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Abstract A fast and reliable method for the determination of trace PAHs (polynuclear aromatic
hydrocarbons) in seawater by solid-phase microextraction (SPME) followed by gas chromatographic
(GC) analysis has been developed. The SPME operational parameters have been optimized, and the
effects of salinity and dissolved organic matter (DOM) on PAHs recoveries have been investigated.
SPME measures only the portion of PAHs which are water soluble, and can be used to quantify PAH
partition coefficient between water and DOM phases. The detection limits of the overall method for the
measurement of sixteen PAHs range from 0.1 to 3.5 ng/g, and the precisions of individual PAH
measurements range from 4% to 23% RSD. The average recovery for PAHs is 88.2+20.4%. The
method has been applied to the determination of PAHs in seawater and sediment porewater samples
collected in Jiaozhou Bay and Laizhou Bay in Shandong Peninsula, China. The overall levels of PAHs
in these samples reflect moderate pollution compared to seawater samples reported elsewhere. The
PAH distribution pattern shows that the soluble PAHs in seawater and porewater samples are domi-
nated by naphthalenes and 3 ring PAHSs. This is in direct contrast to those of the sediment samples
reported earlier, in which both light and heavy PAHs are present at comparable concentrations. The
absence of heavy PAHs in soluble forms (<0.1 3.5 ng/L) is indicative of the strong binding of these
PAHSs to the dissolved or solid matters and their low seawater solubility.

Keywords: solid-phase microextraction, polycyclic aromatic hydrocarbons, dissolved organic matter,
marine sediment porewater, PAH-DOM complex.
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1 Introduction

Polynuclear aromatic hydrocarbons (PAHSs) are
important environmental pollutants because many of
them are known or suspect carcinogens. In environ-
mental studies, the extent of PAH contamination as a
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group is often quantified by the concentrations of 16
of the representative PAH species, which are included
in the list of priority pollutants as defined by USEPAM.
Many analytical techniques have been developed in
the past years for the determination of these 16 PAH



482

species, and among them two of the most widely prac-
ticed ones are GC/MS and HPLC-Fluorescence. As is
often the case in environmental analysis, effective
sample preparation and cleanup holds the key of suc-
cess for the analysis of trace PAHSs. Liquid-liquid ex-
traction (LLE) is a classical method used for PAH ex-
traction but the method is tedious, time-consuming
and requires large amounts of solvents. Solid-phase
extraction (SPE) consumes less solvent, but repro-
ducibility and recovery are often problematic for com-
plex matrices such as seawater. Recently, a new sol-
vent-free  technique, solid-phase microextraction
(SPME) is gaining popularity for the extraction of
many volatile and semi-volatile samples from water
samples. The method is solvent-free, sensitive and
requires only very small amounts of samples for
analysis. Although the application of SPME has been
widely reported in recent years, there is still a lack of
systematic data on the performance of the technique in
seawater analysis, which is the primary objective of
this work.

Upon entering the marine environment, the PAHs
can distribute themselves among various phases in-
cluding water, suspended particles, colloidal matter
and sediment solids. It has been shown that PAHSs can
associate strongly with colloidal matter or DOM
(Dissolved Organic Matter) in aquatic environment,
enhancing their apparent solubility but making them
less available to the soluble and sediment phases'?.
Sediment porewater has been shown to play an impor-
tant role in PAH speciation. In marine environment, it
is believed that only the freely dissolved fraction of
PAHs is available for bio-uptake™. Thus, the existence
of DOM in marine environment can greatly influence
the bioavailability and distribution of PAHs!, and the
distribution of PAHs between truly soluble form in
pore-water and those associated with dissolved or-
ganic matter is of particular importance. SPME, which
extracts only the truly dissolved fraction®®, is an ideal
technique to determine the “truly soluble” PAHSs in
sediment pore water, and to assess how DOM can af-
fect solubility. The association of PAHs with sus-
pended solid particles has been extensively studied™®,
but relatively scarce reports are available discussing
the interaction between PAHs and DOMSs!. The topic
constitutes the secondary objective of this study.
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2 Experimental
2.1 PAH and DOM standards

