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Abstract

Investigations on how desiccation changes sorption of organic compounds by salt marsh sediments provide insight into the physical
and chemical properties of these wide-spread coastal sediments. We measured sorption of compounds with different polarities (lysine,
tyrosine, naphthalene and aniline) onto natural sediments and sediments that were dried and rewetted. Sorption of lysine by marsh sed-
iment decreased significantly when the sediment was dried using a freeze-drier, oven, or desiccator, and sorption capacity was not
restored when sediments were rewetted. In contrast to lysine, the sorption capacity of more hydrophobic compounds (tyrosine, aniline
and naphthalene) increased significantly after salt marsh sediment was dried. These results suggest that drying greatly increased sediment
hydrophobicity. Consistently, water drop penetration time, an index of hydrophobicity, was significantly lower for combusted sediments
than for those that were simply dried. Sediments treated with EDTA, or boiled in seawater, exhibited a similar or even greater reduction
in lysine sorption capacity compared with sediments that were dried. Water retention capacity of salt marsh sediment decreased 50%
after sediment was dried. The effects of pH and salinity on lysine sorption in wet and dry sediments suggest that carboxyl groups play
a major role in lysine sorption through cation ion exchange, and drying may reduce access to carboxyl groups. We hypothesize that the
three-dimensional (3D) structure of organic matter, originating mainly from Spartina alterniflora, is an important factor controlling sorp-
tion capacity in salt marsh sediment. The drying process makes sedimentary organic matter change conformation, shrink in volume, and
expose hydrophobic groups, thus becoming more hydrophobic. In environments with wet and dry cycles, the distribution of hydrophobic
or hydrophilic compounds between solution and particulate phases could thus be influenced by the 3D structure and polarity of organic
matter.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Soils and intertidal sediments are often subjected to wet–
dry cycles. Most surface soils are wetted (hydrated) in sum-
mer and dried (dehydrated) in winter, although short term
flood or drought conditions can occur at any time. Salt
marsh and intertidal sediments can have daily wet–dry cy-
cles due to the rising and falling tide. Soils and sediments
consist of an inorganic fraction including sand, silt, and
clay minerals, and an organic network including detritus,
humic substances, sorbed organic matter and living biota.
Under dry conditions, dehydration can alter the three-di-
mensional (3D) structure of soils and sediments; thus dried
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sediments may behave differently than never-dried sedi-
ments. For example, water repellency (or hydrophobicity)
is often seen in many types of soils as a result of drying,
especially due to fire (Doerr et al., 2000 and references
therein). Furthermore, dried soil organic matter is more
easily degraded than non-dried soil (Hayashi and Harada,
1969; Marumoto et al., 1977). Similarly, it is well known
that the organic matrix of fruits and vegetables can collapse
irreversibly after dehydration (Prothon et al., 2003). Here
we use the drying effect on the sediment structure to inves-
tigate mechanisms of solute–solid sorption.

Sorption is a basic geochemical process that occurs at
solid–water interfaces and influences the distribution,
transport, and ultimate fate of organic substances in the
environment (Stumm and Morgan, 1996). Sorption in-
cludes adsorption onto a sorbent surface and absorption
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into a 3D sorbent matrix. The effects of water content on
sorption of hydrophobic compounds by soil have been
intensively studied (e.g. Yaron and Saltzman, 1972; Chiou
and Kile, 1994; Borisover and Graber, 2002). The hydra-
tion effect is usually studied by comparing sorption of
organic vapors by dried versus water-saturated soil, or by
comparing sorption of organic compounds in organic sol-
vents versus water. Sorption of hydrophobic organic com-
pounds onto minerals is strongly depressed by the presence
of water, as water outcompetes hydrophobic compounds
for mineral surfaces due to the strong polarity of both min-
erals and water. In contrast, the effect of water suppression
is much smaller in soil with a high organic content (like
peat), and hydrophobic organic compounds are thought
to be partitioned into the organic phase (Chiou and Shoup,
1985; Rutherford and Chiou, 1992; Chiou and Kile, 1994),
although the mechanism often can be more complicated
than the single partition model (e.g. Weber et al., 1992;
Xing et al., 1996). Recent studies have hypothesized that
water molecules can solvate polar portions of dried natural
organic matter, creating new sorption sites (Graber and
Borisover, 1998; Borisover and Graber, 2002). All these
studies show the importance of water in the sorption
behavior of soil. However, few studies have investigated
sorption differences between hydrated soil/sediment and
that which has been dried and then rehydrated using water
as solvent. Moreover, in most studies of soil sorption, sam-
ples were usually dried first. This procedure could bias the
results if the drying process itself causes irreversible
changes.

