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ABSTRACT

1-Nitropyrene (1-NP), 2-NP and 2-nitrofluoranthene
(2-NFR) are useful markers for studying the atmos-
pheric behaviors of polycyclic aromatic hydrocar-
bons (PAHs) and nitropolycyclic aromatic hydrocar-
bons (NPAHs). However, present methods for mea-
suring trace levels of these compounds are less-
sensitive and laborious. Here we describe several
improvements to a previously reported high-perfor-
mance liquid chromatography-chemiluminescence
detection system that allows it to determine trace
levels of 1-, 2-NPs and 2-NFR. The proposed system
was equipped with a reducer column packed with
Pt/Rh instead of zinc whose life-time was limited.
The combination of Cosmosil MS-II (monomeric ODS)
and AR-II (polymeric ODS) columns was used instead
of polymeric ODS columns as the separator column
to improve the separation. An ethanol mixture with
acetate buffer (pH 5.5) was used in place of an ace-
tonitrile mixture with the same buffer to activate the
reducer column. The same ethanol mixture was used
as the mobile phase for the clean-up column. The
switching time of the column switching valve was
optimized to concentrate the amino-derivatives of
above NPAHs quantitatively on the concentrator col-
umn. The concentrations of bis(2,4,6-trichlorophenly)
oxalate and hydrogen peroxide in the chemilumines-
cence reagent solution were optimized to 0.4 mM
and 30 mM, respectively, to increase the sensitivity.
Under the above conditions, the detection limits (S/N
=3) of 1-, 2-NPs and 2-NFR were 1 fmol (0.25 pg),
10 fmol (2.5 pg) and 4 fmol (1 pg), respectively. The
proposed system was effectively used to determine
trace levels of 1-, 2-NPs and 2-NFR in airborne parti-
culates collected at Noto Peninsula. The atmospheric
concentrations of 1-, 2-NPs and 2-NFR were not
more than sub pg m-3 levels. They were higher in

winter (January) than in summer (July). In both sea-
sons, the concentrations were in decreasing order,
[2-NFR]>[1-NP]>[2-NP].

Key words: 1-Nitropyrene, 2-Nitropyrene, 2-Nitro-
fluoranthene, Trace analysis, Airborne particulate
matter

1. INTRODUCTION

Among the air pollutants exhausted from the com-
bustion of fossil fuels such as petroleum and coal, poly-
cyclic aromatic hydrocarbons (PAHs) show carcinoge-
nicity and/or mutagenicity (Tokiwa et al., 1980), endo-
crine disrupting activity (Kizu et al., 2000) or reactive
oxygen species producing activity (Motoyama ef al.,
2009). Nitropolycyclic aromatic hydrocarbons (NPAHSs)
such as 1-nitropyrene (1-NP) and 1,3-dinitropyrene
are also exhausted from the combustion of fossil fuels,
and their mutagenicity was much stronger than that of
benzo[a]pyrene. Additionally, several NPAHs such as
2-NP and 2-nitrofluoranthene (2-NFR) are subsequen-
tly formed by the reaction of PAHs and NOx in the air
(Arey et al., 1986), suggesting that 1-, 2-NPs and 2-
NFR are markers for studying the atmospheric beha-
viors of PAHs and NPAHs. Therefore, a method for
simultaneously determining these three NPAHs would
be useful. The authors developed a highly sensitive de-
termination method for NPAHs in environmental sam-
ples such as airborne particulates and particulates ex-

~ hausted from automobiles by using high-performance

liquid chromatography (HPLC) with chemiluminesc-
ence detection (CLD) (Hayakawa et al., 1995, 1991;
Imaizumi et al., 1990). Although NPAH concentrations
in urban air were high enough to be determined by
HPLC-CLD, the concentrations were much lower in
the air at suburban and background sites that were not
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near any contributors such as factories or high-traffic
roads. We collected one-week airborne particulates with
a high-volume air sampler at Kanazawa University
Wajima Air Monitoring Station in the Noto Peninsula,
Japan, which was a background monitoring site. The
data showed a seasonal variation of PAH concentra-
tions caused by long-range transport from China (Yang
et al., 2007). However, no NPAH were detected.

We previously determined trace levels of 1-, 2- and
4-NPs, 2-NFR and 6-nitrochrysene (6-NC) in airborne
particulates and precipitation collected in urban area
by introducing reducer and concentrator columns into
our conventional HPLC-CLD system (Murahashi and
Hayakwa, 1997). However, the life time of the reducer
column packed with zinc was limited and the analysis
time took more than 90 minutes since three sample in-
jections were necessary to analyze the NPAHs. Recen-
tly, we developed an HPLC-CLD system for the simul-
taneous determination of more than 20 NPAHs by in-
troducing the reducer column packed with Pt/Rh instead
of zine, since Pt/Rh catalyzed the reduction of NPAHs.
In the system, an ethanol-aqueous solution containing
ascorbic acid was used to activate the reducer column
instead of an acetonitrile-aqueous solution (Tang ef al.,
2005, 2003; Hayakawa ef al., 2001). However, the re-
solution and sensitivity were not high enough to detect
trace levels of above NPAHSs.

In this report, we improved an HPLC-CLD system
with lower detection limits and higher resolutions of
1-, 2-NPs and 2-NFR by improving our previous sys-
tem (Murahashi and Hayakawa, 1997). The proposed
method was used for determining trace levels of 1-, 2-
NPs and 2-NFR in airborne particulate samples collect-
ed in winter and summer at Noto Peninsula.

2. MATERIALS AND METHODS

2.1 Chemicals

1-, 4-NPs and 2-NFR were purchased from Aldrich
Company Inc. (Milwaukee, WI, U. S. A.). 2-NP was
kindly supplied by Professor Akihisa Hirayama, Kyoto
Pharmaceutical University. Deuterated 1-NP (1-NP-d)
was purchased from CDN Isotopes Inc. (Pointe-Claire,
Quebec, Canada). All other chemicals used were of
analytical reagent grade.

2.2 HPLC System and Conditions

Three on-line reducers, including an electrochemical
reactor and columns packed with metals have been
reported for reducing NPAHs to their corresponding
amino-derivatives (Hayakawa et al., 2001, 1993; Imai-
zumi ef al., 1990). The electrochemical reducer showed
the lowest reduction efficiency and the other two show-
ed quantitative reduction efficiency. The life time of
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the zinc reducer column was limited, while the life time
of the Pt/Rh reducer column was not (Hayakawa et al.,
2001, 1993). Considering these advantages of the Pt/Rh
reducer column, we set up the HPLC-CLD system with
a Pt/Rh reducer column according to our previous re-
port(Tang et al., 2003) with several modifications (Fig.
1). The system consisted of four HPLC mobile phase
pumps, a chemiluminescence reagent solution pump, a
chemiluminescence detector, a system controller, an in-
tegrator, a degasser, two column ovens for the reducer
column (80°C) and for the clean-up and separator col-
umns (20°C), an auto sample injector (100 pL), a swit-
ching value, a guard column, a concentrator column, a
clean-up column, a reducer column (4.0 1.d. X 10 mm,
packed with Pt/Rh, Shimadzu) and two separator col-
umns (Cosmosil SC18-MS-11, 4.61.d. X 150 mm, Naca-
lai Tesqu and 5C18-AR-II, 4.6i.d. X 250 mm, Nacalai
Tesque) connected in series.

The mobile phases for the clean-up column and redu-
cer column was ethanol-acetate buffer (pH 5.5) (3:1,
v/v) at a flow rate of 0.3 mL min~!. The mobile phase
for the concentrator column was the same ethanol-ace-
tate buffer with 30 mM ascorbic acid at a flow rate of
1.8 mL min~!. The mobile phase for the separator col-
umns was a mixture of acetonitrile and 10 mM imida-
zole buffer (pH 7.6) (1:1, v/v) at a flow rate of 1.0 mL
min~!. The chemiluminescence reagent solutions were
acetonitrile solutions containing 0.4 mM bis(2,4,6-tri-
chlorophenly)oxalate (TCPO) and 30 mM hydrogen
peroxide, respectively, each cooled with ice-water. Both
solutions were mixed (1:1, v/v) in the system, and the
flow rate of the mixture was 1 mL min~!. Other con-
ditions were the same as in our previous reports (Tang
et al., 2005, 2003).

2.3 Preparation of Standard Solutions

Stock standard solutions of 1-, 2-, 4-NPs, 2-NFR and
1-NP-dy were independently prepared by dissolving
each crystal in ethanol. The stock standard solutions
were mixed, and then the mixture was diluted adequ-
ately with acetonitrile-water (3:1, v/v) to give calibra-
tion curve solutions: 0.1-100 pmol L™! for 2-NFR; 0.4-
400 pmol L™! for 2-NP; 0.05-50 pmol L' for 1-NP. 1-
NP-dy standard solution was at the concentration of
0.2 pmol L™ in ethanol.

