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a b s t r a c t

Sequestration of polychlorinated biphenyls (PCBs) by activated carbon (AC) has been

proposed as a remediation strategy for PCB-contaminated sediments. However, published

PCB–AC adsorption isotherm data are sparse and, while sediment-derived dissolved

organic matter (DOM) and biofilms are likely to be present in sediments, the impacts of

these loadings have not been quantified. Batch laboratory experiments were undertaken to

obtain equilibrium adsorption capacities, qe, for 9 PCBs on virgin AC, DOM-loaded AC, and

biofilm-covered AC. Isotherm data fit the Freundlich isotherm equation (average R2
¼ 0.94,

n ¼ 27) over the range of aqueous concentrations studied (�0.1–1000 ng/L). Planarity effects

were evident at low aqueous concentrations only (0.1–10 ng/L), where qe of three PCBs of

similar hydrophobicity decreased with an increasing number of ortho-chlorines, indicating

steric hindrances attenuated adsorption. The values of qe for DOM- and biofilm-loaded ACs

were approximately one order of magnitude smaller than those on virgin AC when

normalized by the available AC surface area, indicating that PCB adsorption likely occurred

on specific regions of the AC structure. Nevertheless, virgin and loaded ACs used in this

study had sufficiently high PCB adsorption capacities to warrant further study as an in-situ

remediation alternative for PCB-contaminated sediments.

& 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Adverse health effects in aquatic biota and humans that have

accumulated hydrophobic organic contaminants (HOCs) such

as polychlorinated biphenyls (PCBs) and polyaromatic hydro-

carbons (PAHs) are well documented (NRC, 2001). PCB-

contaminated sediments are ubiquitous and few reliable

and cost-effective technologies for remediation are available,

so dredging, dewatering, and landfilling is most often

mandated (e.g. Fox River, WI (USEPA, 2003) and the Hudson

River, NY (USEPA, 2002)).

In-situ capping (ISC) is a potentially effective treatment

strategy for PCB-contaminated sediments (Murphy et al.,

2006). ISC uses a physical barrier of clean sand or sediment to

isolate contaminated sediments from the benthic community

that has re-colonized above the cap after placement. The cap

stabilizes the underlying contaminated sediment against

erosion, reduces contaminant flux into the benthic commu-

nity, and can be used to create new habitats for aquatic

organisms (Reible et al., 2003). The ability of a sediment cap to

isolate contaminants is greatly improved by adding an

activated carbon (AC) layer within the cap to sequester PCBs
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in the pore water moving through the cap (Murphy et al.,

2006). A method to precisely place a thin (1.25 cm) AC layer

within a sand sediment cap was recently demonstrated in the

Anacostia River (Washington, DC) at the pilot scale (McDo-

nough et al., 2007). Sediment caps, however, must remain in

place to be effective, so scouring of the cap and concerns over

long-term integrity are often raised.

Alternatively, in-situ treatment involves blending AC

directly into contaminated sediments to sequester PCBs or

PAHs (Werner et al., 2005; Zimmerman et al., 2004). These

chemicals adsorb to AC in sediment that reduces the

contaminant pore water concentration. PAHs bound to AC

are resistant to desorption (Ghosh et al., 2001), and cause a

decrease in chemical uptake in earthworms and clams

(McCleod et al., 2004; Talley et al., 2002). Zimmerman et al.

(2004) proposed mixing an AC (3.4 wt%) slurry directly into

the top layer of contaminated sediment with a rotor-tiller-

type device. This procedure was recently demonstrated

at the pilot scale at Hunter’s Point Shipyard in San Francisco

Bay (Cho et al., 2007). This method requires adequate

mixing between sediment and the AC to be effective,

and the potential advantages and disadvantages of this

methods have been debated (Weber, 2005; Zimmerman

et al., 2005).

Regardless of the approach, ISC or in-situ treatment, AC

isotherm parameters are needed to assess its effectiveness

for remediation of PCB-contaminated sediments. For ISC,

isotherm parameters are needed to predict the isolation times

provided by the cap. For in-situ treatment, they are needed to

predict the mass of carbon required to achieve a specified

reduction in the PCB pore water concentration. However,

adsorption of PCBs to AC is not easily measured because PCBs

have a high affinity for AC, resulting in very low aqueous

concentrations, and because PCBs adsorbed to AC are difficult

to extract. As a result, PCB congener data for adsorption to AC

are sparsely available in the literature. To this end, Jonker and

Koelmans (2001) developed a solid-phase extraction partition-

ing method using polyoxymethylene (POM) to measure PAH

and PCB adsorption to soot and soot-like materials. Using this

method Jonker and Koelmans (2002) determined linear

distribution coefficients, KD, between AC and 11 PCB con-

geners in organic-free aqueous systems. However, adsorption

isotherms on AC are often non-linear, due to the hetero-

geneous nature of the sorbent and the presence of micropores

(Ahn et al., 2005), and therefore it is likely that the KD values

determined by Jonker and Koelmans (2002) are only applicable

to a relatively narrow range of aqueous concentrations.

