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The addition of activated carbon as particulate sorbent to
the biologically active layer of contaminated sediment
is proposed as an in-situ treatment method to reduce the
chemical and biological availability of hydrophobic
organic contaminants (HOCs) such as polychlorinated
biphenyls (PCBs) and polycyclic aromatic hydrocarbons
(PAHs). We report results from physicochemical experiments
that assess this concept. PCB- and PAH-contaminated
sediment from Hunters Point Naval Shipyard, San Francisco
Bay, CA, was contacted with coke and activated carbon
for periods of 1 and 6 months. Sediment treated with 3.4 wt
% activated carbon showed 92% and 84% reductions in
aqueous equilibrium PCB and PAH concentrations, 77% and
83% reductions in PCB and PAH uptake by semipermeable
membrane devices (SPMD), respectively, and reductions
in PCB flux to overlying water in quiescent systems up to
89%. Adding coke to contaminated sediment did not
significantly decrease aqueous equilibrium PCB concentra-
tions nor PCB or PAH availability in SPMD measurements.
Coke decreased PAH aqueous equilibrium concentrations
by 38-64% depending on coke dose and particle size. The
greater effectiveness of activated carbon as compared
to coke is attributed to its much greater specific surface
area and a pore structure favorable for binding contaminants.
The results from the physicochemical tests suggest that
adding activated carbon to contaminated field sediment
reduces HOC availability to the aqueous phase. The benefit
is manifested relatively quickly under optimum contact
conditions and improves in effectiveness with contact time
from 1 to 6 months. Activated carbon application is a
potentially attractive method for in-situ, nonremoval treatment
of marine sediment contaminated with HOCs.

Introduction
Contamination of marine sediments with hydrophobic
organic compounds (HOCs) such as polycyclic aromatic

hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs)
is a concern at numerous harbors, estuaries, lakes, and rivers
throughout the world. Approximately 10% of the sediment
underlying surface waters in the United States poses potential
risks to fish and to humans and wildlife that consume fish
(1). Current approaches to contaminated sediment reme-
diation rely heavily on dredging and disposal. Often this is
very expensive and may temporarily increase contaminant
exposure as well as destroy wildlife habitat. Furthermore,
even when sediments are removed from a site, some
contamination inevitably remains, becoming a potential
long-term threat for exposure (2).

Contaminated sediment management at Hunters Point
Naval Shipyard, San Francisco, CA, has been studied for
several years (3, 4). A key area of concern is South Basin, a
small inlet forming the southwestern border of the former
shipyard. The inlet is also where storm sewer outfalls from
an industrial area in San Francisco empty into the Bay. The
San Francisco Bay Regional Water Quality Control Board
reports that Hunters Point sediment contains up to 10.5 mg/
kg total PCBs, one of the highest levels anywhere for the
estuary (Fred Hetzel, San Francisco Bay Regional Water
Quality Control Board, personal communication). Cleaning
up contaminated sediment sites such as Hunters Point
presents economic, environmental, and technical challenges;
thus, innovative solutions are needed to meet sediment
management cleanup goals while minimizing costs and
environmental impacts. This paper describes results from
physicochemical tests to evaluate a newly proposed method
for in-situ treatment of HOCs in sediment that is based on
addition of particulate carbon sorbent to sediment to achieve
repartitioning and sequestering of PCBs and PAHs. This work
builds on the discovery of the accumulation and strong
binding of PAHs and PCBs in anthropogenic and naturally
occurring particulate, black carbonaceous matter already
present in sediments, which includes coal and charcoal in
Hunters Point sediment (5, 6).

