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a b s t r a c t

The flux of several polycyclic aromatic hydrocarbons (PAHs) from coal tar-impacted river sediment was
measured under various seepage rates in a laboratory scale. The batch PAH equilibrium data between
aqueous phase (Ceq) and sediment phase was well-explained using a Raoult’s law approach. In the flux
measurement from column study, the steady-state PAH concentrations (C1) in the effluent solution
were affected by a time-dependent nonequilibrium process; the seepage velocity was inversely propor-
tional to the C1 of PAH in the effluents. With a high seepage velocity of 4.06 cm d�1, a large initial con-
centration was observed, possibly due to the greater disparity between C1 and Ceq. This initial-flush
export leveled off after a few pore volumes had been displaced. The chemical flux pattern of PAH
was conceptually depicted by superimposing two analytical solutions, such as a slug lease followed
by rate-limited solute lease. Under quiescent conditions, the sediment pore-water reached dissolution
equilibrium with the solid phase. However, under dynamic groundwater seepage conditions, the seep-
age water flowing through sediment pores did not reach dissolution equilibrium, which was evidence of
nonequilibrium dissolution. In conclusion, the mass flux of PAHs from coal tar-impacted sediment is
determined by concurrent effect of the groundwater seepage rate and rate-limited PAH concentration
in seepage water.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Coal tar, a non-aqueous phase liquid (NAPL), is composed of
hundreds of aromatic organic compounds, including polycyclic
aromatic hydrocarbons (PAHs), and a large number of other com-
plex organic chemicals of undetermined identity (Luthy et al.,
1994). Due to their carcinogenic and toxicological properties, PAHs
are important coal tar-borne contaminants. During the last several
decades, coal tar mixtures, a major byproduct when gas is pro-
duced from coal, have been accidentally spilled or improperly dis-
posed of, thereby degrading the quality of nearby waters. Once coal
tar reaches a water body, the light fractions form a pool on the top
of the water table; whereas, the dense fractions migrate downward
and form coal tar–sediment mixtures. Because several organic sol-
utes can be released at various rates from the immobilized organic
phase, coal tar-contaminated sediment can be a long-term source
of groundwater and surface water contamination.

Dissolution is a primary mechanism controlling the flux of PAHs
from coal tar-impacted sediment to the overlying water body.

Because of this, many previous investigations have focused on
the prediction of dissolution behavior of individual PAH com-
pounds from the multi-component NAPL phase in various environ-
mental settings. Parameters examined include the mole fraction of
each compound (Heyse et al., 2002; Lee and Chrysikopoulos, 2006),
residual NAPL saturation (Nambi and Powers, 2003), and pore-
water velocity (Seagren and Moore, 2003; Totsche et al., 2006). It
has been shown that (1) the release of PAHs from the NAPL phase
follows a dissolution process according to Raoult’s law (Lee et al.,
1992; Jafvert et al., 2006) and (2) dissolution may be rate-limited
by intra-NAPL diffusion, rate-limited mass transfer, or slow release
of PAHs from the immobile organic phase (Luthy et al., 1993). The
non-homogenous distribution of PAHs in the NAPL phase has been
frequently cited as an explanation for the observation of kinetic
control on of aromatic hydrocarbon dissolution from petroleum-
contaminated soils (Hunt et al., 1988a; Borden and Kao, 1992;
Seagren and Moore, 2003; Totsche et al., 2006).

Dissolution experiments with single or multi-component NAPL
ganglia have indicated that NAPL-aqueous phase equilibrium are
rapidly achieved (Hunt et al., 1988b; Lee and Chrysikopoulos,
2006). However, for a field site with coal tar-contaminated river
sediment or soil, such equilibrium conditions are rarely observed
(Mahjoub et al., 2000; Heyse et al., 2002; Haritash and Kaushik,
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2009). Thus, local equilibrium calculations clearly overestimate the
effluent concentration, especially at higher seepage velocities.

