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’ INTRODUCTION

Hydrophobic organic compounds (HOCs) are often found as
mixtures in the form of nonaqueous phase liquids (NAPLs), such
as hydrocarbon oil spills or industrial NAPLs contaminating ter-
restrial and aquatic environments. Due to their hydrophobic nature,
the HOCs preferentially remain in the NAPL, with slow mass
transfer into the aqueous phase.1�3 Because water-dissolvedHOCs
play a key role in diffusive uptake into organisms,4�6 this has con-
trasting implications for the biota inhabiting NAPL-contaminated
environments. Microorganisms using HOCs as a source of
carbon and energy face a large reservoir of inaccessible food in
the NAPL, often reflected in slow bioremediation of NAPL con-
taminated sites.7 However, HOC bioconcentration can also lead
to toxicity.8 Here, low aqueous concentrations and thus reduced
bioconcentration might ameliorate detrimental effects of the
NAPL pollution. In NAPL-polluted aquifers, mass transfer into
the aqueous phase also determines groundwater contamination,
with consequences for human health and the effectiveness of
water-based remediation technologies.7,9

Often, process dynamics mean that equilibrium partitioning
between the NAPL and aqueous compartments is not reached,
and aqueous concentrations are determined by mass exchange
kinetics.10,11 Therefore, to understand NAPL toxicity and (bio)re-
mediation, evaluation of the key controlling factors is required.
There are many influences on NAPL to aqueous phase mass trans-
port, includingmixing10 and interfacial area,9 NAPL viscosity and
surface film development,3,12 and the properties of the compo-
nent HOCs.1,2 Furthermore, biodegrading organisms can lead to

altered mass fluxes. Microbial adaptations such as biofilm for-
mation,13 chemotaxis,14 or surfactant production,15 can increase
mass fluxes compared to abiotic dissolution alone. Biofilms can
also provide an additional diffusive barrier reducing mass transfer.16

Mobile “colloid-like” phases can contribute to diffusive mass ex-
change processes between surfaces and the bulk aqueous phase,17�18

a phenomenon termed enhanced or facilitated diffusion. For exam-
ple, surfactants micelles can increase, decrease, or negligibly impact
mass transfer from NAPLs into the aqueous phase depending on
the surfactant, NAPL properties and architecture, and pore-water
flow.20�22 Enhanced diffusion has also been studied in the con-
text of other HOC exchange fluxes, including polymer�water
exchange,23�26 aquatic bioaccumulation,27 and biodegradation.28

The nature of the sorbing phases leading to enhanced diffusion is
varied, including nanoparticles,23 proteins,26 and dissolved or-
ganic carbon (DOC).24,25,27,28 The ubiquity of DOC and its pro-
pensity to sorb HOCs raises the relevant question as to whether
DOC can increase mass transfer of HOCs out of a NAPL and
into the surrounding aqueous phase, and what the implications
are for biodegradation and toxicity. The important role of DOC
in enhancing metal mass fluxes and availability to organisms is
well recognized, and the theoretical basis describing the relevant
processes exists.19,18,29,30
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ABSTRACT: The hypothesis that dissolved organic carbon (DOC) enhances the
mass transfer of hydrophobic organic compounds from nonaqueous phase liquids
(NAPLs) into the aqueous phase above that attributable to dissolved molecular dif-
fusion alone was tested. In controlled experiments, mass transfer rates of five NAPL-
phase PAHs (log KOW 4.15�5.39) into the aqueous phase containing different
concentrations of DOC were measured. Mass transfer rates were increased by up to
a factor of 4 in the presence of DOC, with the greatest enhancement being observed for
more hydrophobic compounds and highest DOC concentrations. These increases
could not be explained by dissolved molecular diffusion alone, and point to a parallel
DOC-mediated diffusive pathway. The nature of the DOC-mediated diffusion path-
way as a function of the DOC concentration and PAH sorption behavior to the DOC
was investigated using diffusion-based models. The DOC-enhanced mass transfer of
NAPL-phase hydrophobic compounds into the aqueous phase has important implica-
tions for their bioremediation as well as bioconcentration and toxicity.
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This study was conceived to test the hypothesis that DOC
increases mass fluxes of HOCs from a NAPL into the aqueous
phase above those attributable to dissolved diffusion alone. As
representative HOCs, five PAHs (log KOW 4.15�5.39) were
dissolved in 2,2,4,4,6,8,8-heptamethylnonane (HMN) as a mod-
el NAPL. PAHmass transfer into saline aqueous medium contain-
ing different concentrations of DOC were measured over time
using equilibrium negligible depletion-solid phase microextrac-
tion (nd-SPME). This study was part of a larger effort looking at
contamination in the marine environment, hence the use of saline
medium. The temporal development in dissolved andDOC-sorbed
PAH concentrations were interpreted using diffusion models,
accounting for any contribution of DOC-enhanced diffusion.

