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Relationships between sedimentary organic matter (SOM) composition and PAH desorption behavior
were determined for vegetated and non-vegetated refinery distillate waste sediments. Sediments were
fractionated into size, density, and humin fractions and analyzed for their organic matter content. Bulk
sediment and humin fractions differed more in organic matter composition than size/density fractions.
Vegetated humin and bulk sediments contained more polar organic carbon, black carbon, and modern
(plant) carbon than non-vegetated sediment fractions. Desorption kinetics of phenanthrene, pyrene,
chrysene, and C3-phenanthrene/anthracenes from humin and bulk sediments were investigated using
Tenax� beads and a two-compartment, first-order kinetic model. PAH desorption from distillate waste
sediments appeared to be controlled by the slow desorbing fractions of sediment; rate constants were
similar to literature values for kslow and kvery slow. After several decades of plant colonization and growth
(Phragmites australis), vegetated sediment fractions more extensively desorbed PAHs and had faster
desorption kinetics than non-vegetated sediment fractions.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Prior studies indicate that the quality of sedimentary organic
matter (SOM), more so than SOM quantity, influences polycyclic
aromatic hydrocarbon (PAH) desorption behavior (Oen et al., 2006;
Shor et al., 2003). Recent studies have correlated PAH desorption
behavior to specific SOM structures such as expanded and con-
densed amorphous domains (Gunasekara and Xing, 2003), aromatic
carbon (Yang et al., 2004), aliphatic carbon (Chefetz et al., 2000;
Salloum et al., 2002; Mao et al., 2002), black carbon (Oen et al., 2006;
Cornelissen et al., 2005), diagenetically aged carbon (Johnson
et al., 2001; Rockne et al., 2002), and SOM polarity (Rutherford et al.,
1992; Kile et al., 1999; Xing et al., 1994). PAH desorption from dif-
ferent SOM domains results in disparate desorption behavior that
can be described using terminology such as rapidly desorbing, slow
desorbing, very slow desorbing, or desorption resistant (Cornelissen
et al., 1997; Shor et al., 2003; Jonker et al., 2005; Saffron et al., 2006).
Desorption behavior is generally assumed to control PAH bio-
availability (Kukkonen et al., 2003) and the success of remedial
activities, particularly, bioremediation (Cornelissen et al., 1998) and
phytoremediation (Ahn et al., 2005).

Recent studies have focused on diagenetically aged SOM
domains, such as coke, coals, and kerogen, and how their structure
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influences overall PAH sorption and desorption behavior in sedi-
ments (Cornelissen et al., 2005; Yang et al., 2004). Geologically
mature geosorbents exhibit large sorptive capacities for PAHs as
well as slow or resistant PAH desorption behavior due to diagenetic
processes that remove polar functional groups while increasing the
condensed, aromatic carbon domains of SOM (Johnson et al., 2001;
Gunasekara and Xing, 2003). Less mature geosorbents may exhibit
slow or resistant PAH desorption due to condensed, aliphatic car-
bon domains (Gunasekara and Xing, 2003; Oren and Chefetz, 2005;
Chen and Xing, 2005; Salloum et al., 2002). Regardless of the SOM
domain, the presence or absence of polar functional groups, or SOM
polarity, appears to strongly correlate with PAH desorption be-
havior (Chen et al., 2005).

The successful application of phytoremediation to sites con-
taining aged and weathered PAHs would benefit from improved
mechanistic understanding of how plant-derived organic matter
either enhanced PAH desorption or accelerated PAH sequestration
and PAH desorption hysteresis. Indigenous microorganisms are
thought to facilitate PAH desorption (Li et al., 2005), and plants
typically increase overall microbial abundance, diversity, and ac-
tivity in SOM due to plant carbon deposition (Binet et al., 2000;
Joner et al., 2002; Chen et al., 2003). Root exudates and other plant-
derived materials can disaggregate or polymerize humic materials
important to PAH release and sorption (Gregory et al., 2005).

A few studies have addressed how PAH desorption in field-
contaminated sediments is affected by diagenetically immature
ct of vegetation on sedimentary organic matter composition and PAH
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materials such as plant organic matter (Rockne et al., 2002; Shor
et al., 2003; Kukkonen et al., 2003). Rapidly desorbing fractions of
bioavailable PAHs were associated with sediment compartments
containing plant pigments, lipids, and lignin (Kukkonen et al., 2003).
The authors proposed that these plant materials represented
amorphous and less rigid carbon domains that facilitated rapid PAH
desorption. Rockne et al. (2002) observed that the mass amounts of
desorbed PAH and PAH desorption rates were greater for low den-
sity fractions containing coarse plant detritus than heavier sediment
fractions. Furthermore, plant detrital sediment fractions appeared
to control overall PAH release from whole sediments and were PAH-
enriched relative to other sediment fractions. These findings have
significant implications for phytoremediation of PAHs in soils and
sediments where deposition of plant materials is certain to occur.