A standard of 16 PAHSs including naphthalene, ace-
naphthylene, acenaphthene, fluorene, phenathrene,
anthracene, fluoranthene, pyrene, benzala]anthracene,
chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene,
dibenzol[a,h]anthracene, indeno[1, 2, 3-cd]pyrene, benzo
[a]lpyrene, and benzo[g, h, i]perylene were purchased
from Alfa and Aldrich. Standard solutions of 16 PAHs
were prepared in acetone in the concentration range of
84 200 mg/L. The DOM standard (molecular weight
rang 532 55556 u) was pursed from Alfa and dis-
solved in ultra-pure water.

2.2 GC analysis

The SPME device and the polydimethysiloxane
(PDMS) fibers (100 pum film thickness) were pur-
chased from Supelco. The fibers were conditioned in
GC injection port for 2 h before use. The volume of
the headspace vials used for SPME extraction was 15
mL.

An Agilent 6890N GC-5973N MS System equipped
with a 7683 series Auto Sampler was used for analysis.
Chromatographic separation of 16 PAHs was accom-
plished on a HP-5MS capillary column (30 mx0.32
mm 1.D., 0.25 mm film thickness). Helium was the
carrier gas and a flow-rate of 1.0 mL/min was used for
column elution. Sample injection was carried out in
the splitless mode with an injection volume of 1 pL.
The GC oven temperature was programmed first from
70 to 120 at a rate of 5 /min, then to 300 ata
rate of 10 /min, and finally held constant for 7 min.
The temperatures of the injection port and the inter-
face to the MS system were set at 250 and 300
respectively. Peak quantification was carried out in
Selected lon Monitoring (SIM) mode.

2.3 Seawater samples

Surface seawater samples were collected from
Haibo River, Tianjiayao in Jiaozhou Bay and Dongy-
ing Aquaculture Farm in March 2005. Samples were
taken using precleaned glass bottles and frozen at 4
Aliquots of the sample were filtered under vacuum
after returning to the laboratory to remove suspended
particulate matter (SPM). Surface sediment samples
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were collected with a grab sampler in May 2005, and
the top 1 cm surface layer was carefully removed with
a stainless steel spoon and stored in precleaned glass
bottles. After returning the laboratory, the sediments
were centrifuged (3000 r/min) at 4  to obtain sedi-
ment porewater. Pore-water samples were collected in
glass vials with teflon-lined septa. Seawater and sedi-
ment pore-water samples were all stored at 4  until
analyses.

2.4 SPME operation

SPME operations were carried out in 14 mL sea-
water samples placed in 15 mL amber vials. The vials
were capped with PTFE-coated septa. SPME fibers
were inserted into the sample vials through the small
holes on the caps. The SPME experiments were con-
ducted by immersing the fiber into the aqueous phase
(direct SPME) at room temperature for 60 min, during
which the analytes reached adsorption equilibrium

between the bulk sample and the coatings on the fibers.

Magnetic stirring with a PTFE coated stirring bar was
used to agitate the samples or standard solutions dur-
ing SPME extraction at a agitation speed of 1000
r/min. Aqueous standards of PAHs were prepared by
proper dilution of the stock solution to the final con-
centrations of 0.16 0.32 ng/mL. After extraction, the
adsorbed analytes were injected into GC by thermal
desorption of the fiber in the GC injector port at
280 .

For PAH-DOM interaction studies, the SPME runs
were made in standard PAH solutions (2 5 ng/mL)
mixed with known amounts of DOM. The effects of
DOM on water PAH were examined by comparing the
amounts of PAH adsorbed on SPME fiber with and
without the presence of DOM. The differences be-
tween the two were assigned to be those PAHs which
were bound to DOM, and thus unavailable for fiber
adsorption. The DOM concentrations studied were 0, 5,
10, 20, 50, 100 mg/L in short contact-time experi-
ments; and 0, 5, 10, 30 mg/L in long contact-time (ad-
sorption equilibrium) experiments.