In our previous studies, Hyun et al. (2006, 2007) investigated
the behavior of equilibrium PAH dissolution and export flux due
to upward groundwater seepage using coal tar-impacted river
sediment collected from a former manufactured gas plant site. As
a remediation strategy, the concept of a sand cap consisting of lay-
ers of permeable sand and gravel was proposed. However, it is un-
known whether this type of cap will trap PAH contaminants or
simply transfer them to the overlying water phase. In addition,
the mass transfer potential of PAH from coal tar-impacted sedi-
ment will vary with spatiotemporal variations in groundwater ef-
flux rates. This research was carried out in order to assess the
impact of variation in the seepage rate on the release of PAH from
coal tar sediment above which the sand cap was overlaid as a
remediation technology. In order to evaluate the dissolving and/
or exporting behavior of PAHs from coal tar-contaminated river
sediment, laboratory columns packed with sediment with overly-
ing sand at two different groundwater seepage velocities, and
PAH in effluent was monitored over time. The concentration profile
of PAHs in column effluent was interpreted using the concept of
dissolution equilibrium and nonequilibrium between seepage
water and coal tar-impacted sediment.

2. Materials and methods

2.1. Sediment and chemicals

A 122-cm core sample of coal tar-impacted river sediment was
collected at a depth of 100 cm below the sediment surface from a
river adjacent to a former manufactured gas plant site in Indiana,
USA. Ottawa sand (20–30 mesh), used as a capping material, was
purchased from Fluka. The particle density and bulk density of
the sand were 2.65 g cm�3 and 1.88 g cm�3, respectively and calcu-
lated effective porosity of 0.35. Standard PAH compounds of naph-
thalene, fluorene, phenanthrene, anthracene, fluoranthene and
pyrene, all with >99% purity, were purchased from Sigma–Aldrich
Chemical. The selected chemical and physical properties of the
PAHs monitored in this study are listed in Table 1. Details of the

sampling methods and sample characterization are reported else-
where (Hyun et al., 2006).

2.2. Batch equilibrium partitioning

2.2.1. PAHs in sediment phase, Csed

To determine the PAH concentrations in sediment, 10 g of wet
sediment was extracted with 30 mL of a methanol and dichloro-
methane mixture (4:11, v/v) and placed on a rotary shaker at
50 rpm for 24 h. The sediment–solvent mixture was centrifuged
at 3000 rpm for 20 min, and then the solutes in supernatant were
extracted with hexane at the ratio of 10:1. A 1 mL aliquot was
transferred to a glass amber vial for GC–FID analysis.

2.2.2. PAHs in aqueous phase, Ceq

To determine the PAH concentrations in aqueous solution equil-
ibrated with the sediment, approximately 20 g of wet sediment
was mixed with 200 mL of 5 mM CaCl2 solution. Sediment-solution
samples were briefly vortexed and then rotated end-over-end for
48 h. After settling for l h, the supernatants were transferred into
35 mL Teflon-capped centrifuge tubes. The tubes were centrifuged
at 3000 rpm for 30 min and 2 mL aliquots of supernatant were
transferred into glass amber vials. The PAHs, naphthalene, fluo-
rene, phenanthrene, anthracene, fluoranthene and pyrene, were
determined using HPLC–UV/FL analysis. Although over 40 PAH
compounds were found in this sediment when extracts were con-
centrated and analyzed by GC–FID, only these specific compounds
were monitored in the column experiments because the aqueous
concentrations of these compounds in column effluent were suffi-
ciently large that only small volume aliquots were required for
analysis.

2.3. One-dimensional column displacement experiment

Column experiments were performed to assess the dissolution
of PAHs from coal tar-contaminated sediment overlain by sand lay-
ers under saturated conditions as a function of advective water flux
rates. A sketch of the soil column setup is given in Fig. 1. Cylindrical
glass columns (ID = 5.08 cm and L = 30 cm) were used, with open

Table 1
Chemical and physical properties of PAHs and their sediment concentration.