The purpose of this study was to better understand how long-
term exposure to vegetation alters PAH distribution and desorption
in refinery, distillate waste sediments relative to sediment organic
matter (OM) composition. We used field-contaminated sediments
from a site that had naturally re-vegetated over 40 years. This site,
a refinery distillate waste pit, was chosen because vegetation had
colonized and grown on a well-defined, significant petrogenic PAH
source. Prior work determined that PAH concentrations and PAH
weathering indices were similar among composite sediment sam-
ples collected at three different vegetated areas. PAH concentra-
tions and weathering indices for these vegetated sediments
significantly differed from composite non-vegetated sediments
(Gregory et al., 2005). Total PAH concentrations and PAH weath-
ering did not differ between established Phragmites areas and two
other vegetated sites analyzed. For this reason, composite samples
of two sites, the barren, non-vegetated sediments and established
Phragmites sediments, were used for PAH desorption studies.

To reduce heterogeneity within weathered, distillate waste
sediments, vegetated and non-vegetated composite samples were
homogenized further in the laboratory then separated into bulk
sediment, 12 size and density fractions, and humin fractions.
Fractions were characterized for several chemical parameters to
evaluate changes to the distillate waste organic matrix. In addition
to total PAH concentrations in sediment fractions, PAH desorption
data were collected for several PAHs including an alkylated PAH
homologue in select fractions. We hypothesized different organic
matter composition in vegetated sediment fractions would alter
PAH desorption behavior in vegetated sediment fractions relative to
non-vegetated sediment fractions.

2. Materials and methods

2.1. Site description

The study site is a 2–3 acre peat/clay estuary wetland that was used as a distillate
waste pit of different gasoline blends, or pitch, at a petroleum refinery facility along
the northeastern coast, USA. Phragmites australis, a rhizomatous, semi-aquatic plant,
Table 1
PAH concentrations (�one standard deviation), electrical conductivity, total organic car
sediment fractions from the distillate waste pit

Sediment fraction Total PAHa,b mg/g Electrical
conductivity mS/cma

Organic carbona

Non-vegetated
Bulk sediment 161� 11.8 1139� 140 226� 8.32
HF/HC1 humin 6.0� 1.0 86� 5.4

Phragmites
Bulk sediment 69� 2.9 463� 179 271� 2.52
HF/HC1 humin 2.8� 0.3 288� 7.50

a Average of triplicate measurements� one standard deviation.
b Gregory et al. (2005).
c Dry mass loss after heating (375 �C, 24 h).
d Organic carbon after heating (375 �C, 24 h).
e Ratio of organic matter to non-black carbon organic carbon (TOC-BC).
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is an invasive reed that has colonized the distillate waste pit over the last 40 years.
The distillate waste pit is z10–15 feet in depth with z18% total petroleum hy-
drocarbon contamination; the pitch is periodically evident on the surface as tar-like
balls. Non-vegetated, barren areas are present due to high salinity content from
periodic estuarine salt water intrusion.

2.2. Sediment sampling and fractionation

The method for field collection, transport, and storage of composite sediments
from the refinery, distillate waste pit has been previously described (Gregory et al.,
2005). Briefly, prior to sediment fractionation and desorption studies, field-com-
posited sediments were sieved (2 mm) then homogenized again in ceramic bowls.
Because distillate waste pit sediments are impacted by salinity from estuary tides,
conductivity measurements of Phragmites and non-vegetated bulk sediments were
determined using extracts of sediment/water ratios (Rhoades, 1996) and an YSI
Model 85 multi probe meter (Yellow Springs, OH). Aliquots of bulk sediment were
freeze-dried, then ground, and chemically fractionated to obtain humin fractions as
described in Gregory et al. (2005). Humin fractions were de-ashed with a hydro-
chloric and hydrofluoric acid mixture as previously described (Gregory et al., 2005).
Non-fractionated bulk sediments were size fractionated by wet sieving using se-
quential sieve sizes from 300 mm to 32 mm for the following fractions: <32 mm, 32–
45 mm, 45–63 mm, 63–150 mm, 150–300 mm and >300 mm. Particle size fractions
were further separated into light and heavy density fractions using a cesium chlo-
ride solution with a specific gravity of 1.8 similar to Ghosh et al. (2000).

