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Air samples were collected at the sides of busy traffic roads in downtown Kanazawa, Sapporo and
Tokyo during the same periods both in the daytime and in the night, in winter and summer. We determined
the levels of polycyclic aromatic hydrocarbons (PAHs) and nitropolycyclic aromatic hydrocarbons
(NPAHs), which are known to be carcinogenic and/or mutagenic. PAHs and NPAHs were analyzed
simultaneously with an HPLC system with fluorescence detection for PAHs and another HPLC system with
chemiluminescence detection for NPAHs, respectively. The amounts of airborne particulates were larger in
the daytime than in the night in all three cities. This result was thought to reflect the diurnal change of such
urban activities as traffic volume. Many of the PAH and NPAH compounds showed higher concentrations
in the daytime than in the night, and also showed higher concentrations in winter than in summer in the three
cities. This result coincided with the trends observed in our continuous surveys in downtown Kanazawa for
several years. However, 5-ring PAHs, such as benzo[«]pyrene, and dinitropyrenes in Tokyo did not show
such diurnal or seasonal differences. The composition ratio of NPAHs and the contribution of diesel-engine
vehicles to the atmospheric concentrations of NPAHs were calculated from all the data of this survey. The
concentration ratio of dinitropyrenes to 1-nitropyrene became larger with an increase in the ratio of
diesel-engine vehicles to the total vehicles registered, suggesting a large contribution of diesel-engine
vehicles to the concentrations of these NPAHs in urban air.
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INTRODUCTION

It has been known that carcinogenic and/or
mutagenic polycyclic aromatic hydrocarbons
(PAHs), including benzo[a]pyrene (BaP), exist in
the air, especially in populated areas. Recently,
some nitropolycyclic aromatic hydrocarbons
(NPAHSs), which are more carcinogenic and/or

mutagenic than PAHs, have been found in ex-

tracts from airborne particulates.” For example,
the mutagenicities of 1-nitropyrene (1-NP) and 1,
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3-, 1,6- and 1,8-dinitropyrenes (DNPs) are several
to 2000 times as strong as that of BaP.? Diesel-
engine vehicles have been considered the main
contributor to PAHs and NPAHSs in urban air.
We have found the following dynamic tendencies
of NPAHs through continuous surveys of air-
borne particulates collected in the urban area of
Kanazawa :

(1) Atmospheric concentrations of NPAHs are
higher in the daytime than at night in accordance
with changes in traffic volume.®

(2) Atmospheric concentrations of NPAHs are
higher in winter than in other seasons because of
the high stability of air in winter.3%

(3) The mean concentration of 1-NP, which was
the highest among NPAHs, was one order of
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magnitude lower than that of BaP, and the con-
centrations of 1,3-, 1,6-, and 1,8-DNPs were
almost two orders of magnitude lower than the
concentration of 1-NP.4®

In view of the recent increase in lung cancer
in urban areas,® it would seem worthwhile to
better understand the presence of PAHs and
NPAHSs in airborne particulates in these areas.
However, there has been no report on a compari-
son of PAHs and NPAHs in airborne particu-
lates collected at the same time in different cities.

This study is a joint survey in Kanazawa,
Sapporo and Tokyo, which have different popu-
lations, different areas and different meteorologi-
cal conditions. Airborne particulates were col-
lected both in the daytime and in the night, and in
winter and summer in the three cities to compare
the atmospheric concentrations of PAHs and
NPAHs.

MATERIALS AND METHODS

Sampling Airborne particulates were collected
with a MODEL-120 high-volume air sampler (Kimoto
Electronics Co., Ltd., Osaka, Japan) set by the road-
side in a downtown area of each city. Samplings were
made over two 12-hour periods (in daytime from 6 : 00
a.m. to 6 : 00 p.m. and at night from 6 : 00 p.m. to 6: 00
the next morning) for three days in a row. The
experiment was done twice, in both the winter
(January and February, 1995) and summer (July and
August, 1995). The sampling flow rate was approxi-
mately 1500 1/min (2160 m?®/d). Quartz filters (Pallflex
products, 2500QAT-UP, 200 mm X 250 mm) which
adsorbed airborne particulates were weighed and cut
after reaching a constant weight.

