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Diffusion is an important process for sediment-water exchange and plays a vital role in controlling
water quality. Fugacity fraction (ff) was used to estimate the sediment-water diffusion of polycyclic
aromatic hydrocarbons (PAHs) between seawater and surficial sediment. A total of 33 surface sediment
and sea water samples were collected concurrently from the northeast coastal area in China and 25
PAHs were analyzed including the alkylated and chlorated PAHs. Fugacity fraction was calculated
based on the PAH concentrations in water and sediment, octanol-water partition coefficient of PAHs,
organic matter content in sediment, and density of sediment. The calculated results showed that ff'
increased with decreasing molecular weight of PAHs. The low molecular weight PAHs (2-3 rings)
transferred from sediment to water and the sediment acted as a secondary source to the water. The
medium molecular weight PAHs (4-5 rings) were close to the sediment—water equilibrium and the
transfer tendency shifted between sediment and water. The high molecular weight PAHs (5-6 rings)
transferred from water into sediment and the sediment acted as a sink. Soot carbon and the difference
of PAH concentrations between sediment and water were found to be important factors affecting the
sediment-water diffusion. This study provided new insight into the process of sediment-water
diffusion, which has a great influence on the quality of water, especially in severely-polluted sediment

areas.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) containing two or
more fused aromatic rings are ubiquitous pollutants with
significant public health and environmental concern. Knowledge
of the behavior and fate of PAHs is necessary for accurate
exposure and risk assessment. PAHs formed during the incom-
plete combustion of all types of organic matter are emitted as
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airborne pollutants associated with particles or directly as vola-
tile pollutants from anthropogenic and natural sources. PAHs
can enter the aquatic environment through direct input from
urban sewage and run-off or indirect atmospheric dry and wet
deposition.’* Once introduced into water, PAHs with high
octanol-water partition coefficients (Kow) are easily accumu-
lated in sediment due to their hydrophobic characters. Because of
the tendency of hydrophobic pollutants sorbed to organic matter
and soot carbon, sediments are the ultimate repository for most
organic contaminants, which induce the risk to ecosystem in the
aquatic environment.'#

Information on direction across the sediment and water
interface is frequently important in water quality assessment or
prediction.* Sediment-water exchange is one of the most
important processes determining the environmental fate and
direct or indirect human exposure to PAHs. In the aquatic

Environmental impact

Sediment-water diffusion plays a vital role in controlling the water quality. However, little information on the sediment-—water
diffusion of polycyclic aromatic hydrocarbons (PAHs) was available in the real environment from lack of a reliable model. A
fugacity fraction approach was developed and used to assess the sediment—water diffusion of PAHs between seawater and surficial
sediment based on the field experimental data. This newly developed model can be used in the assessment of sediment-water
diffusion for not only PAHs but also other persistent organic substances.
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environment, PAHs with varied physicochemical properties have
different environmental fate. PAHs with three rings or more have
low water solubility and low vapor pressure. As molecular weight
increases, water solubility decreases and vapor pressure
decreases. PAHs with two rings are more soluble in water and
more volatile.

In recent years, numerous studies have focused on soil-air and
water—air exchange of many typical persistent toxic pollutants
such as PAHs, polychlorinated biphenyls (PCBs), poly-
chlorinated dibenzo-p-dioxins (PCDDs), and organochlorine
pesticides (OCPs).>'® However, the sediment-water exchange of
PAHs was scarcely reported in these studies. Sediment-water
exchange includes two main processes: (a) particle-phase PAH
deposition and resuspension, and (b) the diffusion of dissolved
PAHs between sediment and the water column.'**® Previous
studies focused mainly on the particle-phase deposition of PAHs
in water.?"** Jeremiason et al.*' studied the setting flux of PAHs
sorbed to setting particles using a sediment trap in Lake
Superior. They found that the flux of PAHs ranged from 130 ng
m~2 d' for phenanthrene to 6 ng m 2 d' for indeno(1,2,3-cd)
pyrene, indicating net PAH deposition from water to sediment.
Palm er al** studied bulk atmospheric deposition fluxes, air—
water exchange fluxes, particle settling fluxes out of the upper
water column, sediment trap fluxes in deep waters, and sediment
burial fluxes of PAHs. All of the transport processes in water
were considered in their research except for the process of dis-
solved sediment-water diffusion of PAHs.