3 Results and discussion
3.1 Optimization of experimental conditions

The effects of operational parameters including the

pH value, temperature, and extraction time on SPME
extraction efficiency have been reported previou-
sly™ 2 The SPME runs made in this study were
under conditions where these parameters were opti-
mized, i.e., 60 min extraction time, 25  extraction
temperature and pH of 8.2. Two additional parameters
evaluated in this study were water salinity and the
thermal desorption time of the SPME fibers during GC
analysis, and these results are summarized as follows.
(1) The effect of salinity on SPME extraction. The
salinity of seawater is about 30. The PAH extraction
efficiency by SPME fiber was investigated over a
wide range of salt content in order to gain better un-
derstanding on the effects of seawater salinity. Sam-
ples of different salinity were prepared by adding dif-
ferent amounts of NaCl into the water samples to ob-
tain final concentrations of 30, 60, 120, 180 g/L re-
spectively. The extraction efficiency of fresh water
samples was also studied for comparison. Figs. 1(a)
and (b) show the effect of NaCl concentration on PAH
extraction efficiencies. The results show that the effect
of salt content on extraction efficiency varies greatly
among different PAH species. Compared with fresh
water, the efficiencies of light PAHs such as naphtha-
lene, acenaphthylene, acenaphthene and fluorene in
seawater are higher, while the opposite is true for the
rests of the heavier PAHs. A further increase in salt
content reduces the extraction efficiency for all the
PAHs except naphathene. The salinity effects on ex-
traction efficiency of solutes are known to correlate
with the solubility and polarity of the analytes™!. Ac-
cording to the solvophobic interaction principle, the
solvophobic interaction between solute molecular and
the alkyl group of the bonded stationary phase on fiber
involves reversible surface adsorptions. Increased sa-
linity enhances fiber extraction efficiency because it
enhances the hydrophobic interaction between the sol-
utes and the adsorption layer. On the other hand, the
presence of excessive salt in water could lead to a
change of the physical configuration of the chemical
functionalities on the surface coating, which would
then depresses the extraction efficiency. The interplay
of the two opposing factors is difficult to sort out from
the limited data we have here. But the observation
shows clearly that the salt content in normal seawater
offers near-optimum salinity level for PAH extractions.
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Fig. 1 Effect of salinity on extraction efficiency of PAHs by SPME.

(2) Thermal desorption time of SPME fiber. The
SPME fiber was coated with polydimethylsiloxane
(PDMS), which has strong adsorption capability to-
wards hydrophobic PAH species. The recovery of ad-
sorbed PAHs during GC analysis by thermal desorp-
tion was investigated using samples of standard PAH
solutions. After extraction, the adsorbed PAHSs on
SPME fiber were thermally desorbed in the GC injec-
tor in two sequential runs. Data from the first run was
used to determine PAH recovery from normal opera-
tion. The PAHs observed in the second run provided
information on residue PAHs remaining on the fiber
which were not desorbed in the first run. Results
showed that the residue PAHs remaining on the fiber
amounted to only 0.9 9.0 percentand 0 6.7 percent
of the total fiber-adsorbed PAHSs, respectively, after 5
min and 7 min desorption time. There is no significant
difference between the 5 min and 7 min runs. It can be
concluded from the experiments that errors caused by
incomplete desorption were minor under normal op-
eration. Since the sample and the calibration runs were
made under the same conditions, these errors are likely
to be further reduced due to error cancellations.

3.2 The effect of DOM on PAH measurement

PAHSs dissolved in marine environment are known
to associate with DOM in seawater to form PAH-
DOM complex. This would affect the total measurable
PAHs by SPME. On the average, the concentration of
dissolved organic carbon ranges from about 5 10
mg/L in seawater to 40 60 mg/LE! in sediment or
pore-water. The effects of DOM on PAH recovery

were investigated by running samples spiked with dif-
ferent concentrations of DOM. The PAHs and DOMs
in the samples were allowed to equilibrate for 24 h
undisturbed before SPME analysis. In the presence of
DOM, a portion of the PAHs is expected to form
DOM-PAH complex, and thus unavailable for SPME
extraction. Since the adsorption rate of DOM on
SPME fiber is much slower than those of PAHS, such
competitive adsorption is not expected to affect sig-
nificantly the PAH measurement. Any reduction in
measured PAH by SPME upon DOM addition would
therefore be the result of DOM-PAH complexation in
bulk water.

