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a b s t r a c t

PCN congeners were analyzed in marine and riverine sediments of the Laizhou Bay area, North China.
Concentrations of PCNs ranged from 0.12 to 5.1 ng g�1 dry weight (dw) with a mean value of 1.1 ng g�1 dw.
The levels of PCNs varied largely, with industrial group approximately ten folds higher than those of the
rural in riverine sediment. A strong impact by direct discharge from local factories was suggested. Similar
compositional profiles were found within groups. High resemblance of compositional profiles between
industrial samples and Halowax 1014 was observed. It was indicated that PCNs in riverine sediments were
mainly from release of industrial usage, with additional contributions from industrial thermal process at
certain sites. In marine sediments, it was suggested that PCNs along the coast of Laizhou Bay were mainly
controlled by riverine input. While in the central bay, PCN distributions were possibly impacted by
combined multiple factors.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Polychlorinated naphthalenes (PCNs) are a group of environ-
mental contaminants comprised of 75 congeners based on the
number and position of chlorine in naphthalene ring system. They
were previously widely used in industrial applications, such as
cable insulation, wood preservation, engine oil additives, electro-
plating masking compounds, dye carriers, capacitors and refracting
index testing oils in 20th (Falandysz, 1998). Commercial products
include Basileum, N-oil, N-wax, Pernawax, Nibrenwaxes, Halowax,
Seekay waxes, Woskol, Cerifal materials, Clonacire waxes and other
technical CN formulations (Falandysz, 1998; Falandysz et al., 2008,
2000, 2006; Yamashita et al., 2003). Some of the PCN congeners
exhibit dioxin-like effects to mammalian animals (Sisman and
Geyikoglu, 2008; Villeneuve et al., 2001; Vinitskaya et al., 2005).
Due to their accumulation in organisms, the toxicity could be
enhanced. PCNs can be released into the environment from various
pathways. Although the production and usage of technical PCN
formulations has declined since early 1980s, products containing
these formulations are still present in the environment (Kannan
et al., 1998). In addition to the release from historical usage of
technical formulations, PCNs are also leaked out from impurities of
technical PCB preparations and from unlawfully usage in recent

years (Falandysz, 1998; Yamashita et al., 2000a). Despite of the
phasing out of technical CN formulations, PCNs were detected in
sites near chemical industries, such as Chlor-Alkali plants, petro-
chemical industries, metal refineries, municipal waste incineration
plant, and etc (Ba et al., 2010; Brack et al., 2003; Castells et al., 2008;
Helm and Bidleman, 2003; Jansson et al., 2008; Kannan et al., 1998;
Liu et al., 2010; Llobet et al., 2007). Researches have also shown that
PCNs can be unintentionally formed and released through thermal
processes such as municipal waste incineration and nonferrous
metallurgy process (Jansson et al., 2008; Oh et al., 2007). A latest
study reported that secondary nonferrous metallurgical facilities in
China are a bigger contributor than waste combustion of PCNs at
present (Ba et al., 2010).

Information on production of technical PCN formulations in
Chinawas not available. A few reports have revealed that PCN levels
in sediments of China are comparable to some regions in developed
countries (Pan et al., 2007). A recent Global Atmospheric Passive
Sampling (GPAS) study has shown PCN levels in the air of Chinese
cities were relatively high globally and reemission of industrial PCN
was indicated (Lee et al., 2007). However, there’s very few data of
PCNs in China, especially in the coastal region, where large cities
and industrial parks concentrated.

Laizhou Bay is one of the three main bays of Bohai Sea, making
up 10% of the total area (Wang et al., 2007). It is a shallow bay with
smooth submarine topography and a submerged gentle slope from
coast to the open sea. Its average water depth is less than 10mwith
maximum of 18 m. Due to the large volume of freshwater input
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from the Yellow River, tidal current in the bay is very complicated.
Besides, Laizhou Bay is one of themost easily affected bays by storm
tide in China. Due to its coastal morphology and the location on the
intersection of warm and cold air masses, Laizhou Bay could be
threatened by storm tide all the year round (Peng et al., 2010).