2.3. Sedimentary organic matter composition

Bulk sediment, de-ashed humin, light density, and heavy density fractions were
analyzed for black carbon (BC) content by acidification of freeze-dried samples with
1.2 M hydrogen chloride then thermal oxidation at 375 �C for 24 h followed by total
organic carbon measurement (Gelinas et al., 2001; Wakeham et al., 2004). Elemental
analyses of carbon, hydrogen, and nitrogen were determined by high-temperature
combustion and/or pyrolysis techniques on a ConFlo III Elemental Analyzer (Thermo
Electron North America LLC, West Palm Beach, FL). One sediment fraction and a set
of duplicate sediment fractions, making up 25% of samples analyzed, were sent to
Huffman Labs (Golden, CO) for quality assurance and quality control. Standard
methods ASTM D-4129 (C and H), ASTM D-5373 (N), and ASTM D-5622 (O) were
used. Percent relative standard deviation (RSD) was predominantly within 10% for
most samples. Functional groups in sediment fractions were analyzed by FTIR on an
Impact 400 Nicolet (1993) FTIR spectrophotometer equipped with an OMNIC au-
tomatic data acquisition system. The sample pellets used were prepared by grinding
0.5–1.0 mg of sediment fraction and 60–80 mg infrared-grade potassium bromide
(KBr) salt separately using a mortar and pestle; powdered sediments were mixed
with powdered KBR, pressed together, then analyzed. Data acquisition was ac-
complished by using a 32 spectrum resolution per cm.

2.4. Desorption experiments

Salinity content is thought to limit Phragmites colonization of the distillate waste
pit, and Table 1 shows that non-vegetated sediments were more saline (higher
electrical conductivity measurements) than Phragmites sediments (Table 1, Gregory
et al., 2005). Zhao and Pignatello (2004) found that the impact of salinity on PAH
uptake by Tenax�-TA beads was minor; thus, Tenax was an effective sorbent to trap
PAHs from freshwater and seawater environments. PAH desorption was measured in
triplicate for seven time points spanning a 120-day period using Tenax beads (0.15 g;
20–35 mesh, Alltech Associates, Inc. College, PA) in batch isotherm experiments. Five
grams of air-dried contaminated sediments were added to 40 mL of a mercuric
chloride (2 g/L; HgCl2) solution in 60 mL amber glass jar with Teflon coated plastic
lids similar to (Zhao and Pignatello, 2004; Oen et al., 2006; Ghosh et al., 2000). Tenax
beads were placed into stainless steel baskets (Ted Pella, Inc., Reading, CA) that were
bon, and black carbon measurements of non-vegetated and vegetated (Phragmites)

mg/g Organic mattera,c mg/g BC carbona,d mg/g OM to non-soot C
ratioa,e (mass basis)

323� 30.1 28� 4.3 1.6� 0.22
94� 4.5 65� 0.37 4.0� 0.96

372� 33.7 95� 16 2.0� 0.37
371� 15.6 188� 19.3 3.9� 0.40

ct of vegetation on sedimentary organic matter composition and PAH
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sealed with a lid and suspended in the jar above sediments by stainless steel wire
platforms. Jars were capped, sealed with Teflon� tape, positioned upright on the
shaker table to prevent cages from sitting directly in sediment, and allowed to shake
for time periods ranging from 24 h to 120 days. At each time point, jars were re-
moved from the shaker table and baskets were extracted and blotted to capture
excess water. Tenax beads were then removed from baskets, placed into 40 mL
amber EPA vials, and extracted twice with 10 mL of hexane for 30 min. Any water
remaining in the hexane was removed using sodium sulfate (Na2SO4). Hexane ex-
tracts were evaporated to <1 mL under a gentle stream of N2 gas and transferred to
GC/MS vials using a 500 mL syringe as described above in preparation for GC/MS
analysis. After completion of desorption studies, PAH concentrations in sediments
were determined as described in Gregory et al. (2005).

2.5. Gas chromatography/mass spectrometry – select-ion-monitoring

Phenanthrene, C3-alkylated phenanthrenes/anthracenes, pyrene, and chrysene
concentrations in sediment fractions and desorption extracts were determined us-
ing an HP5890 Series II GC outfitted with electronic pressure control attached to an
HP5970 or HP5972 MSD utilizing a Restek 30 m� 0.25 mm Rtx-5 (film thickness
0.25 mm) MS w/Integra-Guard column. The select-ion-monitoring (SIM) mode was
employed (Gregory et al., 2005). Both sediment and desorption extracts were spiked
prior to analysis with 50 mL of a PAH recovery internal standard (RIS) containing both
deuterated phenanthrene-d10 (500 ng/mL) and benzo[a]pyrene-d12 (505 ng/mL).
Sample extracts were analyzed using a modified method of EPA 8270 (USEPA, 1986)
similar to that employed by Luellen and Shea (2002).