Additionally, dissolved organic matter (DOM) present in the

pore water and microbial growth on the AC may decrease

target compound affinity (Carter et al., 1992; Matsui et al.,

2003), and thus the impact of these loadings need to be

evaluated critically.

The objective of this study was to quantify equilibrium

adsorption capacities of 9 PCB congeners (di- through penta-

chlorinated) on AC over a wide range of aqueous-phase

concentrations. A preliminary assessment was made of the

impact of DOM loading and biofilm growth on PCB adsorption

to AC. Type TOG AC was selected as this was the carbon used

by Luthy and his co-workers for the in-situ stabilization

studies (Werner et al., 2005).

2. Material and methods

2.1. Chemicals

PCBs used in the isotherm experiments included IUPAC 4

(2,20-dichlorobiphenyl), 12 (3,4-dichlorobiphenyl), 18 (2,20,5-

trichlorobiphenyl), 52 (2,20,5,50-tetrachlorobiphenyl), 53

(2,20,5,60-tetrachlorobiphenyl), 54 (2,20,6,60-tetrachlorobiphe-

nyl), 72 (2,30,5,50-tetrachlorobiphenyl), 77 (3,30,4,40-tetrachlor-

obiphenyl), and 126 (3,30,4,40,5-pentachlorobiphenyl). These 9

PCBs were obtained as a mixed solution in acetone from

AccuStandard, Inc. (New Haven, CT). These congeners were

chosen to cover the di- through penta-homolog groups and

include congeners commonly found in aroclors in high levels

(PCBs 4, 18, and 52), particularly toxic compounds (PCBs 77

and 126) (Safe, 1993), compounds with similar log KOW’s but

different degrees of ortho-substitution (PCBs 52, 53, 54, 72,

and 77), and congeners previously studied by others (PCBs 18,

52, 77, and 126) (Jonker and Koelmans, 2002).

PCBs 29 (2,4,5-trichlorobiphenyl) and 162 (2,3,30,40,5,50-

hexachlorobiphenyl) were used as the extraction spike and

internal standard, respectively, and were obtained from Ultra

Scientific (North Kingston, RI). Hexane (optima), acetone

(optima), and calcium chloride (95% purity) were obtained

from Fisher Scientific (Pittsburgh, PA), and sodium azide (99%

purity) was obtained from Acros Organics (Belgium). Nano-

pure grade water (Barnstead, Dubuque, IA) was used for all

aqueous preparations.

2.2. Sorbents

POM was obtained in 0.5 mm thick sheets from Vink

Kunststoffen BV, The Netherlands. Prior to use, the POM

was washed in hot soapy water, and rinsed 3 times each with

hot tap water and de-ionized (DI) water, as done by

Cornelissen and Gustafsson (2004). The POM was not

methanol–hexane washed as done by Jonker and Koelmans

(2001) due to concerns over incomplete solvent removal—

adsorption isotherms of the POM with nitrogen gas at 77 K

revealed a moderately porous structure, and thus the

possibility of entrapped solvent following air drying existed.

TOG AC (Calgon Carbon Corporation, Pittsburgh, PA) was

used for the isotherm studies. The AC as received was

80�325 mesh and to reduce equilibration time was sieved

to collect the fraction less than 200 mesh (o75mm), boiled in

nanopure water for 30 min, dried to constant mass at 105 1C,

and stored in a desiccator. A portion of the AC was preloaded

with DOM from a simulated pore water generated from

Grasse River (Massena, NY) sediment based on ASTM

D3987–85. This simulated pore water was generated by

combining 2 L of DI water and 100 g of wet Grasse River

sediment (moisture content 75%), tumbling end over end for

18 h at 30 rpm, and vacuum filtering (0.45mm). Precisely

216 mg of TOG AC was then added to 2 L of sediment-

generated pore water (3.3 mg/L DOC) and shaken gently for

72 h at 120 rpm on an orbital shaker. The DOM-loaded AC was

collected by vacuum filtration (0.45mm) and dried at 105 1C to

constant mass. The total organic carbon (TOC) loading on

the AC was �1.2 wt% assessed by TOC measurements
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(OI Analytical 1010 Total Organic Carbon Analyzer) of the

sediment-generated pore water before and after AC addition.

While oven drying the AC following DOM loading is not

representative of a natural system, it was done as subsequent

isotherm studies required the dry mass of AC to be known.

This loading technique has been utilized by other researchers

(i.e. Cornelissen and Gustafsson, 2006) and was used in these

studies as we sought only a preliminary assessment of the

effect DOM loading may have, rather than a comprehensive

determination of preloading effects that would require multi-

ple DOM types, mass loadings, and solvent properties.

Biofilm was grown on AC using Staphylococcus epidermidis

(cultivated from a loop of pure culture, ATCC 35984).