Here we use the amino acid lysine to investigate sorption.
Amino acid sorption in marine sediments (Christensen and
Blackburn, 1980; Henrichs and Sugai, 1993; Wang and
Lee, 1993; Montluçon and Lee, 2001) or on minerals (e.g.
Hedges and Hare, 1987) has been well studied, and it is
generally thought that sorption is controlled mainly by elec-
trostatic interactions such as ion exchange. However, many
questions about amino acid sorption are still unanswered.
For example, how important are organic matter versus
mineral phases to sorption? Is sorption due to adsorption
or absorption? In this study, we investigated the effects of
drying on the sorption of organic compounds onto salt
marsh sediments by comparing sorption capacities of dried
(then rewetted) and fresh wet sediments; we use the results
to further elucidate sediment sorption theory.

2. Methods

2.1. Sediment sampling and preparation

Sediment was collected from Flax Pond, a Spartina alt-

erniflora salt marsh on the north shore of Long Island, NY.
Flax Pond (FP) has been studied for many years, and its
vegetation and circulation are well known (e.g. Woodwell
et al., 1977). The sorption of organic matter onto sediments
has been studied previously at this site (Wang and Lee,
1990, 1993; Montluçon and Lee, 2001). In the present
study, surface (10 cm) sediments were sampled at various
times throughout the year (March to November) by push-
ing core tubes into the sediment by hand in a non-vegetated
area with relatively poorly sorted muddy sands. Sediment
samples were homogenized with a mortar and pestle, and
large objects (e.g., clamshells) and plant detritus larger
than 2–3 mm were picked out by hand. Seawater from
FP was filtered through a 0.2 lm Nylon filter for use in
sorption batch experiments. We also measured sorption
in coastal sediments for comparison. Coastal surface sedi-
ments (top �10 cm) were taken in August, 2005 by box
core from �15 m water depth at the Northwest Control
Station in central Long Island Sound (LIS) off New Haven,
Connecticut (as in Aller, 1988). These sediments are dom-
inated by silt and clay (Aller and Yingst, 1980). After being
sampled, sediments were either immediately processed or
refrigerated at 4 �C for several days until further process-
ing. After the samples were well homogenized, some were
dried in an oven at 60 �C overnight, and some were refrig-
erated at 4 �C. The dried samples were reweighed to quan-
tify the water lost, and an equivalent amount of distilled
water was added back to the samples. For convenience,
dried and rewetted samples will be referred to as ‘‘dry/
dried’’, and fresh or refrigerated samples as ‘‘wet’’.

2.2. Sorption experiments

2.2.1. Sorption measurements

To measure lysine sorption, about 0.5–1 g dry weight
sediment was made into a slurry by adding 5–10 mL fil-
tered seawater in a polypropylene centrifuge tube. The slur-
ries were then poisoned with HgCl2 (10 lg/mL) before use
in batch experiments. In a previous study, Wang and Lee
(1993) found no significant effect of HgCl2 on sorption of
amines or amino acids. Lysine was used as a sorbate be-
cause it is naturally found in marine sediments and soils
and is strongly sorbed by sediment (Wang and Lee, 1993;
Montluçon and Lee, 2001). Specific activity of 14C-lysine
added (Sigma) was 257 mCi/mmol. After spiking with
14C-lysine, the slurry was vortexed until the sediment was
well dispersed, and then shaken on a rotary table for 2 h.
All experiments were conducted at room temperature
(�25 �C). Samples were centrifuged at 6000 rpm (5900g)
for 30 min, and 0.5–1 mL supernatant was removed for
counting by liquid scintillation (Packard 1600CA). Sorp-
tion of lysine onto the wall of polypropylene centrifuge
tubes was negligible. Lysine sorbed by the sediment was
calculated by subtracting the amount in solution from the
total amount of lysine added.