PAH Chemical structure Sw
a (�log M) Db (10�6 m2 s�1) Sediment sample

Ceq
c (mg L�1) Csed

d (mg kg�1)

Naphthalene (C10H8) 3.06 7.35 9.12 7642

Fluorene (C13H10) 4.08 – 0.226 1411

Phenanthrene (C14H10) 4.46 4.97 1.24 4136

Anthracene (C14H10) 4.48 5.04 0.101 2397

Fluoranthene (C16H10) 5.08 – 0.04 1326

Pyrene (C16H10) 5.35 4.52 0.112 1548

a Subcooled liquid solubility (Schwarzenbach et al., 2003).
b Diffusivity (Gustafson and Dickhut, 1994).
c Equilibrium aqueous concentration.
d Concentration extracted from sediment.
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beaded columns clamped between aluminum plates, with Teflon
seals between the aluminum plates and glass.

The inflow was from the bottom of the column, simulating stea-
dy groundwater seepage through the contaminated sediment to
the river. Glass frits (5 cm diameter) at the bottom of the column
uniformly distributed the upward flow to the sediment layer,
reducing the development of preferential flow paths through the
sediment. The top aluminum plate was tapped with 1=4 � 28 ports
to accommodate air tight fittings around 0.16 cm stainless steal
tubes. To sample effluent, the other end of the steal tubing pierced
the septum of a sealed HPLC sample vial, which was pierced by an
additional stainless steel needle to release air pressure from the
vial as the aqueous sample accumulated. The influent solution
was degassed by N2 gas purging to reduce oxygen concentration
and the column was wrapped with aluminum foil to minimize
the effect of oxidative degradation and photodegradation, respec-
tively. Pentafluorobenzoate (PFB� at 20 mg L�1), was used as an
influent tracer and introduced to the bottom of the column emulat-
ing groundwater seepage. The pH of the PFB� and influent solution
was adjusted to 7.0 with 0.1 M NaOH.

2.3.1. Column packing
The column was packed with, from bottom to top, 5 cm sand,

5 cm sediment and 20 cm sand (Fig. 1). Prior to packing the sedi-
ment layer, non-reactive tracer bromide (Br�) was spiked into
the sediment as potassium bromide crystals at a concentration of
41 mg kg�1 and allowed to equilibrate for 7 d for complete dissolu-
tion of the KBr into the sediment pore-water. The calculated equi-
librium concentration of Br� in the sediment pore-water was
�60 mg L�1. To operate a column in a sterilized condition, the sed-
iment was also mixed with 4 mmol kg�1 HgCl2 (Wolf et al., 1989)
prior to packing.

2.3.2. Flow rate settings
A piston pump (Fluid Metering Inc., Syosset, NY) was used to

control the flow rate of water into the bottom of the column. The
pump and a solenoid valves (Bio-Chem Valve Inc.) were activated
with a ChronTrol XT timer (ChronTrol Corporation, San Diego,

CA), and a DC power supply provided power to the solenoid valve
within an isolated circuit. The piston pump was programmed to
operate 1 cycle per 10 or 20 s to supply two different designated
volumetric flows of 0.004 or 0.02 mL min�1, respectively. The
resulting average Darcy fluxes (q = volumetric flow/cross-sectional
area) were 0.284 and 1.42 cm d�1, respectively. The set flow rates
were monitored and continued for five or ten pore volumes (PVs)
of pumping. The flow rates employed in this experiment approxi-
mately encompasses the range of measured flow rate of the site
(Hyun et al., 2007). More details about the column and pump set-
tings have been reported elsewhere (Hyun et al., 2006).

2.4. Chemical analysis

For the tracer test, the concentrations of Br� and PFB� in the
effluent were measured with a Shimadzu HPLC system, equipped
with an UV detector set at a monitoring wavelength of 190 nm. A
Dionex Ionpac AS14 column (4 mm � 250 mm) and AS4A column
(4 mm � 250 mm) were used for Br� and PFB� determination,
respectively. The PAH concentrations in the sediment extracts
(Csed) were determined using a Shimadzu GC–FID system equipped
with a DB-5 column. The concentrations of PAH in the effluent
solutions (Ceq and C1) were analyzed with an automated Shimadzu
HPLC–UV/FL system, equipped with a Supelco PAH column
(25 cm � 46 mm, ID, 5 lm particle size). Analytical details for the
HPLC–UV/FL and GC–FID conditions have been described else-
where (Hyun et al., 2006; Jafvert et al., 2006).