2.4 Sampling and Sample Preparations
Airborne particulate samples were collected at Ka-
nazawa University Wajima Air Monitoring Station at
Noto Peninsula (Nisifutamata-machi, Wajima City,
Ishikawa Prefecture, Japan). Airborne particulates
were collected by a high volume air sampler (AH-600,
Shibata Japan) with a quartz fiber filter (8 X 10 inch,
2500QAT-UP, Pallflex Products, Putnam, CT, U. S. A.)
at a flow rate of 0.7 m? min™! in January and July, 2007.
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The filter was newly changed every week. Airborne
particulates were collected from January 4 to 11, 2008,
too. One-fourth of the filter (corresponding to 3.53 X
10% m? air) was cut into small pieces in a flask and 100
UL of 1-NP-d, standard solution was added to the flask
as an internal standard. Then, NPAHs were extracted
ultrasonically twice with benzene/ethanol (3:1, v/v).
The solution was washed successively with sodium
hydroxide, sulfuric acid solution and water. After filter-
ing the organic solution with an HLC-DISK membrane
(pore size 0.45 um, Kanto Chemical Co., Tokyo, Ja-
pan), the solution was evaporated to dryness. The resi-
due was dissolved in 1.0 mL of ethanol, and then an
aliquot (100 pL) of the solution was injected into the
HPLC-CLD system.

3. RESULTS AND DISCUSSION

3.1 Comparison of Separator Columns

1-NP is one of the major NPAHs exhausted directly
from combustion processes of fossil fuel, and both 2-
NFR and 2-NP are major NPAHs which are secondari-
ly formed in the air (Arey ef al., 1986). These facts

Y
Auto sample
Ak Pump 1 injector
(0.3 mL/min)
75% ethanol-
acetate buffer Guard column 2
{pH 5.5) 20°C (0DS,
6.0x10 mm)
Pump 2
1.8 mL/min)

30 mM ascorbic acid

Guard column 1, 20°C
(ODS, 4.6x30 mm)

Clean-up column,
20°C (ODS,
4.6 150 mm)

Reducer column,
80°C (Pt/Rh,
4.0%x10 mm)

suggest that the simultaneous determination of 1-, 2-
NPs and 2-NFR is useful for determining their atmos-
pheric behaviors. In our previous HPLC-CLD system
using the reducer column packed with Pt/Rh, however,
the retention time of 2-NFR was close to that of 2-NP
(Tang et al., 2005). Moreover, the retention time of 4-
NP was similar to the retention times of 2-NFR and
2-NP, and the concentration of 4-NP was much lower
(Murahashi ef al., 1999). These observations suggest
that the resolution of the NPAHs should be improved,
resulting in more accurate determination.

Polymeric ODS columns are known to give better
resolution of PAHs than monomeric ODS columns.
However, the difference of those two-type ODS colu-
mns in the separation of amino-derivatives of PAHs
(APAHSs) has not been examined. We compared the
retentions of amino-derivatives of 1-, 2-, 4-NPs (1-, 2-,
4-aminopyrenes, 1-, 2-, 4-APs) and 2-NFR (2-amino-
fluoranthene, 2-AFR) on Cosmosil MS-II (monomeric
ODS) and AR-II (polymeric ODS) columns by intro-
ducing them into the HPLC-CLD system as shown in
Fig. 1 without the two guard columns and the clean-up
column. A mixture of acetonitrile and aqueous buffer
is suitable for the peroxyoxalate chemiluminescence
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Separator
column,
£\ Concentrator Il 20°C (ODS,
column, 20°C L 4.6%(250
(ODS, f +150) mm ~
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(0.5 mL/min) 30 mM H,0,
L in acetonitrile
10 mM E?Qd?.?;e buffer Pump & (0.5 mL/min)
Switching valve (1.0 miimin)
21N
N
Pump 4
{0.5 mL/min} 0.4 mM TCPO
Acetonitrile in acetonitrile
(0.5 mL/min)

Fig. 1. Schematic diagram of the proposed HPLC-CLD system.
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Table 1. Retention times (minute) of 1-, 2-, 4-NPs and 2-NFRD.

HPLC Method for Trace Levels of NPAHs 149

Compound MS-II (400 mm)? AR-TI (400 mm)?) MS-II (150 mm)+AR-II (250 mm)?
2-NFR 485 54.5 525
2-NP 485 58 54.5
4-NP 51 58 57
1-NP 555 63.5 60.5

D1-, 2-, 4-NPs and 2-NFR were reduced to their corresponding amino-derivatives in the reducer column and then introduced into the separator

columns.
2Inner diameter of the columns was 4.6 mm.

detection of amino-derivatives of PAHs (Hayakawa et
al., 2001, 1995). However, the reduction activity of
Pt/Rh occurs in hot ethanol but not in acetonitrile, sug-
gesting that the carrier solution going into the reducer
column must contain ethanol but not acetonitrile. There-
fore, a mixture of ethanol and acetate buffer (pH 5.5)
was used as the mobile phase for the reducer column.
On the other hand, amino-derivatives of PAHs were
unstable in the system. Ascorbic acid was added to the
effluent from the reducer column to keep the amino-
derivatives stable in our previous HPLC-CLD system
(Murahashi and Hayakawa, 1997). Thus, ascorbic acid
was added to the mobile phase for the concentrator
column in the proposed system as described in Experi-
mental.

When NPAH standard solutions were injected into
the system, NPAHs were all reduced quantitatively to
their corresponding amino-derivatives in the reducer
column. However, the separation of 2-AFR and 2-AP
was impossible on a Cosmosil MS-II column, although
the separation of 1- and 2-APs was complete. On the
other hand, a Cosmosil AR-II column completely se-
parated 2-AFR and 2-AP but did not completely sepa-
rate 2- and 4-APs. By using a combination of Cosmosil
MS-II and AR-II columns, the four APAHs were sepa-
rately determined as amino derivatives (Table 1). The
mean concentration ratio of 4-NP (0.57 fmol m %) was
around 1/100 or 1/6 of those of 2-NFR and 2-NP, res-
pectively, in the urban air of Kanazawa (Murahashi and
Hayakawa, 1997), suggesting that 4-NP is not a good
primary or secondary formation marker such as 1-, 2-
NPs and 2-NFR. Accordingly, 1-, 2-NPs and 2-NFR
were selected as target compounds in the following ex-
periments and the combination of Cosmosil MS-II col-
umn (4.6 1.d. X 150 mm)+Cosmosil AR-II column (4.6
i.d. X 250 mm) was used for the following experiments.

3.2 Optimum Composition of
Chemiluminescence Reagent Solution
Next, we examined the optimal time for switching
the switching valve after loading APAHs on the con-
centrator column of the HPLC-CLD system as shown
in Fig. 1. When the standard mixture of 1-, 2-NPs, 2-

NFR and 1-NP-ds was injected into the system, they
were eluted from the reducer column in the period from
17 to 29 minutes with the following elution order; 1-
NP-dy=1-NP < 2-NFR < 2-NP. From this result, the
concentration time (switching time of the switching
valve) was set at 17-29 minutes.

The optimum composition of chemiluminescence
reagent solution is known to be different for different
analytes, and the chemiluminescence intensity is known
to be affected by the concentration of organic solvent
in the mobile phase (Hayakawa ef al., 1991). In view
of the fact that the optimum acetonitrile concentration
in the mobile phase was 50% for the elution and sepa-
ration of 1-, 2-APs and 2-AFR, we examined the opti-
mum concentrations of TCPO and hydrogen peroxide
in the chemiluminescence reagent solution. The signal
to noise (S/N) ratio of 1-AP increased with increasing
TCPO concentration at concentrations above 0.02 mM
and peaked at 0.15 mM TCPO. Furthermore, the S/N
ratios of 2-AFR and 2-AP increased with increasing
TCPO concentration, peaking at 0.4 mM TCPO. The
S/N ratios of 2-AFR and 1-AP increased with increas-
ing hydrogen peroxide concentration at concentrations
above 4mM and peaked at 15 mM hydrogen peroxide.
On the other hand, the S/N ratios of 2-AP increased
with increasing hydrogen peroxide concentration, peak-
ing at 30 mM hydrogen peroxide. In view of the fact
that the concentration of 2-NP in airborne particulates
is usually lower than the concentrations of 2-NFR and
1-NP, the concentrations of chemiluminescence rea-
gents should be optimum to obtain the highest sensi-
tivity of 2-AP. Thus, we used 0.4 mM TCPO and 30
mM hydrogen peroxide in the following experiments.