Lysine isotherms were measured by adding a wide range
of 14C-lysine concentrations to wet and dried FP sediments
(about 0.5 g dry weight) in centrifuge tubes containing
5 mL seawater. The lysine concentration remaining in solu-
tion after sorption equilibrium ranged from 0.2 nM to
0.4 M. To use less radioactivity in samples where high
lysine concentrations were added, we reduced the specific
activity by adding unlabelled lysine to the 14C-lysine.
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Sorption isotherms for wet and dried sediment were
obtained by measuring the amount of lysine sorbed at
the different amounts of lysine added.

For comparison with lysine, the hydrophobic com-
pounds tyrosine, aniline and naphthalene were also used
as sorbates in a similar manner. Aniline is almost non-ion-
izable in slightly basic seawater (pH 7.8) (pKa 4.6), as is
also suggested by its low water solubility (3.4 g/100 mL,
CRC Handbook, 1958). Naphthalene, a nonpolar com-
pound, has even lower water solubility (0.003 g/100 mL,
CRC Handbook, 1958) than aniline. Tyrosine is a relative-
ly hydrophobic amino acid with a phenol functional group
that is only slightly soluble at pH 7–8, about 0.048 g/
100 mL (CRC Handbook, 1958). In contrast, lysine is very
soluble in water. A fluorescence spectrophotometer
(Hitachi F-4500) was used to quantify concentrations of
these compounds in the supernatant (aniline, kEx 300 nm,
kEm 350 nm; naphthalene, kEx 293 nm, kEm 336 nm; tyro-
sine, kEx 287 nm, kEm 315 nm), based on standard curves.
As in the lysine experiments, amounts sorbed to the sedi-
ment were calculated using mass balance calculations.

2.2.2. Lysine sorption by FP sediments with different

treatments

The 3D structure of sediment may collapse upon drying,
but may also be disrupted by the removal of organic mat-
ter. Boiling sediment or extracting it with EDTA can re-
move a portion of the organic matter, especially
carbohydrates (e.g. Stevenson, 1994; Underwood et al.,
1995). Different drying techniques may also affect the 3D
structure. To investigate these possibilities, we compared
lysine sorption on sediments that had been treated with
various drying and extraction procedures. Samples of FP
sediment collected in August, 2005 were oven-dried at
60 �C, desiccated at room temperature, or freeze-dried
(�58 �C), or dried and then combusted overnight in a fur-
nace at 450 �C. Wet samples were extracted with 10 mL of
0.2 M EDTA or immersed (with 10 mL seawater added) in
a boiling water bath for 30 min. After the samples were
centrifuged and the supernatant decanted, 10 mL seawater
was added to rinse the extracted pellets, and then the pellets
were used in sorption experiments. 14C-lysine was added to
centrifuge tubes containing the slurries (1 g of dried or
extracted sediment and 10 mL seawater) for sorption
experiments as described above.

2.2.3. Effect of pH and salinity on lysine sorption

For both wet and dried FP sediments, the pH of slurries
was adjusted from 2.8 to 9.8 using 0.2 M HCl and 0.2 M
NaOH. Then 14C-lysine was added to the slurries following
the sorption procedure described above. To test the effect
of salinity on lysine sorption, 10 mL of distilled water was
added to wet and dried sediments, and the slurries were shak-
en for 20 min. After centrifugation (5900g) for 10 min, the
supernatant was decanted. This procedure was repeated 3
times. Seawater with different salinities (0, 2, 4, 9, 13, 26)
was prepared by mixing different proportions of seawater
and distilled water. Water of varying salinities was added
to the rinsed sediment pellets to form slurries for sorption
experiments, which were conducted as described above.
Addition of 14C-lysine generally resulted in concentrations
of less than 5 nM after sorption was completed in these
experiments.