’MATERIALS AND METHODS

The complete experimental section is given in the Supporting
Information (SI) and only a summary is provided below.
Experimental Setup.Mass transfer experiments were carried

out in the setup shown in Figure S1 with 2 L of saline medium
(see Table S1) containing 0, 0.0226, or 0.226 g DOC L�1. The
glass tube (250 mm long, 25 mm id) was inserted through the lid
to 3 cm below the water surface and experiments started by adding
1 mL of HMN containing PAHs, each at approximately 1 g L�1

(see Table S2), to the inside of the glass tube so that it floated on
the surface of the water to give a defined and constant surface
area. The bottles were kept at 22 �C under stirring conditions
sufficient to keep the aqueous phase homogeneous, while avoid-
ing breaking of the NAPL/water interface. For each DOC concen-
tration, duplicate experiments were conducted on different dates.
Sampling and nd-SPME Analysis. Equilibrium nd-SPME

with internal standards was used tomeasure the total, DOC-sorbed,
and dissolved aqueous PAH concentrations.28,31 At intervals (see
Table S3), 10-mL aqueous samples were taken and deuterated
PAHs were added as internal standards together with a 0.5-cm
length of polydimethylsiloxane (PDMS)-coated SPME fiber.
These were shaken for 24 h to allow equilibrium to be reached
(see Figure S2), before placing the fibers in 100 μL of toluene
containing 1 μg of acenaphthylene-d8 as an injection standard to
re-extract the PDMS sorbed PAHs.
Total, DOC-Sorbed and Dissolved PAH Concentrations.

Dissolved concentrations in the DOC samples were calculated
using a 4-point external calibration performed in triplicate (n = 12).
PAH concentrations in the PDMS were plotted against those in
the saline medium (Figure S3), with the slopes giving the PDMS:
saline medium partitioning ratios KPDMS/d (L L�1) (Table S4)
for converting the PDMS sorbed PAH concentrations into dis-
solved concentrations.Quantifying the PDMS sorbed PAHs relative
to the PDMS sorbed PAH internal standards gives the total
aqueous concentrations, and does not require calibration of the
SPME method.31 In the experiments with saline medium, total
concentrations are equivalent to the dissolved concentrations. In
experiments with DOC, these represent the dissolved plus sorbed
concentrations. DOC-sorbed concentrations are calculated by dif-
ference, without the necessity of assuming a complete mass balance.
HMN Concentrations. The initial concentrations of PAHs

in the HMN were analyzed by dissolving 50 μL of the HMN in
950 μL of toluene and adding 1 μg of each deuterated PAH in
toluene as internal standards.
Analysis and Quantification. GC-MS analyses were per-

formed using an HP 6890 Series GC (Hewlett-Packard, California,
USA), with a 30-m HP5MS capillary column (0.25 mm i.d.

and 0.25 μm film thickness) and 2 m uncoated and deactivated
HP retention gap (0.53 mm i.d.) in selected ion monitoring
mode (SIM). PAHs were quantified using theHPEnvironmental
Data Analysis software. Before adding the HMN containing the
PAHs to start an experiment, a medium sample was taken from
each setup as a blank. These blanks amounted to less than 2% of
the final concentrations, and were subtracted from the aqueous
concentrations measured during the experiments. Data were
fitted by the least-squares method using Graphpad Prizm 5 (San
Diego, CA, USA), giving the respective rate constants and equilib-
rium concentrations.
Fitting the Data and Modeling of Enhanced Diffusion. A

complete description of the modeling approaches is given in the
SI, with only a summary given below.
Mass transfer of PAHs from the NAPL into the aqueous

compartment leads to an increase in the total concentration ctot
(μg L�1) with time t (h). In the presence of DOC, ctot is given as
the sum of dissolved cd (μg L