Strong sorption to solids can reduce contaminant bio-
availability to organisms. Talley et al. (7) found that sediment
bioslurry treatment reduced PAH concentrations by 75% in
the clay-silt fraction of sediment but did not reduce PAH
concentrations in the lighter density, primarily coal-derived
sediment fraction. In the same study, earthworms exposed
to bioslurry-treated sediment accumulated 75% less PAHs
than earthworms exposed to untreated sediment, which
indicated that PAHs on the clay-silt sediment fraction were
readily available to both microorganisms and to earthworms.
Kraaij et al. (8) showed that treating contaminated sediment
by contacting with Tenax for 48 h reduced both the fraction
of readily desorbing PCBs and PAHs and the biota-sediment
accumulation factors (BSAFs) in tubifex worms. The authors
concluded that the reduction in BSAF values was caused by
the Tenax treatment decreasing the rapidly desorbing fraction
of PCBs and PAHs. Kosian et al. (9) and West et al. (10) added
Ambersorb 1500 resin, a strong sorbent of hydrophobic
organics, to sediment, which reduced PAH body burdens in
Lumbriculus variegatus. Thus, results from several different
studies with sediments and various organisms indicate that
strong sorption to solids can reduce contaminant bioavail-
ability.

The objective of this research was to investigate the effect
of carbon addition in the form of coke and activated carbon
on PCB and PAH availability in sediments. Changes in
availability were measured through PCB aqueous flux and
through PCB and PAH aqueous equilibrium and uptake in
semipermeable membrane devices (SPMDs).
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Experimental Methods
Sediment-Sorbent Contact. A composite sample of sedi-
ment was obtained from the intertidal region of South Basin,
adjacent to the former landfill at Hunters Point (37°43.44′ N,
122°22.62′ W to 37°43.38′ N, 122°22.54′ W). Sediment was
screened in the field to remove gravel and debris larger than
4 mm diameter and stored at 4 °C. PCB by congener and
PAH (16 Priority Pollutant List PAH) concentrations on
sediment solids were measured using sonication with 1:1
hexane:acetone extraction followed by cleanup using silica
gel and analysis with GC-ECD and GC-FID, following U.S.
EPA Methods 3550B, 3630C, 8082, and 8100, as described by
Ghosh et al. (6). Sediment total organic carbon (TOC) was
measured by combustion in an elemental carbon analyzer
(Microanalytical Laboratory, University of Illinois at Urbana-
Champaign) following treatment with acid to remove car-
bonates (11). Hunters Point sediment had a TOC content of
1.7%. Coke used in these experiments was 1-2 mm coke
breeze obtained from Ispat Inland, Inc., East Chicago, IL,
identified as “coke 1881” (Dr. Hardarshan Valia, Ispat Inland
Research Department). The coke was ground in a ball mill
and sieved to obtain particles in the 63-105 µm (fine) and
105-250 µm (coarse) size ranges. Type TOG activated carbon
(75-300 µm), derived from bituminous coal and obtained
from Calgon Corporation (Pittsburgh, PA), was boiled in water
for 5 min prior to use to remove any air pockets in pores. Wet
Hunters Point sediment, equivalent to approximately 3.8 kg
dry weight, was placed in 1-gal glass roller bottles, followed
by addition of sorbent and approximately 300 mL of 17 ppt
seawater. Five different sorbent treatments were set up: fine
and coarse coke at two and five times existing sediment TOC
content of 1.7% (3.4% and 8.5%) and activated carbon at two
times TOC content (3.4%). Controls were set up with no
sorbent. Bottles were rolled at approximately 3 rpm for 28
or 180 d (1 or 6 months). At the end of the contact period,
wet sediment slurry was placed in amber glass bottles and
stored in a cold room at 4 °C. These sorbent doses were
selected as a starting point to assess treatment effectiveness.
Subsequent work has examined the effect of lesser activated
carbon dose and smaller particle size on PCB availability.

