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Abstract

In this study, sampling and analytical procedures were evaluated for the determination of

ambient levels of atmospheric PAH, both in gaseous and particulate phases. The method

involves low-volume sampling and Soxhlet extraction of the filters and Tenax absorbent,

followed by a clean-up stage using a silica column prior to analysis by reversed-phase HPLC

with wavelength programmable fluorescence and UV detection. A total of 18 PAH were

identified and quantified, all of which have been of environmental concern. In order to validate

the methodology and to ensure compatibility of the results, the analytical method used for the

determination of PAH was evaluated with respect to the efficiencies of extraction and

clean-up procedure, HPLC separation, and lower limits of detection. In addition, substrate

dependency of PAH recovery was investigated for the two types of filters, i.e. glass fiber and

PTFE filters.

1. INTRODUCTION

In recent years, there has been a considerable
concern regarding possible adverse effects on
human health of polyclic aromatic hydrocarbons
(PAH) in the atmospheric environment. The envi-
ronmental concern for these compounds is well
justified since not only have many of them proven
carcinogenic and/or mutagenic properties (U.S.
NAS, 1983 ; IARC, 1983), but they are also known
to be ubiquitous in ambient air, both indoors and
outdoors, to which the general public is exposed
(U.S. NAS, 1981). It is generally believed that
long-term chronic exposure to environmental car-
cinogens is of greater significance than short-term
acute exposure (Lioy and Daisey, 1986). Due to
their carcinogenicity, it is accepted that there will
always be some risk, however small, to a popula-
tion exposed to these compounds on a continuous
basis (WHO, 1987). Although human exposure to
PAH can occur through various pathways, the
occurrence of PAH in urban ambient air has

caused a particular concern because of the conti-
nuous nature of the exposure and the magnitude
of the population at risk.

A number of PAH compounds have been mea-
sured in ambient air over the last three decades,
but the most extensive data available are on
benzo(a)pyrene (BaP) (Faoro, 1975 ; Harkov and
1985 ; Santodonato et al., 1981).
Although BaP is one of the principal carcinogenic

Greenberg,

PAH, it represents only a small fraction of the
total PAH in most circumstances (Baek, 1988).
There are many limitations to use this ‘BaP surro-
gate’ method for estimating risks posed by a
mixture of PAH compounds since the proportion
of carcinogenic activity attributable to BaP in
products of incomplete combustion is known to
vary among source categories and sometimes
within a source category (Grimmer, 1983).

The determination of PAH in ambient air is, for
several reasons, a difficult task, as concentrations
of these compounds are in general very low and
many of them are unstable and volatile (Van
Vaeck et al., 1984). As a result, a large air sample
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is necessary in order to collect sufficient amounts
of PAH to be above the detection limits of an
analytical method and to enhance the accuracy of
the measurements. On the other hand, shorter
sampling duration is generally recommended not
only to minimize the evaporative losses of col-
lected samples but also to avoid the formation of
chemical artifacts during sampling.

Of great concern in data collection for PAH or
POM (Polycyclic Organic Matter) is a general lack
of standardized methods of sampling and analysis
(Karcher, 1983). In order to permit a consistent
assessment of the health impacts of an environ-
mental pollutant with wide ranging distributions
such as PAH, and to ensure reliable analytical
control, the harmonization and/or standardization
of sampling and analytical procedures is highly
desirable. In PAH/POM analysis, however, the
harmonization and/or standardization efforts
have been complicated by a large variety of emis-
sions and matrices containing a broad and vari-
able spectrum of PAH and their heterocyclic com-
1986). This frequently
requires the development and application of spe-

pounds (Daisey et al.,

cific sampling and analytical techniques for a
particular monitoring situation, which consequent-
ly makes intercomparison of data difficult.

In this study, a comprehensive sampling and
analytical regime, using filters and Tenax-TA
adsorbent, is outlined which enables the collection
of 18 PAH in ambient air, both from the particu-
late and gaseous phases. A simple sample prepara-
tion process is described, which prepares the sam-
ple for reversed-phase high performance liquid
(HPLC)
analyte to acetonitrile. Optimal chromatographic

chromatography by transferring the
conditions for the HPLC was also examined for
the quantitation of 18 PAH. In addition, a number
of tests on the overall methodology were carried
out to varify that the procedure provides a sensi-
tive and effective method for assessing ambient
levels of various PAH in the atmosphere.

2. MATERIALS AND METHODS

2.1 Collection of Environmental Samples

The sampling methods selected for this study
were low-volume ambient air sampling using spe-
cific substrates to collect gaseous and particulate
PAH. The sampling was carried out on the roof of
4 stories building at an urban site close to a busy
road, where automotive emission is one of the
main source of air polltion.

Particulate Samples: Sampling for the particu-
late PAH was performed with a low-vol sampler
operated at a flow rate of approximately 30 1/min.
Particulate matter was collected using PTFE
(Polytetrafluoroethylene) filters (Millipore FH)
and glass fiber filters (Gelman Spectro Grade),
placed in a stainless steel open filter holder (Sar-
torius, 47 mm). The glass fiber filters were used
after pre-extraction with dichloromethane. The
filter holder was mounted with the filter facing
downwards in a weather shelter. For each sample,
an average volume of 40 m® of air was drawn over
24 hours sampling. The exposed filters were
placed in air sealed plastic envelopes and then
stored in the dark at —207C.

Gaseous Samples: Samples for gas phase PAH
were trapped for a week by the passage of filtered
air through a glass tube containing about 1 g of
Tenax-TA (35/60, Chrompak). The ambient air
was drawn by a pump through PTFE connection
tube, and a 47 mm filter holder with a 0.45 pm pore
size cellulose filter. The prefilter was replaced and
discarded every 12 hour in order to avoid the
contribution of particulate ‘blow off’. The amount
of Tenax was determined by considering sampling
parameters, such as flow rate, temperature and
breakthrough volumes reported in the literatures
(Van Vaeck et al, 1984 ; Pellizarri et al., 1975).
The average flow rate through the Tenax car-
tridge was 5.51/min. The breakthrough volume
was checked experimentally by puiling approxi-
mately twice the normal sampling volume over
two identical Tenax cartridges connected in
series, and analyzing both cartridges separately.
The glass cartridge was wrapped in an aluminum
foil to cut out direct sunlight during sampling. The
Tenax polymer was purified before use by Soxhlet
extraction with 100 ml of cyclohexane for 16
hours. The glass tube was soaked in 10% chromic
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acid and then rinsed in distilled water while the thane. The packed Tenax cartridge was pre-
glass wool was also extracted with dichlorome- conditioned at 250°C under a Helium stream for

Table 1. Nomenclatures, abbreviations and structural formulae of 18 PAH analysed in this study.