As shown in Fig. 2, it is clear that the extractable
PAHs decrease significantly with increasing DOM
concentration, especially between the 0 to 10 mg/L
DOM range. The result agrees very well with those
reported in literature studies®**!. In natural seawater,
the PAH-DOM association processes should be well
equilibrated. The SPME measured PAHSs thus repre-
sent the portion of soluble PAHs which are in equilib-
rium with the complexes. The situation could be more
complicated, however, in waters with multiple pollu-
tion source input, and with each having quite different
DOM and PAH contents such as those commonly en-
countered in estuary waters. Here the PAH-DOM re-
actions in the mixing water have not been fully equili-
brated. The PAH measurement in these samples should
therefore take this factor into consideration.

3.3 Partition coefficients measured by SPME

The SPME technique provides a convenient way to
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determine the partition coefficients of PAHs among
different phases. We have investigated the time-de-
pendent association behavior of PAHs-DOM com-
plexation, and the results are shown in Fig. 3. Fig. 3
shows that PAH-DOM association is a slow process,
with equilibrium time in the order of 6 8 d. The
mechanism of PAH-DOM association has been studied
and reported in the literature. The general hypothesis
is that the process involves two different types. The
first is physical interaction which proceeds with low
activation energies and fast rate™. The association is
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loose and mobile. The other is a stronger but slower
chemical interaction. The association Kinetics of PAH-
DOM complex is analogous to those occurring be-
tween metal ions and DOMM. The factors that can
effect the association of PAHSs include the configura-
tion of the hydrophobic analytes, the source and the
aromaticity of DOM, etc.'®'"). The processes can be
represented by the following reaction:

PAH,,, + DOM<«—>PAH o\

where PAHgee is PAHs truly dissolved in water, and
PAHpowm is PAHs bound to DOM.
Naphthalene

s Acenaphthylene
——-%-—— Acenaphthene
——w~—-- Fluorene
~— ~= — Phenanthrene
——0—— Anthracene
——&— — Fluoranthene
—O—— Pyrene

---de- -+ Benz{aJanthracene
———-t~—— Chrysene
—.—8-—-- Benzo[b]fluoranthene
— —o— Benzo[k]fluoranthene
— —8— — Benzo[a]pyene
——0—— Indeno[1,2,3-cd]pyrene
——— Dibenzo[a,h]anthracene

DOM concentration (mg/L)

Fig. 2. Effect of DOM concentration on PAH extraction efficiency by SPME.

Abundance

——&—— Acenaphthylene
- -0- - Acenaphthene

~—-¥-—— Fluorene

—--—¢—-- Phenarthrene

— —# — Anthracenc
—-—0—— Pyrene
— —4— — Benz{a)anthracene
—C— Chrysene

o Mo Benzo[b]fluorathene
—-—-a&-—— Benzo[k]fluorathene
——=&—-- Benzo[a]pyrene

Fig. 3. Time-dependent association between PAHs and DOM (DOM: 10 mg/L, PAHs spiked: 2 5 ng/mL).



486

The partition coefficient could then be calculated
according to eq. (1):

K _ Chound. i 1 _ Crotal,i — Cree,i 1
DOW,i = x = x

Cfree,i CDOM Cfree,i CDOM (1)

_ Chilank,i ~ Cree,i y 1

Cfree,i CDOM

In the above equation, Cfree i, Chound, i @Nd Crotar, i r€
the respective concentrations of the analyte i in the
truly dissolved state, bound on the DOM phase and the
total amount of analyte i in the water samples; Cpjank. i
is the concentration of analyte i in pore-water without
the addition of DOM (Cotar, i = Colank, i); Kpowm, i iS the
partition coefficient for analyte i between DOM and
water; and cpowm IS the concentration of DOM in the
water sample.