Around the bay, industrial and urban developments have been
booming in the last decades. The famous chemical industrial basee
Weifang Binhai Economic Development zone (shorten as Binhai
Zone), is located to a large extent along the coast, due to the
abundant seawater resources and underground brine resources.
Over 400 chemical enterprises are located nearby and more than
150 chemical products were manufactured in this area. Among
them, chlor-alkali industry is one of the major industries in this
Zone, which has a long history of development since 1930s and has
developed rapidly in recent twenty years. Now it has become the
biggest manufacturing base of some chlor-alkali products, such as
calcined soda, calcium chloride, polyvinyl alcohol water glass and
saleratus, in Asia or even in the world. On the northwest coast,
there is the second largest oilfield (Shengli oilfield) of China and
thus petrochemical industries are well developed due to the
abundant oil resources. Huge amounts of domestic sewage and
industrial wastewaters are discharged into Laizhou Bay directly.

This study intends to investigate the distribution and levels of
PCNs around Laizhou Bay area via a large survey of surface sedi-
ments in the river systems, each representative of different levels of
anthropogenic activities, as well as in marine sediments of Laizhou
Bay. Given the encouraged growth of chemical industries and
marine fishery in Laizhou Bay, Information about PCN contamina-
tion status and its effect on marine biota was urgently needed.

2. Materials and methods

2.1. Study area and sample collection

The study area and sampling sites are shown in Fig. 1. There are twelve
tributaries in different sizes which flow into Laizhou Bay, including the Yellow River
(also named as Huanghe River, HH), Yihong River (YHH), Guangli River (GLH),
Zimaigou River (ZMG), Xiaoqing River (XQH), Mihe River (MH), Bailang River (BLH),
Dihe River (DH), Yuhe River (YH), Weihe River (WH), Jiaolai River (JLH) and Dajiawa
drainage system (DJW). HH is the biggest river with the largest river runoff and
landslide discharge, followed by XQH, WH and JLH.

River sediments are here classified into three categories according to their
surrounding environment that predominantly impacts them: (1) industrial; (2)
urban; (3) rural. In the industrial group, DH1 and DH2 were sampled in an area
scattered with dyeing, printing, textile and sugar industries in addition to chemical
plants. Other industrial sites were influenced mostly by chemical or petrochemical
industries. The estuarine sediments are not included into any group. Besides, siteWFG
was located within Weifang port, which was undergoing sea reclamation with large
amounts of fresh soil transported andmixed into sediments. Thus the sedimentswere
probably strongly influenced by complex process while being sampled and cannot
reflect the true sedimentary information. It is not included into any group.

All samples were collected between September 14 and October 17, 2009, using
a stainless steel grab sampler. They are thirty-two surface sediments (top 0e10 cm)
from ten river and drainage system sites, four river estuary sites and twenty-six
marine sites. All the samples were transported on ice to laboratory and then
stored at �20 �C until analyzed.

2.2. Extract and cleanup

Freeze-dried sediment samples (20 g dry weight) were homogenized and
Soxhlet extracted in dichloromethane (DCM) for 24 h, with 2,4,5,6-tetrachloro-m-
xylene (TCmX) and PCB 209 added prior to extraction as recovery surrogates. The
extract was reduced to 1 mL by rotary evaporation and then transferred to a glass
column (15 cm long, 0.7 cm i.d.) filled with 1 cm anhydrous sodium sulphate and
3 cm acidified silica gel/sulphuric acid (50%w/w concentrated sulphuric acid). It was
eluted with 15 mL hexane (HEX) and concentrated to 0.5 mL under a gentle N2 for
cleanup on silica columns, which packed with 3 cm pre-rinsed silica gel (3% deac-
tivated) and 1 cm anhydrous Na2SO4 on the top. Fractionationwas achievedwith the
solvent sequences of 15 mL of HEX (F1) and 15 mL DCM/HEX (1:1 in volume, F2).
Fraction F1 contained all the PCNs andwas reduced to 25 uL under a gentle stream of
N2. 20 ng of quintozene (PCNB) was added as internal standards before instrumental
analysis.