Table 1 shows the distance from the carriageway

to the sampling points, the traffic volume at the
sampling points and the number of registered gaso-
line- and diesel-engine vehicles in each city. “Traffic
volume” means the average number of vehicles driven
through the carriageways per hour. The sampling
stations were located by the side of straight carriage-
ways, having two lanes in both directions except in
Kanazawa, where the sampling station was located at
a T-junction of two roads, in which both of the roads
have two lanes in both directions. This was thought to
be one reason the traffic volume in Kanazawa was
slightly larger than that in the other two cities.
Methods of Analysis—— NPAHs and PAHs were
simultaneously analyzed with a chemiluminescence
detection HPLC and a fluorescence detection HPLC,
respectively.” The former consisted of a mobile phase
pump (Shimadzu LC-6A), a chemiluminescence
reagent solution pump (Sanuki DM2M-1006), a
chemiluminescence detector (Soma S-3400), a column
oven (Shimadzu CTO-6A), and an analytical column
for NPAHs (Shimadzu ODS-1II, 4.6 mm id. X 250
mm). The latter consisted of the same mobile phase
pump and column oven, a fluorescence detector
(JASCO 820-FP), an injector (Rheodyne Model-7125)
with a 20 x! loop, and an analytical column for PAHs
(Vydac 201-TP54, 4.6 mm i.d. X 250 mm). The former
and latter were combined through a switching valve
(Shimadzu FCV-12AH) and a separation column
(Nacalai Tesque, Inc. Cosmosil 5C;sAR, 4.6 mm i.d. X
10 mm).

Seven kinds of PAHs (fluoranthene (F1), pyrene
(Py), benz[a]anthracene (BaA), chrysene (Ch), benzo-
[»]fluoranthene (BbF), benzo[]fluoranthene (BkF)
and BaP) were surveyed according to the preferential
list of pollutants most in need of monitoring, as
determined by the Environmental Protection Agency
(EPA). Four strong mutagenic NPAHs, 1,3-, 1,6- and
1,8-DNPs and 1-NP, were also determined.

Table 1. Characteristics of the Three Cities and the Sampling Stations

Number of registered vehicles, 1995

Sampling point

Cit; Population, . . . .
t P Diesel-engine Gasoline-engine

Location Traffic volumes (vehiclles/h)

1997 %) %) Address Distance from the carriageway, at sampling point
Distance above ground Day time Night time

Kanazawa 434865 142,155 376,1329  Katamachi Korinbo junction 2840 1250
(27.4) (72.6) (11.0m, 4.0m)

Sapporo 1750627 493,791 716,323 Chuo-ku Route-12 2260 680
(40.8) (59.2) (4.6m, 1.0m)

Tokyo 7817332 724,4299 2,913,911  Shinjuku-ku Yamanote Str. 2040 1250
(19.9) (80.1) (2.0m, 1.0m)

@) Ishikawa Pref. b5) 23 wards, Tokyo metropolitan district.
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Chemicals — 1,3-, 1,6-and 1,8-DNPs were purchased
from Aldrich Chemical (Milwaukee, WI, U.S.A)).
1-NP was from Tokyo Kasei (Tokyo, Japan). Fl and
BaA were obtained from Nacalai Tesque, Inc.
(Kyoto, Japan), Ch and BbF were from Aldrich Chem-
ical, Py was from Tokyo Kasei and BaP and BkF
were from Wako Pure Chemical Industries (Osaka,
Japan). All other chemicals used in the sample
pretreatments, for the mobile phase of HPLC and for
the chemiluminescence reagent solution, were of
analytical-reagent grade.

RESULTS AND DISCUSSION

Concentration of Airborne Particulates

Figure 1 shows the concentration of airborne
particulates in the air in the three cities both day
and night and in both winter and summer. Among

the three cities, Tokyo showed the largest mean
values, followed by Sapporo and Kanazawa. The
mean values were larger in the daytime than at
night in all three cities without exception. This
result likely reflects the larger traffic volume in
daytime than that at night, as shown in Table 1,
and agrees with the general tendency that the
amount of airborne particulates strongly depends
on traffic volume.?

Concentrations were higher in summer than
in winter in Kanazawa, but not in Sapporo and
Tokyo. This might be due to varying weather
conditions ; in winter there is much precipitation
in Kanazawa, and in summer there was unusually
high precipitation in Sapporo (Table 2).