Aqueous Equilibrium. Equilibrium distribution of PCBs
and PAHs between sediment and aqueous phases was
measured by placing approximately 100 g of coke-treated or
activated carbon-treated or untreated wet sediment in 1.9-L
glass bottles with 17 ppt seawater and 1 g/L sodium azide
(practical grade, Mallinckrodt, Paris, KY) to inhibit micro-
biological growth. The bottles were capped with Teflon-lined
caps, shaken, and rotated at approximately 2 rpm on a roller
for 14 d, after which the sediment-water mixture was allowed
to settle and the supernatant cleared of any floating particles
with a Pasteur pipet. Colloids were removed using the
flocculation procedure described previously (12). PCBs and
PAHs were extracted from the aqueous phase using liquid-
liquid extraction with hexane. Extract cleanup with silica gel
and PCB by congener and PAH (16 Priority Pollutant List
PAH) analyses of extracts by GC-ECD and GC-FID from
aqueous equilibrium, uptake by SPMD, quiescent flux, and
desorption experiments were performed following U.S. EPA
Methods 3630C, 8082, and 8100, as described previously (6).

SPMDs. SPMDs are a biomimetic tool to assess the
chemical and biological availability of PAHs and PCBs in
sediment and water (13-17). SPMDs were used in this work
to study the effect of sorbent addition on PCB and PAH release
from contaminated sediments. Custom-made SPMDs (EST,
St. Joseph, MO) were 100 mm long and filled with 0.1 g of
triolein, a component of fish lipid (18). Approximately 12 g
of wet, untreated, coke-treated or activated carbon-treated
sediment was added to 40-mL clear glass vials with 17 ppt
seawater and 1 g/L sodium azide, leaving approximately 1
mL of headspace. One SPMD was folded in half and placed

in each vial; the vials were sealed with Teflon-lined caps and
set on a rotator at approximately 20 rpm for 14 d.

After tumbling, the SPMDs were rinsed with deionized
water; swirled for 30 s in 1 N hydrochloric acid (Fisher
Scientific, Fair Lawn, NJ); rinsed with deionized water,
acetone (pesticide grade, Fisher Scientific, Fair Lawn, NJ),
and isopropyl alcohol (Mallinckrodt Baker, Paris, KY); and
wiped and air-dried for approximately 30 s. The SPMDs were
submerged in hexane and dialyzed at room temperature for
24 h. The dialysate was transferred to a second 250-mL bottle,
and the dialysis with fresh hexane was repeated for 8 h.
Dialysates were combined with hexane rinse, the total volume
was recorded, and aliquots were taken for cleanup and
analysis using methods described previously (6).

Quiescent Flux. Diffusive PCB flux from contaminated
sediment was measured in quiescent systems with Amberlite
XAD-4 (XAD) beads (20-60 mesh, Sigma Chemical Co., St.
Louis, MO) suspended above the sediment in stainless steel
mesh. XAD beads were cleaned using a methanol wash
(pesticide grade, Fisher Scientific, Fair Lawn, NJ) and stirring
periodically with a glass rod for 15 min; then draining and
repeating three times each with methanol, 1:1 hexane:
acetone, methanol, and deionized water; and then soaking
in deionized water for 12 h. XAD beads were placed in
precleaned stainless steel 40 mm diameter wire mesh baskets
to about half full, clamped with stainless steel wire, and
shaken in deionized water to remove beads smaller than
wire mesh openings.

Quiescent sediment systems employed approximately 20
g wet sediment in 250-mL beakers filled to 200 mL with 17
ppt seawater with 1 g/L sodium azide. A schematic of the
experiment setup is shown in Figure 1. Four systems were
set up: (i) untreated sediment; (ii) sand-capped sediment;
(iii) activated carbon-capped sediment; and (iv) carbon-
contacted sediment with 3.4 wt % activated carbon. The
sediment-water mixtures were allowed to settle for several
days and then 2 g of sand or 1 g of activated carbon were
sprinkled slowly over the sediment, forming a uniform layer
over the undisturbed sediment approximately 2 mm thick.
The mass of carbon in the cap was approximately 7% of the
whole sediment dry mass. Following addition of the sorbent
caps, stainless steel mesh baskets containing the XAD beads
were suspended above the sediment or cap and secured to
keep the basket in the correct location. Any XAD beads that
may have escaped from the basket were removed with a
Pasteur pipet. Beakers were then covered with foil and placed
in a dark cabinet at room temperature for 35 d. The baskets
were removed, and a second set of XAD in baskets was
suspended in the beakers for 134 d. XAD beads were extracted