2.6. d14C radiocarbon analyses

Sediment samples were sent to The Lawrence Livermore National Laboratory
(Livermore, CA) for standard radiocarbon dating analysis. Sediment fractions were
combusted to CO2 then reacted with a Fe/H2 catalyst to form graphite. Splits of
combusted samples were taken for 13C analysis to correct AMS values (Stuiver and
Polach, 1977). Samples were analyzed by AMS with standards (NBS Oxalic Acid I and
II (NIST-SRM-4990, 4990c) and blanks for organic carbon samples (Johnson–Mathey
99.9999% graphite powder)). Data are expressed as the percent modern carbon (14C
PMC) determined from the measurement of fraction modern that is the deviation of
the 14C/C ratio of a sample from ‘‘modern’’ (Stuiver and Polach, 1977). Petroleum
contains very little 14C activity (14C PMC w 0%) because of its ancient origin;
whereas, modern plant carbon and recent humification of modern plant carbon will
reflect modern 14C activity (14C PMC w 100%) from atmospheric 14CO2.

2.7. Data analysis

Desorption from sediment can be described by the following two-compartment,
first-order kinetic model shown in Eq. (1) (Oen et al., 2006; Cornelissen et al., 1997,
1998):

St

S0
¼ F1e�k1t þ F2e�k2t (1)

St and S0 are the observed sediment-sorbed amounts at time t (days) and at the start
of the experiment. F1 and F2 represent two kinetically different desorbing fractions
of the contaminant present in the sediment. The first-order rate constants for rapid
and slow desorbing fractions of contaminant are noted as k1 and k2 (days�1). One
assumption of the model is that k2� k1. The model was fitted to observed PAH
desorption data to estimate rate constants (k1 and k2), faster-desorbing PAH frac-
tions (F1) and slower-desorbing PAH fractions (F2) by minimizing the cumulative
squared residuals between observed and calculated values of ln(St/S0) in Eq. (1)
under the boundary condition that F1þ F2¼1. The best-fit adjustable parameter
values were found using the solver function in Microsoft Excel� 7.0 (Redmond, WA,
USA) (Denton, 2000). Concentrations of total and select PAHs between vegetated (P.
australis) and non-vegetated sediment fractions (Table 1) were compared to de-
termine if vegetation significantly altered PAH concentrations in sediments. Statis-
tical significance was determined using a one-tailed Student’s t-test (p< 0.05)
where the mean of a vegetated sediment fraction was compared to a non-vegetated
sediment fraction. Correlations between individual PAH concentrations and the
distribution ratios of Log (F2/F1) were determined by linear regression.

3. Results and discussion

3.1. Organic matter composition of sediment size
and density fractions

Sediment mass distribution in size and density sediment anal-
yses did not present significant trends or associations as observed
in other studies. In prior studies, the majority of sediment mass
(>75%) was found among specific size fractions (<63 mm and 63–
300 mm size fractions) of heavy density fractions (Ghosh et al.,
Please cite this article in press as: Elizabeth Guthrie Nichols et al., The impa
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2000). PAHs were associated with light density fractions that
accounted for <10% of the sediment mass (Rockne et al., 2002;
Ghosh et al., 2000), and black carbon (BC), an important compart-
ment to PAH bioavailability in sediments (Cornelissen et al., 2005),
was a significant component of light density fractions (Rockne et al.,
2002; Ghosh et al., 2000).

In contrast, we observed that both vegetated (Phragmites) and
non-vegetated sediments had similar mass distributions of sedi-
ment by size and density (Figure S1a; Supporting Information). The
majority of PAHs were associated with light density fractions, but
light density fractions represented 32% and 52% of the non-vege-
tated and Phragmites sediment mass, respectively (Figure S1 b & c;
Supporting Information). The BC carbon content of both light and
heavy density fractions was similar (Table S1; Supporting In-
formation). PAH weathering ratios indicated little weathering in
either light or heavy density fractions between vegetated and non-
vegetated fractions (Table S1; Supporting Information).

Vegetated (Phragmites) density fractions contained more plant
carbon, as represented by 14C percent modern carbon (PMC) (44%
and 31%, respectively), than non-vegetated density fractions (2.6%
and 5.3%, respectively). However, the presence of plant carbon did
not explain differences in condensed versus oxidized organic
matter for light and heavy density fractions (Table S2; Supporting
Information). Our results most likely reflect the existence of
a dominant source material, the refinery distillate waste. We
previously observed that PAH weathering and organic matter
composition were distinctly different between vegetated and
non-vegetated bulk sediment and humin fractions (Gregory et al.,
2005). Thus, we evaluated the extent and rate of PAH desorption
from bulk sediment and humin fractions to determine if observed
differences in OM composition altered PAH desorption behavior in
vegetated and non-vegetated sediment fractions.