The average amount of particulates in
Tokyo exceeded that in Kawasaki (148 xg/m?® in
July and 105 xg/m?® in February),® which was
named the highest among all the survey sites of
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Fig. 1. Amount of Airborne Particulates in Kanazawa, Sapporo and Tokyo
D, day; N, night. Each box and vertical bar represent mean and S.D., respectively.
Table 2. Meteorological Conditions during Sampling Experiments
: Duration of sunshine Average wind speed Total precipitation during
City Season . .
(h/d) (m/sec) sampling period (mm)
Kana Winter® 1.9+1.89 5.0 42.0
anazawa
Summer? 8.2+3.39 4.6 7.0
S Winter® 47+2.19 3.2 8.5
apporo
PP Summer® 0.9+2.09 1.9 75.0
- Winter® 8.840.89 3.2 0.0
Tokyo
Summer? 7.712.09 1.7 8.0

a) Winter : 30 Jan.—8 Feb., 1995. 5) Summer : 31 July —9 Aug., 1995. ¢) Mean--S.D.
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the National Air Survey Network, Japan
(NASN) in 1996, both in winter and summer. This
result suggests that Tokyo is one of the most
polluted areas by airborne particulates in Japan.
Downtown Kanazawa ranks in the middle of the
nation with respect to airborne particulates.

Concentrations of PAHs and NPAHs

Table 3 shows the concentrations of PAHs
and NPAHs in the three cities. Among the 4-ring
PAHs surveyed, Py showed the highest concen-
tration, followed by Fl, Ch and BaA in all the
cities, while among the 5-ring PAHs, the concen-
trations of BbF and BaP were higher than the
concentration of BkF. The mean concentrations
of BaP both day and night in both winter and
summer in Tokyo were almost the same as in
Sapporo. These concentrations ranged from 0.9
ng/m® to 2.0 ng/m® and they were five to ten

times higher than the concentrations in
Kanazawa. These values were almost the same
as that in Kitakyushu (1.3 ng/m?®), where the
concentration of BaP was the highest in the
NASN in 1996.9

The concentrations of NPAHs, especially
that of 1-NP, were significantly higher in Sapporo
than in the other two cities. The mean concentra-
tion of 1-NP, which was higher than the concen-
trations of the other NPAHs, was one order of
magnitude lower than that of BaP in the three
cities. The concentration of each DNP in the
three cities ranged from 0.1 pg/m? to 2.1 pg/m®.
These values were almost two orders of magni-
tude lower than the concentration of 1-NP, and
three orders of magnitude lower than that of
BaP. These facts coincided with our previous
study of the air in downtown Kanazawa.? The
mean values of 1-NP and DNPs determined in the

Table 3. Concentrations of PAHj and NPAHs Analyzed in This Study

Sample 16DNP  18DNP  1,3-DNP 1-NP Fl Py
pg/m? pg/mé pg/m’ pg/m’ ng/mé ng/m?
Winey | DAY 02801 0354016 0285011 592+ 88 0854028 1143044
Kanagana Night 0204005 0244008 0.18+0.05 383+ 146 0714040 088+0.45
Summer | DAV 013006 012006 014008 267+ 130 0373012 071022
Night 0114003 0092002 0.09+0.03 113+ 41 0124005 020%0.10
Winer | DAV 1SBEL09 ZISELT 163087 413 £230 3163237 500+412
Sabporo Night 087+074 0944079 0824070 197 +151  153+1.02 2.14+158
) Day 0864029 0804032 0741022 206 + 765 131%046 2.66+1.85
SWMMEr e 0824015 0754003 076-0.06 149 + 648 1172098  2.09+2.24
Winter D8y 062026 068£026 0725024 163 £ 604 299198 373199
Pokyo Night 0974036 0.60+0.18 0.65+0.18 120 + 32.0 232+127 3174131
} Day 1144039 053008 066011 130 = 258 1444028 2.34+0.44
SUMMEr bt 1304042 0694016 0924034 753+ 216 0984018 1.43+016
Samples BaA Ch BbF BKF BaP
ng/m? ng/m? ng/m?® ng/m® ng/m?
Wingee | DAY 058023 0934020 0875031 038012 067019
K Night 0324019 0.69+£0.37 0714043 032022 0.45+0.35
Day 0214007 032+013 0422018 0.18+0.07 032+0.13
SUmmEr - \ont 0074002 0114004 0.20£0.09  0.0940.04  0.1350.06
Winee | DAV L90FLE2 2563208 204165 LOTE090 204170
Sapporo Night 0884084 118+1.06 0.87+0.84 046048 0.91+115
ey | DAV 1214056 1725083 153058 0744026 160036
Night 0814051 1154074 1.1040.63 054029 1.14:0.66
Winee | DAY 1294059 795066  L64+068  0.76:029 1395063
Tokyo Night 1474076 2.00£1.09 175+1.03 0854045 1774093
ooy | DAY LODEOLT LEOX061 2364060 0964024 165:£0.38
Night 0674009 124020 1.90+0.38 0794018 148+0.32