3. Results and discussion

3.1. Partitioning of PAHs from sediment to aqueous phase: batch
equilibrium experiment

Table 1 shows the concentrations of the six monitored PAHs in
the aqueous (Ceq) and sediment phase (Csed) measured after batch
equilibrium experiments. Assuming that Raoult’s law was valid
for a given compound (i), the equilibrium aqueous concentration
of that compound (Ceq,i) can be predicted using its subcooled liquid

FMI® lab pump

Sand

Sand

Solenoid valve

Sediment sterilized 
w/ HgCl2

20 cm

5 cm

5 cm

N2
sparged

5mM 
CaCl2

Flow direction

FMI® lab pump

N2
sparged

5mM 
CaCl2

Effluent collection

Fig. 1. Skematic of the column experiment apparatus.
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solubility (Sw,i) and its mole fraction (xo,i) in the organic phase (e. g.,
coal tar):

Ceq;i ¼ xo;i � Sw;i ð1Þ

To apply Eq. (1) to our data, the mole fraction of each compound
(xo,i) was calculated using three assumptions. First, the total PAH
mass extracted by solvents and quantified by GC–FID was assumed
to be approximately 60% of the total NAPL mass in the coal tar
sediment (Haeseler et al., 1999; Jafvert et al., 2006). Second, the
mass-area responses of the many unknown uncalibrated peaks
appearing in the GC chromatogram were assumed to be equivalent
to the phenanthrene response, whose retention time was located
approximately in the middle of the GC chromatogram. Lastly,
assuming an average molar mass of all coal tar constituent of
230 g mol�1 (Lee et al., 1992), the total number of moles of coal
tar was found to be 0.367 mol kg�1, and the mole fractions of
naphthalene, fluorene, phenanthrene, anthracene, fluoranthene
and pyrene were 0.164, 0.023, 0.064, 0.037, 0.018 and 0.021,
respectively.

Inserting the above mole fraction values and solubility data into
Eq. (1), the equilibrium aqueous PAH concentrations were calcu-
lated and plotted against those actually measured, as shown in
Fig. 2. For all six monitored PAH compounds, the actual aqueous
concentrations were fairly well predicted, indicating the near ideal
solubility behavior of PAHs between the aqueous and coal tar
phases in batch mode.

3.2. PAH release from sediment in water seepage system: column
experiments

3.2.1. Tracer test
The flow domain of the sediment-sand layer was characterized

by analyzing the breakthrough curves (BTCs) of the two non-reac-
tive tracers for two different pore-water velocities. Because the tra-
cer Br� was spiked into the sediment pore-water while the tracer
PFB� was spiked into the influent solution, different absolute arri-
val times and response curves were expected. To compare the BTC
of each tracer, effluent concentrations were normalized to the ini-
tial spiked concentration and potted against the effluent volume
expressed in pore volume equivalents.

The BTCs of Br�measured at two different pore-water velocities
are shown in Fig. 3a. In order to find an appropriate solution
describing solute transport, it was necessary to specify the initial
and the boundary conditions that apply. Given the assumption of

an instantaneous injection of a slug of Br� at the interface of the
sediment-sand layer, the BTC curve is predicted, according to Sauty
(1980) as:

Cðx; tÞ ¼ Mffiffiffiffiffiffiffiffiffiffiffiffi
4pDt
p � exp �ðx� vtÞ2

4Dt

" #
ð2Þ

where, M = spiked solute mass per cross-sectional area of the sedi-
ment-sand layer (mass length�2 = 0.00705 kg m�2), D = diffusivity
of a solute (length2 time�1 = 6e � 9 m2 s�1), x = travel distance
(length = 0.2 m), v = pore-water velocity (length time�1) and
t = time. The solution for slug injection is depicted in Fig. 3a with so-
lid and dashed lines for v = 0.81 and 4.06 cm d�1, respectively.