2.3. Instrumental analysis

PCNs were analyzed by gas chromatographyeelectron-capture negative-ion
mass spectrometry (GCeECNI-MS) using a HP 7890 GC-5975 MSD in selected ion
monitoring mode on a DB-5ms column (30 m � 0.25 mm i.d. � 0.25 um film
thickness, J&W Scientific) and methane as the reagent gas. The temperature
program was 80 �C for 0.50 min, 15 �C/min to 160 �C, 3 �C/min to 265 �C and held
for 5 min. The inlet, transfer line, ion source, and quadrupole temperatures were
265 �C, 280 �C,150 �C, and 150 �C, respectively. The target/quantifier ions were 232/
230 for tri-, 266/264 for tetra-, 300/298 for penta-, 334/332 for hexa-, and 368/366
for hepta-, and 404/402 for octachloronaphthalene (Carrizo and Grimalt, 2006).
Tri- to octa-CNs were quantified against a Halowax1014 technical PCN mixture
(
P

PCNs ¼ Tri-Cl: PCN-19, -21, -24, -14, -15, -16, and -23; Tetra-Cl: PCN-42, -33/34/
37, -47, -36/45, -28/43, -27/30/39, -32, -35, -38/40, and -46; Penta-Cl: PCN-52/60,
-58, -61, -50, -51, -54, -57, -62, -53, -59, and -49; Hexa-Cl: PCN-66/67, -64/68, -69,
-71/72, -63, and -65; Hepta-Cl: PCN-73, and -74; and Octa-Cl: PCN-75). Peaks were
quantified only if the signal/noise � 4. The limit of detection (LOD), defined as
a signal of 4 times the noise level, ranged from 0.02 to 0.07 ng g�1 for all the peaks
including those coeluted compounds.

Fig. 1. (a) Location of Laizhou Bay in China; (b) Map of riverine and marine sampling
sites (c) Geographic distributions of PCN concentrations in riverine and marine sedi-
ments of Laizhou Bay.
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Sediment total organic carbon (TOC) was determined with an elemental
analyzer (CHNS Vario Ei III, Elementar) after removal of carbonates with hydro-
chloric acid.

2.4. QA/QC

For each batch of 20 field samples, a procedural blank (solvent with a filter paper
identical to that used towrap the sediment) and a sample duplicate were processed.
Only a few congeners with very low concentrations were found in procedural blanks
and they were appropriately subtracted from those in the sample extracts. Three
duplicate samples reported RSDs within 20% for all the target chemicals. The
recoveries for TCmX and PCB 209 were 87.1�12.5% and 85.8� 9.8%, respectively. All
reported values were not corrected by surrogate recovery.

3. Results and discussion

3.1. PCN concentrations and geographical distribution

PCN distributions are shown in Fig. 1c. The concentrations
of PCNs ranged from 0.06 to 0.47 ng g�1 dw and from 0.05 to
5.1 ng g�1 dw with a mean value of 0.26 ng g�1 dw and
1.1 ng g�1 dw for marine sediments and river sediments, respec-
tively. According to the classification of river samples described
in Section 2.1, distinct concentration gradient was observed
among the three groups. On an average level,

P
PCNs decreased in

the order: industrial area (2.0 ng g�1 dw) > urban area
(0.44 ng g�1 dw)> rural (0.20 ng g�1 dw). It was approximately ten
times higher in industrial area than in rural area. The highest
concentration was found at site DJW2 (5.1 ng g�1 dw), followed by
YHH1 (3.6 ng g�1 dw), YKG (2.7 ng g�1 dw), XQH2 (2.5 ng g�1 dw)
and DJW1 (2.4 ng g�1 dw). It is reasonable as they are all collected
in industrial area. Concentrations of the other samples were below
2.0 ng g�1 dw. As for individual rivers, some exhibited a decrease
trend from the upper reaches to the lower reaches, like ZMG, JLH
and BLH, and some were opposite such as MH. In Xiaoqinghe River,
site XQH2, located in the middle relative to the other sites in this
river, the concentration is lower than both of the latter two sites.
Thus a strong impact by direct discharge from local factories was
suggested. This is further proved by the poor correlation between
PCN concentrations and TOC in riverine sediments (r2 ¼ 0.13).

According to the samples’ surroundings, DJW2 and DJW1 are
right located downstream the effluent of a wastewater treating
plant and a sewage ditch of two separate marine chemical plants.
XQH2 is located nearby a petrochemical plant, while YHH1 was
sampled on Shengli Oil Field. YKG is located in Yangkou Harbour,
where many cargo ships moored, loaded and unloaded raw
chemical materials and products. Thus the PCN contamination
might be contributed from multiple industrial activities. Eight
samples collected in the suburbs from the Yellow River, Jiaolai River
and Weihe River have the lowest PCN levels with concentrations
lower than 0.2 ng g�1 dw. This is probably attributable to the fact
that these rivers flow through a vast farmland and also to the sandy
characteristics of these samples.