Under the above conditions, the detection limits (S/N
=3) of 2-NFR, 2-NP and 1-NP by the proposed HPLC-
CLD system were 4, 10 and 1 fmol, respectively. These
values were better than the values obtained by the pre-
vious system, For example, the previous detection limit
of 1-NP was 10 fmol (Tang et al., 2005). The calibra-
tion curves were straight in the ranges from 10 fmol to
10 pmol (2-NFR), from 50 fimol to 50 pmol (2-NP) and
from 5 fmol to 10 pmol (1-NP), respectively, with cor-
relation coefficients over 0.999 and RSDs less than 5%.
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Fig. 2. Typical chromatograms of (A) standard mixture of 1-,
2-NPs, 2-NFR and 1-NP-d, and (B) extracts from airborne par-
ticulates collected at the Noto Peninsula. (A) Airborne particu-
lates were collected by a high-volume air sampler at a flow rate
0f 1,500 L min~! from January 4 to 11, 2008. One-fourth of the
filter was used. (B) Injected amounts of 1-, 2-NPs, 2-NFR and
1-NP-d, were 5, 50, 50 and 5 fmol, respectively.

3.3 Determination of 1-, 2-NPs and 2-NFR
Extracted from Airborne Particulates

Fig. 2 shows typical chromatograms of (A) the stan-
dard mixture of 1-, 2-NPs and 2-NFR and (B) the ex-
tracts from airborne particulates collected at Kanazawa
University Wajima Air Monitoring Station on the Noto
Peninsula, Japan from January 4 to 11,2008. 2-NFR,
2-NP and 1-NP were chemilumigenically determined
as their corresponding amino-derivatives in chromato-
gram B. This result suggests that the proposed HPLC-
CLD system is suitable for the determination of NPAHs
in air samples collected at background monitoring sites.
The calculated concentrations of 1-NP, 2-NP and 2-
NFR were 1.8 fmol (450 fg) m™, 0.65 fmol (160 fg)
m™> and 6.0 fmol (1,500 fg) m™3, respectively. The sta-
ble baseline of chromatogram A suggests that the pro-
posed system can determine these NPAHs at even
much lower concentration.

3.4 Atmospheric Concentrations of 1- and
2-NPs and 2-NFR at Noto Peninsula
1-, 2-NPs and 2-NFR in airborne particulates collect-
ed in January and July, 2007 at Noto Peninsula were
determined by the proposed method. The atmospheric
concentrations were not more than sub pg m™2 levels.

Table 2. Atmospheric concentrations (fg m™)? of 1-, 2-NPs
and 2-NFR at Noto Peninsula.

Month? 1-NP 2-NP 2-NFR
January 840+280 230£100 19004520
July 80433 56431 510290

DEach data means mean = SD of four different week samples.
DSamplings were performed in January and July, 2007. The filter
was newly changed every week.

They were compared in Table 2. The concentrations of
1-, 2-NPs and 2-NFR were higher in winter (January)
than in summer (July) by the factors of 1/3.7, 1/10.5
and 1/4.1, respectively. In both seasons, the concentra-
tions were in decreasing order, [2-NFR]>[1-NP]>[2-
NP]. It has been reported that PAHs exhausted from
coal-burning systems especially in winter season in
North-East China were long-range transported to Noto
Peninsula over the Japan Sea (Yang ef al., 2007). The
concentration level of 1-NP at Noto Peninsula was
much lower than that at Shenyang (annual average
concentration 107 81 pg m™ (Hattori et al., 2007))
by the factor of 3 or 4 orders of magnitude. This is the
first report that the atmospheric concentrations of 1-,
2-NPs and 2-NFR at Noto Peninsula were determined.
The proposed method is useful to know the behaviors
of trace levels of NPAHs at background monitoring
sites such as Noto Peninsula. The long-range transport
of NPAHs from Asian Continent to Japan clarified by
the proposed method will be reported elsewhere.

4. CONCLUSIONS

A HPLC-CLD system has been developed for the
determination of trace levels of 1, 2-NPs and 2-NFR
in airborne particulates by modifying our previous sys-
tem. The new system uses a reducer column packed
with Pt/Rh, a chemiluminescence detector and a com-
bination of monomeric and polymeric ODS columns
for the separation column. The switching time of the
switching valve and the concentrations of TCPO and
hydrogen peroxide in the chemiluminescence reagent
solution were optimized. The detection limits (S/N=3)
of 1-, 2-NPs and 2-NFR by the proposed system were
1, 10 and 4 finol, respectively. The proposed system de-
termined trace levels of 1-, 2-NPs and 2-NFR in air-
borne particulates collected at Noto Peninsula. The
atmospheric concentrations were not more than pg
m~3 levels.
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Airborne particulates were collected at a roadside site in Kanazawa, Japan, in the summer and winter, 1999, 2004/2005, 2007/2008 and
2010. The polycyclic aromatic hydrocarbons (PAHs) and nitropolycyclic aromatic hydrocarbons (NPAHs) were determined by HPLC with
fluorescence and chemiluminescence detections, respectively. The total concentration of six PAHs (pyrene, benz[alanthracene, chrysene,
benzo[b]fluoranthene, benzo[k]fluoranthene and benzo[a]pyrene) decreased by‘the factor of 63.9% in the winter and 75.6% in the summer
from 1999 to 2010. The total concentration of seven NPAHs (1,3-, 1,6,
7-nitrobenz{a]anthracene and 6-nitrobenzo[a]pyrene) significantly decreased by the factor of 88.0% in the winter and 89.2% in the summer

1,8-dinitropyrenes, 1-nitropyrene, 6-nitrochrysene,
during the same period. The concentration ratio of 1-nitropyrene to pyrene also significantly decreased in this period, suggesting a decrease in
the emission amount. As the main reason for the significant decrease in the PAHs and NPAHs, the regulation of exhaust gas/particulates from

automobiles was considered.
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1. [FL®IC

REPIIHET DR 2 T LFWEOPIZ, BRAERRL
7k& (polycyclic aromatic hydrocarbon; PAH) & = hnZEBRHE
WALk (nitropolycyclic aromatic hydrocarbon; NPAH) 3%
5o ZIODOHNIITFROIES AN, BREMEE L OLO0H
% (EEEAABFEREEE (JARC),2010), IARC T/ A—T11Z
SEEEN TS benzo[alpyrene (BaP) (ZFAL Tid, ZHET
FOTEMEREI)S DNA | ”th'?“E) izl BME
R EEZONTVE, Flmid, F07 ) —TF hNVER
BEC X AR AME LD TS (Kimetal, 1997), F7z,
13-, 1,6~. 18-dinitropyrenes (DNPs) <> l-nitropyrene (I-NP)
IR VEREEREMA S0 (Ames et al, 1975; Epstein et al,
1979), L7dsoT, Zivh PAH, NPAH OXZAHEREZH
FEL., BETAZ LIHBOTEETHD,

PAH, NPAH (TZFEICHR, AHEORREIOREET Lo
THU B, FOEOHETRET PAH, NPAH OF7Z2FEAERE
LCHEE, T4, SR, AMBERELRENEZLNT
W3, NPAH IZIZ—RAERT 2 b0 & ZIRERTHHORH
D, —¥kART S NPAH & LTI 1,3, 1,6-, 1,8-DNPs, 1-NP,
6-nitrochrysene (6-NC) ., 7-nitrobenz[alanthracene (7-NBaA) .
6-nitrobenzo[alpyrene (6-NBaP) 72 £2365%, Zivhid, PAH
P NO, DIHE T CREFRISHZT 5 Z & THER L (Nielson
etal, 1984) . EAFOEHEI BT AT hET
T4 —BNETHDZEPALNIEIN TS (Hayakawa et
al,, 1994; Murahashi et al., 1995), —J7, Z¥4ERT 5 NPAH &
L Tid 2-nitropyrene (2-NP) < 2-nitrofluoranthene (2-NFR) 73
HMHNTEY, ZhBIOH V0V EDORIENREI &L
S TREHF TS D (Pitsetal, 1985),

KEHFITTHET S Z b PAH, NPAH [3I3REERRIRICE
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ST I ARRE TR ARSI E T 5, E ORIR THIUL,
2.3 B2 PAH |4 A48, 5 BRUL_ED PAH I BRFARICTFTE L.
4 18 PAH IEEN TN BT CRFR~DOOTREIG A
(Yamasaki et al, 1982), —7J5, DNPs, 1-NP L4 B TldHD
B, ZOIEE A EDPRITHIZHFIET D (Arakietal, 1983),

EHEHHRT HIEETIE, SIRFAOTHETHERERIHC

5 AEEHEN RBIERICBWTREDEDY ) 7%
1999 4E., 2004 4EHE, 2007 4EEER L O 2010 0K L &2 TV,
PAH 35 L UY NPAH ODJEERRIE 547 - T & 7o, FERHTHE Gl
B E)E NOx » PM EIZ & 0 EREE (NOy) Chir-iRrE

(PM) DEENRTNRY , KREOUENH LD L 212>
T ERBEE, 2011, F7z, BHETHEEEICI 5 5]
DN R LS T e (EZEE, 2011), LasL, &
5 LIRS B OERHMER R PAH, NPAH JRE |2
ED LA TEEBE RIF LT-0NE, oM Thh T Vs
VY, F T, AHEECH EREER T CHE LR E R R
1> PAH, NPAH BEEZAIEL., £OEE & TREZHLMIC
L7,