Nomenclature (IUPAC) Abbreviation Structure Formula (M.W)
1. Phenanthrene PHEN 0:5) CuHyo (178)
2. Anthracene ANTHR CCO CiHo (178)
3. Fluoranthene FLUR O& CisHio (202)
4. Pyrene PYR &) CisHio (202)
5. Benzo(c)phenanthrene BcPH (E:(S) CisHiz (228)
6. Cyclopenta(c,d)pyrene CcdP (% CisHio (226)
7. Benz(a)anthracene BaA (:O:Sj CisHiz (228)
8. Chrysene . CHRY (:(S:O CisHy, (228)
9. Benzo(b)naphtho(2,1-d)-thiophene BNTH CC:éj CisH10S (234)
10. Benzo(e)pyrene BeP O:gj CooHl (252)
11. Benzo(b)fluoranthene BbF O@:‘J CaoHiz (252)
12. Benzo(k)fluoranthene BkF C()&j CyoHp (252)
13. Benzo(a)pyrene BaP O:g CxoHiz (252)
14. Dibenz(a,h)anthracene DahA C& CaHis (278)
15. Benzo(ghi)perylene BghiP (S:J:IS) CwH,, (276)
16. Indeno(1,2,3-cd)pyrene 1123P @ CzH 2 (276)
17. Anthanthrene ANTHN (% CHi. (276)
18. Coronene COR (%) CaeHi. (300}
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about 5 hours.

2.2 Analytical Method

An analytical procedure, largely based on the
method of May and Wise (1984), was adapted in
this study for the determination of individual PAH
in samples. The nomenclatures, structures, and
formulae of the 18 PAH analyzed in this study are
listed in Table 1, together with their abbreviations.

Reagents and Glassware: All solvents used in
extraction, fractionation, clean-up, and HPLC
analysis were HPLC grade. Acetonitrile and water
utilized as the mobile phase in HPLC analysis
were pre-filtered, and then trapped air bubbles
were removed by ultrasonication. All glassware
was of borosilicate, which was precleaned by soak-
ing in 10% Decon 90, rinsing with distilled water,
and then soaking in 10% chromic acid for a day,
and finally rinsing again in distilled water.

PAH Standards: PAH standards were obtained
from the following suppliers and were used with-
out purification: PHEN, BeP, DahA, BghiP and
COR from Aldrich Co.; BKF and 1123P from Phase
Separation Ltd.; ANTHR, FLUR, PYR, BaA,
CHRY and BaP from Ralph N. Emmanuel Ltd;
BcePH, CedP, BNTH, BbF and ANTHN from the
Community Bureau of Reference of the Commis-
sion of the European Communities in Brussels,
Belgium. The concentrations of PAH in stock
solutions and in the mixture of standards were
chosen empirically to give comparable fluores-
cence and UV response with selected chromato-
graphic conditions and wavelength programmes.

Extraction: Filters containing the crude particu-
lates were extracted for 16 hours with 120 ml of
dichloromethane in a Soxhlet apparatus. Cycle
time was approximately 10 min. For the Tenax
adsorbent, a 16 hour Soxhlet extraction was car-
ried out with 100 ml of cyclohexane instead of
dichloromethane since the degradation of the
Tenax polymer by dichloromethane was observed.
The filters and Tenax adsorbent were placed in
pre-extracted Whatman glass fiber thimbles (19 x
90 mm). The extracts were subsequently concen-
trated to about 3 ml using a rotary evaporator at
40°C, and finally evaporated to near dryness with a

stream of oxygen free nitrogen. The rusidue wvas
then redissolved in 3 ml of hexane. Analyses for
blank/spiked samples were run through the same
procedures.

Clean-Up: The fractionation and clean-up of
extracted samples were performed using Waters
SEP-PAK silica cartridges. The SEP-PAK car-
tridge, a radially compressed mini column, was
used as an alternative to a conventional purifica-
tion method such as TLC clean-up or a silica gel
open column. Prior to use, each cartridge was
rinsed with 10~ 15 ml of hexane, a non-polar sol-
vent. The concentrated extract was then loaded
onto the cartridge, and the flask containing the
residue was rinsed twice with 2ml of hexane.
These rinsings were also loaded onto the car-
tridge. After discarding the hexane eluent, the
cartridge was eluted with 5 to 6 ml of 15% dichlo-
romethane in hexane, a more polar solvent, and the
eluent was collected in a 10 ml test tube. Subse-
quently, the cartridge eluent was evaporated slow-
ly to near dryness under a stream of oxygen free
nitrogen, and redissolved in 1 ml of acetonitrile.

HPLC Analysis: The chromatographic analysis
was carried out by reversed phase HPLC using a
gradient elution. The HPLC system consisted of
two solvent delivery pumps (Waters 6000 LC Pump
and M45 LC Pump), an automatic gradient control-
ler {(Waters Model 680), an injector (Waters U6K)
with a 2ml sample loop, an analytical column
(Waters PAH Analysis Radial-PAK, 5mmx10
cm, 10 gm particle size Cis packing) with a guard
column (Waters Guard-PAK with Cis inserts) and
two detectors (Perkin Elmer LS-4 Programmable
Fluorescence and Waters 480 UV Spectro-
photometers). Two different sets of chromatogra-
phic conditions, as shown in Table 2, were em-
ployed: one for the particulate and the other for
the gaseous samples. The flow rate of the mobile
phase was 2 ml/min for both conditions.

Detection: The spectra of fluorescence emission
and UV absorption from the eluting fractions were
monitored by fluorescence and UV detectors,
which were connected to the analytical column in
series. The fluorescence detector was programmed
into 4 pairs of wavelength conditions in order to
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Table 2. Chromatographic conditions used for the HPLC analysis.

Solvent Program (A) Solvent Program (B)
Application Particulate samples Gaseous samples
Mobile Phase Acetonitrile in water Acetonitrile in water

Gradient Elution 35% to 92% for 42 mins
(Non-linear Gradient)*

929% to 92% for 6 mins

Equilibration 100% to 100% for 5 mins
35% to 35% for 7 mins

Flow rate 2 ml/min

Temperature

30% to 85% for 40 mins
(Linear Gradient)

85% to 85% for 10 mins
100% to 100% for 10 mins
30% to 30% for 7 mins

Room temperature (Approximately 15°C to 20°C)

*Program No. 5 on the Waters Automated Gradient Controller.

give a good response to each PAH of interest as it
eluted, while the UV detector was set at 290 nm.
The fluorescence and UV spectral characteristics
for the analyzed PAH were obtained either from
experiments using a stop-flow and rapid scanning
technique (May and Wise, 1984 ; Ogan et al., 1979)
or from the literature (Wise, 1983). The specific
excitation and emission wavelength conditions
used for the fluorescence detection of each PAH
are shown in Table 3, where the PAH are listed in
their order of elution.