Even though Br� was spiked into the sediment pore-water, the
theoretical solution for a slug injection at the interface fairly well
described the transport pattern of Br�. In addition, the recovery
mass estimated by the absolute zeroth spatial momentum (e.g.,
integration of the area under the measured BTC) accounts for
>92% of the initial Br� addition, indicating that no interaction be-
tween the sediment and the Br� occurred and an evenly distrib-
uted upward flow throughout the NAPL-impacted sediment layer.
For the BTC obtained under the slow flow regimes, early break-
through, smaller peak height (i.e., maximum concentration, Cmax)
and greater peak width were observed, likely due to the hydrody-
namic dispersion of the tracer within the column. In addition, more
spreading of the tracer front at the slow velocity indicates that
molecular diffusion must be relatively large compared to mechan-
ical dispersion for the given conditions.

The BTCs of the PFB� tracer are shown in Fig. 3b. The initial con-
centration of PFB� in the column was zero and a constant concen-
tration of PFB� was added with the influent. The theoretical curve
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for a continuous solute injection (Eq. (3); Ogata and Banks, 1961) is
also shown in Fig. 3b, with solid and dashed lines for slow and fast
pore-water velocities, respectively:

Cðx; tÞ ¼ 1
2

C0 � erfc
x� vtffiffiffiffiffiffiffiffi

4Dt
p
� �

þ exp
vx
D

� �
� erfc

xþ vtffiffiffiffiffiffiffiffi
4Dt
p

� �	 

ð3Þ

where C0 is the tracer concentration being injected and erfc is the
complementary error function. Similar to the BTCs for Br�, the early
appearance of PFB� was observed for slower velocity due to the dis-
persion effect, but the steady-state concentration of PFB�, equiva-
lent to the input concentration (i.e., C� ffi 1, where C� is the ratio
of effluent concentration to C0), was achieved after approximately
two pore volumes for both pore-water velocities.

The BTCs of the two non-reactive tracers obtained at two differ-
ent pore-water velocities have implications for the release of PAH
from the sediment. (1) Solutes dissolved in the pore-water in the
sediment layer are displaced by the influent solution, which can
be sufficiently described as a slug injection, (2) the upward
groundwater seepage, which is evenly distributed throughout the
coal tar-impacted river sediment, can dissolve PAH, and (3) the
breakthrough pattern of PAH at the column outlet, which is the re-
sult of the combined effects of (1) and (2), will vary with ground-
water seepage rates due to the different residence time of
seepage water in the sediment layer and the dispersion effect on
dissolved PAH.

3.2.2. PAH flux at two different pore-water velocities
3.2.2.1. Slow seepage rate, v = 0.81 cm d�1. Under the seepage
conditions used in this experiment, no hydraulic mobilization of
coal tar (e.g., particle detachment and transport by advective
water) from sediment layer was observed. Therefore, the impact
of particle-bound PAH or coal tar droplets has not been cited in
the interpretation of the experimental data. The BTCs of naphtha-
lene, phenanthrene, anthracene and pyrene in the effluent
solutions collected at v = 0.81 cm d�1 are shown in Fig. 4. During
the course of the displacement experiment, the total mass of all
four PAHs depleted from the NAPL-impacted sediment was found
to be negligible based on the mass balance calculation, due to

the extremely high PAH concentrations initially present in the sed-
iment (Table 1) and the relatively low volume of influent pumped
(e.g., 0.7–1.9 L). For example, only 0.21% of the naphthalene ini-
tially present in the sediment layer was released. Mass depletions
of all other PAHs were less than 0.009%. Hence, a relatively con-
stant source, in terms of NAPL composition (e.g., PAH concentra-
tion) in the sediment, can be assumed to have been retained
during these experiments.