2. ¥ B

2.1 KEBEQYLTYLY

KEHBEOV 7Y v S IER (EES5) by
TF O LA tFER B NE S SR AT T B BiEEEy R BIE
BTl HELRENT 19941 A2 B~30B, 281 A
OEH =6), 19994726 8~27H0, 7TA29A8~8A1
HomH m=6), 200448 H2 A~8H, 8 A11 H~8 A
15 BOER h=12).200542 A 7 H~20 BD%EA (h=14) .
2007724 B~8 A5 EORE 1 A (h=7), 200841 A
20 B~2 A3 HDOMA =7, 201062816 A~2 A8 22
BofH m=7)., 20108 A2 H, 4~8 HOEHBLU'S
A10B =7 ThHd, UTOTEHTIL 1~2 ADiER
13&, 7~8 A OREBIIEIZ /A —AL LT, KEHEITA
AR a— b T =7 T— (123VL A, FAREF TRk
KA AV, 1,000 L min” OFE CHIMEY < A2 —

(2500QAT-UP, 8 x 10 inch, PALLFLEX) kiZ 24 hr fEE L 7=,
T A NF IR LT,

22 # =&
KIEBREER#IT 610 PAH Mix 3 LU, 3-, 1,6-DNPs, 1-NP,
2-fluoro-7-nitrofluorene (FNF) {337 =7T /L R v F Vv 0
OB M BHEA LTz, Pyrene (Pyr) J2O'BaP OEKFH{LAR
TdD Pyrdy U BaP-dp, IPFEMBE TR (KR
HEEA LT, 1,8-DNP, 6-NC, 7-NBaA. 6-NBaP /& Chrion AS
(havng b, V7 z—) HHEALE,

2.3 HEITNI—DNE

7 A VE —DORIAIEIIEE b O S N— T DEEH
(Hayakawa et al, 2011) |27, KKMEBEEHEL-T «
AZ TR L TCEAT S 22, [BIREREEIE : SN

TEEDT=OIZPHENEYIE & LT PAH 54T Pyr-dp. BaP-d),,
NPAH Z#7Zid FNF 20047, SBI_VEV/=mE ) —v

(B:1, vA~v) 40 mL #INZ TERFRAEEITV, B O
&2 5%KERLT b U & A/KESR 80 mL, 20%0il% 80 mL T
FIVERL L B OUE U, BAITHMIK 80mL T2 BEEEL
720 FHEIRIEFRIC O A FLZVR A % 100 uL 02 T
JEL. RNV BEEE L, FECTS /—/% 900 uL il
Xy AVTTT 40— (HLCDISK3, B3 mm, L&
045 um., BEEA, B CTAIB LT, HPLC S#THOME
E L7,

2.4 PM BZUNPAH D HF

PAH {3 HPLC-EERHIERIZ & 0 4781 T o7 T AT
LTEESWETTD 2 5037 (LC-10AD), A— kA
Tz H— (SIL10A), THyP— (DGU-14A), BT LA
—7' (CTO-10AS VP), #¥tAk(HER (RF-I0AXL). AT
Ly ha—F—(SCL-10A) BL O T 7 L—& (CR-7Ae
plus) THERL L7z, Zhuz, F—FA 75 @0id X 10 mm,
5um, Inertsil ODS-P, P—z/HA = R) BLUGEED T
2 (@46id. X 250mm, 5Spm, Inertsil ODS-P, P —= 41
TUR) BEALE, BEREITE b= R YAV EKOBERE
FAV, FE 1 mL min” T, BES TV bHFXTHR L,
BIRRHEHNTE PAH OBGHEEE R & BRRICREL, ¥
A LTFB T W WT PAH ZIE LTz, T OMODSEHTE
FEBHD B N—T7DBER (Toriba et al, 2003) (ZfE-7=,
Pyr . benzlalanthracene ( BaA ) . chrysene ( Chr) .
benzo[b]fluoranthene (BbF)., benzo[k]fluoranthene (BkF). BaP
DENLEIL 91~106%, VIR LUIBE (RSD, n=135) (1031
~1.9%., FRHEBFME (SN =3) 1£7.9~43 fmo/iEA TH-
7

NPAH 13, %H&H0D HIgEs L —7788% L= HPLCAL3
FENARHIRI &L 0 5% 1T o7~ (Hayakawaetal., 1991; Tang et
al, 2003), DHFL AT MROTIVS SRR ETRO 5 fOR
7 (LCR0AD), F— A ¥z #— (SIL20A), TH
vih— (DGU20As), 2 BEDHAT AA—T v (BLHT LF,
CTO-10A, 4YBEH T HF; CTO20AC) . {55 eM Hiss

(CLD-104), AT L=z ha—F— (CBM20A), 1 >
7L —2% (LCsolution) THERKL72, FIZH—NIT L1 46
id X 30mm, 5pm, Spheri-5 RP-18, PerkinElmer), #— I
752 (60 id X 10 mm, 5 pm, ODP-50G 6A Shodex
Asahipak, FBFIET) ., 7 U —>F v 754 (46id X 150
mm, 5 um, Cosmosil 5C18-MS-II, 745 A5 A2), PYRh
BT A 40id. X 10mm, = ha 7 L— A48T 7 A,
BB, BKEL S A @6id. X 30mm, Spm, Spheri-5
RP-18, PerkinElmer) . 5784 7 A @4.61d. X (250 + 150) mm.,
5um, Cosmosil SCI8&-MS-II, FHFAT A7) RV, 7
V=7 w7715 Ak PYRK EITLH T LHOBERE L LT,
5% TH ) —/\-BEEEEK (pH5.5) ZF0E 03 mL min' T
WUz, B LAFEMAL LT, 30mM 7 AT /LEVER
RIRAEEE 1.8 mLmin” THREL, 7 U—27 v 777 LEH
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Table 1 Variation of PAH and NPAH concentrations in Kanazawa (Fujie).

1999 2004/2005
Compound  summer(n = 6) winter(n = 6) summer(n = 12) winter(n = 14)
. mean SD mean SD mean SD - mean SD
TSP 336 = 2.3 49.7 +=.30.6 31.4 £ 8.6 30.2 = 132
PAHs
Pyr 1.22 = 0.26 2.20 = 0.74 0.804 %= 0.385 0.927 = 0.630
BaA 0.701 = 0.154 1.77 = 0.69 0.449 = 0.218 0.753 = 0.344
Chr 0.957 = 0.188 2.74 = 0.81 0.733 & 0.324 1.17 = 0.47
BbF 1.64 = 0.28 2.72 = 0.82 1.55 &£ 0.94 1.01 = 0.41
BkF 0.590 = 0.118 1.16 = 0.36 0.833 = 0.617 0.540 £ 0.226
BaP 1.12 = 0.29 1.65 = 0.70 0.562 =+ 0.143 0.974 £ 0.520
Total 6.24 = 0.97 12.2 = 395 493 &+ 1.60 5.37 = 2.30
NPAHSs
1,6-DNP 2.04 = 1.05 3.20 = 0.60 0.748 = 0.559 0.669 = 0.372
1,8-DNP 2.41 = 1.47 2.20 = 0.68 3.19 £ 2.09 1.81 &= 2.37
1,3-DNP 1.41 &= 0.57 4.53 £ 1.41 0.602 &= 0.311 0.552 = 0.220
1-NP 176 = 44 424 *x 186 101 = 52 101 = 44
6-NC 93.3 + 154 553 £ 16.5 41.0 = 20.5 293 = 12.1
7-NBaA 9.10 = 1.89 20.2 = 10.8 0.900 = 0.994 6.57 £ 7.10
6-NBaP 47.5 £ 15.5 437 = 18.0 5.50 = 2.30 12.1 = 4.8
Total 331 + 61 553 = 172 153 = 76 152 = 59
2007/2008 2010
Compound __summer(n = 7) winter(n = 7) summer(n = 7) winter(n =7)
mean SD mean SD mean SD mean SD
TSP 39.1 = 13.9 240 £ 8.20 295 = 5.1 27.6 = 6.1
PAHs
Pyr 0.526 = 0.122 1.66 %= 0.53 0.395 =% 0.093 1.51 = 0.54
BaA 0.255 = 0.064 0.835 = 0.125 0.167 %+ 0.049 0.431 = 0.152
Chr 0.400 = 0.095 1.51 = 0.18 0.306 = 0.084 1.02 = 0.19
BbF 0.417 = 0.108 1.33 = 0.20 0.309 %= 0.052 0.785 = 0.173
BkF 0.160 = 0.036 0.594 = 0.089 0.126 = 0.024 0.305 = 0.064
BaP 0.243 = 0.044 0.673 = 0.089 0.220 £ 0.054 0.363 = 0.114
Total 2.00 £ 0.38 6.60 = 0.76 1.52 = 0.32 441 = 1.13
NPAHs
1,6-DNP 0.200 = 0.140 0.478 = 0.128 0.815 =+ 0.918 0.234 = 0.102
1,8-DNP 0.248 = 0.175 0.256 = 0.071 0.577 = 0.362 0.586 = 0.209
1,3-DNP 0.283 *= 0.168 0.253 = 0.063 0.482 %= 0.264 0.247 = 0.066
1-NP 41.5 = 14.7 51.1 & 9.1 153 £ 5.2 433 £ 15.1
6-NC 16.7 = 5.7 21.0 £ 3.4 149 = 43 158 £ 84
7-NBaA 3.04 = 1.97 173 £ 11.2 1.99 &= 457 3.23 =+ 499
6-NBaP 2.48 *+ 0.51 4.29 = 1.04 1.83 = 1.12 291 = 1.27
Total 64.5 = 22.2 94.7 = 158 35.8 = 10.2 66.3 = 25.0