S. epidermidis was selected as preliminary experiments in

our lab showed that it produced large amounts of extra-

cellular polymeric substances which aid in rapid biofilm

formation. The intention of this selection was to provide a

conservative estimate (maximum effect) for the potential

effect of biofilm growth on PCB sorption to AC. One colony of

plated S. epidermidis was added to 200 mL of Bacto Tryptic Soy

Broth media (Becton, Dickinson and Company) and incubated

at 36.5 1C for 24 h. Next, 5 mg of AC and 1 mL of media with

S. epidermidis suspended were added to a 1.5 mL Eppendorf

centrifuge tube and incubated at 36.5 1C for 24 h. It was then

removed from the incubator, centrifuged at 5000 rpm for

20 min (Eppendorf 5415D), and decanted. Precisely 1 mL of

nanopure water was then added to the centrifuge tube, mixed

using a Labline vibratory shaker, and poured into a 250 mL

amber test bottle for sorption isotherm tests.

2.3. AC characterization

The surface area and pore volume of the virgin and DOM-

loaded AC were determined (in duplicate) from analyses of

nitrogen gas adsorption isotherms at 77 K performed with a

NOVA 2200e Surface Area and Pore Size Analyzer (Quanta-

chrome Instruments, Boynton Beach, FL). Samples were

degassed at 423 K for 16–20 h prior to analysis. Total surface

area was determined using the BET equation in the relative

pressure range of 0.01–0.10. Total pore volume was calculated

from the adsorbed volume of nitrogen gas at a relative

pressure of 0.98. Micropore analyses were done by applying

the t-method of de Boer (Gregg and Sing, 1982) in the

relative pressure range of 0.20–0.40 using NOVAWin2 soft-

ware.

2.4. Isotherm experiments

Sorption of PCBs to POM was quantified by measuring

adsorption isotherms using the modified bottle-point method

developed by Jonker and Koelmans (2001). All isotherm

experiments were carried out in 250 mL amber glass bottles

with Teflon-lined caps. While PCBs can sorb to Teflon, these

caps were used because they enabled complete closure of the

amber bottles, thus reducing volatile losses. Cornelissen and

Gustafsson (2004) reported 10% loss of phenanthrene by

volatilization using vials topped with glass stoppers. Further,

there was no direct contact between the bottle fluid and the

Teflon, so volatilization into the headspace followed by

sorption was the primary pathway for undesired PCB losses.

The appropriateness of Teflon-lined caps for these studies is

detailed in Section 3.

The aqueous phase consisted of 230 mL of nanopure water

with 25 mg/L sodium azide and 0.01 M calcium chloride. The

mass of POM used was 0.1 g. The systems were spiked with 2,

1, or 0.5 mL of PCB spike solution consisting of 9 PCB congeners

in acetone at concentrations between 0.2 and 200 mg/L. For all

bottles, the acetone concentration was below the 1% (v/v)

threshold where cosolvancy effects become significant

(Schwarzenbach et al., 2003). The bottles were swirled using

a rotary shaker at 120 rpm (Max Q 3000, J-KEM Scientific) for 28

days at room temperature (21–24 1C). Jonker and Koelmans

(2001) showed that this was sufficient time to reach equili-

brium. Further, preliminary experiments showed that distribu-

tion coefficients for POM were indistinguishable at 7, 21, and 28

days. The POM was then removed from the bottles and PCBs

were extracted from the water and POM as described later.

AC isotherms were performed using a technique similar to

that used in the POM–PCB experiments, except that sodium

azide was not used in the biofilm studies. Additionally, 1 g of

POM and 5 mg of AC were used and the bottles were spiked with

1 or 0.5 mL of PCB spike solution. After 28 days of equilibration,

the POM was extracted as described below. In preliminary

laboratory experiments, distribution coefficients for AC were

determined at 28 and 53 days and the results were indis-

tinguishable. This finding matches results reported by Jonker

and Koelmans (2002) who found that 28 days were sufficient to

reach equilibrium between PCBs and sediment and soot.

2.5. Extraction procedures

Both the water and POM were extracted in the POM–PCB

sorption experiments to determine the distribution coeffi-

cient, KPOM. Only the POM was extracted in the AC experi-

ments. Prior to extraction, the POM was washed with DI water

and dried with a tissue to ensure that no AC was extracted

along with the POM.

In the POM-only isotherms, the water was extracted by

removing the POM and adding 20 mL of hexane to each bottle.

Precisely 1 mL of 1 mg/L PCB-29 in hexane was added as the

extraction spike. The bottles were then tumbled end over end

for 48 h on a rotary shaker. The entire contents of the bottle

were then added to a separatory funnel (EPA Method 3510c)

and the hexane concentrated to 4 mL using a nitrogen

evaporator (N-EVAP, Organomation, Clear Brook, VA).

To extract the POM material, the POM was placed in a 12 mL

amber vial with 10 mL acetone and hexane (1:1 by volume) and

1 mL of 1 mg/L PCB-29 extraction spike. The vial was shaken

end over end for 24 h. The solvent was removed and replaced

by fresh acetone/hexane solution and again shaken for 24 h.