Identification and Quantitation: The chromato-
graphic peaks of the sample were identified by two
methods. Firstly, each PAH was tentatively iden-
tified on the basis of their retention times by re-
fering to those of standards. Secondly, the ratios

Table 3. Fluorescence wavelength conditions used
for the detection of selected PAH in four

groups.

Wavelength PAH of interest

(nm)
Excita- Emis- Particulate Gaseous PAH

tion sion PAH samples samples

260 430 PHEN, ANTHR, PHEN, ANTHR,
FLUR, PYR FLUR, PYR

285 385 BcPH, CcdP, BcPH, C(CcdP,
BaA, CHRY, BaA, CHRY,
BNTH, BeP, BbF BNTH

295 410 BKF, BaP BeP, BbF, BKF,

BaP

300 455 DahA, BghiP, DahA, BghiP,
1123P, ANTHN, I1123P, ANTHN,
COR COR

between fluorescence and UV responses were
used to confirm the identification by comparison
with corresponding standards. The quantitation
was also made by comparing the measured peak
heights with those of the standards of known con-
centrations.

Quality Control of the Analytical Method: A
mixture of 18 PAH standards and a blank were
routinely injected to check column performance
and to optimize operating conditions for each
batch of analyses. The characteristics of retention
times and selectivities for the 18 PAH on the
HPLC analytical column were also examined by
calculating retention indices and selectivity fac-
tors. In addition, a number of experiments were
undertaken to evaluate the analytical method,
with respect to precision of the HPLC analysis,
detection limits and recovery efficiency.

3. RESULTS AND DISCUSSION

The compounds determined in this study cover a
wide range of PAH, from the volatile compounds
to those found predominantly in the particulate
matter. A total of 18 PAH were identified and
quantified, all of which have been of environmen-
tal concerns since each of them is included either
on the U.S. EPA’s list of priority pollutants (U.S.
Federal Register, 1980) or on a tentative list for a
general report of PAH emissions proposed by the
Commission of the European Communities (Kar-
cher, 1983).
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3.1 Evaluation of Sampling Protocol

Sampling protocol employed in this study is
classified into low-vol air sampling both for parti-
culate and gaseous samples. This technique has
often been used in the occupational environments
where PAH concentrations are high (Andersson et
al.,, 1983) but has not been frequently used for the
ambient PAH sampling because of a constraint to
require an extended sampling period for the collec-
tion of sufficient samples (Bjorseth et al., 1978;
1976).
recent development of more sensitive analytical

Commins and Hampton, However, the
methods has led to eliminate this factor as a limi-
tation in the PAH sampling strategy (Grosjean,
1983 ; Davis et al., 1987).

Adsorption by Tenax-GC (now Tenax-TA) has
been widely recommended as an enrichment tech-
nique for volatile organic compounds (VOC) (Pell-
izari et al, 1975;Leinster and Evans, 1986).
Quantitative trapping (>95%) for most of VOC was
observed at flow rates up to 10 1/min.cm? by Pelli-
zari et al., (1975). Van Vaeck et al., (1984) esti-
mated a theoretical breakthrough volume for
ANTHR, one of the most volatile PAH com-
pounds investigated in this study, to be 5x10*m®/
g at 20°C, based on the determination from the
retention volume of the compound on GC columns
filled with preweighed Tenax-GC. In this study,
the collection efficiency of the Tenax-TA was
determined experimentally by pulling increased
air volumes over two identical Tenax cartridges
connected in series. Analysis of the second car-
tridge would show at which air volume the thres-
hold of appearance of the compound of interest is
reached at ambient temperature. For the collec-
tion of volatile PAH from 90 m® of air, no detect-
able PAH was found in the second cartridge at an
ambient temperature of 18°C, which was the week-
ly mean temperature during the sampling period.
In fact, the nominal flow rate adopted in this study
through a cartridge filled with 1g of Tenax-TA
was 5.51/min (about 50 m® for the weekly sam-
pling), which was considerably lower than the
highest flow reported in the literature for the
quantitative retention of their test compounds
(Van Vaeck et al., 1984).

3.2 Extraction and Clean-Up Procedure

A large number of solvents have been applied
for the extraction of PAH from airborne particu-
lates. In this study, the extractable organic matter
was recovered from the particulates on filters and
Tenax adsorbent by Soxhlet extractions for 16
hours with dichloromethane and cyclohexane,
respectively. Dichloromethane was selected for
filter samples since it is easy to replace with a
non-polar solvent (hexane), a necessary step prior
to prefractionation by adsorption chromatogra-
phy. Typically, Tenax polymer has been used for
sampling volatile analytes for subsequent thermal
desorption (Pellizari et al., 1975) rather than for
semivolatile analytes, such as PAH, for subse-
quent solvent extraction (Van Vaeck et al., 1984 ;
Cautreels and Van Cauwenberghe, 1978). Since
only high molecular weight compounds (M.W.>
178) were of interest in this study, the extraction
was carried out by a solvent to be compatible with
the subsequent analytical method. The dichlo-
romethane, however, could not be used for the
Tenax samples because of irreversible deteriora-
tion of the Tenax polymer by the solvent. Accor-
dingly, cyclohexane was prefered for the Tenax
samples to more polar solvents since it tends to
discriminate against many of the interfering polar
substances while retaining relatively good effi-
ciency of extraction (Lee and Schuetzle, 1983).

A simplified clean-up procedure was developed
to obtain a PAH-enriched fraction that can be
subsequently analyzed by HPLC with fluorescence
and UV detections. The dichloromethane and
cyclohexane extracts were separated into ‘non-
polar’ and ‘neutral/polar’ fractions using silica
columns (Waters SEP-PAK). Further separation of
the neutral component from the more polar frac-
tion was carried out by controlling the polarity of
an eluting solvent. The choice of a more polar
solvent was largely based on a trial and error. The
efficiency of the fractionation was evaluated only
qualitatively by comparing HPLC chromatograms
of each fraction with that of directly injected
standard mixture. This clean-up procedure was
simple and fast. Since the samples were not
saponified, the neutral/polar fractions probably
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contain many other classes of compounds other
than the aromatic hydrocarbons. For example,
fatty acids, alcohols, phenols and nitro-compounds
were commonly found in ambient air (Daisey et al.,
1986), and some of these interfering compounds
would elute together with PAH compounds in the
neutral fraction, depending on their polarity.