�1) and DOC sorbed cs (μg L
�1)

concentrations

ctot ¼ cd þ cs ¼ cd þ ½DOC� 3KDOC=d 3 cd
¼ cd 3 ð1 þ ½DOC� 3KDOC=dÞ ð1Þ

where [DOC] (kg DOC L�1) is the aqueous concentration of
the DOC and KDOC/d (L kg DOC �1) is the partitioning ratio
between DOC sorbed and the dissolved phases. In the absence of
DOC, ctot is equal to cd, and the rate of change in aqueous
concentration ∂ctot/∂t = ∂cd/∂t (μg L

�1 h�1) can be described
using the two-film model2

cdðtÞ ¼ ceq, d 3 ð1� expð� kd 3 tÞÞ ð2Þ

where kd (h
�1) is the mass transfer rate constant and ceq,d (μg L

�1)
is the dissolved concentration in equilibrium with the NAPL phase.
Fitting eq2 to themeasured cd(t) allows ceq,d and kd to be determined.
The dominant resistance to the mass transfer lies in the aqueous

phase,2 and kd is determined by diffusion within an aqueous dif-
fusive boundary layer (BL). Provided the NAPL surface area,
aqueous volume, andmixing remain constant, ceq,d and kd is given
by

kd ¼ A
V 3md ¼ A

V 3
Dd

δd
ð3Þ

where A (equal to 4.91 � 10�4 m2) is the NAPL/aqueous
interfacial area, V (equal to 2 L) is the volume of the aqueous
phase, md (m h�1) is the mass transfer velocity, Dd (m

2 h�1) is
the molecular diffusion coefficient, and δd (m) is the thickness of
the molecular diffusive BL of the PAH in question.
In the experiments with DOC, an equation analogous to eq 2

can be fitted to the measured ctot(t) to determine a compound
mass transfer rate constant ktot (h

�1).

ctotðtÞ ¼ ceq, tot 3 ð1� expð� ktot 3 tÞÞ ð4Þ

where ceq,tot (μg L�1) is the total aqueous concentration in
equilibrium with the NAPL.
DOC might lead to two scenarios: (i) it does not influence

dissolution, andmolecular diffusion alone determines the changes in
aqueous concentrations or (ii) DOC mediates an additional
diffusive pathway across the BL. In the latter case, the diffusion of
the dissolved and sorbed PAHs can be described by an average
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diffusion coefficient D (m2 h�1), weighted for the dissolved and
sorbed fractions.19,18

D̅ ¼ Dd þ Ds 3 ξ 3 ½DOC� 3KDOC

1 þ ½DOC� 3KDOC
ð5Þ

whereDs (m
2 h�1) is the diffusion coefficient of theDOC-sorbed

PAH and ξ (unitless) is a lability factor describing that portion of
the sorbed PAH that can be considered labile. This ranges
between 0 (completely nonlabile) and 1 (fully labile) (see SI
for more details). The value of ktot derived from fitting eq 4 to the
experimental data can, analogously to eq 3, be defined in terms of
D and δ̅,32

ktot ¼ A
V 3mtot ¼ A

V 3
D̅

δ̅
ð6Þ

where mtot (m h�1) is the compound mass transfer velocity and
δ̅ (m) is the thickness of the joint diffusive BL. The value of
δ̅ is intermediate betweenδd and the thickness of the diffusive BL
for the DOC-sorbed PAHs δs (m),33 and can be calculated as
described in the SI. By substituting eq 5 into eq 6, an expression
for the compound mass transfer rate constant ktot is obtained

ktot ¼
kd� þ ks� 3 ξ 3 ½DOC� 3KDOC=d

1 þ ½DOC� 3KDOC=d
ð7Þ

where the mass transfer rate constants kd* (=A/V 3Dd/δ̅) and ks*
(= A/V 3Ds/δ̅) are defined with respect to the thickness of the
joint diffusion layer δ̅.
For the situation where DOC does not contribute to the dif-