There are little reports about PCNs in China. Pan et al. investi-
gated PCN concentrations in sediments collected from Qingdao
coast sites with a concentration of 0.2e1.2 ng g�1 dw, similar with
the PCN levels in marine sediments of Laizhou Bay found in our
study (Pan et al., 2007). Compared to PCN levels in sediments found
in other regions (Table 1), such as backgrounds in Sweden
(0.14e7.6 ng g�1 dw) (Jaernberg et al., 1993), Venice lagoon
(0.03e1.51 ng g�1 dw) (Eljarrat et al., 1999), Gdansk basin of Batic
Sea (6.7 ng g�1 dw) (Falandysz et al., 1996), Gulf of Bothnia
(0.27e2.8 ng g�1 dw) (Lundgren et al., 2003), coast of Barcelona
(0.17e3.27 ng g�1 dw) (Castells et al., 2008), lake Ontario
(21e38 ng g�1 dw) (Helm et al., 2008), Tokyo bay (1.81 ng g�1 dw)
(Yamashita et al., 2000b), PCN levels in marine sediment of Laizhou
Bay were at the lowest end of the range, while the levels in the

rivers were similar with many studies in Europe, including the
background sites, bays and coastal sites.

3.2. Compositional profiles in riverine sediments

Quite similar compositional profiles of PCNs were observed
within sample groups, while it differs among the groups (Fig. 2a).
Urban group shows a very high proportion of hexa-CNs (63 � 13%).
While in the rural group, fewer hexa-CN congeners were detected.
They have a higher proportion of lower molecular PCNs with the
sum of tri-CNs, tetra-CNs and penta-CNs accounting for more than
70% of the mass. Industrial group (exclude DH1 and DH2) was
dominant by penta- and hexa-CN homologues. It was 45 � 9% and
32 � 4% for penta- and hexa-CNs, respectively. Fig. 2b shows that
the increase of PCN concentrations from the rural to urban and
industrial areas, and this was mainly contributed by penta-CNs,
followed by hexa-CNs. At DJW2, YHH1 and XQH2, tri- and tetra-
CNs were relatively higher than other industrial sites, while the
levels of penta- and hexa-CNs were similar among the industrial
sites. At DH1 and DH2, samples were collected in a different
industrial area mentioned in Section 2.1. Compared to other
chemical industrial samples, these two samples have a higher
abundance of tetra- and hepta-CN congeners and distinct lower
proportion of penta-CNs.

Congener patterns were also quite similar within sample
groups. Profiles of penta- and hexa-CN homologues were almost
identical between industrial sites. Fig. 3 compares congener
patterns of some typical industrial samples to Halowax 1014.
Despite a more or less batch-to-batch variations of homologue
patterns and isomer content were found in recent studies for Hal-
owax 1014, we used the well investigated one in literatures for
comparison (Falandysz et al., 2006). High resemblance of penta-
and hexa-CN congener patterns was observed. In urban areas,
although much less congeners were detected, similarity in hexa-
CNs still can be observed. At DH1 and DH2, in spite of the differ-
ences in homologue profiles with other industrial samples, patterns
of hexa-CNs were also in agreement with Halowax 1014. Thus it can
be suggested that hexa-CN congeners in riverine sediments of the
Laizhou Bay area were probably mainly from release of similar
industrial usage or chemical materials. While the different homo-
logue profiles between Dihe River (DH1 and DH2) and other
industrial sites were possibly attributable to their textile and
printing industries near these two sites instead of chemical
industries in other sites.

3.3. Correlations among PCN homologues and sources identification

In order to further investigate PCN sources in the Laizhou Bay
area, correlations between PCN homologues were calculated. Good

Table 1
PCN concentrations in sediments found in other regions of the world.