3.3 HPLC Separation

One of major problems associated with the
determination of PAH in complex mixtures in
general, and in organic extracts from atmospheric
aerosols in particular, is the separation and identi-
fication of individual PAH in the presence of
numerous other isomers and alkylated PAH. Since
the biological properties of many PAH were
to be (IARC, 1983;
Santodonato et al., 1981), the determination of

known isomer specific
individual isomers is essential. Thus, both efficient
separation procedures and selective detection tech-
niques are highly recommended for the characteri-

zation of PAH in complex environmental samples.

For the HPLC analysis used in this study, two
different chromatographic conditions were emp-
loyed: one for the particulate and the other for
the gaseous samples. The gradient profiles of the
mobile phase for the two conditions were shown in
Table 2. Fig.
obtained from the fluorescence and UV detectors

1 and 2 show chromatograms

for the mixture of the 18 PAH standards analysed
with the two solvent programs, while the identifi-
cation and retention times for each peak are sum-
marized in Table 4.

As shown in Fig. 1 and 2, the 18 PAH in the
standard mixture were detected as 17 and 16 peaks
by the fluorescence and UV detection, respective-
ly. CedP was not detected by the fluorescence
method at an excitation wavelength of 285 nm and
an emission wavelength of 385 nm, while ANTHR
and ANTHN were not detected by the UV detec-
tor at 290 nm. The separation of individual PAH
was generally good, showing in most cases about 1

Table 4. Summary of the HPLC analyses of 18 PAH standards under solvent programmes used for the particu-
late and gaseous PAH samples.
Peak . No. of Amount Response ratio* Retention time (min)
No. PAH M.W. aromatic injected
carbon (ng) Programme Programme Programme Programme
(A) B) (A)
1. PHEN** 178 14 10.1 0.3 0.3 9.2 18.5
2. ANTHR 178 14 13.6 N.A*** N.A. 10.0 20.2
3. FLUR 202 16 18.8 1.3 1.3 11.2 22.4
4. PYR 202 16 60.0 2.0 2.0 12.0 23.8
5. BcPH 228 18 11.6 2.3 2.2 13.3 25.6
6. CcdP** 226 18 36.5 0.0 0.0 15.5 27.3
7. BaA 228 18 7.6 4.8 4.3 16.4 28.1
8. CHRY 228 18 22.5 3.6 3.6 17.0 28.9
9. BNTH** 234 16 46.0 0.6 0.6 18.0 30.5
10. BeP 252 20 6.3 1.5 0.5 19.0 32.0
11. BbF 252 20 25.0 0.2 2.1 19.5 33.0
12, BkF 252 20 2.5 40.1 2.1 19.5 33.0
13. BaP 252 20 10.8 7.4 7.1 22.9 36.5
14, DahA** 278 22 12.5 0.3 0.3 26.6 39.3
15, BghiP** 276 22 15.5 0.5 0.5 27.5 40.2
16, 1123P** 276 22 135.0 0.4 0.4 29.2 41.8
17. ANTHN 276 22 6.8 N.A N.A 34.2 46.0
18. COR 300 24 30.0 0.9 0.9 38.5 53.0

*Fluorescence to UV ;

**Quantitation was based on UV detection ; ***No response by UV detection



min or greater interval between each PAH. BaP
was almost completely separated from its isomers
such as BkF, BbF and BeP, while only partial
separation occurred for BaA/CHRY and DahA/
BghiP. Examination of Table 4 reveals the
chromatographic behavior of the PAH compounds
except BNTH on the Radial-PAK column is gene-
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rally governed by the number of aromatic rings. In
the case of BNTH which contains a sulphur atom,
however, its retention time was only in accordance
with the order of molecular weights. The response
ratios between fluorescence and UV detection,
which were used to confirm the identification of
peaks with respect to retention times, are not

———
EX260nm
Endionmn

—
:Ex!BSnm
IEn3ASnm
i —_—

©290nm 16

! |Ex295nm
5 VEm410nm

;
7 10}

12

13— 18

1 Ex300nm
| Em455nm

1
1 17
|

-

15 16

'y
UV ABSORBANCE

FLORESCENCE INTENSITY
-
@

9 14
i‘ w
358 62 747 83y 91y MHCN hs: 620 740 83 g1y MCH,CN
1 L k. 'l ' ' i Iy
T L L L] T L) T T
° 10 20 % 40 TIME(mins] 10 20 0 40 TIME (minm)
Fig. 1. Chromatograms of 18 PAH standards analysed by the reversed-phase HPLC under the solvent pro-
gramme (A) shown in Table 2.: fluorescence detection (left) and UV detection (right).
:;!:;5"1!
|En410nm @290nm 16
]
— — 'm0
| ex260nm Ex285nm
) Em430nm menn 13, —=
: ¢ 12 ! Ex300nm
I Vs ! Emd550m
d 7 '
1
] 17
2
E
E 16 8
z 3 18 5 e
8 1
1 9 14
g 3
E u p—\\\_
\CHJCN ‘CHBC"
3Jos 448 57% 70% Bas 100% 30% 4aan 57% 708 B84y 100%
L _— N L L i Il L 'l L 4
. ¥ T T T T L} T L\ 1
0 10 20 0 40 50 [+] 10 20 30 40 50
TIME({mins) TIME (mins)
Fig. 2. Chromatograms of 18 PAH standards analysed by the reversed-phase HPLC under the solvent pro-

gramme (B) shown in Table 2.: fluorescence detection (left) and UV detection (right).



Determination of PAH 9

absolute but represent only typical figures for PAH on the Cis column used in this study,
obtained by routine gain settings of the two detec- retention data for the 18 PAH were calculated as
tors. described by Wise et al. (1980) and compared with

The majority of the HPLC separations of PAH those reported in the literature. The results are
reported in the literature have used Cis reversed- presented in Table 5. Using the retention data, the
phase columns. In order to evaluate the selectivity selectivity factors for several PAH pairs were also

Table 5. Retention indices* for PAH analysed by reversed-phase HPLC, in comparison with previously published

data.