fusive transport, ktot in eq 7 reduces to

ktot, dissolved ¼ kd
1 þ ½DOC� 3KDOC=d

ð8Þ

where ktot,dissolved (h
�1) is the mass transfer rate constant when

only dissolved molecular diffusion contributes to the process. All
the parameters for calculating ktot,dissolved using eq 8 are inde-
pendently measured. Fitting the PAH concentration profiles from
the saline medium set-ups give kd (defined in terms of Dd and δd),
[DOC] is known, and KDOC/d is determined from the nd-SPME
measurements. Therefore, when DOC does not play a role in the
mass transfer process, values of ktot derived from fitting eq 4 to
ctot(t) should be identical to values ktot,dissolved calculated using
eq 8. In the case of DOC-enhanced diffusion, fitted values of ktot
will be higher due to an additional contribution mediated by the
DOC.
When DOC contributes to the diffusive transport ktot is given

by the full eq 7. Apart from the product ks* 3 ξ, the parameters in
eq 7 are independently known (Dd andDs from the literature, δ̅ is
calculated as described in the SI, [DOC] is known, andKDOC/d is
measured). Therefore, the value of ktot obtained from fitting eq 4
to ctot(t) allows eq 7 to be solved for ks* 3 ξ. The product ks* 3 ξ
contains information about the diffusion coefficient of the DOC-
sorbed PAH, the thickness of δ̅, and the lability the sorbing DOC
aggregates. For complete lability of the sorbed PAH this reduces
to ks*.

’RESULTS AND DISCUSSION

Are the Assumptions Behind the Modeling Approaches
Met? The correct interpretation and comparison of the kinetic
rate constants from the various experiments requires a homogeneous

aqueous phase of constant volume, the HMN interface area and
PAH concentrations are constant, and partitioning can be de-
scribed by a singleKDOC/d value.Mixing conditionswere sufficiently
vigorous to ensure a homogeneous aqueous phase (see duplicate
experiment data in Figure S4). The cumulative volume removed
was between 5 and 8% for the different experiments, and thus
V can be taken as constant. The dissolved aqueous concentra-
tions immediately adjacent to the HMN interface are assumed to
be in instantaneous equilibrium with the HMN. These cannot be
measured directly and are inferred from the bulk aqueous con-
centrations at system equilibrium. Significant depletion of the
HMN due to mass transfer into the aqueous phase would render
this approach invalid.1 Maximum depletion of the HMN due to
mass transfer into the aqueous phase was lower than 12%, with
the exception of acenaphthene, fluorene, and phenanthrene in
the highest DOC experiment where depletion was still less that
20% (Table S5). Therefore, the aqueous interface concentrations
were taken as constant and equal to the bulk dissolved concen-
tration at equilibrium. The validity of the assumption that PAH
partitioning is well-described by a single KDOC/d value is shown
in Figure S5, where sorbed PAH concentrations are plotted against
Cd for the DOC 0.226 g L�1 experiments. In agreement with the
literature for this DOC type,34 sorption was linear over the range
in experimental dissolved concentrations implying that the DOC
concentration and sorbing properties remained unchanged. The
total and dissolved concentrations measured using nd-SPME were
used to calculate KDOC/d for both DOC concentrations, and the
mean values are shown in Figure S6 and tabulated in Table S6.
KDOC/d values increased with PAH hydrophobicity, falling with-
in the range given in the literature.34 For the less hydropho-
bic acenaphthene to phenanthrene, sorbed concentrations in the
DOC0.0226 g L�1 treatment were too low to allowKDOC/d to be
reliably determined. KDOC/d values were slightly higher at DOC
0.226 g L�1 compared to the low DOC treatment by a factor of
1.9 and 3.6 for fluoranthene and pyrene, respectively. Because
enhanced diffusion could only be discerned at the higher DOC
concentration, the values from the DOC 0.226 g L�1 experiments
have been used for the calculations below.
Mass Transfer into Saline Medium. Figure S4 shows the