The process of sediment-water diffusion can only be
considered in a multimedia model.****3* Jurado et al* develo-
ped a dynamic coupled hydrodynamic-contaminant model and
applied to a Mediterranean continental shelf environment. They
found the sediment-water diffusion play a more important role
than sink in controlling the concentration of PCB 28 in bottom
seawater.* Meijer et al.?*?* studied the PCB dynamic flux model
of internal lake processes and the process of sediment-water
diffusion of PCBs was included in their study. The flux of sedi-
ment-water diffusion was larger than that of settling and resus-
pension for the low molecular weight PCB 28. In contrast, the
flux of setting and resuspension was more important than those
of sediment-water diffusion for the high molecular weight PCB
153. Therefore, considering only the processes of deposition and
resuspension is not sufficient for sediment-water exchange. The
process of sediment-water diffusion is very important in
controlling water quality.

An understanding of the sediment-water diffusion of PAHs is
very important to evaluate the risk of aquatic organism and
human expose to environmental contamination. To our know-
ledge, few studies have investigated the sediment-water diffusion
of dissolved PAHs between sediment and water using field
experiments. The aim of this study was to quantify the transport
trends and to assess equilibrium status of different PAHs at the
sediment-water interface in the aquatic environment.

Materials and methods
Chemical and reagents

All solvents used were of pesticide grade purity (J.T. Baker,
USA). Silica gel (100-200 mesh) was purchased from Merck

(Merck, Germany). Twenty-five PAH standards were purchased
from Supelco, Inc. (Supelco, USA), including indene, tetra-
hydronaphthalene, naphthalene, 2-methylnaphthalene, 1-methyl-
naphthalene, beta-chloronaphthalene, acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene, dibenzo-
thiophene, retene, fluoranthene, pyrene, benz(a)anthracene,
chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(e)
pyrene, benzo(a)pyrene, perylene, dibenz(a,h)anthracene, indeno
(1,2,3-cd)pyrene, and benzo(g,h,i)perylene. A deuterated PAH
solution containing naphthalene-DS8, fluorene-D10, pyrene-D10,
and perylene-D12 was used as the surrogate standard, and was
obtained from Cambridge Isotope Laboratories (CIL, Andover,
MA, USA).

Sampling

Dalian, a typical coastal city situated in the northeast of China
(E120°58'-123°31', N38°43-40°10’), was the urban location
selected for this study. A total of 33 surface sediment and sea
water samples were collected concurrently from Dalian coastal
areas in October, 2008. The locations of the sampling stations are
shown in Fig. 1. Subsurface water samples varying from 2-28 m
with an average of 6 m from Dalian coastal areas were collected
from aboard a chartered vessel. Samples were collected in pre-
cleaned 4 L amber glass bottles. Aliquots of each sample were
filtered under vacuum after returning to the laboratory to obtain
dissolved samples, to which 50 mL of dichloromethane (DCM)
were added before PAH extraction to prevent biodegradation
and pre-extraction. Surface sediment samples varying from 4—
32 m were collected concurrently from the same sites with a grab
sampler and stored in prewashed glass bottles. All water and
sediment samples were collected in triplicate. The sediment
samples were stored at —20 °C until extraction.
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Fig. 1 PAH concentrations in the water and sediment at different
sampling sites around Dalian (E120°58-123°31’, N38°43'-40°10")
coastal areas, China. The dashed line represents the border of Dalian
Bay. The highest PAH concentrations in sediment and water were
8688 ng g' and 127 ng L' at Site 21 of Dalian Harbor.
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Extraction and analyses