A Waters Radial-PAK PAH Analysis column  Other columns** evaluated by Wise et al. (1980)

PAH Solvent programme (A)* Solvent programme (B> A¢ B¢ (C¢ D¢ E° F° (G HE
PHEN 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
ANTHR 3.15 3.19 3.14 3.19 3.12 3.11 3.11 3.11 3.24 3.14
FLUR 3.34 3.4 3.42 3.44 3.43 3.42 3.45 3.43 3.38 3.44
PYR 3.46 3.59 3.62 3.69 3.60 3.59 3.61 3.63 3.56 3.66
BcPH 3.64 3.77 - - = = - = = =
CedP 3.91 3.93 - - = = = = = -
BaA 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
CHRY 4.07 4.08 4.00 4.04 3.98 3.98 3.96 3.97 4.10 3.99
BNTH 4.18 4.24 - - - - = - = -
BeP 4.30 4.38 4.40 4.43 4.50 4.50 4.48 4.48 4.25 4.48
BbF 4.35 4.46 4.40 4.41 4.47 4.47 4.47 4.46 4.30 4.45
BkF 4.54 4.67 4.48 4.49 4.48 4.52 4.53 4.47 4.45 4,52
BaP 4.67 4.76 4.63 4.66 4.65 4.64 4.64 4.66 4.52 4.68
DahA 4.96 4.96 4.78 4.74 4.89 4.90 4.92 4.88 4.69 4.85
BbCHRY 5.00%** 5.00*** 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
BghiP 5.09 5.09 5.05 5.05 5.18 5.17 5.14 5.10 4.71 5.16
1123P 5.28 5.25 5.03 5.04 514 5.09 5.13 5.10 4.83 5.13
ANTHN 5.86 5.64 - = = - = - = =
COR 6.35 6.31 - = - = = = =

*Retention reported as logarithm of the retention index {Log I), which was calculated using the following
formula: Log I,=Log I,+ (Log Ry—Log R,)/(Log Rn.1—Log R,), where x represents the solute, n and n+
1 represent the lower and higher standards, and the R values are the corresponding corrected retention
volumes. The standards were assigned the following values (Log I): PHEN (3), BaA (4), and benzo(b)chrysene
(5). The retention indices greater than benzo(b)chrysene were determined from extrapolation of a plot of Log
R vs Log I for the standards.

**A: Lichrosorb RP-18 (Brown Lee, Rheodyne Inc., Berkeley, CA, USA); B: Micro PAK CH-10 (Varian Assoc.,
Walnut Creek, CA, USA); C: Micro PAK MCH-10 (same as column B); D: Nucleosil 10 C,s (Macherey-Nagel,
Duren, FRG); E: Partisil 5 ODS (Whatman, Clifton, NJ, USA); F: Radial-PAK A (Waters Assoc., Milford, MA,
USA); G: Vydac 201 TP reverse phase (The separation Group, Hesperia, CA, USA); H: Zorbax ODS (Du Pont
Co., Wilmington, DE. USA).

***Benzo(b)chrysene was not included in this study, but an average value of the corrected retention volumes of
DahA and BghiP was taken for the comparison with other columns.

a) Non-linear gradient elution from 35% CHiCN in water to 92% CH;CN in water.

b) Linear gradient elution from 30% CH;CN in water to 85% CH,CN in water.

c-d) Isocratic elutions at 80%, 70% and 90% CH,CN in water, respectively.
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Table 6.
published data.

Column selectivities* for reversed-phase HPLC separation of PAH, in comparison with previously

Waters Radial-PAK PAH Analysis column

Other columns** evaluated by Wise ¢ /. (1980)

PAR Solvent programme (A)®  Solvent programme (B)> A B® C* D! E° F° (¢ H°
ANTHR/PHEN 1.10 1.08 1.121.221.101.081.071.081.421.11
FLUR/ANTHR 1.11 1.11 1.271.241.291.241.231.281.201.27
PYR/FLUR 1.08 1.06 1.191.271.141.121.111.161.291.18
BcPH/PYR 1.12 1.08 - - - - = - —
CcdP/BcPH 1.18 1.07 — - — - — - =
BaA/CcdP 1.06 1.03 - - = — - -
CHRY/BaA 1.04 1.03 1.001.060.990.980.960.971.270.99
BNTH/CHRY 1.06 1.06 B N _
BeP/BNTH 1.06 1.03 - = = - - —
BbF/BeP 1.03 1.08 - - — - - —
BkF/BbF 1.10 1.08 1.101.121.011.041.171.291.051.32
BaP/BeP 1.21 1.15 1.291.341.,141.121.111.151.891.18
BaP/BkF 1.07 1.03 - = - — - =
DahA/BaP 1.16 1.08 - = - - - =
BghiP/DahA 1.03 1.02 1.321.401.271.241.171.291.401.32
1123P/BghiP 1.06 1.04 - = - = = - =
ANTHN/I123P 1.17 1.10 - = - - - —
COR/ANTHN 1.13 1.15 - = - — - - =

*Selectivity was expressed as the selectivity factor for the two PAIl, which was calculated as follows:

selectivity factor={V,—Vy)/(V,—V,), where V, and V. are the elution volumes of the two PAH and V, is

the unretained volume of the column.

**Refer to the note in Table 5 for the specifications of the columns.

a-e Refer to the note in Table 5 for the chromatographic conditions used for each column.

calculated, being summarized in Table 6.
Examination of data in Table 5 and 6 indicates
that the various Cis columns exhibit not only
varying efficiencies but also different selectivities
in the separation of PAH. For nearly complete
resolution of two components on these columns, it
was suggested by Wise et al. (1980) that the loga-
rithms of the retention indices should differ from
each other by more than 0.06 unit. The retention
data presented in Table 5 indicate that the Waters
Radial-PAK column was successful in resolving
all the 18 PAH identified in this study. Three
groups of PAH isomers that have traditionally
been known to be difficult to separate, i.e. (i) BaA
and CHRY, (i) BkF, BbF, BeP and BaP, (iii)
BghiP and 1123P, were also chromatographically
separated in the study. In addition, the selectivity
was generally enhanced by changing the fluores-

cence excitation and emission wavelengths during
order to
optimise the detection of each PAH. The excita-

the chromatographic separation in

tion and emission spectra of a number of PAH
included in this study did not overlap, indicating
that a single compromise excitation and emission
wavelength pair was not practically possible. The
effect of changes in the mobile phase polarity on
the relative selectivities for PAH was also demon-
strated by the data in Table 5. The selectivities
under solvent programme (A) are generally higher
than those under programme (B), indicating that a
reduced mobile phase strength (i.e. higher %
acetonitrile) is necessary to enhance the resolu-
tions, as previously reported (Ogan et al.,, 1979).

3.4 Precision of HPLC Analysis
The reproducibilities of the retention times and
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peak heights for each PAH were estimated in
terms of relative standard deviations (R5D) for
both within-a-day and day-to-day basis by six
replicate injections of a standard mixture. The
RSD for within-a-day ranged from 2.8% to 5.2%,
while comparison among the results from day-to-
day showed only a slight reduction of precision (i.
e. 4.8% to 9.8%). The reproducibilities for the
retention times appeared to be significantly in-
fluenced by the equilibration time prior to injec-
tion of the sample.