3.2. Organic matter composition of bulk sediment and
humin fractions

We previously observed that vegetated (Phragmites) bulk sedi-
ment and humin had significantly reduced total PAH concentra-
tions, more weathered PAH ratios (Table 1; Student’s t-test,
p< 0.05), significantly greater organic carbon content, and greater
14C percent modern carbon content than non-vegetated, distillate
waste sediment fractions (Table 2; Student’s t-test, p< 0.05)
(Gregory et al., 2005). Additional analyses reported in this study
showed that the black carbon (BC) content (mg BC/g sediment) was
also greater in vegetated fractions than non-vegetated sediment
fractions (Table 1). Elemental analyses and atomic ratios (H/C and
O/C) indicated that vegetated fractions were more oxidized and less
condensed than non-vegetated fractions; this difference was par-
ticularly apparent for vegetated humin fractions (Table 2).

The relative importance of Phragmites carbon deposition to
sediment and humin composition is even more apparent in the
polarity index (PI) calculations (Table 2) derived from the elemental
data (Table S3, Supporting Information). The polarity index is the
weight ratio of OþN to C (Rutherford et al., 1992; Xing et al., 1994);
it has been used to describe the degree of SOM condensation, to
determine polar/non-polar composition of SOM fractions, and to
predict PAH sorption to SOM fractions (Huang and Weber, 1997;
Chen et al., 2005; Mao et al., 2002; Kang and Xing, 2005). The
polarity indices for Phragmites bulk sediment and humin were
significantly greater than their non-vegetated counterparts (Stu-
dent’s t-test, p< 0.05), but, polarity differences between non-veg-
etated and vegetated humin were even more distinct than observed
between bulk sediments (Table 2). FTIR data likewise supports
these observed differences between vegetated and non-vegetated
sediment (Figure S2, Supporting Information). For example, the
presence of polar functionalities, such as the increased O–H
ct of vegetation on sedimentary organic matter composition and PAH



Table 2
Organic matter composition and desorption rate parameters for four PAHs in sediment fractions from non-vegetated and Phragmites sediment fractions

Bulk sediment De-ashed humin

Non-vegetated (mean� SD) Phragmites (mean� SD) Non-vegetated (mean� SD) Phragmites (mean� SD)

Atomic H/Ca 0.1� 0.000 0.1� 0.02 0.03� 0.003 0.07� 0.01
Atomic O/Ca 0.3� 0.01 0.4� 0.01 0.1� 0.004 0.3� 0.06
% Polarity indexb 35� 0.70 44� 2.2 13� 0.40 37� 6.04
% Modern Cc 2� 0.06 24� 0.16 2� 0.08 33� 0.20
% Organic Ca,c 23� 0.83 27� 0.25 9� 0.54 29� 0.75

F1

(10�3)e
k1

(day�1)f
k2

(10�4/day)f
F1

(10�3)e
k1

(day�1)f
k2

(10�4/day)f
F1

(10�3)e
k1

(day�1)f
k2

(10�4/day)f
F1

(10�3)e
k1

(day�1)f
k2

(10�4/day)f

Phen 3.8 0.76 1.5 5.3 0.76 1.9 124 0.35 33 173 0.32 69
C3-Phened 1.1 0.76 0.64 1.9 0.76 1.2 124 0.34 33 99 0.15 60
Pyrene 0.68 0.76 0.93 3.4 0.76 1.8 <0.01 0.023 149 245 0.58 125
Chrysene 1.1 0.76 0.64 3.0 0.76 0.87 64 2.2 62 125 0.52 39

a Values are means of triplicates� one standard deviation.
b Polarity Index¼ (OþN)/C (see SI Table 1); values are duplicates� one standard deviation.
c Gregory et al. (2005).
d C3-phenethrene/anrthracenes.
e Rapidly desorbing fraction of sediment F1.
f Rate constants for more rapid (k1) and slower (k2) desorbing fractions of each PAH in sediment fraction.
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stretching of carboxylic C (–COOH) at 3400 cm�1 and C–O
stretching for polysaccharides at 1157, 1087, and 1049 cm�1, is ap-
parent in Phragmites sediment humin (Yang et al., 2004; Chen et al.,
2005). Prior OM content analysis by 13C nuclear magnetic reso-
nance (NMR) detected the emergence of O-alkyl carbon in Phrag-
mites humin (Gregory et al., 2005) whereas chemical shifts in this
region were absent for non-vegetated humin.