FIGURE 1. Quiescent sediment flux experimental setup with 17 ppt
seawater. XAD resin beads are contained in stainless steel baskets
suspended above the sediment.
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with 5 mL of 1:1 mixture of hexane:acetone, rotating end
over end at approximately 2 rpm for 24 h, and repeating
twice with hexane. The combined extracts were dried by
adding a few grams of anhydrous sodium sulfate, concen-
trated to 1 mL, and cleaned and analyzed by the methods
described previously (6).

PCB Desorption. PCB desorption kinetic studies with
untreated Hunters Point sediment followed previously
described procedures (5). Tenax beads (0.5 g) and sediment
sample (5 g) were added to three 12-mL glass vials containing
10 mL of water and continuously mixed in a rotator. Sodium
azide (1 g/L) was added to the mixture to prevent biological
growth. At sampling times of 0, 1, 2, 3, 6, 14, 30, and 66 d,
the Tenax beads were harvested by allowing the sediment
to settle and the beads to float up, and then fresh beads were
added. PCBs were extracted from the Tenax beads and
analyzed by GC-ECD.

Results and Discussion
Reduction in PCB and PAH Aqueous Equilibrium Con-
centrations with Activated Carbon Addition. The total PCB
concentration in composite, intertidal zone sediment samples
was 9.9 ( 0.9 mg/kg (6). Figure 2 shows the distribution of
PCBs by homolog group in Hunters Point sediment. The
dominant PCBs in the sediment resemble Aroclor 1260 with
hexa- and heptachlorbiphenyl homologs comprising 71% of
the total PCBs. Figure 3 compares PCB concentrations by
homolog group in the aqueous phase at equilibrium with

untreated sediment and for sediment treated with 3.4%
activated carbon for 1 or 6 months. At equilibrium the total
aqueous concentration of PCBs is about 37 ng/L, mainly
tetra-, penta-, and hexachlorobiphenyls. Compared to sedi-
ment, the aqueous samples show a shift toward lower
molecular weight congeners due to their lower hydropho-
bicity and lesser tendency to sorb to sediment.

For activated carbon-treated sediment, the total aqueous
PCB concentrations decreased by 87% and 92% for contact
times of 1 and 6 months, respectively. This is a substantial
reduction in aqueous PCBs and demonstrates under opti-
mum conditions that activated carbon is a strong sorbent in
sediment. With mixing, the effect of adding carbon to
sediment on PCB aqueous equilibrium concentration is
manifested relatively quickly and is not lost with time. Similar
to the results with PCBs, adding activated carbon to sediment
reduced aqueous equilibrium total PAH concentrations by
74% and 84% for 1- and 6-month contact periods, respec-
tively.

The effect of activated carbon on lowering aqueous
concentrations of PCBs is greatest for tetra- and pentachlo-
robiphenyl homologs, diminishing for hexa- and heptachlo-
robiphenyls. This is most likely due to the slower rate of
release from sediment and slower rate of uptake by carbon
for higher chlorinated PCBs. We measured PCB desorption
rates from Hunters Point sediment, and the results in Figure
4 are shown as the fraction of PCBs desorbed by homolog
group. These data indicate desorption rate decreases with
increasing degree of chlorination. Nearly 70% of the tetra-
chlorobiphenyls are released over 2 months as compared to
about 35% of the heptachlorobiphenyls. This trend is shown
also in Figure 5 by comparing the percent reduction in
aqueous phase PCBs by homolog versus homolog log Kow

values (representative homolog log Kow values from Erickson;
19). Figures 4 and 5 are suggestive of a relation between the
percent concentration reduction in the aqueous phase PCBs
from addition of activated carbon and the extent of release
of PCBs from the solid. The implications of these desorption
results are discussed later in the context of other experimental
results.