The linearity between the fluorescence and/or
UV responses and the amounts of PAH injected
was also verified by analyzing 5 sets of different
concentrations of PAH standards. The results
showed good linearity of response for each of the
18 PAH over a wide concentration range. The
coefficients of correlation for the calibration plots

were between 0.998 and 1.000. According to the
slope data, which indicate sensitivities for indivi-
dual PAH by definition, the greatest sensitivity was
found for BkF while the lowest for 1123P. It should
be noted, however, that these sensitivities are not
absolute since selectivities for each PAH are high-
ly variable, being largely dependent on the wave-
length programming.

3.5 Recovery Tests

A number of recovery test were carried out to
estimate the extraction efficiencies of PAH from
different collecting substrates and to investigate
the possible losses of PAH during the extraction
and clean-up procedure. Five replicate sub-
samples for each of blank glass fiber, PTFE filters
and pre-extracted Tenax polymer were spiked

with three different concentration levels of stan-

Table 7. Recoveries of 18 PAH from spiked blank filters and Tenax-TA adsorbent.
Average % Recovery*
Spiked Glass fibre filters PTFE filters Tenax-TA adsorbent
PAH amount,

C(ng) Low Medium High Total** Low Medium High  Total** Low Medium High  Total**
010  (© (2C) (=15 (0.1C © 20) (n=15)  (0.1C) (© (20) (n=15)
PHEN 10.1 68 74 64 69td4a*** 70 71 63 68+5a 58 56 52 55%5b
ANTHR 13.6 67 70 64 675 65 74 65 68 +5¢c 59 58 52 56+5d
FLUR 18.8 87 92 87 89+t3e 87 89 84 87+3e 69 64 63 65+ 7f
PYR 60.0 80 76 85 80+5g 82 87 80 831+5¢g 68 62 65 65+6h
BcPH 11.6 83 90 89  87+di 88 91 92 90+3i 73 70 67 70%5j
CedP 36.5 85 88 83 85%3k 84 90 85 86+4k 75 78 71 75x4]
BaA 7.6 90 92 85 89%3m 88 95 93 92 +3m 85 82 72 80+5n
CHRY 23.0 91 90 88 90tdo 86 94 92 91+4o 81 84 79 81t4p
BNTH 46.0 84 91 89 88+3q 91 94 87 91+4q 85 86 79 83+3r
BeP 6.3 95 91 90 92+4s 90 96 96 94+3s 82 87 80 835t
BbF 25.0 91 95 90 92+3u 90 95 94 93+4u 85 80 79 81+5v
BkF 2.5 92 95 92 93+4w 90 97 89 92+3w 86 78 80 81+5x
BaP 11.0 78 88 87 84t4y 85 82 89 85+3y 82 79 74 78+5z
DahA 12.5 89 95 93  92+3A 90 96 93 93+3A 83 81 75 80+5B
BghiP 16.0 92 95 85 91+3C 94 95 89 92+2C 85 79 74 795D
[123P 135.0 93 95 92  93x2E 95 90 9 92+4E 84 84 79 82+3F
ANTHN 6.8 73 67 58 668G 67 73 67 696G 64 64 61 636G
COR 30.0 95 95 90 93+2H 96 98 90 95+2H ] 83 88 87+3I

*Of five replicate analyses for each of low, medium and high concentration range.

**Expressed as 95% confidence limits for the population mean.

***Means not followed by a common letter for each PAH are significantly different at a significance level of

0.05.
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dard mixtures, i.e. low, medium and high concen-
trations. The results are summarized in Table 7.
Recoveries for the 18 PAH varied widely, rang-
ing from 66% to 95% for the filter materials and
from 55% to 88% for the Tenax adsorbent. It was
apparent that the recovery generally increases as
the molecular weight of the PAH
Despite

increases.
its high molecular weight, however,
ANTHN exhibited substantially lower recoveries
compared to other PAH with a similar molecular
weight. Regardless of the type of substrate, consis-
tently lower recoveries were gbtained for PHEN
and ANTHR, suggesting that evaporative losses
for these compounds during the sample prepara-
tion steps may be of more significance than for
higher molecular weight PAH due to their higher
volatilities. No apparent relationship was found
between PAH concentration and PAH recovery.
Recoveries of PAH from Tenax adsorbent
appeared to be generally 10% lower than those
from filters. An F-test comparing average %
recoveries from each sustrate indicated that the
Tenax results were significantly different from
those for glass fibre and PTFE filters, while no
significant differences between the two types of
filter were found. The lower recoveries from the
Tenax adsorbent might have resulted from the
relatively inferior extraction efficiency of cyclo-
hexane compared with dichloromethane and/or
from the different nature of the substrate itself.
Recovery tests were also carried out with filters
loaded with ambient particulates. Particulate-
laden filters were cut into two identical parts and
then extracted separately with and without spik-
ing. Comparison of the results with Table 7 did not
show any statistically significant differences in
average recovery efficiencies and hence apparent
differences between sub-samples seem to be gene-
rally due to random errors. Recoveries of 3-ring
PAH, ie. PHEN and ANTHR, from ambient
particulate matter were also substantially lower
than for higher molecular weight PAH as was the
case with spiked blank filters, indicating that there
is measurable bias with respect to PAH molecular
weight in the extraction and/or evaporation proce-
dure, which is often used for the HPLC analyses.

3.6 Lower Limits of Detection

The lower limits of detection for each PAH
were calculated from the signal-to-noise of the
individual peaks in chromatograms for standards,
assuming a minimum detectable signal-to-noise
level of 2. These values are included in Table 8,
being refered to as instrumental detection limits
(IDL). In order to ensure the confidence of low
concentration data determined using the IDL as
the criteria, method detection limits for each PAH
were also calculated and compared with the IDL.
The definition of MDL implies that, on average,
99% of the trials measuring the analyte concentra-
tion at the MDL must be significantly different
from zero analyte concentration. Since the MDL
refers to samples processed through all the steps
comprising an established analytical procedure,
blank filters and pre-extracted Tenax adsorbent
were spiked with a mixture of PAH standards, of
which concentrations were prepared to correspond
to their IDL in the range of 2 to 5 times, and then
subjected to the analytical procedure as for actual
samples. The estimated MDL data are also given
in Table 8.

Comparison of the MDL with the IDL indicates
that all the IDL are higher than or very close to the
MDL, demonstrating high reliability for the low
concentration PAH data. The lower limits of
detection was estimated to be about 0.1 ng for BKF
and 5.2 ng for 1123P, which are the most and the
least sensitive compounds among the 18 PAH.
These limits are equivalent to approximately 2.5
and 130 pg/m?® respectively in terms of a quantita-
tion limit, which represents a value arising from a
40 m® of air sample and a 0.1 m] HPLC injection, i.
e. normal operating conditions employed in this
study for daily particulate samples.

