393 1.6 0.001
B[a]A 293 415 0.61 0.1
B[b]F 306 455 0.41 0.1
B[k]F 382 407 0.10 0.1
B[a]P 382 407 0.13 1
DB[ah]A 302 400 0.29 5
B[ghi]P 382 407 0.34 0.01
I[cd]P 388 508 0.30 0.1

spiked filters were used for collection of dilution
air. After 30 min collection, the percentage recov-
eries of Naph-d were 72.6% and 71.6%; of Pyre-
d were 103% and 99.5%; of B[a]P-d were 99.2%
and 100%. Since the percentage recoveries were
same levels as described percentage recoveries of
13 PAHs, drying after PAHs-d spiking and dilution
air had no effect on PAHs-d loss.

RESULTS AND DISCUSSION

Emission Characteristics of PAHs
The PAH emissions from each test vehicle and

the percentage recoveries of PAHs-d are shown in
Table 3. Naph and Phen were present in all tests
performed. Naph had the highest emission rate of
2.92–376 µg/km; it constituted 51.1–84.8% (mean
73.0%, S.D. ± 12.2%) of the total PAH emission. In
contrast, DB[ah]A and I[cd]P were not detected or
were below the LOD in all tests.

The start condition of test cycle influences emis-
sion significantly. Under the cold-start condition,
the vehicle emissions tend to be higher than un-
der hot-start condition12) because of low tempera-
ture of a catalyst. For HD-2, the total PAH emis-
sions under cold-start conditions were 1.3 and 1.4
times those under hot-start conditions. For HD-3,
the total PAH emissions under cold-start conditions
were same level of those under hot-start conditions;
this result reflected the low percentage recoveries of
Naph-d under cold-start conditions. The percentage

Table 3. Emissions of Individual PAHs (µg/km) from the Test Vehicles

PAHs HD-1 HD-2 HD-3
S.S. 80 km/h (n = 2) JE05 cold (n = 2) JE05 hot JE05 cold (n = 2) JE05 hot (n = 2) S.S. 80 km/h (n = 2)

1st test 2nd test 1st test 2nd test (n = 1) 1st test 2nd test 1st test 2nd test 1st test 2nd test
Naph 197 254 376 343 233 3.91 3.18 6.36 4.07 5.06 2.92
Flre 5.75 8.12 12.9 11.7 9.09 N.D. N.D. N.D. N.D. N.D. N.D.
Phen 30.4 33.5 49.2 49.3 59.0 1.96 1.56 1.56 1.65 1.29 0.994
Anth 0.374 0.667 1.60 1.74 2.08 < LOD < LOD < LOD < LOD N.D. N.D.
Flra 1.89 2.04 3.02 2.95 4.01 0.607 0.524 < LOD < LOD < LOD < LOD
Pyre 1.18 1.21 2.45 2.31 2.80 1.01 0.952 0.661 0.636 0.275 < LOD
B[a]A N.D. N.D. 0.252 0.291 0.199 N.D. N.D. N.D. N.D. N.D. N.D.
B[b]F 0.074 0.077 < LOD < LOD < LOD < LOD < LOD < LOD N.D. < LOD N.D.
B[k]F 0.010 0.013 < LOD < LOD < LOD N.D. N.D. N.D. N.D. N.D. N.D.
B[a]P 0.043 0.074 0.136 0.136 0.124 < LOD < LOD < LOD < LOD N.D. < LOD
DB[ah]A N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
B[ghi]P N.D. N.D. 0.076 0.076 0.051 N.D. N.D. N.D. N.D. N.D. N.D.
I[cd]P N.D. N.D. N.D. N.D. N.D. N.D. < LOD N.D. N.D. < LOD < LOD
Total PAHs 237 300 446 412 310 7.48 6.22 8.58 6.36 6.62 3.91

Percent recovery (%)
Naph-d 71.2 93.2 99.2 107 104 39.9 22.0 89.9 70.7 65.7 64.0
Pyre-d 103 97.7 99.8 93.2 103 97.5 93.8 106 94.8 89.6 87.1
B[a]P-d 44.4 67.6 39.1 39.0 35.4 25.1 21.8 33.7 37.9 32.2 31.5
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recoveries of Naph-d under cold-start conditions
were lower than under hot-start conditions. After
correction of HD-3 Naph values by each percentage
recovery, the total PAH emissions under cold-start
conditions were from 1.4 to 2.2 times those under
hot-start conditions.

B[a]P emissions were detected from HD-1 and
HD-2. The B[a]P-d percentage recoveries were low,
at 35.4–67.6% (mean 45.1%, S.D. ± 13.0%). This
indicated that B[a]P emissions from the test vehi-
cles were underestimated. Esteve et al.13) inves-
tigated the reaction of NO2 and OH radicals with
PAHs adsorbed on diesel exhaust particles by ex-
posing the particles to gaseous NO2 at 8.0 × 1013

molecules/cm3 (3.2 ppm) in a flow tube; they found
that B[a]P was the most reactive PAH, with degra-
dation of 25 ± 7% over 1800 s. The other PAHs,
such as Phen and B[a]A, had degradation yields of
10% and 14%, respectively. Oxidation catalysts that
are known to increase NO2 emissions14–16) were at-
tached to the test vehicles. Therefore, the low re-
covery rates of B[a]P-d observed from HD-1 and
HD-2 are likely to have been caused by oxidation
by substances in the exhausts, such as NO2, during
collection. In the case of HD-3, with its SCR system
for hydrocarbon and NOx reduction, the percent-