Samples were extracted and analyzed according to the methods
established at the National Laboratory for Environmental
Testing (NLET), Environment Canada.?>*® Water (4 L) samples
spiked with a recovery standard containing a surrogate standard
mixture were liquid-liquid extracted using a funnel with 200 mL
of DCM. The sediment (10 g) samples spiked with a recovery
standard containing a surrogate standard mixture were Soxhlet
extracted for 24 h with a 300 mL mixture of n-hexane/acetone
(1:1, v/v). The extract was filtered through a funnel filled with
anhydrous sodium sulfate, and rotary-evaporated to 1 mL. The
extract was cleaned-up using a 2-layered packed column (0.4 m
length x 10 mm i.d.) filled with anhydrous sodium sulfate (5.0 g,
dried for 8 h at 500 °C) and silica gel (10.0 g, dried for 16 h at
135 °C). The column was prewashed with 30 mL of hexane,
followed immediately by 30 mL of DCM. The extract was eluted
with a 60 mL mixture of hexane/DCM (1 : 1, v/v). The eluate was
rotary-evaporated to 2 mL and then reduced into isooctane by
nitrogen evaporation (purity 99.999%) prior to gas chromato-
graphy-mass spectrometry (GC-MS) analysis. All PAHs were
identified and quantified using GC-MS (Thermo, PolarisQ) on
a 60-m DB-5 MS column. The column oven temperature was
programmed at a rate of 25 °C min~! from an initial temperature
of 60 °C to a temperature of 180 °C (1 min hold), and then at 3°C
min~' to 280 °C (30 min hold). The injector, transfer line, and ion
source temperatures were 280, 250, and 250 °C, respectively.

Quality assurance/quality control

All samples were spiked with a labeled recovery standard
(naphthalene-DS, fluorene-D10, pyrene-D10, and perylene-D12)
prior to liquid-liquid extraction and Soxhlet extraction. The
surrogate standard recoveries ranged from 58% to 93% and 65%
to 96% in liquid-liquid extraction and Soxhlet extraction,
respectively. Spike samples were included at a rate of one for
every 10 samples extracted, and the recoveries of all 25 PAHs
were found to be from 57-102% and 60-110% for liquid-liquid
extraction and Soxhlet extraction.

Organic matter fraction in sediment

Ten grams of each sediment sample was isolated for organic
matter fraction (¢om) determination. Firstly, the sediment
samples were put into an oven for drying at 105 °C for eight
hours until constant weight was achieved. The average moisture
of sediment was 45% varying from 26% to 56%. After removing
the water, these sediment samples were put into a muffle furnace
for pom determination by measuring their loss on ignition at
550 °C for five hours. The gon of the sediment samples was
calculated based on their dry weight and ranged between 2.6%
and 10.0% with a mean value of 5.7%.

Results and discussion
PAHs in water and sediment

All PAHs were detected in water and sediment samples except
beta-chloronaphthalene. The concentrations of PAHs in water
are shown in Table 1 and Fig. 1, ranging from 41 to 127 ng L'

with a mean value of 65 ng L~'. The PAHs in water exhibited
a rather uniform distribution of concentrations with a variation
of less than one order-of-magnitude. Total concentrations of
PAHs in sediment ranged between 113 and 8688 ng g~!, with
a mean value of 988 ng g~'. The highest concentration in
water was 127 ng L' at Site 21 of Dalian Harbor. Similarly, the
highest concentration in the sediment was also found at Site 21 of
Dalian Harbor, which was much higher than those at the other
sites.

Generally, the two main factors which influence the concen-
tration distribution of PAHs in sediments are the emission source
and the physicochemical properties of the sediments. The organic
matter fraction has been implicated as the key physicochemical
property influencing PAH content in soil and sediment. A high
organic matter fraction usually corresponds with high concen-
trations of PAHs in sediment or so0il.>”?® Thus, it was necessary to
investigate the influence of the organic matter fraction further.
The relationship between individual PAH concentration and
¢om of sediment was examined by correlation analysis. The
analytical results showed that there was no significant correlation
between individual and total concentration of PAHs and ¢on of
sediment (7 = 33). Site 21 had a very high concentration of PAHs
and was considered as an outlier on the scatter plot because the
correlation increases with this point removed. Significant corre-
lations (n = 32, p<0.05) were observed between low molecular
weight PAHs (indene, naphthalene, 2-methylnaphthalene, 1-
methylnaphthalene, and acenaphthylenes) and oy of sediment.
It was evident that gonm can affect the distribution of low
molecular weight PAHs in sediment. It seems that the emission
source along with pon played important roles in governing the
distribution of PAHs in sediment around Dalian coastal areas. In
addition, soot carbon and biogenic sources have influence on the
distribution of PAHs in sediment. PAHs are easily accumulated
in sediment with high soot carbon content due to their very high
affinity for PAHs.? Natural sources could also contribute to the
elevated PAHs in sediment. These biogenic PAHs such as
perylene, phenanthrene, and naphthalene produced by microbial
activity in soil could have been transported to water via runoff
and riverine transport of terrestrial matter.?