Black carbon (BC) is an important sediment compartment to PAH
sequestration, desorption, and bioavailability; typically, BC com-
prises 1–20% (median of 9%) of the total organic carbon present in
sediment (Cornelissen et al., 2005). Observed BC and OM to non-soot
C ratios measurements for non-vegetated bulk sediments (13%� 1.8)
were similar to other BC measurements of estuarine sediments near
to our study area (Rockne et al., 2002). But, % BC content of vegetated
bulk sediment (35%) and both humin fractions (73% and 66%) were
greater than non-vegetated bulk sediment. Large soot/BC content
(32% and 56%) were observed by Rockne et al., 2002 for select
estuarine sediment fractions containing plant detrital material near
to our field site. The large BC measurements for our humin fractions
may represent changes to humin by the chemical fractionation
procedure used to obtain fractioned-ashed humin. Humin is
obtained by alkaline extraction (sodium hydroxide) and several or-
ganic solvent extractions (dichloromethane) of the bulk sediment
that removes lipid-soluble organic matter. Thus, the humin material
used for desorption isotherms in this study had a large proportion of
organic matter removed by humic fractionation prior to BC analysis.

Collectively, the organic, black, and plant carbon content of
vegetated (Phragmites) sediment and humin differed from non-
vegetated bulk sediment and humin (Table 2). Increases in non-BC
organic carbon and modern carbon content, particularly for vege-
tated humin fractions, appears related to increased OM polarity and
oxidized OM that would result from the presence of diagenetically
immature plant materials. Prior studies have observed that in-
creases in OM polarity and oxidation decrease the sorption of or-
ganic contaminants, particularly PAHs, to OM (Rutherford et al.,
1992; Xing et al., 1994; Kile et al., 1999) and reduce apparent
sorption–desorption hysteresis. One might predict that PAH de-
sorption from more polar, oxidized matrices should be greater than
PAH desorption from more nonpolar, reduced OM matrices (Huang
and Weber, 1997; Johnson et al., 2001; Wang et al., 2005). We
measured the extent and rate of PAH desorption from bulk sedi-
ment and humin fractions to determine if observed differences in
OM composition altered PAH partitioning and desorption behavior
in vegetated and non-vegetated sediment fractions.
Please cite this article in press as: Elizabeth Guthrie Nichols et al., The impa
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3.3. PAH desorption

Non-vegetated sediments desorbed more pyrene and chrysene,
cumulative mass (ng/g), than vegetated sediments; the cumulative,
desorbed mass of C3-phenanthrene and phenanthrene was similar
for all sediment fractions (Table 3). The extent of PAH desorption
was greater for all PAHs in vegetated bulk sediment (Table 3).
The extent of PAH desorption is defined as the total cumulative
PAH desorbed in 120 days divided by the total sediment PAH
concentration. Thus, a greater fraction of PAH was available to de-
sorb from vegetated bulk sediments than non-vegetated bulk
sediments.

Nearly 80% of the PAHs present in humin were desorbed relative
to less than 3% desorbed from bulk sediments. Interestingly, more
pyrene, chrysene, and C3-phenanthrene desorbed from humin than
phenanthrene (Table 3). The lower extent of desorption for less
hydrophobic PAHs relative to more hydrophobic PAHs has been
previously observed and is attributed to the release or degradation
of lower molecular weight PAHs in highly weathered sediments
(Oen et al., 2006; Shor et al., 2003). Vegetated (Phragmites) humin
more extensively desorbed phenanthrene and C3-phenanthrene
than non-vegetated humin (Student’s t-test; p< 0.05); whereas,
the extent of desorption for chrysene and pyrene was not different
for humin fractions (Table 3; Student’s t-test, p< 0.05).

When data were normalized to the total PAH desorbed as
a function of time (Figure S3, See Supporting Information), vege-
tated humin desorbed pyrene and chrysene faster although similar
fractions of PAH were desorbed (Table 3). Fifty percent of pyrene
and chrysene was desorbed between 20–30 days in Phragmites
humin versus 40–50 days for non-vegetated humin. These findings
are similar to prior studies (Rockne et al., 2002) that observed more
extensive and rapid PAH desorption from sediment fractions con-
taining coarse, nonporous plant detrital material relative to sedi-
ments without plant detrital matter present.

3.4. Desorption rate constants and desorbing fractions

To better evaluate differences in rates of PAH desorption
between vegetated and non-vegetated sediment fractions, rate
constants for PAH desorption from fast and slow PAH desorbing-
sediment compartments were calculated using Eq. (1). The
observed fractional desorption data for bulk sediments (Fig. 1) and
humin (Fig. 2) of each PAH show a decrease in slope that indicates
a more rapid then slower phase of PAH release over time. The solid
ct of vegetation on sedimentary organic matter composition and PAH



Table 3
Mean values of PAH concentrations, cumulative mass PAH desorbed (Tenax�, 120 days), and percent PAH desorbed of total extractable PAH for sedimenta

Fractions Total PAHb� SD (mg/g) Cumulative mass
desorbed� SD (ng/g)

Extent desorbed
of total PAH� SD (%)