Effectiveness of Coke versus Activated Carbon in Re-
ducing Aqueous Equilibrium Concentrations. Shown in
Figure 6 is a comparison of total aqueous equilibrium
concentrations of PCBs for 3.4% activated carbon-treated
sediment with that for sediment treated with two size
fractions of coke for applications at 3.4% and 8.5 wt % for
1- and 6-month contact periods. Coke has little or no effect
on reducing aqueous equilibrium PCB concentrations over
6 months, compared to activated carbon achieving aqueous
PCB concentration reductions of 87% and 92% for 1- and
6-month contact periods, respectively.

FIGURE 2. PCB concentration by homolog group for a composite
sample of Hunters Point sediment. Error bars represent one standard
deviation from the mean of three replicates.

FIGURE 3. Aqueous PCB concentrations for 1- and 6-month contact
periods with sediment containing 3.4 wt % activated carbon. Error
bars represent one standard deviation from the mean of three
replicates.

FIGURE 4. PCB desorption rates by homolog group for Hunters
Point sediment.
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Figure 7 shows total PAH aqueous equilibrium concen-
trations for untreated and coke-treated and activated carbon-
treated sediment for 1- and 6-month contact periods. Coke
reduced aqueous phase PAHs up to 64% over 6 months. The
increased effectiveness of coke for reducing aqueous PAH
concentrations, as compared to PCBs, is likely due to the
stronger sorption of the planar PAH molecules to coke, which
bears some structural resemblance to soot. Several studies
show elevated PAH organic carbon partition coefficients (Koc)

in the presence of soot (20-24). Soot has been described as
“particles of multilayered macro-PAHs” (22), and coke is
considered to consist of layers of PAH-type molecules (25).
The elevated partition coefficient values (Koc) observed for
PAHs and coplanar PCBs in the presence of soot have been
attributed to a combination of the ability of planar molecules
to lie flat on the surface of soot particles allowing overlap of
π bonds and to a greater extent of pore sorption due to the
ability of planar molecules to penetrate soot pores or
interlayer spacings (22, 24). Soot has greater porosity and
specific surface area as compared to coke, approximately
8-59 m2/g for soot (24) versus 3 m2/g for our coke samples;
the similarity in structural composition could explain why
coke reduced PAH aqueous concentrations but did not affect
aqueous concentrations of PCBs. A total of 94% of the PCBs
measured in Hunters Point sediment are noncoplanar (i.e.,
containing more than one chlorine atom in ortho positions
on the biphenyl rings). We did not see a significant difference
in the behavior of coplanar and noncoplanar PCB congeners.

Reduction in PCB and PAH Uptake in SPMDs. Figure 8
shows a comparison of total PCB uptake in SPMDs for
untreated sediment and sediment contacted with coke or
activated carbon for 1 or 6 months. Activated carbon-
treatment reduced SPMD uptake by up to 77% and 83% for
PCBs and PAHs, respectively. Coke had little or no effect on
SPMD uptake of PCBs or PAHs (data not shown), which is
likely due to its smaller specific surface area and its pore
structure being less favorable for binding HOCs as compared
to activated carbon, as discussed above. The PCB homolog
distribution for uptake in the SPMDs is similar to that for the
sediment with a predominance of hexa- and heptachloro-
biphenyl homologs. Ninety-nine percent of total PCBs in the
SPMDs are tetra- to octachlorobiphenyl homologs. Similar
to our results from aqueous equilibrium experiments, the
effectiveness of activated carbon addition in reducing uptake
by SPMDs decreased with increasing degree of PCB congener
chlorination.