2.2.4. Lysine sorption by size-fractionated FP sediments

Lysine sorption was also measured on size-fractionated
sediments. Wet FP sediment samples were sieved into
>300, 300–125, 125–63 and <63 lm fractions using stain-
less-steel mesh sieves. All the fractions except <63 lm were
rinsed thoroughly with filtered seawater during fraction-
ation to remove loosely attached finer materials. The
>300 lm fraction was further fractionated in a settling col-
umn to separate sand and organic detritus based on their
density difference. Organic detritus (OD) has much lower
settling velocity than minerals, and floated at or near the
top of the settling column, where it was collected for use
as a sorbent. The sand fraction in the settling column
was also used as a sorbent after thorough rinsing with fil-
tered seawater until no organic particles were visible. Some
of the fractionated material was oven-dried. About 0.5 g
fresh or dried sediment and 5 mL seawater were mixed
for batch experiments; 0.6 g sand and 12 mg OD (dry
weight) were used as sorbents. Addition of 14C-lysine
resulted in less than 10 nM concentrations after sorption
was completed. Carbon and nitrogen contents and surface
areas of the different fractions were measured.

2.3. Cation exchange capacity and hydrophobicity of

sediments

The cation exchange capacity (CEC) of wet and dried
FP sediments was measured according to Rowell (1994).
Briefly, 5 g (dry weight) of the wet and dried sediments
were leached with 1 M alcoholic ammonium chloride over-
night. These samples were then rinsed thoroughly with eth-
anol. The sorbed ammonium ions in the samples were
exchanged with 2 M potassium chloride (KCl). Ammoni-
um concentration in the KCl solution was measured
according to Solórzano (1969), using indophenol blue man-
ual colorimetry.

Water drop penetration time (WDPT) is a standard way
to measure hydrophobicity of dry soils (e.g. King, 1981;
Doerr et al., 2000). We measured the WDPT of fractionated
dried and combusted (450 �C overnight) bulk and fractioned
FP, and bulk LIS sediments. Briefly, about 5 water drops
were dripped onto smoothed sediment samples. The time till
the water drop visually penetrated the samples was recorded,
and the average value of the 5 drops was used as WDPT.

2.4. Carbon and nitrogen, d13C and surface area

measurements

Carbon and nitrogen contents were determined using a
Carlo Erba model 1602 CNS analyzer after sediment



Fig. 1. Lysine sorption by Flax Pond sediment treated in different ways.
Wet: fresh sediment; combusted: sediment combusted overnight in a
furnace at 450 �C; dried (oven): sediment dried in oven at 60 �C; dried
(desiccator): sediment dried at room temperature (25 �C); dried (freeze-
drier): sediment lyophilized at �58 �C; boiled: sediment boiled in a water
bath for 30 min; EDTA extracted: sediment extracted with 0.2 M EDTA
at room temperature.
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samples were dried and ground. Inorganic carbon was re-
moved using 10% HCl, and carbonate content was general-
ly less than 5% of total carbon. For this analyzer, precision
for N is ±5%, and for C is ±2%. After the sediment was
combusted by the CNS analyzer, CO2 was collected to
measure d13C by isotope ratio mass spectrometry according
to Mak and Yang (1998).

Surface area of mineral grains was measured by nitrogen
sorption with a Quantachrome surface area analyzer (May-
er et al., 1988). The grain size distribution of the <63 lm
fraction was determined by the pipette method (Folk,
1974).