Units: pg m*(TSP), pmol m* (PAH) , finol m*> (NPAB)
PAH Total = Pyr + BaA+ Chr + BbF +BkF + BaP
NPAH Total = DNPs + [-NP +6-NC +7-NBaA +6-NBaP

REBAE LTz, HEELT AABEMEL LT, TR =ML BRHEBFYE (SN=3) i1 027~11 fmoliEA Tho7z, 728,
L10mM A &Y —UEEIR (PH 7.6) 2 T ENFEH0S mL  EENEERFYELL FIc /o581, 20 12 OfEL Uiz,
min”! CRA LT LTz, EERHREE LT, T =1 3 & =

JATRIZ \ZHSfR L= 004 mM bis(24,6-trichlorophenyljoxalate

& 30 mM H,0, & ZNZ o 0.5 mL min” TH L TREA L=, TN TSI ARE 12 FHIOFHEBRTRY
13-, 16 1,8DNP, 1-NP, 6NC, 7-NBaP, 6-NBaP MD[EMY ' (total suspended particulate; TSP) R EDEBE4 Fig. 1 ITR T,
T 93~105%, #DEUBE RSD, n=135) 1% 13~2.7%, BIXBEE RO R 5N e o Tod, KXW T F—%
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—RREVWZDEETITRVA, EELIT AT 444%
9.7 pg/m’® 935 27.6 pgm’®) /b Lz,

Bl 12 FEROECE BN 5 70ic, IEOSHTIEL
EE LT, PAHIZ 45D Pyr, BaA, Chr, 53R BbF, BkF
#BIL U BaP, NPAH (% 13-, 1,6-. 1,8-DNPs, I-NP, 6-NC,
7-NBaA F LU 6-NBaP #3RA7Z, 4% PAH, NPAH ORISR
PBEDISEAZEHN Table 1 17579, PAH, NPAH #iZ, 4
REDFBRE L VIEENEN -T2, ZOEMIZIIETD
SRFTOKREH PAH, NPAH I OW TR ENT-HE

(Murahashi et al., 1995; Kakimoto et al., 2000; Hayakawa et al.,
2002; Tang etal, 2002) & —ELCN\\5, LDOHHPEIRE L7
HZERO—oE LT, HRmOKEPLZEI I ZE LT
WATZDIZ, LI W EBET BN,

PAH JREE (Fig.2) 132008 A LRADBH LIS, WiZs
kAR ER Th 7, AR Z ORI 639% (122
pmol/m® 7>5 4.41 pmol/m®) . B3 75.6% (6.24 pmol/m?® 735 1.52
pmolm®) B LTz, 4% PAH OFEERIOEIE % Fig. 3 1TRL
o VTILDZEETTH 4 B8 PAHL BHZ Pyr OFIG 8L,
53 PAH OEISIRERS R O,

NPAH 2 (Fig. 4) 13500 12 2ERIZ4 88.0% (553 finol/my®
75 663 fmolim®) . B 89.2% (331 finol/m’ 5 35.8 fimol/mr’)
P L. TSP <2 PAH (ZEbi: U CRIBZ b s B S 7=, NPAH
OFBFEROEISG % Fig. SITRLED, 7Y I UIEE
ZENZ L BT NP R&E REIR & HDT,

winter

1998 2000 2002 2004 2006 2008 . 2010

Fig. 1 Variations of TSP concentrations in Kanazawa (Fujie).
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Fig. 2 Variations of Total PAH concentrations in Kanazawa (Fujie).
Total PAHs = [Pyr] + [BaA] + [Chr] + [BbF] + [BkF] + [BaP]
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Fig. 4 Variations of Total NPAH concentrations in Kanazawa (Fujie).
Total NPAHs = [DNPs] + [I-NP] + [6-NC] + [7-NBaA] +
[6-NBaP]
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Fig. 5 The ratio of each NPAH in Kanazawa (Fujie).
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Fig. 6 Variations of NO, concentrations in Kanazawa (Fujie).
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Fig. 7 Variations of CO concentrations in Kanazawa (Fujie).

FET B EEEE Y RBIERIZBIT 5 NOBE, CO BED
W& ZNF Fig 6, Fig. 71 ORT, KX 1~2 ADFHIME,
B3 7~8 B OTFHEE Vo, FEBERYT 1 —ENEL
WA KRET NO, 35T 11 FHIOREHREZ AR5 L, £
1 283%. BT 36.5%B Lz, $£7-. TEHEHIENSBEE
EWVPbNAKRET CO ML, RU 11 FRITEL 25%, E 40%0
BT, NO, & CO bE L WEADRENED T, LILOFE
BIY, 5F 12 FERCARTHHEINERE O PAH,
NPAH i, TSP, NO,, CO XY BEEITREENB L2 &R
B S AN/ T,

4 & £

3R U7z K& A PAH, NPAH IR DEEE 7olgi > OHF %87
BT BT, B& (RIR). Z08E. Bk X UREE=EE
TR CENEZEBE L,

¥-9°. PAH, NPAH D4 AFH &R RO SR ITRIROE
BEZT5, LnL, B Y o7 e LEmEROKIRIL
1999 £ 5 2010 & TO 12 FHEIHTHID N TH o7z (Fig. 8

(&&JT HP OLART—# L0 ER. &% 1~2 A O,
B 7~8 AOEHE)), Lizh3-> T, KB EH LIZ72dI
PAH, NPAH DFENAT AFNZREAT L. RIFHEF D PAH,
NPAH D& FIz 7288 o= L 1EE 2 by,

POTHEEHEIZS Y ) VEL YT —ENLEOFN
30~100 fEE o722 & DB, 1990 RO EOAFHTAR
f NP OHEHIRRFERT 4 —ELEERESR TV

(Murahashi et al,, 1995), F7z. BABEHEEIKIF L CPAH O
= b MEET B2, HETD INP & Pyr OREEL

([I-NPY[Pyr]) 1EKREL 2B LB TNS, Flxid,
RIERENE T  —E/LE (2,500°CLLE) BEHED
[I-NPY[PyrfEIT 036, BEEENENERA b—7 (8
1,100°C) HEHUSEEDEIZ 0.001 &RE SN TS (Tangetal,
2005), % Z°C, Table 1 & VEH L7=[I-NPY [Py EDOHE %
Fig. 9 {TR"d, Bi0.14 235 004, 413019 75 003 &V
NOZEEHTHET 12 FERI[1-NPY [Py fEA SR L=
T EBRLMNI AT, BOENE LY iR E o723
D—2& LT, BIIKIENE O OHERESEREL . Py
DOH AFB~DFEITHEE L, RLTFEFO Pyr BEMMET LZZ
LREZ NG, LivL, Bl 12 EMOBIL, SEkES
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w
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Fig. 8 Average air temperature of summer and winter in
Kanazawa.
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Fig. 9 Variation of [1-NP]/[Pyr] ratio in Kanazawa (Fujie).