Variations of PAH concentrations in sediment were observed
in different sea areas of Dalian. PAH concentrations at the
Dalian Bay sites (Site 15-33) had a mean value of 1379 ng g,
and were relatively higher in concentration than the other sites
(Site 1-14) around the residential and garden areas (mean =
459 ng g '). The industrial area of Dalian surrounds Dalian Bay,
and the industrial wastewater and sewage outlets discharge
directly into the sea polluting the water and sediment in Dalian
Bay. The higher concentrations of PAHs in Dalian Bay are
probably due to this fact. In addition, Dalian Harbor is an
important port in Dalian Bay frequently used by naval,
commercial and fishing watercrafts, and their emissions may
contribute some PAHs to the sediment of Dalian Bay.

As shown in Fig. 2, the composition of PAH congeners were
apparently different between water and sediment. In water, 2-
methylnaphthalene, 1-methylnaphthalene and naphthalene were
the dominant PAHs contributing 40.4% of all PAH concentra-
tions. The top three PAH congeners found in sediment were
pyrene, fluoranthene, and phenanthrene, which accounted for
34.4% of the sediment burden. This result was consistent with
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Table1 Concentrations of PAHs in sediment (ng g~') and water (ng L"), the logarithm of octanol-water partition coefficients (logKow), the logarithm
of soot carbon—water partition coefficients (logKsc), and fugacity fractions (ff) affected by natural organic matter, fugacity fractions (ff1,sc) affected by
natural organic matter and soot carbon (1% of organic carbon), and fugacity fractions (ff}¢.sc) affected by natural organic matter and soot carbon (1%
of organic carbon)

Water Sediment 1
Shusc  fovsc
PAHs logkow” logKsc® Min. Max. Mean Min. Max. Mean Min. Max. Mean Mean Mean
Indene (2)* 1.1 3.7 3.7 0.7 20.2 1.4 0.923 0.998 0.980 0.971 0.897
Tetrahydronaphthalene (2)  3.49 5.21 0.8 1.5 1.0 0.3 5.0 1.0 0.739 0.967 0.858 0.800  0.502
Naphthalene (2) 3.37 4.93 2.8 134 40.0 1.6 224.1 6.4 0.731 0.998 0.968 0.958  0.880
2-Methylnaphthalene (2) 3.86 5.62 44 32.6 19.0 2.1 80.7 12.5 0.303 0.962 0.777 0.699  0.387
1-Methylnaphthalene (2) 3.87 5.63 2.6 17.1 9.2 14 47.2 6.9 0.352  0.965 0.770 0.688  0.366
Acenaphthylene (3) 3.94 5.70 0.5 19.5 18.0 1.4 128.2 2.3 0.737 0.993 0935 0.902 0.701
Acenaphthene (3) 3.92 5.68 0.4 19.6 10.7 0.3 119.4 2.6 0.625 0.994 0.894 0.845 0.583
Fluorene (3) 4.18 5.72 1.5 7.7 20.2 2.0 174.0 3.0 0.504 0.993 0.840 0.800 0.577
Dibenzothiopene (3) 4.29 6.09 1.5 2.3 5.3 1.0 26.6 1.7 0.520 0.960 0.744 0.646  0.306
Phenanthrene (3) 4.57 6.24 1.8 10.6 86.8 10.0  498.5 3.6 0.566 0.991 0.891 0.852  0.631
Anthracene (3) 4.54 6.94 0.9 2.6 34.4 3.1 297.9 1.6 0.667 0.992 0.886 0.700  0.265
Fluoranthene (4) 5.33 6.96 1.0 13.2 109.8  13.0  920.5 2.9 0.628 0.949 0.801 0.740  0.446
Pyrene (4) 5.32 6.79 0.9 12.3 136.0 12.0 1172.0 3.0 0.502 0.946 0.805 0.764  0.528
Retene (3) 6.35 8.33 1.7 2.6 15.4 2.3 186.3 1.9 0.021 0.502 0.056 0.029  0.006
Benzo(a)anthracene (4) 591 8.26 0.8 34 58.2 3.1 667.6 1.1 0.128 0916 0471 0.229  0.042
Chrysene (4) 5.86 8.18 0.6 4.0 66.7 5.0 658.7 1.3 0.271 0.871 0.556  0.299  0.060
Benzo(b)fluoranthene (5) 6.57 8.54 0.6 3.1 55.8 1.5 507.5 1.1 0.022  0.695 0.190 0.111 0.024
Benzo(k)fluoranthene (5) 6.84 8.66 1.2 4.0 58.5 1.6 607.9 1.5 0.007 0.542 0.081 0.051 0.012
Benzo(e)pyrene (5) 6.44 8.28 0.4 3.7 59.8 0.3 656.4 1.0 0.003 0.763 0.163 0.106  0.026
Benzo(a)pyrene (5) 6.30 8.87 0.8 3.7 78.6 2.4 933.7 1.5 0.044 0.868 0274 0.079  0.011
Perylene (5) 6.25 8.22 N.D. 49 15.2 2.3 110.9 0.8 0 0.403 0.077 0.042  0.008
Indeno(1,2,3-cd)pyrene (6)  7.66 9.76 0.6 6.0 38.8 5.0 353.6 1.9 0.002 0.078 0.009 0.004  0.001
Dibenzo(a,h)anthracene (5)  6.75 8.77 0.9 6.5 11.4 1.4 123.4 2.3 0.004 0.200 0.016 0.008  0.001
Benzo(g,h,i)perylene (6) 7.23 8.89 0.8 6.5 36.5 44 350 2.0 0.004 0.182 0.022 0.015 0.004