Locations Concentrations
(ng g�1 dw)

References

Sweden 0.14e7.6 Jaernberg et al., 1993
Venice lagoon 0.03e1.51 Eljarrat et al., 1999
Batic Sea 6.7 Falandysz et al., 1996
Gulf of Bothnia 0.27e2.8 Lundgren et al., 2003
Barcelona coast 0.17e3.27 Castells et al., 2008
Qingdao coast 0.2e1.2 Pan et al., 2007
Lake Ontario 21e38 Helm et al., 2008
Tokyo bay 1.81 Yamashita et al., 2000b
Bitterfeld, industrial area 2540 Brack et al., 2003
Georgia coast, former

industrial area
23 400 Kannan et al., 1998
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correlations were found between penta-CNs and hexa-CNs, tri-CNs
and tetra-CNs (Fig. 4a, b), while correlations between lower chlo-
rinated naphthalenes (sum of tri-CNs and tetra-CNs) and higher
molecular weight (sum of penta-CNs, and hexa-CNs) were not that
good (Fig. 4c). However, after a few sites were removed, their
correlations were greatly improved (Fig. 4d). It can be indicated
that industrial usage was also the main source of lower chlorinated
congeners in most sites. The few removed sites mainly include
DJW2, YHH1 and XQH2. They have remarkably higher percent of
tri- and tetra- homologues, while penta- and hexa-CN congeners

were at the similar level (Fig. 2) with other industrial samples.
According to samples’ surroundings, these sites were obviously
impacted by industrial thermal process, such as thermoelectricity
and oil refining in addition to chemical industries. Many studies
have shown that lower chlorinated congeners were prone to be
formed during combustion or incineration process, while in tech-
nical PCN and PCB formulations, most products were dominant by
highly chlorinated congeners (Helm and Bidleman, 2003; Liu et al.,
2010; Wang et al., 2006; Yamashita et al., 2000a). Considering
the high resemblance of profiles between industrial samples and
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Halowax 1014 and sample surroundings, it can be indicated that
PCNs in riverine sediments of the Laizhou Bay area were mainly
from release of industrial usage. At certain industrial sites, there are
also additional contributions from industrial thermal process.

It might be difficult to explain the industrial usage of PCNs in the
Laizhou Bay area, due to the lack of information about PCN
production in China. Extremely high PCN concentrations (up to
23 400 ng g�1 dw) were found in sediments near a former Super-
fund Site in America, which was surrounded by mainly chemical
industries for over 75 years along the coast in last century (Kannan
et al., 1998). In another study concerning pollutants from the
industrial region of Bitterfeld, a major industrial site of chemical
and metallurgical production in Germany in the 19th century,
2540 ng g�1 of PCNs were found in riverine sediments(Brack et al.,
2003). By contrast, in the Laizhou Bay area with similar dense
industries, it was 4e5 orders of magnitudes lower, despite PCN
concentrations in developed countries have undergone a sharp
decrease in the last 40 years due to the decline of production and
industrial use (Gevao et al., 2000; Meijer et al., 2001; Yamashita
et al., 2000b). Thus it was unlikely that technical PCN formula-
tions were widely used in industries in the Laizhou Bay area. PCB
usage was also proved to be a big contributor of PCNs in some
regions. In present study however, poor correlation was observed
between the concentrations of

P
PCNs and

P
PCBs (unpublished

data).
P

PCNs/
P

PCBs values were >0.2 in w80% of the sites with
amean value of 0.82. It’s over ten folders higher than those found in
the air of a global study and 4e5 orders of magnitude higher than
those in the PCB formulations (Lee et al., 2007; Yamashita et al.,
2000a). Thus, the contributions from PCB usage might be also
very limited. It was reported that companies in Japan imported

rubber materials contaminated with PCNs during 1998e2001,
reused them and put them on the market. This could also be the
case happening in China and PCNs existing as impurities in
industrial materials were probably a big contributor to the wide
prevalence in Laizhou Bay area.

3.4. Riverine input of PCNs from rivers to the coastal ocean

Riverine runoff is an important mode to transport anthropo-
genic pollutants from terrestrial sources to adjacent oceans. Lack of
runoff samples from the rivers though, quite a lot of interesting
information can be extrapolated when comparing the profiles of
marine sites and estuarine sites, as showing in Fig. 5.

In marine sediments, penta- and/or hexa-CNs were relatively
higher than other homologues in most of the samples, with a mean
proportion of 36% and 42%, respectively. Specifically, the profiles
varied pretty much along the west and south coast. For instance,
hexa-CNs were predominant in site F1 and F3, with a proportion of
more than 65%; penta- and hexa-CNs account for more than 90% in
site F2; while at site E4 and E5, proportion of each homologue
varied little.