All data represent mean=®S.D.
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present study were almost the same as the con-
centrations reported by Tanabe ef al.V

Many of the PAH and NPAH compounds
showed higher concentrations in the daytime
than at night in the three cities (Figs. 2—5).
However, 5-ring PAHs and some DNPs in Tokyo
did not show such diurnal variation (Fig.3 and
Fig.5). This might be due to the huge urban
activities of Tokyo, with a larger downtown area
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and smaller diurnal changes in traffic volume
(Table 1). The air samples collected at the sam-
pling site of Tokyo were considered to include
airborne particulates that had been transported
from other areas. In other words, large amount of
particulates from automobile exhaust might be
collected after a longer time drift in Tokyo than
in the other two cities. Moreover, the effect of the
secondary formation of NPAHs from PAHs,
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Fig. 2. Atmospheric Concentrations of 4-Ring PAHs (F1+Py-+BaA+Ch) in Kanazawa, Sapporo and Tokyo
D, day; N, night. Each box and vertical bar represent mean and S.D., respectively.
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Fig. 3. Atmospheric Concentrations of 5-Ring PAHs (BbF -+ BkF + BaP) in Kanazawa, Sapporo and Tokyo

D, day; N, night. Each box and vertical bar represent mean and S.D., respectively.
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which, in general, occurs more easily at night
when the ozone concentration is higher than in
the daytime, were also considered.'”

Clear seasonal differences were observed for
PAHs and NPAHs surveyed in this study, ¢.e., the
concentrations were higher in winter and lower
in summer in the three cities (Figs.2—5). This
result might be due to the more stable atmo-
spheric conditions in winter, under which vehicle

700

exhaust would tend to stagnate in the air for a
long time along the roads. The seasonal differ-
ences in concentrations of 4-ring PAHs (Fig. 2)
were more pronounced than were those of 5-ring
PAHs (Fig.3). This seemed to be due to the
tendency of the 4-ring PAHs to have higher vapor
pressures than 5-ring PAHs, which would make
them more volatile in summer because of the high
temperature.
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Fig. 4. Atmospheric Concentrations of 1-NP in Kanazawa, Sapporo and Tokyo
D, day: N, night. Each box and vertical bar represent mean and S.D., respectively.
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Fig. 5. Atmospheric Concentrations of DNPs (1,3-DNP+ 1,6-DNP+1,8-DNP) in Kanazawa, Sapporo and Tokyo

D, day; N, night. Each box and vertical bar represent mean and S.D., respectively.
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However, there were no clear seasonal
differences in the concentrations of 5-ring PAHs
in Tokyo in spite of the seasonal difference in
atmospheric stability (Fig. 3). This was due to the
appearance of relatively high concentrations of
less volatile 5-ring PAHs in summer samples in
Tokyo, which, in turn, were considered to be due

154
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Py (ng/m*#)

to very weak winds in summer (Table?2) and
probably to a high frequency of winds that trans-
port the pollutants from the central metropolitan
area. In the case of NPAHs, no seasonal differ-
ences were observed only in the concentrations of
DNPs in Tokyo (Fig.5), where there was not a
very large difference in the duration of sunshine

(A)

BaP (ng /m ?)

?Ad\ Kanazawa ( Slope: -0.0023 ng/ 1 g)

0 100

200 300

Airborne Particulates (u g/m?)