@ The 2-6 represents the number of PAH ring. ? The values of logKow were calculated using the program of KOWWIN in EPI Suite v3.20 (EPA) or
selected from Spero et al.,*® MacKay et al.,*®* and Stegmann.*® ¢ The values of logKsc were calculated using eqn (15) or selected from Bucheli and
Gustafsson ** and Jonker and Koelmans.*

Downloaded by Library of Chinese Academy of Sciences on 19 July 2011
Published on 09 May 2011 on http://pubs.rsc.org | doi:10.1039/COEM00731E

a previous study that showed these three compounds accounted
for about 32% in the soil of Dalian.*® The low molecular weight
PAH congeners, two- and three-ring PAHs, dominated the

profile of PAHs in water. In contrast, the PAH congeners in
sediment were mainly medium and high molecular weight PAHs
(four- and more than four-ring PAHs).

0.26
0.24 B Sediment Fugacity fraction calculation
0.22 [ |Water In order to understand the sediment-water diffusion of PAHs,
8?2_ a fugacity approach was used to assess the equilibrium. Fugacity
0' 16_- is a measure of chemical potential or partial pressure of a chem-
.E 0‘ 1 ] I ical in a particular medium that controls the transfer of chemicals
37 0'12—. between media.’' The equilibrium partitioning of a chemical
é. 0'10_. between water and sediment is described by the dimensionless
(.O) O‘OST sediment-water partition coefficient (Ksw), as follows:
882_ I Ksw = Csps/Cw )]
0-02'_ j ﬁ ’1 Flll m Hﬂ mmﬂm where Cs is the sediment concentration, ps is the density of
0.00 P S 575 N e e s i e Gy = s M s i 5 sedimen.t solids, and Cyy is the water conceptration. .
_§§§§§§§ 5 i@ éé 5§ g §§§ 5555 §§ Ksw is dependent on temperature, moisture, chemical, and
E%EEE%‘EE ::q 3 E EE‘& _::,3 Eﬂg’ ! EEDEE g sediment properties. Partitioning of persistent organic pollutants
ﬁﬁﬁﬁﬁéh 28EE EOE ;5’5’-?:- SSRGS to sediment occurs via absorption to the organic carbon fraction
gfgg % 8 g“—“‘:u—f 7‘3\ = g g ﬁ%&: and Kgsw can be expressed as the product of the organic carbon
°§\ §§é< = § O m@£ %‘e:%b partition coefficient (Koc) and organic carbon fraction (¢oc), as
= §§ A g g f“: g E 3 follows:
g a5 M $o =R
= m
o A= mm =t
= a Ksw = Kocooc (2

PAH congeners

Fig. 2 Composition of PAH congeners in water (ng L~') and sediment
(ng g7') samples around Dalian coastal areas.