Reduction in PCB Flux from Sediment to Water. The
quiescent flux experiments assessed how activated carbon
treatment affects PCB flux to overlying water. The tests
compared sediment mixed with activated carbon for 1 month
with sediment having carbon applied as a cap. Untreated
sediment and sediment with a sand layer on top were
evaluated as well. The XAD beads maintain a constant driving
force for PCB release from sediment by providing an infinite
sink for PCBs because of the beads’ large sorption capacity
and overwhelming affinity for HOCs.

FIGURE 5. Comparison of reduction of PCBs in the aqueous phase
by homolog log Kow for sediment treated with 3.4% activated carbon
and contacted for 1 and 6 months.

FIGURE 6. Total aqueous PCB concentration in untreated and treated
sediment for contact times of 1 and 6 months with 3.4% activated
carbon and different doses and sizes of coke particles. Error bars
represent one standard deviation from the mean of three replicates.

FIGURE 7. Total aqueous PAH concentration in untreated and treated
sediment for contact times of 1 and 6 months with 3.4% activated
carbon and different doses and sizes of coke particles. Error bars
represent one standard deviation from the mean of three replicates.

FIGURE 8. PCB uptake by SPMDs for treated and untreated sediment.
The data are expressed as percent of total PCBs originally in the
solid material transferred to the SPMD. Treatment times are 1 and
6 months with 3.4% activated carbon and different doses and sizes
of coke particles. Error bars represent one standard deviation from
the mean of three replicates.
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Figure 9 shows the reduction in PCB flux for 1 month
(53%) and from 1 to 5 months (89%) for sediment with
activated carbon applied as a top layer, compared to
untreated sediment. In the case of activated carbon mixed
with sediment for 1 month, the PCB flux is reduced by 60%
in 1 month and 78% from 1 to 5 months, compared to
untreated sediment. The activated carbon treatments are
much more effective than a comparable mass of passive sand
cap, which reduced PCB flux by 23% relative to untreated
sediment over the interval from 1 to 5 months. In systems
with either a thin layer of activated carbon or sand on top
of the sediment, both act as diffusive barriers to overlying
water, but the sand lacks the sorption capacity of carbon,
thus hindering PCB diffusion through it to a lesser degree.

Comparison of Untreated Sediment Equilibrium Par-
titioning with Literature Values. Over limited concentration
ranges, the partitioning of HOCs between sediment and water
can be described in simple terms according to a solid-water
distribution coefficient (Kd) based on the assumption that
the partitioning depends primarily upon total organic carbon
in the sediment (e.g., ref 26):

where Cs is the contaminant concentration on sediment solids
(mg/kg), Cw is the aqueous contaminant concentration (mg/
L), Kd is the solid-water distribution coefficient (L/kg), foc

is the fraction of organic carbon in the sediment (-), and Koc

is the organic carbon-normalized partition coefficient (L/kg
organic carbon). For HOCs, Koc is often correlated with
compound octanol-water partition coefficient, Kow. Six
expressions for estimating Koc from Kow values are shown in
Table 1 in the Supporting Information for data sets that
include PCBs. These relationships are discussed below in
the context of the aqueous equilibrium experiments per-
formed as part of our study.

Kd and Koc were calculated for PCBs and PAHs in untreated
Hunters Point sediment using sediment and aqueous equi-
librium concentrations. Tables 2 and 3 in the Supporting
Information show average values of log Kow from the literature
and measured values of log Koc for PCBs and PAHs,
respectively. Values of log Kow for PCB homologs in Table 2
(in the Supporting Information) are representative values
reported by Erickson (19) from Shiu and Mackay (27). Our
measured PCB log Koc values and the log Koc correlations
presented in Table 3 (in the Supporting Information) are
plotted against congener or homolog log Kow values in Figure
10. For the most part, the PCB log Koc values measured in this
study are larger and lie outside the range of the various

correlations. In contrast, log Koc values reported in recent
studies with carbon materials such as soot and charcoal (24)
and with soot-containing sediment (28) are closer to our
measured values. The larger log Koc values observed for
Hunters Point sediment likely result from the presence of
anthropogenic black carbon particulate organic matter.
Ghosh et al. (6) showed that 68% of the PCBs and 89% of the
PAHs are associated with particulate organic matter in
sediment at the site, which comprises 6% of the total sediment
mass. The agreement of our log Koc values with those from
other studies where PCB sorption is dominated by soot or
charcoal, supports the concept that, given sufficient time,
PCBs bind preferentially to charcoal or coal-derived particles,
which are present in Hunters Point sediment.