Fig. 6. Plots of PAHs and NPAHSs vs. Airborne Particulates

(A) Py, (B) BaP, (C) 1-NP, (D) DNPs (= 1,3-DNP+1,6-DNP+1,8-DNP)
Symbols : @, Kanazawa ; O, Sapporo; @, Tokyo.
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between winter and summer (Table2). This
raises the possibility that the photolysis of
NPAHs occurs in the air.

Figure 6 shows the relationships between
airborne particulates and PAHs (Py and BaP)
and NPAHs (1-NP and DNPs=1,3-DNP + 1,6-
DNP + 1,8-DNP). Although the concentrations of
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4004

300

1-NP (pg /m ®)

200+

100+

PAHs in Sapporo were almost the same as those
in Tokyo and the amount of airborne particu-
lates was significantly larger in Tokyo, the con-
centrations of NPAHs in Sapporo were clearly
higher than those in Tokyo. Because NPAHs
(1-NP and DNPs) mainly originate from diesel-
engine vehicles,®* the higher concentrations of

(C)

kanazawa ( Slope: -0.19pg/ & @)

104

DNPs (pg /m ®)

T 1
200 300

Kanazawa ( Slope: -0.0020 pg/ & @)

T
0 100
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200 300

Airborne Particulates (1 g/m?®)

Fig. 6. Plots of PAHs and NPAHs vs. Airborne Particulates
(A) Py, (B) BaP, (C) 1-NP, (D) DNPs (=1,3-DNP+1,6-DNP+1,8-DNP)
Symbols : 4, Kanazawa ; O, Sapporo ; @, Tokyo.
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NPAHs in Sapporo might be due to its higher
percentage of diesel-engine vehicles (40.89% in
Sapporo, 27.4% in Kanazawa and 19.9% in
Tokyo), as shown in Table 1.

The regression line slopes in Fig. 6 show the
ratios of increases in the atmospheric concentra-
tions of each compound to increases in the
amount of airborne particulates, and these ratios
are, in general, approximately equal to the mean
concentrations of each compound per unit weight
of airborne particulates. The slopes of PAHs and
NPAHSs were the largest in Sapporo, followed by
Tokyo and Kanazawa. This means that the
amount of these compounds per unit weight of
airborne particulates was largest in Sapporo.
While, the slopes of these compounds in
Kanazawa were nearly equal to zero. This means
that the amount of PAH and NPAH compounds
has no relation to the amount of airborne particu-
lates in the air of Kanazawa.

In addition, the Sapporo/Tokyo ratio of the
slopes was larger for 1-NP (3.12/0.28=11.1) than
for DNPs (0.045/0.0057=7.9). These facts suggest
that the contribution of diesel-engine vehicles to
airborne particulates is larger in Sapporo than in
Tokyo. The contribution of diesel-engine vehi-
cles to atmospheric concentrations of NPAHs is
discussed below.

Composition Ratio of NPAHs

To obtain an index of the influence of diesel-
engine vehicles on NPAHs in the air, the
[DNPs]/[1-NP] composition ratio was calcu-
lated from the data in Table 3. Since diesel-
engine vehicles are the main contributor of 1-NP,
smaller values of this ratio indicate increasing
contributions of diesel-engine exhaust, while
larger values indicate increasing contributions of
gasoline-engine exhaust. The ratios were 0.011 =+

0.003 in Sapporo, 0.019+0.004 in Tokyo and
0.0160.005 in Kanazawa, as shown in Table 4.
According to our previous report,'” the [DNPs]/
[1-NP] ratios of particulates emitted from idling
diesel-engine vehicles was 0.013 and the ratio for
gasoline-engine vehicles was 0.56. The value of
airborne particulates in each city was close to
that of the particulates from the diesel-engine
vehicles in this study. In addition, the lowest
value in Sapporo coincided with the fact that this
city has the largest percentage of registered
diesel-engine vehicles (about 40%), as described
in Table 1.