Kow is a key parameter of chemical partitioning between the
water and organic phase. Many previous studies formulated
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a linear relationship that relates Koc to Kow for PAHs and to
@oc of the sediment as follows:32-3*

logKoc = A logKow + B 3)

Karickhoff er al** obtained values of 4 of 0.989 and B of
—0.346 for PAHs from benzene to pyrene. The values of 4 of
1.14 and B of —1.02 were derived for PAHs by Nguyen et al.®
Van Noort3® obtained values of 4 of 1.11 and B of —1.14 for
PAHs. Considering the summarized results, we used the Kow is
approximately equal to Koc. According to eqn (3), Kow can be
used instead of Koc in eqn (2):

Ksw = Kow¢oc )

Kgw can also be expressed as a ratio of the fugacity capacity
(Z-value; mol m~> Pa™') for sediment (Zs) and water (Zw):

Ksw = Zs/Zw Q)

The following equation can be used to calculate Zy, values:

Zw = UH (6)

where H is the Henry law constant. Combining eqn (3)—(6), Zs
can be expressed as:

Zs = Kowpoc/H @

Fugacities of PAHs in sediment (fs) and water (fw) were
calculated using eqn (8) and (9) by assuming that the fugacity
capacity of sediment is due entirely to the organic matter
fraction.®®

Js = Csps/Zs = CspsHlpocKow (®)

Sw = CwlZw = CwH )

Therefore, the sediment-water fugacity quotient (fs/fw) can be
calculated as follows (eqn (10)),

Jslfw = Csps/pocKow Cw (10)

where fs/fw > 1 indicates net redissolution from sediment into
water while fs/fw < 1 indicates net sorption from water to
sediment.

Results are also expressed as the fraction of the total fugacity
in sediment (ff):

Jf = Sslfs + fw) = fslfwl(fslfw + 1) (11)

In comparison with the fugacity quotient, a graphical repre-
sentation of the equilibrium status using the fugacity fraction is
advantageous because equivalent deviations from the equilib-
rium line (ff = 0.5) in either direction represent the same
magnitude of departure from equilibrium.® Sediment-water
equilibrium is indicated by a fugacity fraction = 0.5. Values of
ff > 0.5 indicate net redissolution from sediment into water and
values < 0.5 indicate net sorption from water to sediment.

Uncertainty analysis

Model uncertainty is a very important theme for understanding
the final fate of a chemical compound using the fugacity model.®”
According to eqn (11), the uncertainty of ff (i) is directly related
to the uncertainty of five parameters Cs, ps, poc, Kow, and Cyw.
Notably, three parameters, Cs, Kow, and Cy, have a stronger
influence on u because their values varied larger than the others.
So, uy is mainly determined by the uncertainty of these three
parameters and can be calculated as follows:

uy = \/RSD*(Cs) + RSD*(Cy) + RSD*(Kow)  (12)

where RSD is the relative standard deviation. Replicate analyses
in our laboratory have shown that the analytical reproducibility
in measurements of water and sediment are typically = 35%. de
Maagd et al.®” determined the Kow of eight PAHs varying from
two-ring naphthalene to five-ring benzo(a)pyrene, and deter-
mined that the mean RSD of Kow was 42%. Therefore,
assuming 35% RSD in Cyw and Cs, and 42% RSD in Kow, the
value of uy was 60% in the ff according to eqn (12). The
calculation associated with uy indicated that the equilibrium
was represented by the ff of 0.5 + 0.3 (i.e., a range of 0.2-0.8). If
the fugacity fractions fall outside this uncertainty range, it can
be concluded that these compounds are not in sediment-water
equilibrium.

Sediment—water diffusion

Mean PAH concentrations in water and sediment associated
with other parameters (Table 1) were used to assess the equilib-
rium status of each compound. Values of logKow were selected
in previous studies®®* or were calculated using the program of
KOWWIN in EPI Suite v3.20 (EPA). The density of dry sedi-
ment solids was 1.5 x 10* kg m— for all calculations*! and ¢oc
was estimated as 56% of ¢om determined in this study.