This was repeated once more such that the POM sample was

extracted with 3–10 mL aliquots of acetone/hexane. The 30 mL

acetone/hexane solution was then concentrated to 4 or 1 mL.

The extraction of the PCBs from water and POM yielded an

average mass recovery of PCBs of 93% (n ¼ 172).

2.6. GC/lECD analysis

The PCB congeners in the extracts were quantified using

EPA Method 8082. A Hewlett Packard gas chromatograph
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(Model 6890) with a 30 m DB-XLB column (diameter 180 mm

and film thickness 0.18mm; Agilent Technologies, Palo Alto,

CA) with a micro-electron capture detector (mECD) (Agilent

Technologies) was used for analysis. Helium gas flowed

through the column at a constant pressure of 18.0 psi. The

mECD was held at 325 1C with a constant 30.0 mL/min makeup

flow of argon (5%) and methane (95%). The inlet was operated

in splitless mode at 250 1C and a pressure of 18.0 psi. The oven

was held at 115 1C for 1 min, increased at 3 1C/min to 300 1C,

and held for 3 min.

2.7. Isotherm modeling

The mass balance of the three-phase system used to obtain

the isotherms for PCB adsorption to AC in water was

MT ¼ qeMAC þ CWVW þ CPOMMPOM. (1)

In Eq. (1), MT is the total mass of a given PCB, qe, CW, and

CPOM are the equilibrium PCB concentrations on the AC,

water, and POM, respectively, MAC and MPOM are the mass of

AC and POM, respectively, and VW is the volume of water.

Isotherms were developed to quantify the linear distribu-

tion coefficient (KPOM) for each PCB between POM and water.

POM is considered to have a ‘‘soft’’ or ‘‘gel-like’’ matrix and

uptakes organic chemicals in proportion to their freely

dissolved concentration (Ahn et al., 2005), thus making a

linear model appropriate. Additionally, for each congener,

only data for which the aqueous phase concentration was one

order of magnitude below the reported solubility were used.

In these systems, MT, VW, and MPOM were known, and CW and

CPOM were measured directly (no AC, therefore MAC in Eq. (1) is

zero). KPOM was calculated by geometric mean functional

regression (Halfon, 1985) using data in the linear partitioning

range according to

KPOM ¼ CPOM=CW. (2)

AC isotherms were performed to quantify PCB adsorption.

In these experiments, MT, VW, MPOM, and MAC were known and

CPOM was measured directly for each congener. Using KPOM

determined in Eq. (2), CW was calculated and qe was

determined using Eq. (1). Adsorption isotherms for AC were

non-linear and fitted with the Freundlich model (Eq. (3)).

qe ¼ KFC1=n
W . (3)

Eq. (3) was linearized and geometric mean functional

regression was used to determine the Freundlich parameters

KF and 1/n and their corresponding 95% confidence intervals

(CIs). These 95% CIs, which were calculated using the method

of Ricker (1975), permitted robust comparisons of the data,

and are more appropriate than comparing 95% CIs calculated

using least-squares regression (which assumes no error in the

X-coordinate, aqueous PCB concentration in this case) or SDs

(which represent �80% CIs).

3. Results and discussion

3.1. POM–PCB isotherms

The use of Teflon-lined lids in the isotherm studies was a

concern because Teflon can passively uptake PCBs. However,

there was no direct contact between the fluid and the Teflon

liners as the bottles were swirled on a rotary shaker for 28

days in the isotherm studies. The average percent recovery of

the 9 PCBs was 93% and recoveries were uncorrelated with

PCB hydrophobicity (Table 1), log KOW from Hawker and

Connell (1988) (r2
¼ 0.007, count ¼ 7), indicating that the

ARTICLE IN PRESS

Table 1 – Geometric mean log KPOM, standard deviations, and 95% confidence interval values for the PCB congeners and
comparison to Jonker and Koelmans (2001)

PCBa Log KOW
b (L/L) Our data (L/kg) Jonker and Koelmans (2001) (L/kg)

Log KPOM SDc 95% CId Log KPOM SDc

4 4.65 3.36 0.07 3.22–3.51 NRe NAf

12 5.22 3.89 0.10 3.66–4.13 NRe NAf

18 5.24 3.84 0.13 3.58–4.12 3.90 0.05

54 5.21 3.86 0.20 3.47–4.31 NRe NAf

53 5.62 4.04 0.25 3.62–4.54 NRe NAf

52 5.84 4.29 0.21 3.87–4.77 4.44 0.08

72 6.26 4.49 0.20 3.96–5.11 4.69 0.09

77 6.36 NLg NAf NAf 5.01 0.15

126 6.89 NLg NAf NAf 5.20 0.16

a IUPAC number and corresponding PCB molecule name: IUPAC #4, 2,20-dichlorobiphenyl; IUPAC #12, 3,4-dichlorobiphenyl; IUPAC #18, 2,20,5-

trichlorobiphenyl; IUPAC #54, 2,20,6,60-tetrachlorobiphenyl; IUPAC #53, 2,20,5,60-tetrachlorobiphenyl; IUPAC #52, 2,20,5,50-tetrachlorobiphenyl;

IUPAC #72, 2,30,5,50-tetrachlorobiphenyl; IUPAC #77, 3,30,4,40-tetrachlorobiphenyl; IUPAC #126, 3,30,4,40,5-pentachlorobiphenyl.
b Log KOW values from Hawker and Connell (1988).
c Standard deviation.
d Lower and upper 95% confidence intervals about the geometric mean.
e Not reported.
f Applicable.
g Data in non-linear partitioning range and were not used in this analysis.
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Teflon liners were not a major PCB sink. As such, we

concluded that Teflon-lined lids did not compromise the

integrity of the isotherm studies.