Compared with estuarine sites, high resemblance was observed,
as show in the direction of dotted arrow in Fig. 5. It is obvious that
site F1 was mainly contributed by GLH, site F2 by DJW drainage
system and XQH, site F3 by MH and BLH, while site E4 and E5 were
mostly influenced by the combination of DH, WH and JLH. This is
consistent with PCN concentration distributions in the bay. The
coastal sites impacted by industrial area have higher PCN concen-
trations than those influenced by the rural. Therefore, a strong
riverine input of particles was suggested and this can also explain

Fig. 4. Correlations between PCN homologues.
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the variability in profiles along the coast. Besides, despite of the
shallow sea water and frequent storm tide which may result strong
hydrodynamic turbulence along the coast, it can be indicated from
our results that there is very little impact on PCN distributions in
the coastal area. On the east coast, relatively high concentrations
were also found and their compositional profiles were similar with
those in most chemical industrial river sites. This is probably
attributed to two cities e Laizhou and Longkou, which located on
the east coast. They have similar industries with Binhai Zone.
Therefore, it can be suggested that PCNs along the coast of Laizhou
Bay were mainly controlled by riverine input of particles. While
into the central bay, no gradient concentration in seaward trend
was observed and their profiles were dominant by penta- and/or
hexa-CNs. This is probably attributed to several reasons. Unlike
coastal area which was directly influenced by near river sources,
marine particles in central bay are mixed from different riverine
input. Besides, they are surely moved under hydrodynamic force.
Thus during the mixing and moving process, concentration distri-
butions and the equilibrium partitioning between surrounding
water phase and sediments might have changed. This could
possibly be further proved by their reduced correlation coefficients
among PCN homologues in marine environment.

4. Conclusion

This work provided much information on the pollution status of
PCNs in riverine andmarine sediments in the Laizhou Bay area. PCNs
in the Baywere at the lowest end of the range foundworldwide, and
the levels of PCNs in riverswere similarwithmany studies in Europe,
including the backgrounds, bays and marine coast. PCN concentra-
tions in riverine sediments varied according to their sampling
surroundings and a strong influence of direct discharge from local
factories was suggested. Compositional profiles between samples
and Halowax 1014 were compared and correlations between PCN
homologues were made, and it was indicated that PCNs in riverine

sediments of the Laizhou Bay area were mainly from release of
industrial usage with additional contributions from industrial
thermal process at some sites. Profiles of coastal sediments were
consistent with those of estuarine sites and thus it was suggested
that PCNs along the coast of Laizhou Bay were mainly controlled by
riverine input of particles.While in the central bay, PCN distributions
were possibly impacted by combined multiple factors.

Acknowledgements

The study was funded by the Knowledge Innovation Program of
the Chinese Academy of Sciences (KZCX1-YW-06 and KZCX2-EW-
QN210) and Shandong Province Project (2007GG2QT06018).

References

Ba, T., Zheng, M., Zhang, B., Liu, W., Su, G., Liu, G., Xiao, K., 2010. Estimation and
congener-specific characterization of polychlorinated naphthalene emissions
from secondary nonferrous metallurgical facilities in China. Environmental
Science & Technology 44, 2441e2446.

Brack, W., Kind, T., Schrader, S., Moder, M., Schuurmann, G., 2003. Polychlorinated
naphthalenes in sediments from the industrial region of Bitterfeld. Environ-
mental Pollution 121, 81e85.

Carrizo, D., Grimalt, J.O., 2006. Rapid and simplified method for the analysis of
polychloronaphthalene congener distributions in environmental and human
samples by gas chromatography coupled to negative ion chemical ionization
mass spectrometry. Journal of Chromatography A 1118, 271e277.

Castells, P., Parera, J., Santos, F.J., Galceran, M.T., 2008. Occurrence of polychlorinated
naphthalenes, polychlorinated biphenyls and short-chain chlorinated paraffins
in marine sediments from Barcelona (Spain). Chemosphere 70, 1552e1562.