K& BENTNA, U7 U o FHEOERTHET B BRI,
IEICRREBRET S L BRI, Lk, & 12
IO Pyr JEEEIIEEI B LTz (Fig 2), L7nidoT, 2
DD [1-NPY[Py BN, ABRBRIEI M L=
LEE LR,

SRTAD BEERGRAE (Fig. 10) (&R, 2011) &, 5
—& & AFETE T2 2000 FE7>5 2009 4 F TO 9T 306,789
BN 323296 BT SAYEM U228, Z O8O EkITEE
EhE (Light cars) T b, —F, TOENT 4 —Erz
VUERBEEH LTS EBONAEYABHE (Tudks), &
FEHEBNE Buses) [IBIBIL TW\\5, £/, 7V U 7Hus
BT BB RITT — ¥ B AT TERE 2004 FEL 20105EL T
EEAEE Liehotz (B 2004 4E 8 A 2~15 B OTEHE
13637 &, 2010 £ 8 A 2~15 A OIEYHE 15023 &, % 2005
2 F 7~20 B OIHHE 9263 &, %&: 201042 A 10~23 H
DIELHE 9172 ). &o T, ZREDHDH k> PAH,
NPAH IREORLORR E1EEBZ bRV BLEDZ &,
EERO[1-NPY[Py/[EOSRE/ME TIX, BEELLO INP HE
HEREDORD, ETBHEHRE L CORBENES L L
T2 ERLTNA,

KEFD PAH, NPAH BRI AR Uiz (Fig 2
BLOFig. 4) FARE LT, FCHET AEHIOMR LA BT
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b, FlE, 74 —ENVEERIIONT, 1997 E£0ORHY
B ORANEIL, NO 1 5.80 gkWh, PM 1% 0.49 gkWh Tih-
To73, 2003 FEOFIEHHHHITNOK 1 3.38 gkWh, PM 1Z0.18
gkWh (Z T b, FIZ 2005 EOFELRMHIT NOx 1% 2.0
gkWh, PM iZ 0.027 gkWhIZ Fif Bz, Z LT, 2009 0
RA MNEEHEHI T NOx 13 0.7 g/kWh, PM (3 0.010 gkWh {2
FCTFF o Fig 1) (ELZ584,2011), Lid, Hibl
TEDHERS, PAH & NPAH ORZTIEEDHR (Fig 2B84L
U'Fig. 4) SFEALCWAZE LD, PM & NOy OHln%
HIIRENEHESND, BRETTH BEEHET AR X
DKREHD PAH & 1-NP DEEMRRE LTz & OERE (Kojima
etal,2010) i, ABFFCHEREFET D,

FOMOEEL LT, U PrO%E LBEOBEOHREDL
EZ NS, TA—ENm P UTERFESCR VAT L (R
FKEESH L. REKDOT =T HERSE, 782
TIZE O NOx & NIt ) 7 4 —EAT UV A NOx
fibgit GRS T NOx 2 BANIBD 2, U v T/ =t
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Fig. 10 Number of registered automobiles in Kanazawa.

67 mmasssmsShin- 0.5
s tanki .
% 04 2
S 4 Shin- e
= § ; NOy} choki  Post-| %3 2 S
43 : Shin- z 2
2%, PM === chokil 02 .2
= ' =
2 E 01 B
~ C oL &~
0 —

1998 2000 2002 2004 2006 2008 2010

Fig. 11 Transition of Japanese regulation values of NOx and PM
against new diesel-engine automobiles.

DOFFZHH A A& ENS CO, HC, Hiz k) NOx & N,
BT D), T a4 — VR FE T 4 L4 — (DPF) (5
A —EBNPETAHFD PM ZHET D) PEAENTE (B

AREBETIESR 2011), —J5, AV ABmOSEL, &
FMEDOMEOMREIZ BT AN I VEESNLTEY,
BRI PORTEOBIHIENL 2005 45F TIZ 50 ppm (wiw) DIF
12, 2007 FEETIZ 10 ppm (whiw) IZTF bV, EEICH,
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An on-line concentration and fluorescence determination HPLC for polycyclic aromatic hydrocar-

bons (PAHs) in seawater was proposed. An online concentration column packed with octadecyl polyvinyl
alcohol polymer, a pump and a column switching valve were introduced in the conventional HPLC with
a fluorescence detector. Only 1.0-100mL seawater sample was introduced into the concentration column
at 1.0mLmin™! without any other pretreatment except filtration. Then the trapped PAHs totally flew into
the separation column and eluted separately to be detected fluorogenically. The proposed method had good
linearity with correlation coefficients (r) ranged from 0.951 to 0.998, and limits of detection ranged from
0.002 to 0.50ng L™ for 15 PAHs as 100 mL seawater was loaded. The sensitivity of the method was 10 to 100
times higher than those reported by other works. The proposed method was applied to the determination of
PAHs in the seawater samples collected in the Japan Sea with satisfactory results and to check the present
benzo[a]pyrene concentration at the beaches in Noto peninsula, Japan polluted with C-heavy oil spilled from

the tanker in 1997,

Key words polycyclic aromatic hydrocarbon; HPLC; seawater; Japan Sea

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous
environmental pollutants. Humans and animals are exposed to
PAHs from environmental, dietary and occupational sources.
Benzo[a]pyrene (BaP) is carcinogenic to humans, dibenz[a,h]-
anthracene is probably carcinogenic to humans and benz{a]an-
thracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene (BKkF), indeno[l,2,3-cd]pyrene (IDP) are
possibly carcinogenic to humans.” Due to their potential or
proven carcinogenic or mutagenic properties, some PAHs have
been designated as priority pollutants for monitoring by the
U.S. and European environmental agencies. It is for these rea-
sons that the European Union has fixed very restrictive limits
for these compounds in different kinds of superficial water.?

Many kinds of PAHs are contained in natural oil and oil
spilled from tankers and wells causes serious marine con-
tamination with PAHs. The Japan Sea is fruitful of fishery re-
sources. In January 1997, a large amount of C-heavy oil more
than 6000kL was spilled from the Russian tanker, Nakhodka,
in the central part of the Japan Sea and the spilled oil was
beached on the coastlines from Shimane to Akita, Japan. This
accident gave the serious damage to the fishery in Japan. The
contamination of PAHs was monitored for several years after
the accident.”? Now, more than 10 years after the accident, it is
believed that the Japan Sea has become clean without detailed
monitoring of PAHs.

For determining PAHs in marine, specific analytical pro-
tocols have been described in detail in several reviews.*®
Traditional pretreatment techniques for extraction of these or-
ganic compounds from aqueous samples are liquid-liquid ex-
traction (LLE) and solid-phase extraction (SPE).”'® However,
these multistep techniques have disadvantages of labor-inten-
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Nishinomiya, Hyogo 663-8501, Japan. V

*To whom correspondence should be addressed.
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sive, heavy usage of toxic solvents and contamination. Solid-
phase microextraction with different coating materials or

" polymeric fiber was employed for the determination of PAHs

in tap water, river water or rainwater, and these techniques
provided large extraction capacity and high sensitivity ranged
ngL™! level when coupling with gas chromatography-mass
spectrometry (GC-MS)/HPLC.!'"'¥ However, the evaporation
of the eluate reduced the recoveries of PAHs having 2 to 3
rings which have high vapor pressures.

Compared with the PAHs concentrations in rainwater, river
water, sewage and even marine sediments, the concentrations
of PAHs in seawater were much lower, so the reports concern-
ing PAHs in seawater samples were scarce until now.®>'¥
When seawater samples were analyzed, it is necessary to
collect big volume sample, e.g. several or several-hundred
litter sample, in order to achieve the limits of detection.>"®
Moreover, the recoveries of PAHs became lower with decreas-
ing concentrations.

In this work, in order to overcome the disadvantages of
traditional methods described above, an on-line concentra-
tion and fluorescence determination HPLC was proposed for
determining trace levels of PAHs in seawater samples. As

-effective applications of the proposed method, concentrations

of PAHs were also determined in seawater samples collected
in the southwest part of the Japan Sea and at beaches in Noto
Peninsula which were heavily damaged by the oil spill in
1997.

Experimental

Materials An EPA 610 PAHs mix containing naphthalene
(Nap), acenaphthene (Ace), fluorene (Fle), phenanthrene (Phe),
anthracene (Ant), fluoranthene (Flu), pyrene (Pyr), BaA, Chr,
BbF, BkF, BaP, dienz[a,/]anthracene (DBA), benzo[g,h,i]
perylene (BgPe) and IDP was purchased from Supelco

© 2012 The Pharmaceutical Society of Japan
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(Bellefonte, PA, U.S.A.). Five deuterated PAHs (Nap-d;, Ace-
d,y, Phe-dy,, Pyr-d;, and BaP-d,,) were purchased from Wako
Pure Chemical (Osaka, Japan) as internal standards. Both
PAHs and deuterated PAHs were dissolved in acetonitrile
(Kanto Chemical, Tokyo, Japan). All other chemicals used
were of analytical reagent grade.

Collection and Pretreatment of Seawater Sample
Seawater samples were collected at five sites (S1--5), whose
latitudes and longitudes were respectively 32.8° and 129.5°
(S1), 33.8° and 129.7° (S2), 34.8° and 130.5° (83), 35.5° and
131.5° (S4), 36.0° and 132.5° (S5), in the Japan Sea in August
2008. ‘Seawater samples were collected from the bow of
Nagasaki-maru, expedition ship, moving forward, and were
collected by immersing pre-cleaned borosilicate amber glass
bottles (2L) at ca. 0.5m below the water surface (opening
and closing it underwater). Each water sample was immedi-
ately filtered through a 0.45um micropore membrane (GC-
50,diameter 90mm, Advantec, Tokyo, Japan) and 10% (v/v)
ethanol was added to each bottle to prevent the adsorption of
PAHs on the wall. The seawater samples were stored in the re-
frigerator (at 4°C) no more than 1 week before analysis and no
other preservatives were needed. Seawater samples collected
at two beaches in Noto Peninsula, Japan damaged by the oil
spill in 1997 were also used for comparison.