Similar to the results of the PFB� tracer tests, the first notable
trend in the slow flow rate data was that steady-state conditions
were achieved after approximately 2–3 pore volumes of flow, after
which, near constant release of each of the four PAHs was ob-
served. The average retention time of seepage water within the
5 cm sediment layer was approximately 17 d under the given flow
conditions. A second observation was the wide variation in the ob-
served steady-state concentrations among the compounds. Theo-
retically, the steady-state concentration (C1) in the column
effluent should be equal to Ceq of the batch experiment if the seep-
age water sufficiently reacts with the coal tar phase to reach disso-
lution equilibrium. The monitored steady-state PAH concentration,
as shown in Fig. 4, was a result of a ‘pseudo-steady-state’ between
the flowing water and the coal tar phase; henceforth, called the
pseudo-steady-state concentration. The pseudo-steady-state con-
centrations (C1) were approximately: 7.0 mg L�1 naphthalene,
5.0 � 10�1 mg L�1 phenanthrene, 2.7 � 10�2 mg L�1 anthracene
and 1.0 � 10�2 mg L�1 pyrene, which are approximately equivalent
to 75%, 43%, 26% and 9% of the respective Ceq measured in batch
experiments (Ceq, Table 1). The ratio of C1 to Ceq for all PAHs was
found to decrease in the order of decreasing subcoolded liquid sol-
ubility. The lower steady-state concentration of each PAH in the
effluent solution compared their batch equilibrium concentration,
as well as the relationship with its solubility, indicates that disso-
lution equilibrium between the influent and sediment phase was
not attained within the contact time provided by the pore-water
velocity of 0.81 cm d�1.

Dissolution may be both thermodynamically and kinetically
limited. The dissolution kinetics of a multi-component NAPL mix-
ture will be influenced by several factors including the rate-limited
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process at the NAPL–water interface (Powers et al., 1991; Borden
and Kao, 1992), inhibition of intra-NAPL diffusion (Brahma and
Harmon, 2003) and the composition of the NAPL mixture (Lee
et al., 1992). A greater tendency toward nonequilibrium mass
transfer would be expected for a certain NAPL conditions such as
a larger NAPL size (i.e., small NAPL–water interface), higher pore-
water velocity (Heyse et al., 1997) and lower NAPL saturation, all
of which may cause dissolution to be kinetically limited. In this dis-
placement experiment with coal tar-contaminated sediment, the
dissolution of PAH is likely to have been limited by both the small
sediment–water interface and the contact time between the coal
tar and pore-water.

3.2.2.2. Fast seepage rate, v = 4.06 cm d�1. Under the condition of
rate-limited nonequilibrium dissolution an increase in the flow
rate (i.e., reduced contact time) should induce a reduction in the
steady-state effluent concentrations of solute. To investigate this
effect, a displacement experiment with a newly packed sediment
column was conducted at the elevated pore-water velocity of
4.06 cm d�1 (retention time = approximately 3.5 d). The concentra-
tion profiles of the four PAHs in the column effluents plotted as a
function of the pore volume displaced are shown in Fig. 5.

There were two notable differences from the result with the
slower seepage rate. First, reduced pseudo-steady-state concentra-
tions (C1) of PAH were observed; 2.5 mg L�1 naphthalene,
0.2 mg L�1 phenanthrene, 6.1 � 10�3 mg L�1 anthracene and
3.4 � 10�3 mg L�1 pyrene. These were about 20–30% of the C1 val-
ues measured under the lower pore-water velocity conditions,
which can be attributed to the shorter reaction time due to the
faster pore-water velocity. Furthermore, larger pore volumes
(e. g., 7–8 PVs) were required to reach pseudo-steady-state condi-
tions. The observation is consistent with the result from our previ-
ous work (Hyun et al., 2006), where effect of pore-water velocity
on effluent PAH concentration displacing from coal tar-contami-
nated sediment was investigated. Upon increasing pore-water
velocity was increased from 2.04 cm d�1 to 10.2 cm d�1 during a
portion of displacement experiment, time required to reach new
steady-state concentration was extended (e.g., P6 PVs) and stea-

dy-state concentration of PAH was dropped in one-half. Those
are all evidence of the kinetically limited dissolution of PAHs from
the sediment phase. Secondly, an initial high concentration (so-
called, first flush export) was observed between 2 and 5 PVs, but
this decreased after a few more pore volumes. Before starting up-
ward flow, the PAH concentration in the sediment pore-water
should be near that of the batch equilibrium concentration (Ceq),
assuming a local dissolution equilibrium (e.g., ffixi,o � Sw,L). At the
onset of upward flow, PAH-free influent will displace the pore-
water containing PAHs. A new nonequilibrium, steady-state condi-
tion, which is rate-dependent, will be established between the
advancing PAH-free solution and the sediment phase.