Fig. 3A presents the fugacity fractions between sediment and
water around Dalian coastal areas, China. The general trend
showed that the values of ff'increased with decreasing molecular
weight of PAHs. The values of ff for low molecular weight
PAHs (two- and three-rings) were > 0.8 except for dibenzo-
thiopene, indicating that the sediment acted as a secondary
source to water for these PAHs. The mean value of ff for
dibenzothiopene was 0.76, which was lower than those of the
other three-ring PAHs. Because dibenzothiopene contains one S
atom, it was structurally different from the other PAHs in this
study. Values of ff for four- and five-ring PAHs, for example,
benzo(a)anthracene and benzo(a)pyrene, were close to or fell in
the range of 0.2-0.8. This implied that medium molecular
weight PAHs were close to the sediment-water equilibrium, and
that the transfer tendency shifted between sediment and water in
different sites. Mean values of ff for five- and six-ring PAHs, e.
g. dibenzo(a,h)anthracene and benzo(g,h,i)perylene, were lower
than 0.2, indicating that the sediment acts as a sink for these
high molecular weight PAHs from water. The mean value of
ff for retene was 0.056, which gives it the propensity to partition
into sediment. It should be noted that the alkylated PAHs
(2-methylnaphthalene, 1-methylnaphthalene, and retene, i.e.,
1-methyl-7-isopropyl-phenanthrene) have lower ff values than
their parent PAHs (naphthalene and phenanthrene), and show
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Fig. 3 Fugacity fraction between sediment and water around Dalian
coastal areas, China. (A) Fugacity fraction affected by natural organic
matter; (B) Fugacity fraction affected by natural organic matter and soot
carbon (1% of organic carbon);(C) Fugacity fraction affected by natural
organic matter and soot carbon (10% of organic carbon). The bottom
and top of the boxes represent the 25th and 75th percentiles of ff values,
respectively. The solid horizontal line within each box represents the
median value. The little box within each box represents the mean value.
The lower whisker is equal to the minimum ff values. The upper whisker
is equal to the maximum ff values. The dashed lines of ff'= 0.5 represent
the sediment-water equilibrium status. The dashed lines of ff = 0.2 and
0.8 represent uncertainty in the equilibrium condition based on errors
propagated in the calculation of ff.

a greater tendency to concentrate in sediment rather than water.
It is due to the fact that alkylated PAHs have a higher Kow
than their parent PAHs (Table 1). The logKow are 3.86 for 2-
methylnaphthalene, 3.87 for 1-methylnaphthalene, and 6.33 for
1-methyl-7-isopropyl-phenanthrene, which are larger than 3.33
for naphthalene and 4.57 for phenanthrene.

A fugacity fraction in the range of 0.2-0.8 may not represent
a significant departure from equilibrium. The uncertainty may be

even greater than or perhaps as high as 0.1 to 0.9 if one considers
other parameters that are difficult to incorporate into an error
analysis, e.g., the uncertainty associated with ¢oc and pg in eqn
(10). If this characterization of uncertainty is accepted, only
indene, naphthalene, acenaphthylene, acenaphthene, phenan-
threne, anthracene, retene, perylene, indeno(1,2,3-cd)pyrene,
dibenzo(a,h)anthracene, and benzo(g,h,i)perylene would have
significant results, which have mean values of ff are near or
greater than 0.9 or lower than 0.1.

Soot carbon affecting the sediment—water diffusion

In realistic environments, PAHs can be sorbed to not only
natural organic matter but also soot carbon.** Therefore, soot
carbon can affect the sediment-water diffusion of PAHs, which
exhibited significantly stronger affinity than natural organic
matter.’” Considering the effect of soot carbon, eqn (2) can be
expressed as follows: 4?43

Ksw = Kocyoc + Kscosc (13)

where the ggc is the soot carbon fraction of the sediment and Kgc
is the soot carbon normalized partition coefficient. Therefore,
eqn (10) can be changed as eqn (14) to calculate the fugacity
fraction affected by both natural organic matter and soot
carbon.