increase in saline medium PAH concentrations for the duplicate
experiments over time. Good agreement attests to the reprodu-
cibility of the setup and measurement protocols. PAH dissolved
concentrations increased before leveling out within the experi-
ment duration as a partitioning equilibrium between the HMN
and aqueous phases was reached. The values of ceq,d and kd were
obtained by fitting eq 2 to the cd(t) data, and are summarized in
Table S7 together with the values of md and δd calculated using
eq 3. Ceq,d decreased with increasing PAH hydrophobicity because
of the increased partitioning to the HMN. This is evident from
Figure S7 where log KHMN/d for the different PAHs are plotted
against log KOW, increasing with PAH hydrophobicity (log
KHMN/d = 0.772 log KOW + 1.020; r2 = 0.98). The fitted mass
transfer rate constants kd were similar for all PAHs, ranging by
less than a factor of 1.5 from 0.0114 h�1 for pyrene to 0.0173 h�1

for fluorene (Figure 2). These are directly reflected in the values
ofmd which varied between 4.66� 10�2mh�1 for pyrene to 7.03�
10�2 m h�1 for fluorene. The δBL values ranged between 31 and
43 μm (Table S7), as expected given the identical hydrodynamic
conditions and similarity in the molecular diffusion coefficients.
Although the magnitudes of kd (and therefore also md) and δBL
are system dependent, similar trends between HOCs have also
been observed in other studies.2,35
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Mass Transfer into Saline Medium with DOC. Figure 1
shows the temporal change in ctot for the experiments with 0.0226
and 0.226 g DOC L�1 (Figure S8 shows ctot and cd). With
increased sorption to the DOC, it takes longer for the system to
attain partitioning equilibrium, and indeed for the heavier PAHs
this was not reached within the duration of the experiment. The cd
values were similar to or lower than ctot (Figure S8) with the differ-
ence increasingwith either increasingPAHhydrophobicity andDOC
concentration because of increased sorption. For acenaphthene to
phenanthrene in the low 0.0226 g L�1 DOC treatment, there was
a small positive bias in cd, with these being higher than ctot by a
factor of up to 1.5. This might lie in either DOC altering the activity
coefficient of the PAHs in the aqueous environment relative to
that of the pure saline medium used for calibration,36 or perhaps
the manufacturer-supplied PDMS volume per unit length of fiber
was too low for this batch of fibers. In the case of significant var-
iations in coating thickness along the fiber length, the short lengths
needed to avoid dissolved phase depletion may also have contrib-
uted. Important to note is that all rate parameters were determined
from fitting the ctot data, and cd was used only to calculate KDOC/d.
The ctot(t) data were fitted using eq 4 to obtain ktot, with the

values shown in Figure 2 (and tabulated in Table S8). The values
of ktot are generally lower than those of kd, with the difference
increasing with PAH hydrophobicity. For the DOC 0.0226 g L�1

experiments, ktot ranged from0.00295h�1 for pyrene to 0.01750h�1

for acenaphthene. For the DOC 0.226 g L�1 experiments, these
were comparable, ranging from 0.00334 h�1 for pyrene to

0.01217 h�1 acenaphthene. For both DOC treatments, ktot
decreased with increasing PAH hydrophobicity.
Contribution of DOC-Enhanced Diffusion. Figure 3 shows

the ratio of ktot (from fitting eq 4 to the measured ctot(t)) to
ktot,dissolved (calculated using eq 8) for both DOC concentrations.
The calculated values of ktot,dissolved assume that DOC increases
the capacity of the aqueous phase for the PAHs but does not

Figure 1. Mass transfer of PAHs in HMN into saline medium containing DOC concentrations of 0.0226 and 0.226 g L�1. The dashed lines show the
best fit of eq 4 to ctot(t).

Figure 2. Dissolved (kd, h
�1) and total (ktot, h

�1) mass transfer rate
constants together with their standard errors, obtained by fitting eqs 2
and 4 to cd(t) and ctot(t), respectively.
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mediate an additional diffusive flux, such that ktot is determined
solely by kd. Therefore, a ktot/ktot,dissolved ratio higher than one
implies an additional contribution to ktot over and above that
from kd. For the lower DOC concentration, the ktot/ktot,dissolved
ratios for all PAHs are close to one, indicating that enhanced
diffusion due to the DOC is not discernible under these condi-
tions. For the higher DOC concentration experiments, the ktot/
ktot,dissolved ratios range from 0.99 for acenapthene up to 3.8 for
fluoranthene. For the more hydrophobic PAHs the values higher
than one imply that dissolved diffusion alone cannot explain the
changes in ctot, and that DOC-enhanced diffusion contributes to
ktot. Increases of a similar magnitude have been observed in other
studies investigating DOC-enhanced diffusion of HOCs. For
example, relative to the case with pure water, mass transfer rate
constants measured for polymer exchange increased by a factor

of up to 8 for these same PAHs in the presence of a DOC
concentration of 0.383 g L�1.25