As was reported in the literature™®, there is a cor-
relation between the DOM-water partition coefficient
(Kpom) and octanol-water partition coefficient (Kow; i
= Ci in 1-octanol/Ci in H,0) represented by eq. (2) below:

logKpom=alogKow + b. 2)
The regression coefficients a and b are empirical, with
no definite physiochemical meaning. The Kpom-Kow
correlation is valid when the nonpolar hydrophobic
interactions prevail between the solutes and DOM as
in the case here involving the PAHs and DOM pairs.

The partition coefficients Kpom’s were calculated
for the 13 PAHSs using eq. (1). The results are pre-
sented in Table 1. The literature data are included in
the table for comparison. As shown in Table 1, the
overall agreement between our results and the litera-
ture data are quite satisfactory for all but a few PAHSs.
The minor discrepancies existing between the two sets
of data are not surprising in view of the differences
involved in both DOM materials used and the meas-
urement techniques employed. Table 1 also shows that
the PAH partition coefficient decreases slightly with
increasing DOM concentration. When the concentra-
tion of DOM is increased from 5 mg/L to 30 mg/L, the
partition coefficient for the 13 PAHSs is lowered by
about 4%, i.e., Kpom, cpoy = 5 mg/l/Kpom, cooy = 30 mgiL =
1.04. This finding is quite similar to the literature re-
sults reported for other hydrophobic organic pollutants
such as PCB and DD T,

Table 1 also listed Kow values for the PAHSs re-
ported in the literature™ by SPME technique. Con-
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sidering the differences in Kpom’s at different DOM
concentrations®”!, the correlation between the calcu-
lated Kpom and the reported Kow values yields the
following relationships:

Coom = 5 mg/L: logKpom = 0.7944 logKow + 0.773
(RZ: 0.91); coom=10 mg/L: logKpom=0.7905 logKow
+ 0.668 (R2 =0.97); cpom = 30 mg/L: logKpom = 0.714
logKow + 1.0407 (R*= 0.91).

Using the above correlations, one can then calculate
the value of Kpom’s for PAHs or other similar hydro-
phobic organic pollutants from the more widely avail-
able Kow Vvalues. Results also show that logKpom in-
creases with increasing logKow. This indicates that the
degree of interaction with DOM is related to the hy-
drophobicity of the compound, with more hydrophobic
compounds interacting more strongly with humic ma-
terial and therefore being removed to a greater extent
from the aqueous phase.

In well equilibrated seawater samples, an equilib-
rium state is expected between freely dissolved PAHs
and PAHs bound to DOM. The freely dissolved and
total concentration of PAHs can be calculated through
external and internal standard calibration with SPME
techniquel. Using eq. (1), the Kpom Values could be
calculated and used to estimate the capability of PAHs
to bind with DOM in different marine environment.