The [DNPs]/[1-NP] ratio was larger at
night than in the daytime, except for the winter
samples of Sapporo. The higher ratio at night
might be due to a decrease in the traffic volume
of large-sized diesel-engine vehicles such as
busses between midnight and early morning in
the downtown area. The concentration of 1-NP,
which is mostly produced by diesel-engine vehi-
cles, decreased in the night more remarkably
than did the concentrations of DNPs. On the
other hand, the photolysis of DNPs has been
reported.”*'® Therefore, the decomposition of
DNPs is more likely to occur in the daytime in
summer. This might explain why the difference
in the composition ratio between the daytime and
night was larger in summer than in winter in all
cities except Sapporo. As shown in Table 2, the
duration of sunshine in Sapporo during the sam-
pling period in summer was very short. So, the
photolysis of DNPs in Sapporo in the daytime
might be much smaller than in the other two
cities.

The (%) contributions of diesel-engine vehi-
cles to atmospheric concentrations of 1-NP and
DNPs were calculated from the composition
difference of NPAHs, as described previously,®

Table 4. Composition Ratio of NPAHs ((DNPs]/[1-NP]) and Calculated Contribution (%) of Diesel-engine Vehicles

to Atmospheric NPAHs

[DNPs]/[1-NP]

Calculated contribution (%) of diesel-engine

City Season vehicles to atmospheric NPAHs
Day Night Mean=+S.D. DNPs 1-NP
Winter 0.013 0.014
K .0160.00 94.1 R
anazawa Summer 0.012 0.021 0.016=-0.005 999
Winter 0.012 0.011
0.011=+0. 100. 100.
Sapporo Summer 0.010 0013 0110003 000 00.0
Wint 0.011 0.016
Tokyo et 0.019-£0.004 782 99.4

Summer 0.015 0.033
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and the results are also shown in Table 4. In this
report, we assumed that there was no emission
source of 1-NP and DNPs other than vehicles.
Our results showed that 1009 of 1-NP and DNPs
in Sapporo were due to diesel-engine vehicles.
Diesel-engine vehicles contributed almost 100%
to the concentration of 1-NP in Tokyo and
Kanazawa, while their contributions to DNPs
were slightly smaller in Tokyo (78.2%) and
Kanazawa (94.1%) than in Sapporo. The contri-
bution of diesel-engine vehicles to 1-NP and
DNPs in Kanazawa obtained in this report were
almost the same as those in our previous study
(99.89% for 1-NP and 94.3% for DNPs).*

Recently, we observed that 2-nitrofluoran-
thene and 2-nitropyrene were not emitted from
diesel-engine vehicles but were secondarily form-
ed in the air, and that the concentration ratios of
these two compounds to 1-NP were higher in
suburban areas than in the downtown area.'®
Considering the high mutagenicities of these com-
pounds, the comparison of the secondarily form-
ed NPAHs in different cities also seems to be
important.

CONCLUSIONS

Airborne particulates were collected in the
same periods in Kanazawa, Sapporo and Tokyo,
and PAHs and NPAHs were analyzed. The find-
ings were as follows:

(1) The amount of airborne particulates was the
largest in Tokyo, followed by Sapporo and
Kanazawa. The amount was larger in the day-
time than at night in all cities, depending on the
activity of the cities, such as traffic volume.

(2) The concentrations of PAHs in Sapporo and
Tokyo were similar and higher than the concen-
trations in Kanazawa. The concentrations were
higher in the daytime than at night and higher in
winter than in summer, except for the case of
5-ring PAHs in Tokyo. The seasonal difference
in concentrations of 4-ring PAHs was more pro-
nounced than that of 5-ring PAHs because the
vapor pressures of the former are higher than
those of the latter.

(3) The concentrations of NPAHs were the high-
est in Sapporo, followed by Tokyo and
Kanazawa. Among the NPAHs, the concentra-
tion of 1-NP was outstandingly high in Sapporo.
This might be due to the fact that Sapporo has

the highest percentage of registered diesel-engine
vehicles.

(4) The concentrations of NPAHs were higher in
the daytime than at night and higher in winter
than in summer except for the case of DNPs in
Tokyo. The lack of difference in Tokyo might be
due to the huge downtown area, a smaller differ-
ence in diurnal activity such as traffic volume,
and some meteorological conditions.

(5) The composition ratios of NPAHs ([DNPs]/
[1-NP]) of airborne particulates were in the
order Tokyo>Kanazawa>Sapporo. This order
might be related to the percentage of the total
registered vehicles that are diesel-engine vehicles
in the three cities.
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