Given the minimal effects of DOC at a concentration of
0.0226 g L�1, the focus of the following discussion is on the data
from the high DOC treatment. Equation 7 was used to calculate
ks* 3 ξ(tabulated in Table S8), with these shown in Figure 4 to-
gether with the values of kd* calculated assuming Ds is 1 order of
magnitude belowDd.

33,37 For acenapthene and fluorene, ktot and
kd* overlapped and ks* 3 ξ could not be calculated. Calculated
values of ks* 3 ξ were 0.00028, 0.00194, and 0.00172 for phenan-
threne, fluoranthene, and pyrene, respectively.
The mass transfer rate constant for the DOC-mediated path-

way ks* contains the parameters A, V,Ds, and δ̅. These are known
or can be calculated, and it is possible to independently arrive at a
setup value for ks*. Therefore, it should be possible to calculate
ξ from the ks* 3 ξ values in Table S8. Calculated values of ξ (under
the assumption of Ds = Dd/10) were 0.13, 0.91, and 0.84 for
phenanthrene, fluoranthene, and pyrene, respectively. Although
perhaps indicative of significant DOC-sorbed PAH lability these
values should be treated with caution given the uncertainty inDs.
The assumption of a single literature value for Ds is a gross over-
simplification since DOC is a dynamic and complex system of
aggregates composed of differently sized interacting macromole-
cules.38 Therefore, depending on the aqueous environment, and
how this affects the DOC aggregation behavior and size, sorption
propensity and lability, specific fractions will differently contri-
bute to the observed mass transport. It is recommended that in
future experiments of this type, more concerted efforts be directed
to obtaining information on the DOC size fractions and their
sorption characteristics to further refine the values for Ds. In this
way, it will be possible to use experimental data more successfully
in conjunction with the existing theory19,18 to determine, for ex-
ample, ξ.
Initial PAH Mass Transfer Rates. The magnitude of the rate

constants kd or ktot indicates how fast the system approaches a
partitioning equilibrium. Therefore, ktot decreases with increasing
DOC concentration and PAH hydrophobicity because an in-
creased mass of compound needs to transfer into the aqueous
phase before equilibrium is reached. However, the mass transfer
rate ∂ctot/∂t is given by the product of ktot and the pertaining
concentration gradient (Ceq,tot � Ctot). In the field, HOCs
entering the aqueous compartment via mass transfer out of the
NAPL phase are subject to biodegradation or advective trans-
port. Therefore, the scenario where the aqueous concentrations
are kept low, and thus ∂ctot/∂t is maintained close to its maximum, is
particularly relevant in terms of understanding biodegradation or
remediation using flushing technologies. Figure 5 compares the
initial PAH mass transfer rates for the experiments with saline
medium and the two DOC treatments. These were calculated
using the fitted values of kd and cd(eq) or ktot and ctot(eq) (from
Tables S7 and S8), and assuming that cd and ct in eqs 2 and 4 are
zero. These represent the initial (and indeed maximum possible)
values of the dissolution rate ∂ctot/∂t. The lower DOC concen-
tration of 0.0226 g L�1 had only a minor effect on the initial mass
transfer rates, with similar rates being observed in the presence of
DOC. However, for the higher DOC concentration of 0.226 g L�1

higher initial mass transfer rates were observed for the more hydro-
phobic PAHs. Relative to the case of saline medium only, initial
rates were increased by factors of 1.4, 3.7, and 3.3 for phenan-
threne, fluoranthene, and pyrene, respectively. Therefore, high
concentrations of DOC increase mass transfer rates of more

Figure 3. Ratio of ktot (from fitting eq 4 to ctot(t)) to ktot,dissolved
(calculated using eq 8) for the low and highDOC treatments. The values
of ktot,dissolved assume that DOC acts as a simple sorbing phase and does
not mediate an additional diffusive flux. A ratio of ktot/ktot,dissolved higher
than one (indicated by the dashed line) implies that DOC-enhanced dif-
fusion contributes to ktot. Standard errors were calculated via error pro-
pagation.