3.4 Linearity, detection limit and precision of SPME
measurement

Under optimized SPME conditions, a series of cali-
bration runs were made and calibration curves were
constructed by plotting the observed peak area against
concentration for individual PAHs. The samples were
prepared in seawater where the DOM concentration is
generally less than 5 mg/L. The Detection limits, pre-
cision and recovery results for individual PAHs de-
rived from the calibration runs are summarized in Ta-
ble 2. Overall, the performance of the method is quite
satisfactory. Excluding phenanthrene, which suffers
from significant GC background interference, the PAH
recoveries range from 75.6% to 107% with a mean of
88.2%. Analytical precision of the measurement ranges
from 4% to 23% with a mean of 11.9 % (RSD). The
detection limits are in the range of few tenths to few
ng/L, or ppt range, which are considerably better than
those achievable by other conventional techniques.
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Table 1 Kpom0f PAHS in different concentrations of dissolved organic matter
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c logKpom
ompounds .
logKow™! 5 mg/L 10 mg/L 30 mg/L from literature
Naphthalene 3.3 3.14 3.29 3.85 3.29@
Acenaphthylene 4 3.88 3.92 3.82 3.96®
Acenaphthene 3.92 3.80 3.77 3.76 3.67@
Fluorene 4.18 3.94 3.86 3.86 3.86@
Phenanthrene 4.45 4.56 4.14 4.03 4,299
Anthracene 4.46 4.74 4.21 4.13 4.429
Fluoranthene 5.16 5.10 4.83 4.66 4.86@
Pyrene 5.18 5.04 4.73 4,58 4.62®
Benz[a]anthracene 5.91 5.22 5.14 5.10 5.15®
Chrysene 5.86 5.23 5.11 5.09 5.16®
Benzo[b]fluoranthene 5.8 5.31 5.41 5.46 5.70®
Benzo[k]fluoranthene 6 5.26 5.36 5.42 5.56®
Benzo[a]pyrene 6.04 5.86 5.70 5.64 5.68®
(a) Data from ref. [22], measured by SPME technique. (b) Data from ref. [23].
Table 2 The detection limits, precision and recoveries of SPME method
PAHS G_C reten_tion Correlat_ion coeff. Detection limit RSD Recovery
time (min) of calib curve (ng/L) (n=6, %) (%)
Naphthalene 8.96 0.9979 0.2 4 87.5
Acenaphthylene 14.32 0.9981 0.7 4 88.3
Acenaphthene 14.83 0.9999 0.3 10 85.4
Fluorene 16.26 0.9979 0.2 12 75.6
Phenanthrene 18.7 0.9902 0.2 17 52.5
Anthracene 18.83 0.9993 0.4 11 89
Fluoranthene 21.63 0.9973 0.1 9 79.5
Pyrene 22.15 0.9979 0.1 7 78.7
Benz[a]anthracene 25.08 0.9946 0.1 21 89.2
Chrysene 25.16 0.9804 0.3 17 76.8
Benzo[b]fluoranthene 27.49 0.9895 0.8 8 81.3
Benzo[k]fluoranthene 27.55 0.9959 1.7 12 85.7
Benzo[a]pyrene 28.16 0.9915 11 6 98.3
Indeno[1, 2, 3-cd]pyrene 30.91 0.9882 1 19 97.1
Dibenz[a,h]anthracene 31.01 0.9002 35 23 138.5
Benzolg, h, i]perylene 31.64 0.9583 1.4 11 107.4
Average value 0.76 11.9 88.2

4 Analysis of PAHs in seawater and sediment
porewater samples

Table 3 summarizes PAHs concentrations detected
in coastal waters around Jiaozhou Bay and Dongying
in Shandong peninsula, China using the developed
SPME method. These results are compared with PAHs
found in surface seawater in Maluan Bay in Xiamen,
China. The latter values were obtained by liquid-liquid
extraction followed by GC analysis. Fig. 4 shows the
total ion chromatogram (TIC) obtained in the SIM
mode for the seawater sample (Haibo River). Table 4
shows the PAH concentrations in the porewater of 10
sediment samples collected in Jiaozhou Bay. Because