Phenanthrene
Non-vegetated Bulk sediment 1.1� 0.41 25� 1.4 2.3� 0.13
Phragmites Bulk sediment 1.0� 0.02 29� 2.4 2.8� 0.23
Non-vegetated Humin 0.26� 0.099 108� 4.97 42� 1.9
Phragmites Humin 0.18� 0.052 115� 10.4 65� 5.9

Pyrene
Non-vegetated Bulk sediment 6.0� 0.96 72� 11 1.2� 0.18
Phragmites Bulk sediment 1.5� 0.22 42� 5.3 2.7� 0.34
Non-vegetated Humin 0.42� 0.013 405� 12.6 97� 3.01
Phragmites Humin 0.20� 0.009 181� 15.3 90� 7.6

Chrysene
Non-vegetated Bulk sediment 4.0� 0.41 34� 2.9 0.8� 0.07
Phragmites Bulk sediment 1.4� 0.12 19� 1.0 1.3� 0.068
Non-vegetated Humin 0.16� 0.0074 151� 4.10 95� 2.6
Phragmites Humin 0.09� 0.01 87� 6.5 95� 7.1

C3-phenanthrene
Non-vegetated Bulk sediment 6.9� 0.23 65� 5.5 0.9� 0.1
Phragmites Bulk sediment 2.3� 0.47 42� 4.0 1.8� 0.17
Non-vegetated Humin 0.15� 0.041 108� 5.10 72� 3.4
Phragmites Humin 0.12� 0.022 109� 7.33 90� 6.1

a Values represent mean� one standard deviation (SD) (n¼ 3).
b Total extractable PAH in sediment fraction.
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data points in Figs. 1 and 2 represent means of observed desorption
measurements (n¼ 3; �one standard deviation) at specific time
points over 120 days. Lines were obtained by exponential curve
fitting and represent calculated values using the empirical, first-
order, two-compartment model described in Eq. (1). Fitting the
observed data to Eq. (1) provides rate constants (k1 and k2) and the
two PAH desorbing-sediment compartments (F1 and F2) as shown
in Table 2.

Comparison of desorption rate constants between non-vege-
tated and vegetated sediment fractions shows that (1) PAHs des-
orbed faster from humin fractions than bulk sediments for both
non-vegetated and vegetated sediments and (2) PAHs desorbed
faster from vegetated (Phragmites) sediment fractions than non-
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Fig. 1. Desorption of PAHs for vegetated (-; Phragmites) and non-vegetated (:) bulk sedi
obtained by exponential curve fitting to the two-compartment first-order kinetic model (Eq.
in Table 2.
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vegetated sediment fractions (Table 2) except for pyrene and
chrysene in humin. Faster desorption rate constants (k1) were on
the order of 10�1/day for bulk sediments and 10�1 to 10�2/day for
humin fractions. Slower desorption rate constants (k2) were on the
order of 10�4 to 10�5/day for bulk sediments and 10�2 to 10�3/day
for humin fractions.

Our observed slower rate constants (k2) are similar to other
long-term slow desorption rate constants (10�3/day) (Kan et al.,
2000). Translating our data to rate constants (h�1) yielded rate
constants for bulk sediment that ranged from 10�2/h for ‘‘faster’’ or
k1 to 10�6/h to 10�5/h for ‘‘slower’’ or k2. Rate constants for humin
ranged from 10�2/h for ‘‘faster’’ or k1 to 10�4/h for ‘‘slower’’ or k2.
Average rate constants for PAH desorption from natural sediments
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ments. Observed values are means of triplicates� one standard deviation. Lines were
(1)). Estimated rate constants and desorbing fractions for observed values are presented
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ranges from 10�1 to 10�0/h for ‘‘fast’’, 10�3 to 10�2/h for ‘‘slow’’, and
10�5 to 10�4/h for ‘‘very slow’’ (Johnson et al., 2001; Jonker et al.,
2005; Oen et al., 2006). Our observed rate constants suggest that
distillate waste sediments do not contain fast desorbing fractions.
Instead, PAH desorption is controlled by the slow desorbing frac-
tions of sediment; rate constants for k1 and k2 reflect literature
values more similar to kslow and kvery slow. Differences between
desorption behavior of these sediments and literature values may
result from the source of PAH contamination (distillate waste), or-
ganic matter composition (Johnson et al., 2001), and weathering
(Oen et al., 2006).