PCB–POM isotherms were obtained at aqueous concentra-

tions between �100 and 100,000 ng/L and are reported in

Table 1. Only data in the linear partitioning range were used

to obtain KPOM. Using this restriction, we were unable to

determine KPOM for the two most hydrophobic compounds

studied, PCBs 77 and 126. While Jonker and Koelmans (2001)

also found non-linear adsorption of PCBs 77 and 126 at

relatively high aqueous-phase concentrations, they were able

to determine KPOM from Eq. (2) since they had enough

isotherm points (4 or more) in the linear range. Instead of

using a non-linear fit to determine KPOM for PCBs 77 and 126 in

this work, we used the values from Jonker and Koelmans

(2001). This choice was justified as the aqueous-phase

concentrations in the AC studies were in the linear partition-

ing range for the POM. We studied three other PCBs that were

common to Jonker and Koelmans (2001)—PCBs 18, 52, and 72

(Table 1). While log KPOM values determined in this study were

slightly lower, the respective standard deviations (SDs) over-

lapped their mean values, indicating good agreement be-

tween log KPOM in these two studies. Table 1 also shows a

comparison of our data with that of Jonker and Koelmans

(2001). These authors only reported the SD on log KPOM which,

for both data sets, increased with PCB hydrophobicity

(log KOW). For the three common congeners, PCBs 18, 52, and

72, the SDs in our experiments were about twice as large. One

likely reason for this difference is related to the number of

isotherm points collected—4 triplicates were collected in this

study versus 6 triplicates by Jonker and Koelmans (2001).

Despite the larger uncertainty associated with our data, the

statistically indistinguishable mean values of log KPOM indi-

cated that our values could be used to determine aqueous

concentrations in the AC studies. Geometric mean 95% CIs for

log KPOM are also reported in Table 1.

Values for log KPOM ranged from 3.36 L/kg for PCB 4, a

dichlorinated biphenyl, to 4.49 L/kg for PCB 72, a tetrachlori-

nated biphenyl. The regression line for the pooled relation-

ship between log KPOM (L/kg) and log KOW (L/L) is given by

log KPOM ¼ 0:82 log KOW � 0:48. (4)

This log-linear relationship (R2
¼ 0.96, count ¼ 9) is similar

to that found by Jonker and Koelmans (2001) and supports

their conclusion that PCBs passively accumulate on POM in

proportion to their freely dissolved concentrations.
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Fig. 1 – Log qe (equilibrium concentration on AC) versus log CW (concentration in water) for virgin (K), DOM loaded (J), and

biofilm-covered (.) AC and corresponding Freundlich isotherm model fits—virgin (solid line), DOM-loaded (dashed line), and

biofilm covered (dotted line) for (A) PCB-18 (2,20,5-trichlorobiphenyl), (B) PCB-52 (2,20,5,50-tetrachlorobiphenyl), (C) PCB-77

(3,30,4,40-tetrachlorobiphenyl), and (D) PCB-126 (3,30,4,40,5-pentachlorobiphenyl).
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3.2. AC–PCB isotherms

Four-point isotherms (triplicates for each point) for adsorp-

tion of the 9 PCB congeners on each of three AC treatments

(virgin, DOM loaded, and biofilm covered) were obtained.

Fig. 1 shows isotherm data and the corresponding Freundlich

model fits for PCBs 18, 52, 77, and 126. Adsorption of PCBs to

AC was log-linear over the range of aqueous concentrations

studied (�0.1–1000 ng/L) and fit the Freundlich model well

(average coefficient of determination, R2
¼ 0.94, count ¼ 27).

The fact that the Freundlich model fit our experimental data

well was an expected result as it has been applied extensively

by others for describing adsorption of HOCs onto ACs. For

example, Ahn et al. (2005) showed that the Langmuir model

with a single affinity parameter did not fit their experimental

data for describing PAH adsorption to AC, indicating that

PAHs adhered to heterogeneous sorption sites with different

affinities for the solutes. Instead, they used the Freundlich

isotherm. Further, Yoon et al. (2006) showed that a PCB

adsorbed to specific aromatic-like heterogeneities of black

carbon materials, which violates an underlying assumption of

the Langmuir model. More mechanistic models, such as the

Polanyi–Dubinin–Manes model, used by Kleineidam et al.