of its high sensitivity, SPME is ideally suited for the
analysis of pore water samples. Table 4 shows that the
total PAHs concentrations in sediment pore-water in
the 10 samples collected in Jiaozhou Bay varied from
23.8 ng/L to 2989.9 ng/L. The average concentration
of total PAH is 305.7 ng/L. The PAH distribution
among these stations differs substantially from site to
site, reflecting the complexicity in PAH source and the
sedimentation processes in the area. PAHs in sediment
porewater can be concentrated by fish and seashell in
the marine environment. The food safety standards for
PAHs in aqueous environment were constituted by
international biology organization or country!*?. The
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Fig. 4. GC-MS ion chromatogram of seawater sample collected around Haibo River in Jiaozhou Bay.
Table 3 Distribution and concentration levels of PAHs found in seawater samples of different sampling sites
PAHS Haibo River, _Tianjiayao, Dongying Ma_luan Bay,
Jiaozhou Bay Jiaozhou Bay Aquaculture Farm Xiamen®!
Naphthalene 357.5 473.1 207.14 2
Acenaphthylene ND ND 437.26 4
Acenaphthene ND ND ND ND
Fluorene 97.2 35.4 ND 12.3
Phenathrene ND ND ND 13.6
Anthracene 175 16.5 ND ND
Fluoranthene ND 62.1 ND 2.8
Pyrene ND ND ND 3
Benz[a]anthracene ND ND ND ND
Chrysene ND ND ND 17.9
Benzo[b]fluoranthene ND ND 3041 11
Benzo[k]fluoranthene ND ND ND 0.4
Benzo[a]pyrene ND ND ND 1
Indeno[1,2,3-cd]pyrene ND ND ND 1.6
Dibenz[a,h]anthracene ND ND ND 21
Benzolg, h, i]perylene ND ND ND 1.7
Total 472.2 587.1 674.8 63.5
2 3ring PAHs concentration 472.2 525.0 644.4 31.9
2 3ring PAHSs percent (%) 100 89.4 95.5 50.2
Naphthalene percent (%) 75.7 80.6 30.7 315

ND: Not detected (Detection limits are shown in Table 2).

concentrations of PAHs in sediment pore-water in
Jiaozhou Bay are below these standards, except for
anthracene in HP-07, HP-08 and HP-09 stations. The
concentrations of 4 or more ring PAHs in HP-03 sta-
tion are significant higher than those of the other sam-
ples and the safety guidelines. The exact sources of
these PAHSs remain to be identified in our future stud-
ies.

As shown in Table 3, total PAHs concentrations in
the coastal waters around Jiaozhou Bay, Qingdao,
Tianjiayao (Laizhou Bay) and Dongying are 472.2
ng/L, 587.1 ng/L and 674.8 ng/L respectively. Among
the PAHSs, the dominant one is naphthalene; and 2 3
ring PAHs account for nearly all the PAHs observed.
The PAH distribution in these three sites is different
from those of Maluan Bay in Xiamen. There the 3 or
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Table 4 PAHSs concentrations of sediment porewaters in Jiaozhou Bay, Qingdao (ng/L)
PAH HP-01 HP-02 HP-03 HP-04 HP-05 HP-06 HP-07 HP-08 HP-09 HP-10 st;‘éz'r‘éa(t:fgr}u
Naphthalene 16.8 11.7 47.3 110 2511 102 33.8 74.7 182 2135 1.0 10*
Acenapthylene 16 27 2.9 45 8.8 16 6.6 25.0 3.2 35.6
Acenaphthene 5.3 2.6 3.8 4.2 18.0 ND 22.1 26.4 9.1 67.1
Fluorene 14.0 5.9 10.3 21.3 25.0 19.0 78.3 25.7 29.2 94.5
Phenathrene 6.0 ND 15.0 ND 18.4 ND 792 171.0  ND 3538 2.0%*
Anthracene ND ND ND ND ND ND 9.4 16.3 ND 19.2  0.005 0.05*
Fluoranthene 8.0 ND 8.2 206 6.8 7.1 24.3 9.4 9.1 18.4 0.5%*
Pyrene 1.1 0.9 1.6 1.6 1.3 1.7 5.3 5.4 1.9 9.7
Benz[aJanthracene ND ND ND ND ND ND ND ND ND ND 0.2%*
Chrysene 16 ND 81.8 8.2 ND ND ND ND ND ND
Benzofb]fluoranthene ND ND 2.9 ND ND ND ND ND ND ND 0.1%*
BenzofKk]fluoranthene ND ND 125 ND ND ND ND ND ND ND 0.1%*
Benzo[a]pyrene ND ND ND ND ND ND ND ND ND ND 001 0.1*
IndenofL, 2, 3-cd]pyrene  ND ND 4408  ND ND ND ND ND ND ND
Dibenz[ahjanthracene  10.5 ND 2208 148 ND ND 6.0 2.9 13 4.0
Benzo[g, h, i]perylene ND ND 156.1 ND ND ND ND ND ND ND 0.02**
Total 65.0 23.8 1004.0 86.1 329.4 39.6 264.9 356.7 72.0 815.7
2 3ring PAH percent (%) 67.3 96.1 7.9 475 97.6 7.7 86.6 95.0 83.0 96.1
Henathrene/Anthracene ND ND ND ND ND ND 8.38 10.50 ND 18.46
Fluoranthene/Pyrene 7.4 ND 5.00 12.80 5.31 4.15 4,57 1.74 4.93 1.90