Eljarrat, E., Caixach, J., Jiménez, B., González, M.J., Rivera, J., 1999. Polychlorinated
naphthalenes in sediments from the Venice and Orbetello Lagoons, Italy. Che-
mosphere 38, 1901e1912.

Falandysz, J., 1998. Polychlorinated naphthalenes: an environmental update. Envi-
ronmental Pollution 101, 77e90.

Falandysz, J., Chudzynski, K., Takekuma, M., Yamamoto, T., Noma, Y., Hanari, N.,
Yamashita, N., 2008. Multivariate analysis of identity of imported technical PCN
formulation. Journal of Environmental Science and Health Part A-Toxic/
Hazardous Substances & Environmental Engineering 43, 1381e1390.

Falandysz, J., Kawano, M., Ueda, M., Matsuda, M., Kannan, K., Giesy, J.P.,
Wakimoto, T., 2000. Composition of chloronaphthalene congeners in technical

Fig. 5. Homologue mass percentage of samples collected from bay sites and river estuaries (note: in DH, WH and BLH, riverine sediments nearest from the estuary were used due to
the lack of estuarine samples; graph in the lower right corner is the tidal current schematic diagram in Laizhou Bay, cited from the Compiling Committee, 1991).

X. Pan et al. / Environmental Pollution 159 (2011) 3515e35213520



Author's personal copy

chloronaphthalene formulations of the Halowax series. Journal of Environ-
mental Science and Health, Part A 35, 281e298.

Falandysz, J., Nose, K., Ishikawa, Y., Lukaszewicz, E., Yamashita, N., Noma, Y., 2006.
HRGC/HRMS analysis of chloronaphthalenes in several batches of Halowax
1000, 1001, 1013, 1014 and 1099. Journal of Environmental Science and Health,
Part A 41, 2237e2255.

Falandysz, J., Strandberg, L., Bergqvist, P.A., Kulp, S.E., Strandberg, B., Rappe, C., 1996.
Polychlorinated naphthalenes in sediment and biota from the Gdañsk basin,
Baltic Sea. Environmental Science & Technology 30, 3266e3274.

Gevao, B., Harner, T., Jones, K.C., 2000. Sedimentary record of polychlorinated
naphthalene concentrations and deposition fluxes in a Dated Lake Core. Envi-
ronmental Science & Technology 34, 33e38.

Helm, P.A., Bidleman, T.F., 2003. Current combustion-related sources contribute to
polychlorinated naphthalene and dioxin-like polychlorinated biphenyl levels
and profiles in air in Toronto, Canada. Environmental Science & Technology 37,
1075e1082.

Helm, P.A., Gewurtz, S.B., Whittle, D.M., Marvin, C.H., Fisk, A.T., Tomy, G.T., 2008.
Occurrence and biomagnification of polychlorinated naphthalenes and non-
and mono-ortho PCBs in Lake Ontario sediment and biota. Environmental
Science & Technology 42, 1024e1031.

Jaernberg, U., Asplund, L., de Wit, C., Grafstroem, A.K., Haglund, P., Jansson, B.,
Lexen, K., Strandell, M., Olsson, M., Jonsson, B., 1993. Polychlorinated biphenyls
and polychlorinated naphthalenes in Swedish sediment and biota: levels,
patterns, and time trends. Environmental Science & Technology 27, 1364e1374.

Jansson, S., Fick, J., Marklund, S., 2008. Formation and chlorination of poly-
chlorinated naphthalenes (PCNs) in the post-combustion zone during MSW
combustion. Chemosphere 72, 1138e1144.

Kannan, K., Imagawa, T., Blankenship, A.L., Giesy, J.P., 1998. Isomer-specific analysis
and toxic evaluation of polychlorinated naphthalenes in soil, sediment, and
biota collected near the site of a former chlor-alkali plant. Environmental
Science & Technology 32, 2507e2514.

Lee, S.C., Harner, T., Pozo, K., Shoeib, M., Wania, F., Muir, D.C.G., Barrie, L.A.,
Jones, K.C., 2007. Polychlorinated naphthalenes in the global atmospheric
passive sampling (GAPS) study. Environmental Science & Technology 41,
2680e2687.

Liu, G., Zheng, M., Lv, P., Liu, W., Wang, C., Zhang, B., Xiao, K., 2010. Estimation and
characterization of polychlorinated naphthalene emission from coking indus-
tries. Environmental Science & Technology 44, 8156e8161.