(2002) for much less hydrophobic organic chemicals, was

not applied as reliable water solubility data for all the

selected PCB congeners were not available. The Freundlich

parameters and their associated geometric mean 95% CIs are

summarized in Table 2. Linear partitioning coefficients, KD,

between AC and PCBs in aqueous systems have been used to

interpret PCB isotherm data (Jonker and Koelmans, 2002).

However, AC is widely considered to exhibit a ‘‘hard’’

or ‘‘glassy’’ sorption domain, with sorbates accumulating

on surfaces within molecular-sized pockets or micropores,

characterized by non-linear sorption isotherms (Ahn et al.,

2005).

Given the variability in 1/n between congeners and AC

treatments in these data (Table 2), valid interpretations could

only be made by comparing qe for discrete aqueous concen-

trations. Values of qe for each congener were calculated for

aqueous equilibrium concentrations of 0.1, 10, 100, and

1000 ng/L and are shown in Fig. 2 along with qe calculated

from the linear partition coefficients (i.e. 1/n ¼ 1) reported by

Jonker and Koelmans (2002). Error bars on the values of qe

were calculated using their respective geometric mean 95% CI

on log KF and 1/n reported in Table 2. The full range of the

uncertainties in the Freundlich parameters (KF and 1/n) is

reflected in the values of qe in Fig. 2. As expected, the CIs are

larger at the upper and lower ends of the applicable

concentration range (0.1 and 1000 ng/L) compared with the

mid-range (10 and 100 ng/L).

Based on previous research (Jonker and Koelmans, 2002), it

was anticipated that the AC adsorption capacity for the 9 PCB

congeners would be related to the congeners hydrophobicity

(increasing log KOW—see Table 1—generally from left to right

in Fig. 2) and planarity. At high aqueous concentrations

(100–1000 ng/L), qe was statistically equal at the 95% level of

confidence for PCBs 4, 12, 18, 54, 53, 52, and 72; qe for PCBs 77

and 126 was indistinguishable from one another, but larger

than the other 7 congeners. Alternatively, at low aqueous

concentrations (0.1–10 ng/L), qe for PCB 4 was statistically

equal to that for PCBs 77 and 126, and those for PCBs 54, 53,

and 52 were smaller than the other congeners. Therefore,

equilibrium adsorption capacities of PCBs on AC did not

increase with increasing congener hydrophobicity at these

low equilibrium concentrations.

The distribution coefficients for PCB adsorption on AC

determined by Jonker and Koelmans (2002) were the highest

ever reported. They used virgin AC and calculated linear

distribution coefficients with a one-point (in triplicate)

isotherm. Five of the PCBs studied in our work were common
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Table 2 – Isotherm coefficients for 9 PCB congeners on virgin activated carbon (AC), DOM-preloaded AC, and biofilm-
preloaded AC

PCB Ortho-

chlorines

Virgin ACa DOM-loaded ACa Biofilm-loaded ACa

Log KF_AC

(ng/kg) (L/ng)1/n

1/n Log KF_DOM

(ng/kg) (L/ng)1/n

1/n Log KF_Bio

(ng/kg) (L/ng)1/n

1/n

Dib

4 2 8.75 (8.40–9.05) 0.57 (0.48–0.68) 7.06 (6.36–7.63) 0.97 (0.79–1.20) 7.41 (7.26–7.55) 0.80 (0.76–0.85)

12 0 8.37 (8.12–8.57) 0.73 (0.59–0.90) 7.39 (6.95–7.74) 0.92 (0.74–1.14) 7.88 (7.76–7.98) 0.72 (0.66–0.78)

Trib

18 2 8.23 (8.08–8.37) 0.70 (0.62–0.80) 7.52 (7.25–7.75) 0.79 (0.67–0.95) 7.28 (7.15–7.40) 0.81 (0.75–0.87)

Tetrab

54 4 7.88 (7.55–8.16) 0.86 (0.71–1.05) 7.12 (6.73–7.44) 0.93 (0.76–1.13) 6.66 (6.46–6.84) 0.95 (0.87–1.04)

53 3 7.53 (6.93–7.99) 1.08 (0.82–1.43) 6.92 (6.54–7.24) 1.03 (0.86–1.22) 6.82 (6.62–7.00) 0.96 (0.87–1.05)

52 2 7.82 (7.36–8.18) 1.03 (0.79–1.34) 7.03 (6.67–7.33) 1.02 (0.86–1.22) 7.01 (6.84–7.16) 0.96 (0.88–1.05)

72 1 8.39 (8.17–8.56) 0.83 (0.68–1.00) 7.66 (7.37–7.89) 0.78 (0.63–0.96) 7.58 (7.52–7.65) 0.80 (0.76–0.84)

77 0 8.90 (8.81–8.97) 0.82 (0.69–0.96) 7.82 (7.53–8.03) 0.85 (0.63–1.14) 8.10 (8.03–8.16) 0.68 (0.61–0.76)