3.7 Application to the Environmental Samples
Typical chromatograms of samples extracted
from ambient particulate matter collected on a
PTFE filter and from volatile PAH trapped by the
Tenax adsorbent are shown in Fig. 3 and 4, respec-
tively. The identification of individual PAH was
first achieved chromatographically with respect to
their retention times and subsequently confirmed
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Table 8. Estimated lower limits of detection for PAH analysed by the reversed-phase HPLC coupled with
fluorescence and UV detection.
Spiked Chromatographic condition (A)* Chromatographic condition (B)®
PAH amount
(ng)  No.of Averagerecovery SD° MDL® IDL¢ No.of Averagerecovery SD MDL IDL
samples (ng) (%) (ng) (ng) (ng) samples (ng) (%) (ng) (ng) (ng)
PHEN* 1.0 10 0.69 69 0.07 0.20 0.26 5 0.58 58 0.09 0.3 0.36
ANTHN 1.4 10 0.94 67 0.13 0.36 0.64 5 0.83 59 0.15 0.56 0.80
FLUR 1.9 10 1.65 87 0.13 0.36 1.05 5 1.31 69 0.26 0.98 1.41
PYR 6.0 10 4.88 81 0.63 2.82 4.00 5 4.08 68 0.71 3.70 3.90
BcPH 1.2 10 1.02 85 0.10 0.28 0.35 5 0.87 73 0.13 0.48 0.50
CcdP* 3.7 10 3.11 84 0.20 0.56 1.95 5 2.7 75 0.36 1.35 1.99
BaA 0.8 10 0.72 90 0.05 0.14 0.22 5 0.68 85 0.08 0.30 0.30
CHRY 2.3 10 2.05 89 0.22 0.62 1.97 5 1.87 81 0.20 0.75 2.30
BNTH* 4.6 10 4.05 88 0.29 0.82 3.10 5 3.86 84 0.36 1.35 3.07
BeP 0.6 10 0.56 93 0.04 0.11 0.20 5 0.49 82 0.07 0.25 0.72
BbF* 2.5 10 228 9 0.25 0.71 1.00 5 2.12 85 0.23 0.8 0.91
BkF 0.3 10 0.27 9 0.02 0.06 0.09 5 0.26 86 0.03 0.11 0.15
BaP 1.1 10 0.92 84 0.07 0.20 0.38 5 0.89 81 0.12 0.45 0.55
DahA* 1.3 10 1.17 90 0.08 0.22 0.38 5 1.08 83 0.15 0.56 0.50
BghiP* 1.6 10 1.49 93 0.10  0.27 0.64 5 1.36 85 0.14 0.53 0.58
1123P 13.5 10 12.56 93 0.63 1.79 5.17 5 11.34 84 0.95 3.54 491
ANTHN 0.7 10 0.49 70 0.07 0.20 0.29 5 0.45 64 0.06 0.23 0.28
COR 3.0 10 2.88 96 0.12 0.34 1.64 5 2.67 89 0.15 0.56 2.30
a . Chromatographic condition (A) was used for the analysis of particulate PAH samples.
b : Chromatographic condition {B) was used for the analysis of gaseous PAH samples.
¢ : Standard deviation.
d . Method detection limits. The MDL was calculated from the equation given below: MDL=t(n-1, 0.99) xSD,

where t(n-1, 0.99) is the Student’s t value at n-1 degrees of freedom and the 99% confidence level.

o]

*  Quantitation was based on UV detection.

by comparison of the ratios between fluorescence
and UV responses with those of standards as in-
dicated in Table 4. In some cases, the identifica-
tion of individual compounds was corroborated by
the addition of small amounts of PAH standards
to a portion of each extract, resulting in chromato-
grams with enhanced peaks at the predicted reten-
tion times. Since main objective of this study is to
evaluate a sampling and anlytical regime for the
determination of PAH in both of gaseous and
particulate phases, only limited number of the
environmental samples were collected for the
application purpose. Thus, in order to more pre-
cisely evaluate the ambient levels and phase distri-
butions of the PAH, a larger data-base by

. Instrumental detection limits based on the signal-to-noise level of 2.

extended monitoring is highly required.
4. CONCLUSIONS

Reversed-phase HPLC with wavelength pro-
grammable fluorescence detection appeared to be
a reliable method in terms of both sensitivity and
selectivity for the determination of individual
PAH in extracts of either suspended particulate
matter or volatile organic compounds collected
from urban ambient air on Tenax-TA adsorbent.

An evaluation of the losses of PAH during
extraction and clean-up procedures demonstrated
that there was measurable bias in recoveries of
PAH with respect to their molecular weights. In



14 Sung-Ok Baek

general, losses of the lower molecular weight PAH and Tenax-TA adsorbent) were also likely to
appeared to be more significant than those of the influence the recoveries of PAH during the extrac-
higher molecular weight PAH, indicating that

such losses were predominantly due to the volatili-

tion procedure. However, no apparent relation-
ships were found between PAH concentrations

zation of these compounds during solvent concen- and their recoveries.

tration steps. In addition, differences in extraction In order to investigate the distributions of these

solvents and sample collection substrates (filters compounds between the gaseous and particulate
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phase, the concentrations of the individual PAH
should be determined on the filters and the Tenax
adsorbent separately. It is, however, important to
note that volatilization and reaction losses of the
PAH associated with airborne particles collected
on the filters would inevitably take place during
sampling and hence the results may not be expect-
ed to vyield an accurate distribution of PAH
between the two phases. Most of the literature is
ambiguous regarding the significance of these
factors on measuring PAH, even though any
degree of loss during the collection procedure
further reduces the quality of the data. This issue
is particularly of importance since these phenom-
ena may not effect all compounds in an equal
manner.

5. ACKNOWLEDGMENT

This work was financially supported by the
Korea Science and Engineering Foundation
(KOSEF) through Grant (903-1304-005-1) for a
year of 1990.

REFERENCES

Andersson, K., Levin, J.O. and Nilsson, C.A. (1983)
Sampling and analysis of particulate and gase-
ous PAH from coal tar sources in the working
environment, Chemosphere, 12, 197 — 207.

Baek, S.0. (1988) Significance and Behaviour of PAII
in Urban Ambient Air, Ph. D Thesis, Univ. of
London, Imperial College, 293 p.