Artificial seawater was prepared by dissolving 32 g of NaCl,
14g of MgSO,-7H,0 and 0.2g NaHCO, in 1L of Milli-Q
water.

On-line Concentration and Determination HPLC System
for PAHs in Seawater The proposed HPLC system was
shown in Fig. 1. The system consisted of three Hitachi 1.-2130
pumps (Tokyo, Japan), a Hitachi degasser, a Hitachi L-2485
fluorescence detector and a Hitachi organizer. An Asahipak
ODP-50G column (4.6mm i.d.X10mm, Shodex, Tokyo, Japan)
was used as the concentrator column. An Inertsil ODS-P
column (4.6mm i.d.X250mm, GL-Science Company, Tokyo,
Japan) and an Inertsil ODS-P column (4.6mm i.d.X33mm)
were used as the separator and guard columns, respectively.
PAHs were concentrated on the concentrator column by load-
ing seawater sample through the solid-line in Fig. 1.

The on-line concentration and elution were operated as fol-
lows with the Teflon tubing. After seawater sample (with 10%
ethanol) was added with internal standards of Nap-d, Ace-d,,
- Phe-d,y, Pyr-dj, and BaP-d,,, an aliquot (1.0-100mL) of the
mixture was introduced into the HPLC system through the
HPLC pump 1. The inlet tubing was rinsed with the sample

waste

fluorescence detector

separator column, 20°C
(ODS-P, 4.6 X 250 mm)

pump 3

(0

acetonitrile guard column, 20°C

(ODS-P, 4.6 x 30 mm)

concentrator column
(ODP-50G 4.6 x 30 mm)

S

pump 1

" switching valve

sea water sample

Fig. 1. Schematic Diagram of the Proposed System

Vol. 60, No. 4

for 10min before loading. The loading volume depended
on the concentrations of PAHs in the samples. PAHs in the
sample were adsorbed and concentrated on the concentrator
column (ODP-50G). The column was washed with 15mL of
distilled water to remove the interfering compounds and salts.
The volume of samples and washing solutions was controlled
by the loading time when the optimized flow rate of pump
1 was I.OmLmin™". After the valve was switched (from the
solid line to the dotted line in Fig. 1), PAHs were eluted from
the concentrator column and separated on the separator col-
umn (ODS-P) with the HPLC mobile phase. Then, PAHs were
determined fluorogenically under the following conditions
according to our previous report'® with minor modification
as follows. The mobile phase consisted of acetonitrile and
Milli-Q water and the flow rate of mobile phase was kept con-
stant at 1.O0mLmin ™.

The gradient time program of pumps 2 and 3 was con-
trolled by the Hatachi organizer. Initially, the content of aceto-
nitrile in the mobile phase was 55% (v/v) for the first 20min,
and then was changed from 70 to 80% (20-35min), after that,
it was kept at 90% (35—45min), then was increased to 100%
(45-60min) and kept for 20min. The excitation and emis-
sion wavelengths were set at 280 and 340nm (0—31.5min) for
Nap, Nap-d;, Ace, Ace-d,,, Fle, Phe, Phe-d,;, 250 and 400nm
(31.5-34min) for Ant, 286 and 433 nm (34-36min) for Flu, 331
and 392nm (36—41min) for Pyr and Pyr-d,;,, 264 and 407nm
(41-68.9min) for BaA, Chr, BbF, BKF, BaP, BaP-d;,, DBA,
BgPe and 294 and 482nm (68.9-80min) for IDP, respectively.

The whole system was checked routinely with blank sam-
ples for preventing from contamination.

Results and Discussion

Optimization of On-line Concentration As the solid-
phase extraction sorbent for the on-line determination of
PAHs in natural water, a kind of fluorocarbon polymer was
used. In the system, only PAHs with high concentration, e.g.
Nap, Ant, and Pyr, were determined.” In the present work,
an octadecyl polyvinyl alcohol polymer (ODP) column, which
was made of porous vinyl alcohol copolymer modified with
octadecyl groups on the surface, was used as the concentra-
tor column for enrichment of PAHs having 2 to 6 rings in
seawater samples. The polymeric ODP column was more re-
sistant to strong acid and basic solutions than commonly used
silica-based octadecyl silyl (ODS) columns. Moreover, the
polymeric ODP column showed selective retention power for
PAHs compounds due to the existence of z-electron interac-
tion between PAHs molecule and ODP polymer.'® Therefore,
we first compared the PAHs retention abilities on ODP and
ODS columns. The recoveries of PAHs were higher on the
polymeric ODP column than on the ODS column, indicat-
ing that the ODP column had stronger retention of PAHs and
greater selectivity for PAHs. The elution profiles showed that
PAHs were more stable on the ODP column than on the ODS
column when the columns were loaded with PAHs and stored
for several days before elution respectively. The higher stabil-
ity on the ODP column might be because octadecyl polyvinyl
alcohol polymers was more resistant to water than silica. For
these reasons, an ODP column was selected for the concentra-
tor column. The new ODP concentrator column was condi-
tioned with 20mL methanol and distilled water, respectively,

at the flow rate of 0.5mL min™.
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The recoveries of PAHs depend on the flow rate of sea-
water, although a short time concentration is better. The peak
heights were measured at flow rates from 0.5 to 2.0mLmin~",
and the maximum peak heights were observed at flow rates
of 0.5 and 1.0mLmin™" for most PAHs. At flow rates over
1.0mLmin™}, the peak heights decreased with the increase in
the flow rate (Fig. 2). So, the flow rate was set at 1.0mL min!
for the following experiments.

The recoveries of PAHs were lower without the addition of
ethanol. This might be attributed to the absorption of PAHs
on the bottle walls due to the high hydrophobic property.>!®
Here, methanol and ethanol were added to the water samples
respectively. We found that 10% ethanol was just as effective
as 10% methanol to decrease the adsorption of PAHs and that
the recoveries of PAHs were constant at the concentrations
over 10%. Considering that ethanol was nontoxic and safe to
bring it on the ships, 10% ethanol was immediately added to

B8 0.5 mL min"
120 B2 1.0 mL min”
115 mL min”
2.0 mL min’*
100 .
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Fig. 2. Effect of Flow Rate of Pump 1 on the Relative Peak Height of
PAHs
The samples were the spiked artificial seawater samples and the spiked concen-

tration was shown in the text. The loading volume was 100mL. The peak height at
flow rate of 1.0mL/min was defined as 100%.
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the collected seawater samples after filtration. The seawater
sample containing 10% ethanol was loaded on the column at
1L.OmLmin™". The column was washed with 15mL distilled

- water after trapping the PAHs in order to remove the adsorbed

interfering compounds and prevent salts out from the column.

The breakthrough volume was tested to evaluate the maxi-
mum sample volume which can be applied with a theoretical
100% recovery. The different volume of artificial seawa-
ter samples containing a constant concentration of analyte
were treated as described in ‘On-line Concentration and
Determination HPLC System for PAHs in Seawater” When
the breakthrough volume of analyte began, this relationship
started to deviate from linearity.!” There was no deviation
from linearity observed when the tested volume was changed
from 100 to 1000mL. The relationships between the peak
height ratios of PAHs and their respective internal standards
against the sample volume were linear. This result suggested
that the concentrator column (ODP) had enough capacity for
concentrating PAHs in seawater samples and the breakthrough
volume of the column was larger than 1000 mL of the polluted
seawater such as samples collected in harbors.

Performance of the Proposed Method In order to
evaluate the practical applicability of the proposed system,
performance parameters such as linearity, precision, limits
of detection (LODs) and limits of quantization (LOQs) were
measured under optimum analytical conditions using 100mL
artificial seawater samples spiked with PAHs. Results were
given in Table 1. Concentrations of PAHs in the artificial
seawater samples were as follows: Nap and Ace, 20ngL™};
Fle, Flu, BbF, DBA and BgPe, 4ngL™%; IDP, 3.2ngL™'; Phe,
Ant, Pyr, BaA, Chr, BKF and BaP, 2.0ngL™". All the PAHs
showed good linearity with correlation coefficients (r) ranging
from 0.951 to 0.998 (Table 1). Recoveries ranged from 74%
(IDP) to 110% (Ant) with relative standard deviation (R.S.D.)
of 1.5-9.4%. R.S.D.s were between 0.4-5.0% for repeatability
(n=3) and 1.8-9.8% for reproducibility (»=5).