Conceptual model of PAH flux from the sediment can be pro-
posed by the initial high export (i.e., first flush) and the constant
export of PAH, which is determined by a new nonequilibrium.
The general PAH breakthrough pattern from coal tar-impacted sed-
iment shown in Fig. 5 was described by superimposing these two
analytical solutions using two parameters for each PAH, M in Eq.
(2) and C0 in Eq. (3), which are the solute mass dissolved in sedi-
ment pore-water and the pseudo-steady-state concentration
(C1), respectively. As noted earlier, the peak height of a slug injec-
tion (Cmax from Eq. (2)) is proportional to the pore-water velocity,
while the steady-state concentration of nonequilibrium dissolution
(C1 in Eq. (3)) is inversely proportional to the pore-water velocity.
Therefore, the appearance of an initial bulge at the faster pore-
water velocity (Fig. 6a) is due to the superimposition of two curves,
one exhibiting a high Cmax and the other, a small C1. In contrast, no
initial bulge was observed under the slower pore-water velocity
(Fig. 6b) due to the smaller contrast between C1 and Cmax.

3.2.2.3. PAH mass flux under different seepage rate. Chemical mass
flux carried by the flowing water can be estimated by the water
flux and the concentration of solutes dissolved in flowing water.
Therefore, the total PAH mass flux (JT, mass � area�1 time-1) advec-
tively transported from sediment can be determined by multiply-
ing the rate of groundwater seepage (qw) through the sediment
layer and the sum of the PAH steady-state concentrations (RC1);
JT = qw � RC1, and qw and RC1 are inversely proportional each
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other. The seepage water flux (qw) is driven by the vertical hydrau-
lic head gradient through sediment layer (e.g., higher hydraulic
water head at the bottom of the sediment layer than at sedi-
ment–water interface). At the slow seepage rate of 0.81 cm d�1,
chemical flux of each PAH (J) through the sediment layer was
determined as 49.7, 3.55, 0.192, and 0.007 mg m�2 d�1 for naph-
thalene, phenanthrene, anthracene, and pyrene, respectively. At
the fast seepage rate of 4.06 cm d�1, the determined chemical flux
for naphthalene, phenanthrene, anthracene, and pyrene was 71.0,
5.68, 0.173, and 0.097 mg m�2 d�1. Total flux (JT) of measured PAHs
was 53.5 and 77 mg m�2 d�1 for slow and fast seepage rate, respec-
tively. Note that the flux change of each PAH was not identical to
the change of effluent concentrations due to the concurrent consid-
eration of the change of seepage rates. That is, slow seepage water
may carry greater amount of dissolved PAH but export lower
amount of PAH because of smaller volume of discharge. Total
PAH mass flux through coal tar-impacted river sediment highly
depends on time-dependent reaction between seepage water and
sediment which will be essentially controlled by hydraulic head
gradient through sediment layer.

3.3. Summary

Equilibrium partitioning and the fluxes of several PAHs from
coal tar-impacted sediment toward river water were measured
on a laboratory scale. The equilibrium partitioning (Ceq) of six PAHs
(naphthalene, fluorene, phenanthrene, anthracene, fluoranthene
and pyrene) between coal tar-impacted sediment and water can
be estimated using a Raoult’s law approach. In a 1-D seepage
experiment, the flux of selected PAHs at the sediment interface
was interpreted by the first flush, followed by the rate-limited re-
lease. All six PAHs displayed evidence of nonequilibrium dissolu-
tion from the coal tar-impacted sediment which was most out of
equilibrium at higher seepage flow rates. The PAH mass flux from
coal tar-impacted sediment toward overlaying water body was
found seepage rate-dependent (i.e., time). Therefore, the results
obtained in this study suggest that, to assess the environmental
risk posed by coal tar-impacted river sediment, and to deploy
appropriate remediation strategies for the contaminated sites, it
is important to understand both thermodynamic (equilibrium)
and kinetic (nonequilibrium) controls on PAH dissolution and re-
lease from the sediment.
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Fig. 6. Naphthalene concentration in the effluent collected at a pore-water velocity of 4.06 cm d�1 (closed circles) and the theoretical model breakthrough curve (solid line)
derived as the addition of a slug injection curve (Eq. (2), dotted line) and a continuous input curve (Eq. (3), dashed line).
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