2.5. Sorption percent and solid–water distribution coefficient

Solid–water distribution coefficients (Kd) and sorption
percents (%sorbed) are often used to assess the extent to
which a compound is sorbed onto a solid phase. In this
study, we mostly used nanomolar concentrations of lysine,
but this and previous studies (Wang and Lee, 1993; Mont-
luçon and Lee, 2001) showed that sorption of lysine is lin-
ear up to micromolar concentrations, and Kd and %sorbed
are constant within this range. Thus

Kd ¼
Cs

Cd

; ð1Þ

%sorbed ¼ Cs �Mass

Cs �Massþ Cd � V
; ð2Þ

where Cs is the amount of sorbate associated with the sor-
bent (mole/kg); Cd is the concentration of sorbate in solu-
tion (mole/L); Mass is the total mass of sorbents in the
batch (kg); V is the total volume of water in the batch
(L). Combining (1) and (2) gives

%sorbed ¼ Kd

Kd þ V =Mass
: ð3Þ

Therefore, in a concentration range where the sorption iso-
therm is linear (through the origin), both Kd and %sorbed
are constant if the same slurry ratios (V/Mass) are used. In
this study, we kept lysine concentration within the micro-
molar range, and used the same slurry ratios in our
experiments.

3. Results

3.1. Drying effects on sorption capacity of salt marsh

sediment

Lysine sorption capacity was dramatically lower in Flax
Pond (FP) sediments after they were dried. More than 90%
of added lysine was sorbed by wet sediment while only
�20% was sorbed by dried sediment, and lysine concentra-
tions were �0.5 nM in wet sediment and �4 nM in dried
sediment after reaching equilibrium (Fig. 1). These percents
sorbed are generally consistent with previous studies of
lysine sorption in FP sediments (Wang and Lee, 1993;
Montluçon and Lee, 2001). This experiment was repeated
with sediment collected at different times of year (March
to November) with similar results, although percents
sorbed in wet sediment are generally higher in summer
(�95%) than in winter (�85%). The length of time that sed-
iments were rewetted (up to two months in HgCl2 poisoned
seawater as described above) did not alter sorption capac-
ity; the original sorption capacity was never restored (data
not shown). Different drying methods decreased sorption
capacity of FP sediments by about the same amount, with
desiccation at room temperature being slightly less effective
(Fig. 1). However, when dried sediments were combusted,
sorption capacity was significantly enhanced, increasing
from 20% to 44%. Boiling in seawater lowered the sorption
capacity of FP sediment by about the same amount as dry-
ing, and extraction with EDTA lowered it by slightly more.

In the linear range of lysine sorption, the distribution
coefficient, Kd, was much higher (378 L/kg) in wet sediment
than in dried sediment (2 L/kg), clearly showing that sorp-
tion capacity of wet sediment is much higher than that of
dried sediment (Fig. 2). In contrast to lysine, sorption iso-
therms of tyrosine, aniline and naphthalene showed much
lower sorption by wet than dried sediments (Fig. 2). There
was not much sorption of tyrosine by wet FP sediment,
while dry sediment sorbed about 40% of the added tyro-
sine, and the convex shape of the isotherm suggested that
sorbed tyrosine increased the capacity for further sorption.
Both wet and dried sediment sorbed more naphthalene
than aniline, and the Kd of naphthalene was orders of mag-
nitude higher than that of aniline. Using 14C-naphthalene,
Montluçon and Lee (2001) measured a Kd in wet sediments
as 21 L/kg, similar to our result (17 L/kg) using fluores-
cence spectrophotometry.
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Fig. 2. Lysine, tyrosine, naphthalene and aniline sorption isotherms in wet and dried Flax Pond sediments. Solid lines are linear least square regression
fits. (a) Lysine sorption: wet (y = 0.3776x, r2 = 0.9995); dried (y = 0.0032x, r2 = 1). (b) Tyrosine sorption. (c) Naphthalene sorption: wet
(y = 0.017x � 0.039, r2 = 0.99); dried (y = 0.048x + 0.044, r2 = 0.99). (d) Aniline sorption: wet (y = 0.0002x + 0.007, r2 = 0.13); dried
(y = 0.0054x + 0.0006, r2 = 0.98). The slope of the regression is the distribution coefficient Kd.
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3.2. Sorption percents and isotherms in wet and dried FP
sediments