Comparison of results in Figure 11 shows that our
measured PAH log Koc values are about 2 orders of magnitude
larger than log Koc values predicted from the correlations
plotted in the figure. This is likely due to strong binding of
PAHs to charcoal and coal-derived materials found in Hunters
Point sediment. McGroddy and Farrington (20) and Jonker
and Koelmans (28) measured apparent PAH log Koc values
for sediment samples in Boston Harbor, MA, and in Lake
Ketelmeer, The Netherlands, respectively. Sediment from

FIGURE 9. Cumulative uptake of PCBs by XAD beads in sequential
quiescent flux tests of durations 1 and 4 months. The XAD beads
were suspended above the sediments. Error bars represent one
standard deviation from the mean of three replicates.

Cs

Cw
) Kd ) focKoc

FIGURE 10. Comparison of measured log Koc values for PCB homologs
in Hunters Point or Lake Ketelmeer sediment or in soot- or
charcoal-water systems with correlations proposed by others for
PCBs and other hydrophobic compounds.

FIGURE 11. Comparison of measured log Koc values for PAH
compounds in Hunters Point sediment, Boston Harbor, and Lake
Ketelmeer and in soot- or charcoal-water systems with correla-
tions proposed by others for PAHs and other hydrophobic compounds.
PAHs were measured at three sites within Boston Harbor, as reported
by McGroddy and Farrington (20).
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both studies contained soot, which plays an important role
in PAH sorption. Jonker and Koelmans (24) measured solid-
water distribution coefficients for carbon sorbent-water
systems (i.e., no sediment), and we calculated log Koc values
from those distribution coefficients and normalized their
reported values by sorbent percent carbon. As shown in
Figure 11, the similarity between log Koc values measured in
those three studies (28, 24, 20), where sorption is dominated
by soot or charcoal, and our measured log Koc values supports
the concept of the dominance of strong sorption to black
carbon particles (e.g., char, charcoal, coke) in Hunters Point
sediment.

Comparison of Treated Sediment Equilibrium Parti-
tioning with Literature Values. Aqueous equilibrium con-
taminant concentrations in water in contact with untreated
and activated carbon-treated Hunters Point sediment were
used as an indicator of whether adding carbon sorbents
decreases PCB and PAH release to the aqueous phase. The
greater effectiveness of activated carbon is attributed to a
combination of its greater effective surface area (940 vs 3
m2/g for coke) and its pore size distribution and structure
that are favorable for binding contaminants (24). Jonker and
Koelmans (24) measured sorbent-water distribution coef-
ficients for soot and soot-like material and reported activated
carbon-water partition coefficients (KAC) ranging from 108.16

to 109.87 for several tri- to hexachlorobiphenyls in clean water.
These values were about 3 orders of magnitude greater than
measured values for soots and about 1 order of magnitude
greater than for a charcoal. They found that K values for
added PCBs correlated well with average pore diameter for
soot and soot-like material and proposed that pore sorption
dominated PCB binding mechanisms. We calculated KAC

values using homolog sediment PCB concentrations in the
composite sediment sample (e.g., Cs,penta-PCB ) 878 µg/kg),
the fraction of activated carbon in the sediment, fAC ) 0.034,
and aqueous homolog PCB concentrations (e.g., Cw,penta-PCB

) 4.1 × 10-4 µg/L for 6-month contact), obtaining log KAC

values of 7.6-8.1 for tetra- through nonachlorobiphenyls.
Though significantly larger than PCB distribution coefficients
for amorphous sediment organic carbon, these values are
smaller than those reported by Jonker and Koelmans (24) for
activated carbon-water systems.