ND: Not detected (detection limits are shown in Table 2).

* Ostro and Paris Committee ecotoxicology estimation standard; ** Ireland maximum allowed concentration.

more ring heavier PAHs are present in significant
quantities, while the concentration of naphthalenes is
much lower. Our seawater samples were collected in
Jiaozhou Bay or Laizhou Bay in Shandong Peninsula,
which are both semi-enclosed water body with slow
water exchange rate with the open sea. Both bays are
surrounded by highly populated areas with many sea-
sonal streams or canals empty into the bay carrying
industrial and domestic waste discharges. The high
naphthalene concentration observed in these samples
is indicative of the extensive industrial pollution prob-
lem of the area. The absence of heavier PAHs such as
BaP in the water phase, including seawater and pore-
water, is noted. In a separate study from our labora-
tory”, significant concentrations of PAHs including 4
or 5 ring PAHs were actually found in sediment sam-

ples collected in these areas (Our paper on sediment is
listed in footnote 1)). The total sediment PAHs (ex-
cluding naphthalenes) amounted to few hundreds ng/g,
which are comparable to the soluble PAHSs observed in
this work. The combined results thus indicate that the
3 or more ring PAHs exist primarily in sediment-
associated forms. The absence of these PAHs (<0.1
3.5 ng/L) in the porewater indicates their immobility
from the sediment solids due likely to their low water
solubility or strong solid-binding strength, or both.

5 Conclusion

SPME sampling coupled with GC-MS analysis
has been developed for the quantitative analysis of
trace PAHs in marine environment. The SPME oper-

1) Wang L, Lee F S-C, Wang X R, et al. Chemical characteristics and source implications of petroleum hydrocarbon contaminants in the sediments
near major drainage outfalls along the coastal of Laizhou Bay, Bohai Sea, China. J Environ Monit Assess, 2006 (in press)
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ating conditions have been optimized and analytical
performance including detection limits, precision and
PAHSs recoveries has been evaluated: The mean recov-
ery for the 16 PAHSs is 88.2%. The mean analytical
precision of the technique represented by RSD of re-
peated samples (n=6) is 11.9 %. The detection limits
for individual PAHSs range from 0.1 3.5 ng/L, which
are considerably better than those achievable by con-
ventional techniques. The effects of salinity and DOM
on SPME extraction have been investigated. PAH are
found to associate strongly with DOM, leading to the
formation of PAH-DOM complex in equilibrium with
the two individual partners. SPME can extract only the
freely dissolved portion of the total PAHSs, and thus
provides a convenient way to measure the partition
coefficients of PAHs between the bound and the free
phases. The developed method has been applied to the
determination of PAHs in seawater and porewater
samples collected in Jiaozhou Bay and Laizhou Bay in
Shandong Peninsula, China. The overall levels of
PAHs in these samples show only moderate pollution
compared to seawater samples elsewhere. The PAH
distribution pattern shows that the soluble PAHSs in
seawater and porewater samples are dominated by
naphthalenes and 3 ring PAHs. This is in direct con-
trast to what was reported for the sediment samples
collected in these sites, in which both light and heavy
PAHSs are present in comparable concentrations. The
absence of heavy PAHs in soluble forms in seawater
(<0.1 3.5 ng/L) is indicative of their strong binding
to the dissolved or solid matters and low seawater
solubility.
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