Llobet, J.M., Falc, G., Bocio, A., Domingo, J.L., 2007. Human exposure to poly-
chlorinated naphthalenes through the consumption of edible marine species.
Chemosphere 66, 1107e1113.

Lundgren, K., Tysklind, M., Ishaq, R., Broman, D., van Bavel, B., 2003. Flux estimates
and sedimentation of polychlorinated naphthalenes in the northern part of the
baltic sea. Environmental Pollution 126, 93e105.

Meijer, S.N., Harner, T., Helm, P.A., Halsall, C.J., Johnston, A.E., Jones, K.C., 2001.
Polychlorinated naphthalenes in U.K. soils: time trends, markers of source, and
equilibrium status. Environmental Science & Technology 35, 4205e4213.

Oh, J.E., Gullett, B., Ryan, S., Touati, A., 2007. Mechanistic relationships among
PCDDs/Fs, PCNs, PAHs, CIPhs, and CIBzs in municipal waste incineration.
Environmental Science & Technology 41, 4705e4710.

Pan, J., Yang, Y.-L., Xu, Q., Chen, D.-Z., Xi, D.-L., 2007. PCBs, PCNs and PBDEs in
sediments and mussels from Qingdao coastal sea in the frame of current
circulations and influence of sewage sludge. Chemosphere 66, 1971e1982.

Peng, Z., Wen-Sheng, J., Xin-Yan, M., Hui-Wang, G., Xin-Yu, G., 2010. Salinity change
and influencing factor in the laizhou bay from 2000 to 2005. Oceanologia Et
Limnologia Sinica 41, 12e23 (In Chinese).

Sisman, T., Geyikoglu, F., 2008. The teratogenic effects of polychlorinated naph-
thalenes (PCNs) on early development of the zebrafish (Danio rerio). Environ-
mental Toxicology and Pharmacology 25, 83e88.

The Compiling Committee, 1991. Annals of China’s Bays (Zhongguo Haiwan Zhi),
first ed., vol. 3. Maritime Press, Beijing, pp. 9e21 (in Chinese).

Villeneuve, D.L., Khim, J.S., Kannan, K., Giesy, J.P., 2001. In vitro response of fish and
mammalian cells to complex mixtures of polychlorinated naphthalenes, poly-
chlorinated biphenyls, and polycyclic aromatic hydrocarbons. Aquatic Toxi-
cology 54, 125e141.

Vinitskaya, H., Lachowicz, A., Kilanowicz, A., Bartkowiak, J., Zylinska, L., 2005.
Exposure to polychlorinated naphthalenes affects GABA-metabolizing enzymes
in rat brain. Environmental Toxicology and Pharmacology 20, 450e455.

Wang, D., Xu, X., Chu, S., Li, Q.X., 2006. Polychlorinated naphthalenes and other
chlorinated tricyclic aromatic hydrocarbons emitted from combustion of pol-
yvinylchloride. Journal of Hazardous Materials 138, 273e277.

Wang, L., Lee, F.S.C., Wang, X.R., Yin, Y.F., Li, J.R., 2007. 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.
Environmental Monitoring and Assessment 125, 229e237.

Yamashita, N., Kannan, K., Imagawa, T., Miyazaki, A., Giesy, J.P., 2000a. Concentrations
and profiles of polychlorinated naphthalene congeners in eighteen technical
polychlorinated biphenyl preparations. Environmental Science & Technology 34,
4236e4241.

Yamashita, N., Kannan, K., Imagawa, T., Villeneuve, D.L., Hashimoto, S., Miyazaki, A.,
Giesy, J.P., 2000b. Vertical profile of polychlorinated dibenzo-p-dioxins,
dibenzofurans, naphthalenes, biphenyls, polycyclic aromatic hydrocarbons,
and alkylphenols in a sediment core from Tokyo Bay, Japan. Environmental
Science & Technology 34, 3560e3567.

Yamashita, N., Taniyasu, S., Hanari, N., Horii, Y., Falandysz, J., 2003. Polychlorinated
naphthalene contamination of some recently manufactured industrial products
and commercial goods in Japan. Journal of Environmental Science and Health,
Part A 38, 1745e1759.

X. Pan et al. / Environmental Pollution 159 (2011) 3515e3521 3521