One reason for finding smaller distribution coefficients
in this study, compared to those from activated carbon-
water systems, is that only about 40% of the total PCBs may
be available for mass transfer to carbon due to kinetic
limitations. Another factor is the abundance of natural organic
matter (NOM) in the sediment, which may reduce the fraction
of activated carbon available for binding PCBs by both
competing for sorption sites and by blocking entrance to
micropores, where the majority of sorption capacity is located.
Ebie et al. (29) showed that NOM reduced activated carbon
sorption capacity of four organic pesticides up to 90% and
attributed the reduction to competitive sorption and mi-
cropore blockage by NOM. A third possibility is competition
among the PCBs and PAHs present in the sediment. Non-
linearity is often evident with sorption to activated carbon,
and the total PCB concentration in our aqueous systems is
approximately 2 orders of magnitude greater than in Jonker’s
systems. This could explain the lower KAC value from our
work, relative to Jonker’s results (24).

A comparison of aqueous equilibrium PCB concentrations
for samples from 1- and 6-month sediment-activated carbon
contact periods indicates that mass transfer limitations are
playing an important role for the higher chlorinated PCBs.
Tetrachlorobiphenyls do not show a significant change in
aqueous phase concentration for sediment-activated carbon
contact times of 1 and 6 months. This is likely because release
of tetrachlorobiphenyls from sediment is relatively fast as
shown in Figure 4, resulting in little additional mass transfer

after 1 month. Nonachlorobiphenyls show little change in
aqueous concentrations for sediment-activated carbon
contact times of 1 or 6 months because only a relatively small
amount is released from the sediment and the system may
be far from equilibrium. An observable difference in aqueous
equilibrium PCB concentrations for sediment-activated
carbon contact times of 1 or 6 months was evident for
hexachlorobiphenyls. Following an initial fast release from
sediment, activated carbon uptake becomes limited as
hexachlorobiphenyls diffuse slowly from sediment into
activated carbon pores.

Implications. The results from this work demonstrate that
adding activated carbon to contaminated sediments can
reduce PCB and PAH aqueous equilibrium concentrations,
PCB and PAH uptake by SPMDs, and diffusive PCB flux to
overlying water. A companion study (30) shows that con-
tacting Hunters Point sediment with activated carbon reduces
bioaccumulation of PCBs by benthic organisms. Results from
the present study and our bioaccumulation work indicate
that application of activated carbon to PCB-contaminated
sediment can be an effective in-situ stabilization method to
reduce contaminant availability to surrounding water and
biota. Further work is required to address issues related to
the application of activated carbon in the field for in-situ
control of PAH and PCB availability in sediments. This
includes work to understand the effects of activated carbon
dose and particle size and contaminant mass-transfer kinetics
with limited mixing. Also, activated carbon deployment and
particle dynamics under various hydrodynamic conditions
need to be assessed. Each contaminated sediment site will
require specific consideration to find an appropriate man-
agement strategy and treatment method.

Depending on site conditions, activated carbon could be
mixed or injected into sediment, used in conjunction with
sand or gravel to hold carbon in place, or used as an “active
cap”. For the case of Hunters Point sediment, we envision
that treatment with activated carbon would involve mixing
of the carbon into the upper 0.3-0.5 m of sediment, which
comprises the biologically active zone. Hunters Point sedi-
ment at South Basin is cohesive, and the site is slightly
depositional and protected from extreme hydrodynamic
forces. Activated carbon could be mixed into sediment at
low tide when the mudflat treatment area is exposed. In this
situation, activated carbon treatment may be an attractive,
cost-effective alternative to sediment dredging and disposal
and possibly at other sites comprising large-volume, low-
concentration material or as an adjunct to dredging to
manage residuals after more highly contaminated sediments
have been removed.
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