The sediment compartment that controls more rapid release of
PAHs (F1) was greater in vegetated sediments fractions than non-
vegetated fractions (Table 2). Thus, faster desorption rate constants
and greater faster-desorbing fraction values were observed for
vegetated sediments. Vegetated fractions contained lower in-
dividual PAH (Table 3) and total PAH (Table 2) concentrations.
Linear regression of individual PAH concentrations to their re-
spective desorbing fractions, log(F2/F1), was used to evaluate if
different PAH concentrations between vegetated and non-vege-
tated sediment fractions were associated with PAH desorption
behavior (Fig. 3). For bulk sediments, slower desorption was asso-
ciated with greater PAH concentrations (r2¼ 0.71). For humin, de-
sorption behavior and PAH concentrations did not appear
correlated to each other (r2¼ 0.094). Oen et al. (2006) observed no
correlation (r2< 0.02) to weak correlations (r2< 0.29; p< 0.01)
between phenanthrene and pyrene desorption and total PAH con-
centrations for sediments from three different Norwegian harbors.

Oen et al. (2006) also observed poor correlations between de-
sorption and total organic carbon content. Other studies have ob-
served that quantity of organic matter is a poor predictor for
desorption (Shor et al., 2003; Oen et al., 2006; Kukkonen et al.,
2003; Cornelissen et al., 2005) relative to other sediment charac-
teristics. Significant correlations have been observed between de-
sorption and either particle size or the black carbon content of
sediments.

Black carbon content is thought to control PAH desorption and
retard PAH release and bioavailability (Cornelissen et al., 2005). Our
Please cite this article in press as: Elizabeth Guthrie Nichols et al., The impa
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observed BC and OM to non-soot C ratios measurements for non-
vegetated bulk sediments (13%� 1.8) were similar to other BC
measurements of estuarine sediments near to our study area
(Rockne et al., 2002), but BC content of vegetated sediment frac-
tions were significantly greater than non-vegetated sediment
ct of vegetation on sedimentary organic matter composition and PAH
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fractions (Student’s t-test, p< 0.05). Interestingly, increased de-
sorption rate constants were observed for vegetated sediment
fractions with greater BC content. In our study, greater BC content
did not appear to slow PAH release as evident in PAH desorption
data for either vegetated or non-vegetated humin.

Vegetated sediment fractions, particularly vegetated humin,
were more polar, contained more plant carbon, and more organic
matter than non-vegetated sediment fractions (Tables 1 and 2);
they also desorbed PAHs faster even though they contained greater
BC content than non-vegetated fractions. Johnson et al. (2001)
hypothesized that geosorbents containing less rigid, labile humic
organic matter would allow for faster and more complete PAH
desorption than more condensed, reduced geosorbents such as
kerogen. Shor et al. (2003) observed that PAHs rapidly diffused
through sediment fractions rich in vascular plant debris and BC
content (Shor et al., 2003), and Rockne et al. (2002) concluded that
plant detrital material was more important to PAH sorption/de-
sorption kinetics than BC content for estuarine sediments with
significant plant carbon influx. Kukkonen et al. (2003) observed
that the size of the faster desorption compartments (F1) was di-
rectly related to the amount of plant pigment per amount of organic
carbon. Thus, immature, young OM increases the F1 compartment
that controls rapid desorption and the most bioavailable PAH
fraction (Kukkonen et al., 2003; Cornelissen et al., 1998). Based on
our analyses of sediment composition and desorption behavior,
decadal growth of Phragmites and deposition of plant C into dis-
tillate waste appears related to increased PAH release from both
labile (bulk sediment) and more refractory (humin) sediment or-
ganic matter.

4. Conclusions

Plant organic matter deposition is integral to establishing the
‘‘rhizosphere,’’ a zone of influence in vegetated SOM that typically
has greater microbial diversity and abundance (Chen et al., 2003)
than non-vegetated areas. P. australis is known for its translocation
of oxygen and carbon from plant shoots/leaves to sediments via its
roots (Minchinton, 2002). The majority of its biomass is non-grazed
and nearly 50% of its litter becomes substrate material for soils and
sediments (Asaeda et al., 2002). Observed differences in PAH de-
sorption from bulk sediment and humin fractions may reflect the
impact of sediment properties on fast and slow-domain PAH dif-
fusivity through sediment matrices (Shor et al., 2003) altered by the
influx of Phragmites organic matter.

The ‘‘biology’’ of phytoremediation is often the primary mech-
anism used to explain PAH attenuation in soils and sediments. This
study emphasized the broader chemical and physical impact of
plant organic matter on contaminated OM composition and PAH
bioavailability. We conceptualize that diagenetically, immature
plant materials can accumulate in petrogenic sediment OM over
time and alter PAH desorption from sediment. Additional studies
need to determine whether such changes require decades to occur
or may be evident before observed changes to PAH attenuation.
Quite possibly, these changes to OM composition and PAH de-
sorption may be observed before significant declines in PAH con-
centrations are measurable. Shor et al. (2003) found that a 24 h
desorbed fraction of 11 PAHs best represented that fraction of total
sediment contamination that was readily desorbed and bioavail-
able in sediments with and without plant detrital material. Such
rapid characterizations may be useful to monitoring the early
phases of phytoremediation.
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