Bjorseth, A., Bjorseth, O. and Fjeldstad, P.E. (1978)
PAH in the work atmosphere: II. Determination
in a coak plant, Scand. J. Work. Environ.
Health, 4, 224 — 234.

Cautreels, W. and Van Cauwenberghe, K. (1978) Exper-
iments on the distribution of organic pollutants
between airborne particulates and the corre-
sponding gas phase, Atmos. Environ., 12, 1133 —
1141.

Commins, B.T. and Hampton, L. (1976). Changing
pattern in concentrations of PAH in the air of
central London, Atmos. Environ., 10, 561 — 562.

Daisey, J.M., Cheney, J.L. and Lioy, P.J. (1986) Profiles
of organic particulate emissions from air pollu-

tion sources: status and needs for receptor
source apportionment modeling, JAPCA, 36, 17
- 33

Davis, C.S,, Fellin, P. and Otson, R. (1987) A review of
sampling methods for polyaromatic hydrocar-
bons in air, JAPCA, 37, 1397 — 1408.

Faoro, R.B. (1975) Trends in concentrations of benzene
soluble suspended particulate fraction and
bhenzo(a)pyrene, JAPCA, 25, 638 — 639,

Glaser, J.A. et al. (1981) Trace analyses for waste-
waters, Environ. Sci. Tech., 15, 1426 — 1435.

Greenberg, A. et al. (1985) Polycyclic aromatic hydro-
carbons in New Jersey-A comparison of winter
and summer concentrations over a two-year
period, Atmos. Environ,, 19, 1325 — 1339.

Grimmer, G. (1983) Profile analysis of PAH in air, In
Handbook of Polycyclic Aromatic Hydrocar-
bons, edited by Bjorseth, A., Marcel Dekker,
New York, 149 — 182.

Grosjean, D. (1983) PAH in Los Angeles air from
samples collected on teflon, glass and quartz
filters, Atmos. Environ., 17, 2565 — 2573.

Harkov, R. and Greenberg, A. (1985) Benzo(a)pyrene in
New Jersey — results from a twenty-seven-site
study, JAPCA, 35, 238 — 243.

TARC (1983) IARC Monographs on the evaluation of
the carcinogenic risk of chemicals to humans,
Vol. 32: PAH — chemical, environmental and
experimental data. JARC, Lyon, France, 44 —
67.

Karcher, W. (1983) Standardisation aspects in PAH/
POM analysis, In Mobile Source Emissions In-
cluding Polycyclic Organic Species: Proc. of
NATO Advanced Research Workshop, edited
by Rondia, D. et al., Reidel Pub., Dordrecht,
Netherlands, 77 — 78.

Leinster, P. and Evans, M.J. (1986) Factors affecting
the sampling of airborne PAH: a review, Ann.
occup. Hyg., 30, 481 — 495.

Lee, F.$.-C. and Schuetzle, D. (1983) Sampling, extrac-
tion, and analysis of PAH from internal combus-
tion engines, In Handbook of Polycyclic Aro-
matic Hydrocarbons, Marcel Dekker, New
York, 28 — 93.

Lee, M.L., Vassilaros, D.L. and Later, D.L. (1983)
Capillary column gas chromatography of envi-
ronmental PAC, In Chemistry and Analysis of
Hydrocarbons in the Environment, edited by



16

Albaiges, J. et al., Gordon and Breach Sci. Pub,,
New York, 29 — 37.

Lioy, P.J. and Daisey, J.M. (1986) Airborne toxic ele-
ments and organic substances, Environ. Sci.
Tech., 20, 8 — 14,

May, W.E. and Wise, S.A. (1984) Liquid chromatogra-
phic determination of PAH in air particulate
extracts, Anal. Chem., 56, 225 — 232.

May, W.E. et al. (1983) Analytical standards and
methods for the determination of PAH in envi-
ronmental samples, In Chemistry and Analysis
of Hydrocarbons in the Environment, edited by
Albaiges, J. et al., Gordon and Breach Sci. Pub.,
New York, 51 — 67.

Ogan, K., Katz, E. and Slavin, W. (1979) Determination
of polycyclic aromatic hydrocarbons in aqueous
samples by reversed-phase liquid chromatogra-
phy, Anal. Chem,, 51, 1315 — 1320.

Pellizarri, E. et al. (1975) Collection and analysis of
trace organic vapor pollutants in ambient atmo-
spheres, Environ. Sci. Tech., 9, 552 — 555.

Santodonato, J., Howard, P. and Basu, D. (1981),
Health and ecological assessment of PAH, J.
Environ. Pathol. & Toxicol,, 5, 6 — 13.

B2 Ao o F s
dlof ol Feo] A HAjuid
#AA4Z, A4 PTFE 4 #
# AUt D o Fabae] 3
5 7}# 3k Silica =Y S o

L=
=
K=

=

ox

N
~

= 1870¢] PAHel cfafed e shod 7o},

lo

2
iy

PAH $4¢ 91 4218 4435k

HPLC= Halslof §3 o UV HAE7|2 AR st

He
}./
4
L3

(%2

lo

W obge] 42 o ZANAY oGl wE 3452 3
o4 AE A W FAEe 44

e L off ale .2 Sk
>
fu
o
h:)
}.
nx.‘lo
>
o
o,
23
_>IIL
il
Ay
3
jas)
~d
oy
O
M
ic)
o]l’
A

Sung-Ok Baek

U.S. Federal Register (1980) Water quality criteria
documents: availability, Fed. Reg., 45, 79318 —
79379.

U.S. NAS (1983) Polycyclic Aromatic Hydrocarbons,
National Research Council, USA, 477 p.

U.S. NAS (1981) Indoor Pollutants, National Research
Council, USA, 221 p.

Van Vaeck, L. et al. (1984) The gas-particle distribu-
tion of organic aerosol constituents, Atmos.
Environ.,, 18, 417 — 430.

World Health Organisation (1987) Air Quality Guide-
lines for Europe, WHO regional publications,
European Series No. 23.

Wise, S.A. (1983) High performance liquid chromato-

graphy for the determination of PAH, In Hand-

book of Polycyclic Aromatic Hydrocarbons,
edited by Bjoresth, A., Marcel Dekker, New

York, 183 — 255.

S.A., Bonnett, W.J. and May, W.E. (1980) Nor-

mal — and reverse — phase liquid chromatogra-

Wise,

phic separations of PAH, In Polynuclear Aro-
matic Hydrocarbons: Chemistry and Biological
Effects, edited by Bjorseth, A. and Dennis, A.].,
Battelle Press, Columbus, USA, 791 — 805.

o 1

o ol
2 o d e
ol

ol v

b
i3
ki
Y
fr
Bl
poa
T