Limits of detection (LODs) (concentrations giving a signal-
to-noise ratio of 3) ranged from 0.002 (Ant) to 0.50ng L~}
(IDP) as the loading sample volume was 100mL. LODs by
the proposed method were smaller than those by GC-MS/MS

Table 1. Linearity, Recovery, Repeatability and Reproducibility of the Proposed Method®
. - o

PAHSs Linearity () LOD (ngL™) LOQ (ngL™") Re"‘zov/ff’,'l;l;s'n (R%{S?‘ff_ ?‘;2‘223) (llies?gf‘izbf’:t’;)
Nap 0.951 0.042 0.14 98+1.5 0.9 5.6
Ace 0.970 0.013 0.042 95+1.5 1.6 7.7
Fle 0.984 0.020 0.067 101+2.4 0.4 84
Phe 0.976 0.011 0.036 93+4.2 4.7 5.8
Ant 0.998 0.002 0.007 110+6.8 24 53
Flu 0.988 0.030 0.10 8894 4.9 9.8
Pyr 0.994 0.012 0.040 95:+9.3 2.5 73
BaA 0.990 0.012 0.040 92+6.5 1.1 3.8
Chr 0.990 0.018 0.061 88+53 12 1.8
BBF 0.996 0.060 0.20 84+52 4.1 9.6
BiF 0.988 0.013 0.044 89+5.6 2.6 5.1
BaP 0.988 0.012 0.039 80+74 13 8.9
- DBA 0.990 0.20 0.67 75+82 5.0 7.1
BgPe 0.986 0.22 0.73 79+7.3 23 9.1
IDP 0.986 0.50 1.7 74x7.7 1.8 89

a) Loading sample volame, 100mL.
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method coupled with solid phase microextraction and HPLC-
fluorescence detection method coupled with nanoextraction
recently reported.®'21"?% Especially LODs of Ace, Ant, Pyr,
BaA, Chr, BKF and BaP by the proposed method were 1/10 to
1/100 of the reported values.

On the other hand, artificial seawater samples spiked with
100 times higher concentrations of PAHs were prepared and
1.0mL of the solution was loaded to the system. The slopes
of the calibration curves and LOQs of PAHs were almost the
same as those obtained above, suggesting that the proposed
method is useful for both highly polluted and clean seawater
samples.

Fluorescence intensity

20 ' 40 i 60 " 80, (min)

0

> ® s [ESUAS—— 7.5

2 s 9

g 80 T
o

% - 60 g

2 <2

8

g

i

o 20 ) 40 ! 60 80 (min)

Fig. 3. Typical Chromatograms of (a) Real Japan Sea Water Sample and
(b) Artificial Seawater Sample Spiked with PAHs

The sampling site of (a), S1. The spiked PAH concentrations, seen text; the dot-
ted line in (b) indicated the acetonitrile concentration (%) in the mobile phase.
Peaks: 1, Nap; 2, Ace; 3, Fle; 4, Phe; 5, Ant; 6, Flu; 7, Pyr; 8, BaA; 9, Chr; 10, BbF;
11, BKF; 12, BaP; 13, DBA, 14, BgPe; 15, IDP; a, Nap-dy; b, Ace-dyy; ¢, Phe-dy; d,
Pyr-d,y; e, BaP-dj,.
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PAHs Concentrations in Japan Sea Samples The pro-
posed method was applied to seawater samples collected from
the Japan Sea to investigate the stage. Figure 3 showed repre-
sentative chromatograms of the Japan Sea water and a spiked
artificial seawater sample obtained by the proposed method
under the optimized conditions. The loading volume was
100mL. Table 2 showed the concentrations of PAHs at the five
sampling sites. Average concentrations ranged from 0.1 (Ant)
to 22.9 (Nap) ngL™" in the southwest part of the Japan Sea.
Nap, a 2-ring PAH, was the predominant compound. BaA,
BbF and BKF, whose concentrations were lower than LODs
the reported in traditional methods, were quantified by the
proposed method. DBA, BgPe and IDP showed trace peaks in
Fig. 3, although they were lower than the LODs. The recover-
ies of PAHs spiked to the Japan Sea samples showed similar
result as that of the spiked artifical seawater samples. These
results suggested that the proposed method could determine
PAHs at sub ppt (ngL™") in marine water.

Recovery of Beaches Damaged by Oil Spilled from

" Nakhodka from the View Point of BaP Finally the BaP

concentration was determined in seawater samples collected at
two beaches (Kaiso and Hagahashi) in Noto Peninsula, which
were heavily damaged by the beached oil from the Nakhodka
in January 1997, in Table 3. The BaP concentrations at Kaiso
(8.1ngL™") and Nagahashi (7.4ngL™") were very high one
month after the accident and decreased with time. Then the
concentrations at 3 years after the accident (April, 2000) be-
came to the normal level of the Japan Sea (0.2-0.3ngL™).

Conclusion

An on-line HPLC system for concentrating and determining
PAHs in small volume seawater samples was proposed with
the advantages of automatic, simple and on-line sampling pre-
treatment. The polymeric ODP column concentrated PAHs in
the samples with excellent matrix removal, and on-line elution
and determination through switching valve guaranteed the

Table 2. Concentrations (ngL.™?) of PAHs Collected at Different Sampling Sites in the Japan Sea

MASE?-

Method Proposed work GCMS™ LLE-GCMS® SPE-HPLC?
Sampling site fapan Sea Bilbao, Spain /hexandria - Saronikos
S19 $2 $3 s4 S5 Ave.=S.D. ' Coast, Egypt  Gulf, Greece
NaP 239 26.0 239 23.7 16.8 229+3.5 166 n.d? 160
Ace 1.5 1.7 1.5 12 1.3 14£0.2 110 n.d. 41
Fle 1.6 1.6 1.6 12 13 1.5+0.2 37 2.1 42
Phe ip? ip. ip. ip. ip. — 118 14.8 54
Ant 0.1 0.1 0.1 0.1 0.1 0.1x0 76 3.8 30
Flu 1.5 1.6 1.5 1.6 14 1501 21 6.7 34
Pyr 0.8 1.0 0.8 0.7 0.9 0.8+0.1 30 5.6 18
BaA 0.1 0.2 0.1 0.1 0.3 0.2+0.1 nd. n.d. —
Chr 0.2 0.2 0.2 0.2 0.4 03+0.1" n.d. ) 5.1 —
BbF 0.6 0.6 0.6 0.5 0.5 0.6x0.1 9 n.d. 55
BKF 03 0.4 0.3 0.2 0.2 0.3+0.1 10.1 n.d. —
BaP 0.2 0.3 0.2 0.2 0.2 0.2+0.1 9.7 ‘ 9.0 25
DBA n.q.% . ng nq. n.q. n.q. — nd. nd. —
BgPe n.q. n.q. n.q. nq. ngq. —_ n.d. n.d. —_
IDP n.q. n.g. n.g. n.g. n.q. — n.d. n.d. —
Total 30.8 33.7 . 30.8 29.7 234 29.7+3.8 679 47.0 459

a) MASE, membrane-associated solvent extraction; b) sampling site (locanons of each sampling site seen text); ¢) not detected; d) not quantified because of the interfering

peaks; e) detected but not quantified because lower than LOD.
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Table 3. BaP Concentrations (ngL™") in Seawater Samples Collected at
Beaches in Noto Peninsula Damaged by Nakhodka Spilled Oil in 1997 and
South Part of the Japan Sea

Noto peninsula Japan Sea

(ave. of S1-5)

Sampling date

Kaiso Nagahashi
Feb., 1997 8.19 7.49 5
Jan., 1998 1.6% — —
April, 2000 032 0.29 —
April, 2008 0.2 0.2 0.2

a) Cited from ref. 3. b) Sample was not collected.

higher sensitivity than currently available systems. Thus the
proposed method which required a small volume sample was
successfully applied for the determination of PAHs in not only
polluted seawater but also clean background seawater. This is
the first report to determine the normal levels of PAHs. This
method also found that the BaP concentration in seawater at
beaches in Noto Peninsula which were damaged by the oil
spill in 1997 had become to the normal level.
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Polycyclic aromatic hydrocarbons (PAHs), some of which are carcinogenic/mutagenic, are generated by combus-
tion of fossil fuels and also released through tanker or oilfield accident to cause a large scale environmental pollution.
PAHs concentration in China is especially high in East Asia because of many kinds of generation sources such as coal
heating systems, vehicles and factories without exhaust gas/particulate treatment systems. So, the atmospheric pollution
caused by PAHs in China has been seriously concerned from the view point of health effects. Like yellow sand and sulfur
oxide, PAHs exhausted in China are also transported to Japan. Additionally, strongly mutagenic nitrated PAHs
(NPAHES), estrogenic/antiestrogenic PAH hydroxides (PAHOHS) and reactive oxygen species-producing PAH qui-
nones (PAHQs) are formed from PAHs by the chemical reaction during the transport. Furthermore these PAHOHs
and PAHQs are produced by the metabolism in animal body. In the biological activities caused by the above PAH
derivatives, the structure-activity relationship was observed. In this review, our recent results on the generation of PAH
derivatives by atmospheric transport and metabolism are reported. Also, the existing condition of PAHs as atmospheric
pollutants is considered.

Key words—polycyclic aromatic hydrocarbon derivative; atmospheric transport; metabolism
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