Figure 4. Dissolved (kd*, h
�1) and DOC-mediated (ks* 3 ξ, h

�1) mass
transfer rate parameters for the DOC 0.226 g L�1 concentration. The
standard errors of ks* 3 ξ were calculated via error propagation. For
acenapthene and fluorene, ktot and kd* overlapped and ks* 3 ξ and could
not be calculated (nc).
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hydrophobic NAPL constituents such as PAHs out a NAPL and
into the aqueous phase.
Implications for Biodegradation and Toxicity. Figure S9

shows simulated profiles in ctot and cd for acenaphthene and pyrene
as representative low and high hydrophobicity HOCs. When the
DOC concentration is sufficiently high and there is significant
sorption of theHOC, then DOC increases both themass transfer
rates but also the final amounts in the aqueous compartment.
Both dissolved and DOC-sorbed HOCs are accessible to the
degradation activities of microorganisms28,39 and this could lead
to increased biodegradation. However, in the case of bioconcen-
tration and toxicity, final levels reached in the organisms are deter-
mined by the dissolved concentrations.8 Despite the increase in
HOCmasses that are transferred into the aqueous phasewithDOC,
there is little difference in the time profiles of cd (Figure S9). There-
fore, increased mass transfer rates in the presence of DOC may
lead to enhanced biodegradation of NAPL-phase HOCs but have
a small influence on their final bioconcentration and toxicity. On
the other hand, DOCmight enhance bioconcentration and toxicity
for mobile organisms with short-time exposure to HOC hotspots.
Relevance of DOC Enhanced Diffusion. The relevance of a

DOC-mediated diffusion pathway has to be kept in mind. The
lower DOC 0.0226 g L�1 concentration is within the range found
in marine algal blooms40 or marine sediment porewaters,41 and
did not significantly enhance ∂ctot/∂t. A measurable increase was
only observed at the highest DOC concentration of 0.226 g L�1,
and here only for the more hydrophobic PAHs tested in this
study. However, such high DOC concentrations are confined to
rather specific environments such as wastewater treatment plants
or oil-processing waters containing added xanthan gums. Never-
theless, a potential application for DOC-enhanced transfer is in
engineered systems where artificially high concentrations can be
applied. One example could be using DOC solutions for pump-
and-treat NAPL bioremediation technologies, with the low cost
and low toxicity of the DOC also being advantageous. The
flushing of a soil contaminated with diesel with a 0.8 g L�1 humic
acid solution increased both the solubilization and biodegrada-
tion of naphthalenes leading to shorter remediation times.42

Figure S10 shows the calculated enhancement in ktot relative
to ktot,dissolved for a series of hypothetical HOCs possessing log
KDOC/d values between 1 and 7. These were calculated using the
mean kd, kd* and ks* 3 ξ values measured in this study. Given that
the importance of DOC-enhanced diffusion increases with DOC
concentration and compound sorption (as indicated by eq 7), for
“super” hydrophobic compounds this pathway could both dom-
inate and increase mass transfer rates by orders of magnitude,
even at environmental DOC concentrations. Future enhanced dif-
fusion investigations might focus on such compounds, which in-
cidentally are the more difficult compounds to (bio)remediate.
This study was conducted using DOC of terrestrial origin, and

the marine backdrop meant the experiments were conducted
in a saline aqueous environment. In the wider context of DOC-
enhanced diffusion, the relevant properties are reversible sorp-
tion of the HOCs and the DOCmobility in the aqueous phase.17

These apply to other types of DOC in different environments
including soils and groundwater, and thus DOC-enhanced diffu-
sion will also likely play a role here. However, to move to the next
level of describing DOC-enhanced diffusion in terms of funda-
mental system and chemical properties will require additional
study, with emphasis on the nature of the DOC (size distribution,
HOC sorption propensity, sorption/desorption kinetics, lability,
etc.) but also for HOCs covering a more diverse range in molec-
ular sizes and structures.
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