Jslfw = Csps/ Cw(Kocpoc + Kscpsc) (14)

In the present study, the Ksc values reported by Bucheli and
Gustafsson** and Jonker and Koelmans*® were used. If Kgc for
PAHs were not determined by the experiments, the values were
calculated using the linear regression of eqn (15) derived from the
experimental logKsc and logKow listed in this study. In sedi-
ment, gsc was usually estimated as 1-10% of ¢poc determined in
previous study.*

lOgKSC = 10910gKOW + 1.41 (15)

As shown in Fig. 3B and C, the soot carbon have the influence
on the transfer trend of PAHs depending on the soot carbon
content (soot carbon/organic carbon) varying from 1% to 10%. It
seems that soot carbon have a little influence on the transfer
trendency of low and high molecular weight PAHs when the
sediment with low soot carbon content (1% of poc). Most values
of ff1.sc (Table 1) for benzo(a)anthracene, benzo(e)pyrene, and
benzo(a)pyrene were lower than 0.2, indicating that transfer
tendency of these medium molecular weight PAHs shifted to
sediment from the equilibrium. However, the ffjovsc (Table 1)
indicated that the soot carbon changed the tendency of not only
the medium molucule weight PAHs but also low molecular
weight PAHs. The sediment began to act as a sink for these
medium molecular weight PAHs from water and the low
molecular weight PAHs reached the sediment-water equilibrium
status.

Concentration affecting the sediment-water diffusion

Notably, the difference of PAH concentration between water and
sediment can affect their transfer trend. At severely-polluted site
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of Dalian Harbor, some PAHs can transfer from sediment to
water opposite to other sites at the same equilibrium status
(Fig. 4). For example, dibenzothiophene, benzo(a)anthracene,
chrysene, and benzo(a)pyrene were net flux from sediment to
water which occurs in opposition with their mean sediment-water
equilibrium  status. Benzo(k)fluoranthene and perylene
reached the sediment-water equilibrium status of a net flux from
water to sediment at other less polluted sites. We confirmed
that a difference in PAH concentrations can change the net flux
trend.

Spatial distribution of ff for benzo(a)pyrene

Among PAH compounds, benzo[a]pyrene is commonly used as
an indicator because its toxicity is one of the highest and it
accounts for the majority of the carcinogenicity in a PAH
mixture. Therefore,the ff of benzo(a)pyrene is a key parameter
influencing the risk of marine life living in water. Fig. 5 shows
the spatial distribution of ff for benzo(a)pyrene around Dalian
coastal areas. The value of ff varied at different sites. At Site 21
of Dalian Harbor, ff was 0.87, which implied a net flux of
diffusion of benzo(a)pyrene from sediment to water. Except for
Site 21, ff for all of the other sites in Dalian Bay were within the
range of 0.2-0.8, which meant benzo(a)pyrene reached
a dynamic equilibrium status. In contrast to the sites located in
Dalian Bay, ff for most sites around the residential and garden
areas were lower than 0.2, indicating a net flux from water into
sediment. These observations suggested that the transfer trend
for benzo(a)pyrene was dependent on the PAHs in industrial
pollution.
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Fig. 4 Fugacity fraction between sediment and water at Site 21 of
Dalian Harbor. The dashed lines of ff = 0.5 represents the sediment—
water equilibrium status. The dashed lines of ff'= 0.2 and 0.8 represent
uncertainty in the equilibrium condition based on errors propagated in
the calculation of ff.
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Fig.5 The spatial distribution of fffor benzo(a)pyrene in Dalian coastal
areas, China. The dashed line represents the border of Dalian Bay. Values
of f'> 0.8 indicate net redissolved from sediment and values <0.2 indicate
net sorption to sediment. Values in the range of 0.2-0.8 imply that benzo
(a)pyrene reaches the equilibrium conditions.

Conclusions

The sediment-water fugacity fractions indicated that sediment
acted as a secondary source to the water for all low molecular
weight PAHs (two-three rings), and it will continue to be a sink
for high molecular weight PAHs (five-six rings) around Dalian
coastal areas. Medium molecular weight PAHs (four-five rings)
were close to the sediment-water equilibrium and the tendency
shifted between sediment and water when the function region
changed in Dalian. Soot carbon and the concentrations of PAHs
in water and sediment were the main factors affecting the sedi-
ment-water equilibrium status. Due to soot carbon content in
sediment, the low and medium molecular weight PAHs changed
their transfer tendency between sediment and water. In the
severely-polluted site, PAHs in sediment had a strong influence
on the PAH concentration in water through the process of
sediment-water diffusion. According to these results, the process
of sediment-water diffusion should be considered in controlling
PAH concentration in water. The present fugacity fraction
solution to the sediment-water diffusion is best suited for eval-
uating the diffusion trend of PAHs in aquatic environment.
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