age recoveries of B[a]P-d were lower than in HD-1
and -2 (21.8–37.9%; mean 30.4%, S.D. ± 5.9%). In
addition, the percentage recoveries of Naph-d were
low (22.0–89.9%; mean 58.7%, S.D. ± 24.1%). Be-
cause of the low recovery of Naph-d, the PAH emis-
sions of HD-3 were more underestimated. There-
fore, although the SCR system reduces PAH emis-
sions, it is possible that reactive substances that de-
grade PAHs during collection are present in the ex-
hausts. The reactive substances are unknown, but
they are probably substances characteristic of the
SCR system, such as isocyanic acid.17–19) Klee-
mann et al.19) investigated the hydrolysis of iso-
cyanic acid on oxidation catalysts in a plug flow mi-
croreactor. The conversions of isocyanic acid were
high at the high space velocities and low tempera-
tures. However, the conversion under 190◦C was
93.7%. Hence, isocyanic acid was slightly remain-
ing and emitted in exhaust of cold-start condition.

Table 4 shows PAH emissions identified by
other authors.20–22) Test vehicles with no after-
treatment devices met foreign emissions regulations
in the latter half of the 1990 s. Rogge et al.20) used
quartz filters to collect PAHs and measured partic-
ulate PAHs. Schauer et al.21) and Nelson et al.22)

divided PAHs into particle and gas forms and mea-

Table 4. Emissions of Individual PAHs in Various Studies

Rogge et al. (1993)20) Schauer et al. (1999)21) Nelson et al. (2008)22)

Vehicle class HD a) truck MD b) truck NAc) NCd)

GVMe) 2580 kg 16000 kg
Test cycle Diesel driving cycle f ) FTP 75 cycleg) (hot start) CUEDCh) CUEDCi)

Sulfur in fuel 39 ppm (w/w)
Total aromatics in fuel 11.6% (w/w)
Species (µg/km)

Naph 617 562 2720
Flre 44.1 5.2 51.6
Phen 12.2 140.1 33 110
Anth 1.6 23.4 1.5 6.3
Flra 13.0 109.6 5.6 8.1
Pyre 22.6 160.4 5.6 13.8
B[a]A 3.6 10.74 0.6 0.6
B[b]F 2.9 0.6 1.6
B[k]F 2.7 0.6 1.6
B[a]P 1.3 0.6 1.6
DB[ah]A N.D.
B[ghi]P 1.6 0.6 1.3
I[cd]P N.D. 0.3

Total PAHs 61.5 1105 616 2920

a) Heavy duty. b) Medium duty. c) Light commercial < 3.5 t gross vehicle mass (GVM). d) Rigid truck 12.5 to 25 t GVM.
e) Gross vehicle mass. f ) Driving cycle for heavy-duty diesel trucks. g) Federal Test Procedure 75 emission test cycle of U.S.A.
h) Composite Urban Emission Drive Cycle of Australia for NA category vehicles. i) Composite Urban Emission Drive Cycle of
Australia for NC category vehicles.
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Fig. 2. Distributions of PAH Emissions in Terms of B[a]Peq Emissions in Our Study and Others on the Basis of the Number of Aromatic
Rings

∗: Two-ring (Naph), five-ring (B[b]F, B[k]F, B[a]P, DB[ah]A), six-ring (B[ghi]P, I[cd]P were not measured. The numbers on the top of the columns
are total B[a]Peq emission. Error bar shows the range from minimum to maximum.

sured them. Our PAH emissions showed trends sim-
ilar to those in the other studies in that the emissions
of Naph were highest. However, most of PAH emis-
sions from our vehicles with exhaust after-treatment
devices were lower than that in the other studies.
Moreover, the PAH emissions of HD-3, which had
the SCR system, were vastly lower than the HD-
1 and HD-2 emissions. Liu et al.23) compared 12
PAH emissions from diesel engine which has no
aftertreatment devices with diesel particulate filter
(DPF) or SCR system. For each aftertreatment de-
vices, 10 PAHs were not detected, and 2 PAHs
were reduced more than 85%. The results showed
these aftertreatment devices decreased PAH emis-
sions significantly. To specify the substances having
high reactivity in vehicle exhausts is need.

Risk Analysis of PAH Emissions from Diesel Ve-
hicles

PAHs are carcinogenic or mutagenic and differ
in their toxicity. We used TEFs5) to estimate the
cancer risks posed by PAH emissions from diesel-
fueled vehicles, and calculated the B[a]Peq from
the PAH emissions which were in Tables 3 and 4
(Fig. 2).

Most the B[a]Peq emissions of Naph (two-ring)
and or the total of B[b]F, B[k]F, B[a]P, and DB[ah]A
(five-ring) were higher than those of other-ring
PAHs. In particular, although the two-ring consisted
of only Naph, with a TEF of 0.001, two-ring PAHs
as a proportion of the total B[a]Peq were high at 26–

74% (mean 54%, S.D. ± 15%).
Naph is classified in cancer risk group 2B by

the International Agency for Research on Cancer
(IARC).24) Because the concentrations of particu-
late PAHs present in vehicle exhaust that carry a
high risk of cancer are decreasing owing to the
use of DPFs, the relative contribution of Naph as a
gaseous PAH to carcinogenesis risk is thus increas-
ing.

Naph, which is probably emitted at the high-
est rates, was not measured in the study by Rogge
et al.20) B[a]P, which has a large TEF (1; see
Table 2), was not measured in the study of Schauer
et al.21) However, the B[a]Peq emissions in our
study were substantially lower than in other stud-
ies,20–22) and total B[a]Peq emissions as a cancer
risk were less than approximately one tenth of their
studies. Therefore, the cancer risks posed by PAHs
from diesel vehicles that comply with recent regula-
tions are generally lower than those posed by emis-
sions from older vehicles.
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