Pentab

126 0 8.95 (8.88–9.01) 0.94 (0.79–1.11) 8.06 (7.86–8.23) 0.87 (0.68–1.11) 8.36 (8.32–8.40) 0.74 (0.68–0.80)

a Values in the parentheses are geometric mean 95% confidence intervals.
b Homolog group.
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to those studied by Jonker and Koelmans (2002) (PCBs 18, 52,

72, 77, and 126). However, for these five PCB congeners, only

adsorption of PCBs 52 and 126 was found to be near linear on

virgin AC (Table 2). The values of qe based on Jonker and

Koelman’s work were calculated for aqueous concentrations

of 0.1, 10, 100, and 1000 ng/L and the ratios of these values to

those from this study were determined. For the near-linearly

sorbing PCBs (PCBs 52 and 126), qe in Jonker and Koelman’s

work was 5.4, 6.4, 7.0, and 7.7 times higher on average than qe

in this study for aqueous concentrations of 0.1, 10, 100, and

1000 ng/L, respectively. For the non-linearly sorbing PCBs (PCB

18, 72, and 77), qe in Jonker and Koelman’s work was 4.3, 10.0,

15.3, and 23.4 times higher on average than qe in this study for

the same aqueous concentrations. While these ratios in the

linear and non-linear cases are approximately the same at

low aqueous concentrations (5.4 and 4.3 at CW ¼ 0.1 ng/L),

they were very different at high concentrations (7.7 and 23.4

at CW ¼ 1000 ng/L). This analysis illustrates two important

points: (1) the AC used by Jonker and Koelmans (2002)

adsorbed more PCBs than the AC used in this study and

(2) the distribution coefficients reported by Jonker and Koel-

man could significantly overestimate adsorption on AC for

PCBs that adsorb non-linearly at aqueous concentrations

above �10 ng/L. Differences in the adsorption of PCBs onto AC

with different surface chemistry were expected. For example,

Yoon et al. (2006) recently demonstrated that PCB-166

preferentially accumulated on type TOG AC in regions rich

in aromatic carbon functional groups. A systematic study is

needed to better understand the relationship between AC

surface chemistry for PCB adsorption.

Previous research has shown that the adsorption capacity

of non-coplanar HOCs was lower than that of co-planer

compounds of similar hydrophobicity on various forms of

black carbon (Cornelissen et al., 2004; Jonker and Koelmans,

2002). The adsorption attenuation was attributed to steric

hindrances, presumably brought about by the twisting of

biphenyl rings with respect to one another as more chlorine is

added to the structure. We evaluated planarity effects by

comparing qe for PCBs with similar log KOW’s but different

numbers of ortho-chlorines (PCBs 12, 18, and 54 that have 0, 2,

and 4 ortho-chlorines, respectively). This analysis was done

on the virgin AC only. At low aqueous concentrations

(0.1–10 ng/L), qe for PCB 54 was smaller at the 95% level of

confidence than that for PCBs 12 and 18 (Fig. 2), indicating

that steric hindrances caused by the presence of 4 ortho-

chlorines attenuated PCB adsorption. However, at high

aqueous concentrations (100–1000 ng/L in Fig. 2), the adsorp-

tion capacities of these 3 congeners were statistically equal,
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Fig. 2 – Equilibrium PCB concentrations on AC, qe, for the indicated PCB congeners on virgin TOG (K, solid line), DOM-loaded

TOG (J, dashed line), and biofilm-covered TOG (., dotted line) AC on an AC mass basis corresponding to an aqueous

concentration of (A) 0.1 ng/L, (B) 10 ng/L, (C) 100 ng/L, and (D) 1000 ng/L. Error bars represent the geometric mean 95%

confidence intervals. Virgin Sigma-Aldrich AC is also included (n, no line) based on data from Jonker and Koelmans (2002).
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indicating that planarity effects were not important. PCB

porewater concentrations in contaminated sediment systems

are typically in the low 1–10 ng/L range, suggesting that

planarity effects may manifest themselves in realistic in-situ

conditions. In terms of risk, these results are encouraging

considering that the coplanar congeners (i.e. ones with no

ortho-chlorines) like PCBs 77 and 126, which tend to be the

most toxic (Safe, 1993) have larger adsorption capacities on

AC relative to non-coplanar PCBs.

3.3. Impact of DOM and biofilm loadings

Values of qe for the DOM and biofilm-loaded activated carbons

were approximately one order of magnitude smaller than

those for the virgin AC (Fig. 2). This decrease was consistent

with the broadly accepted notion that organic matter lowers

target compound affinity by adsorbing directly to and/or

blocking access to portions of AC (Carter et al., 1992).

However, the similarity of the effect for DOM and biofilm

loading was not expected since no attempt was made to coat

the AC with an equal amount of each. It should be stressed

that only one DOM loading (Grasse River DOM at 1.2 wt%) was

studied. This was meant only to be a preliminary assessment

of the preloading effect exerted by DOM on PCB adsorption to

AC. Given that the impact of DOM in this case was quite large

(one order of magnitude), a more comprehensive study is

warranted to quantify the impact of properties known to

influence DOM uptake such as AC type and solvent properties

such as temperature (Schreiber et al., 2005), and pH and ionic

strength (Li et al., 2002).