Percents of lysine sorbed by wet and dried sediment
beyond the linear range are shown by the open and closed
triangles in Fig. 3. Initially, wet sediment sorbed much
more (97%) of the lysine added than dried (22%) sediment
did. In wet sediments, the percent lysine sorbed began to
decrease when the amount of sorbed lysine reached
154 nmol/g dry weight; it continued to decrease until the
sorbed lysine concentration in sediment reached 14 lmol/
g (5%). At that point, the percent lysine sorbed began to in-
crease, reaching a final value of 23% (1.2 mmol/g) at the
last point tested. In dried sediments, only about 22% of
the added lysine was sorbed at the low concentration range;
this percent began to decrease slightly after lysine concen-
tration reached 113 nmol/g, although lysine continued
being sorbed by the sediment. In both wet and dried sedi-
ments, sorption isotherms and percent sorbed showed the
same patterns once the concentrations of sorbed lysine
reached about 2 lmol/g. Over the large concentration
range tested, lysine sorption in wet sediment clearly cannot
be quantitatively described by a single sorption model (e.g.,
linear, Langmuir, or Freundlich-type isotherm). This is fre-
quently the case when dealing with a large sorbate concen-
tration range or with natural organic matter as the sorbent
(Schwarzenbach et al., 2003). At concentrations less than
154 nmol/g, lysine sorption in wet sediment can be well de-
scribed by a linear isotherm (Cs = 377.6Cd, n = 6,
R2 = 0.9995) with Kd of 377.6 L/kg (see Fig. 3). From
154–14000 nmol/g, sorption sites appear to become filled,
as both percent sorbed and Kd values dropped down with
increasing concentrations of lysine in solution. Interesting-
ly, lysine sorption was enhanced significantly after the solid
sorbed about 1.4 lmol/g. In dried sediment, lysine sorption
follows a linear-type isotherm in the range of 0–2 lmol/g
(Cs = 2.0Cd, R2 = 0.9996) with Kd of 2.0 L/kg. Similar to
wet sediment, lysine sorption first decreased slightly after
reaching 2 lmol/g, then began to increase, Kd reaching
2.3 L/kg at final point of 1 mmol/g.



Fig. 3. Lysine sorption isotherms (boxes and solid lines) and percents lysine sorbed (triangles and dotted lines) in wet (open symbols) and dried (closed
symbols) Flax Pond sediment. The numbers near the points on the dotted line represent the corresponding distribution coefficients (Kd, L/kg) at those
points. The small horizontal lines in the figure are the cation exchange capacities (CEC) of wet (W) and dried (D) sediments. Experimental uncertainty of
lysine sorption measurements (%sorbed) were generally within 1% (one standard deviation) for duplicate samples.
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3.3. Effects of pH and salinity on lysine sorption

The impact of pH on lysine sorption was very different be-
tween wet and dried FP sediments (Fig. 4a). In wet sediment,
percents of lysine sorbed were relatively high and constant
(95–97%) over the pH range from 9.0 down to 5.8. Between
5.8 and 5.0, however, there was a dramatic change in sorp-
tion from 97% to 19%. In the pH range 5.8–5.0, the charge
on lysine should be constant and positive since its pK1 (a-
COOH) is 2.18, pK2 (a-NH2) 8.95, and pKR (residual amine)
10.79. Below 5.0, lysine sorption continued to decrease: at
pH 2.8, only 5% of lysine added was sorbed. Above pH 9,
sorption was also lower, dropping from 95% at pH 9 to
72% at pH 9.9. For dried sediment, however, we did not
see a large pH effect, with sorption percent generally around
13%, although the sorption percent was slightly lower at
lower pH (5.9–2.9) than at higher pH (9.7–5.9).

In addition to pH, salinity (or ionic strength) was also
an important factor affecting lysine sorption to FP sedi-
ments (Fig. 4b). Lysine sorption by the wet sediment re-
mained relatively constant (�89%) throughout the
salinity range tested, 0–26.3, although there was a slight de-
crease with increasing salinity. In dried sediment, however,
percent lysine sorbed decreased significantly with increas-
ing salinity, from 94% at 0 to 28% at 25.9.