The relationship between the available surface area and the

equilibrium adsorption capacity on the DOM-loaded AC was

evaluated. The surface area, pore size distribution, and

pore volumes of the virgin and DOM-loaded ACs were

quantified (Table 3). Physical parameters for the biofilm-

covered AC were not determined given the potential to alter

the biofilm during degassing, a necessary step to perform

these characterizations. DOM loading decreased the surface

area and pore volume of the AC, primarily due to a decrease in

microporous surface area (pores generally less than 20 Å in

width).

To determine whether the decrease in the adsorption

capacity of AC was a result of a decrease in available surface

area, the values of qe in Fig. 2 were normalized to the BET

surface area for the virgin and DOM-loaded AC. Fig. 3 shows

this normalization for an aqueous concentration of 10 ng/L

only, as the trends were similar at concentrations between 0.1

and 1000 ng/L. It is apparent that the reduction in BET surface

area caused by DOM loading did not account for the

calculated differences in qe. However, the possibility that a

decrease in available surface area caused by DOM was a

primary mechanism for AC fouling with respect to PCB

adsorption cannot be ruled out. While only 11.2% of the

microporous surface area was inaccessible to nitrogen gas at

77 K following DOM loading (Table 3), a much larger fraction

could be inaccessible to the PCB congeners since they are

larger molecules. The use of probe molecules of similar size to

the PCBs would be more appropriate than nitrogen in this

instance.

4. Conclusions

This study determined equilibrium adsorption capacities for 9

PCBs on type TOG AC. POM passively accumulated PCBs in

proportion to their freely dissolved concentrations and was

therefore a suitable surrogate material to infer aqueous-

phase concentrations in the multi-solute AC studies. The

non-linear Freundlich model was found to fit the experi-

mental AC isotherm data (average R2
¼ 0.94, count ¼ 27). At

high equilibrium aqueous concentrations (�100–1000 ng/L), qe

was statistically equal for PCBs 4, 12, 18, 54, 53, 52, and 72; qe

for PCBs 77 and 126 was indistinguishable from one another,

but larger than the other 7 congeners. Therefore, neither PCB

hydrophobicity nor planarity controlled qe at relatively high

aqueous concentrations. Alternatively, at low aqueous con-

centrations (0.1–10 ng/L), congeners with ortho-chlorines had

the lowest adsorption capacities, indicating that steric

hindrances attenuated adsorption. This is the first data set
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Table 3 – Physical characteristics of virgin and DOM-
loaded TOG activated carbons

Units Virgin
TOG

DOM-loaded
TOG

BET surface areaa m2/g 989 (1) 897 (18)

Total pore

volumea

cm3/g 0.523

(0.016)

0.493 (0.018)

Micropore

volumea,b

cm3/g 0.327

(0.005)

0.290 (0.007)

Micropore areaa,b m2/g 798 (11) 708 (18)

a Values in parentheses are standard deviations based on two

analyses.
b Calculated using the t-method of de Boer with NOVAWin2

software (Quantachrome Instruments, Boynton Beach, FL).
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Fig. 3 – Equilibrium PCB concentrations on AC normalized to

BET surface area for the indicated PCB congeners

corresponding to a water concentration of 10 ng/L on virgin

TOG AC (K, solid line) and DOM-loaded TOG AC (J, dashed

line). Error bars represent the geometric mean 95%

confidence intervals.

WA T E R R E S E A R C H 4 2 ( 2 0 0 8 ) 5 7 5 – 5 8 4582



Author's personal copy

that reports Freundlich parameters for PCB congeners on AC

at realistic aqueous-phase concentrations. These results

indicate that models predicting the performance of AC

amendments to sediments or sediment caps should consider

adsorption non-linearity, as opposed to only linear partition-

ing as reported by others (Jonker and Koelmans, 2002).

Further, while kinetic studies need to be done to evaluate

PCB fluxes through AC caps, these batch results indicate that

such kinetic studies should include PCBs with a range of

hydrophobicity and various numbers of ortho-chlorines.

Isotherms were measured on DOM-loaded and biofilm-

covered adsorbates to determine whether more comprehen-

sive studies need to be done in this regard. DOM and biofilm

loading decreased PCB–AC equilibrium adsorption capacities

by one order of magnitude and thus were effective scavengers

for PCB adsorption sites. Detailed studies should be done to

evaluate a suite of realistic loading scenarios (DOM type, mass

loadings, solvent properties) in batch and continuous-flow

systems.

Lastly, while data sets involving PCB congener adsorption to

AC are sparse in the literature, there is growing evidence that

AC type is important. For instance, type TOG AC, which was

used in this research, had lower equilibrium adsorption

capacities for the 5 congeners common to the work done by

Jonker and Koelmans (2002). Batch isotherms, column tests,

and AC surface studies should be done to determine AC

properties for enhanced PCB adsorption in the presence of

competing solutes like DOM.
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