3.4. Lysine sorption on size-fractionated FP sediments and
bulk LIS sediments

For bulk wet sediments, the percent of added lysine
sorbed in Flax Pond sediments was slightly higher than
LIS sediments, with about 96% sorption in FP versus
92% for LIS sediments (Fig. 5). Like FP sediment, wet
LIS sediment had a higher sorption capacity than dried
sediment, but by a smaller margin. Specific surface area
(SSA) of FP sediment was 3.5 m2/g and 11.1 m2/g for
LIS sediment. The FP and LIS sediments had similar
organic carbon contents of 1.78% and 1.73%, respectively.

Lysine sorption percents on different size fractions of FP
sediments are also shown in Fig. 5. The <63 lm fraction
sorbed the largest amount of lysine under both wet and
dry conditions. There were significant differences between
wet and dried sediments in all size fractions, and the differ-
ence was largest in the smallest and largest size fractions.
Using wet sediments, Wang and Lee (1993) observed that
the <63 lm sediment fraction sorbed the most lysine, fol-
lowed by the 300 lm to 1 mm fraction, consistent with this
study. Organic detritus (OD) (>300 lm) also showed a sig-
nificant decrease in sorption after being dried. We used
12 mg OD, which is half the amount used in sorption
experiments with the >300 lm fraction. Less than 5% ly-
sine was sorbed on the sand rinsed from the >300 lm frac-
tion. No lysine sorption was found on a sand standard
(600–850 lm Ottawa quartz, used directly without further
treatment).

The >63 lm (sandy) fractions made up 68% of bulk FP
sediment, while the <63 lm (silt–clay) fraction made up
32% (Table 1). Of the <63 lm fraction, 20% of the bulk
was silt and 12% was clay. Specific surface areas of the
different fractions varied from 0.5 to 6.9 m2/g, with the
smallest fraction having the largest surface area as expected
(Table 1). Even though sands were the major weight
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Fig. 4. Effects of pH and salinity on lysine sorption to wet and dried FP
sediments. (a) pH effect; (b) salinity effect.
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Fig. 5. Lysine sorption by bulk LIS sediments and different size fractions
of Flax Pond sediments. Surface LIS sediment from central Long Island
Sound off New Haven (15 m water depth). FP sediment was wet-
fractionated using stainless steel meshes. Organic detritus was further
fractionated from the >300 lm fraction using a settling column, and its
sorption is shown in the inserted diagram.

Table 1
Organic carbon, nitrogen content, carbon isotopic composition and
specific surface areas of each fraction in FP sediment

FP sediment Weight
percent (%)

N
(%)

OC
(%)

C/N d13C
(&)

Surface
area (m2/g)

S. alterniflora — 1.60 36.27 26.5 �13.50 —
OD >300 lm — 1.20 34.77 33.9 �15.57 —
>300 lm 20.9 0.10 1.83 21.9 �17.75 0.54
125–300 lm 35.3 0.04 0.50 16.1 �19.50 0.55
63–125 lm 12.2 0.10 1.17 13.8 �19.50 1.48
<63 lm 31.7 0.28 2.49 10.3 �18.70 6.86
Bulk — 0.15 1.78 13.5 �18.77 3.54
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fraction, clay and silt fractions provided about 82% of the
surface area of bulk sediment. Organic carbon and nitro-
gen (CN) contents were most concentrated in the <63 lm
fraction, and least in the 125–300 lm fraction (Table 1).
C/N ratios in these fractions were lower in the smaller size
fractions, with the >300 lm fraction having the highest
(21.9) and <63 lm fraction the lowest (10.3) ratio. The
d13C of fresh Spartina tissues was �13.5&, consistent with
other studies (Benner et al., 1991; Currin et al., 1995). OD
was about 2& lighter than the fresh Spartina, and the
>300 lm fraction was 2& lighter than the OD. Both the
125–300 lm and 63–125 lm had the same d13C
(�19.5&). The <63 lm fraction had about the same d13C
as the bulk sediment, consistent with other salt marsh areas
(Haines, 1976; Peterson et al., 1980; Currin et al., 1995).

Based on the weight percent of each individual size
fraction making up the bulk FP sediment (Table 1) and
its associated Kd, we calculated integrated Kd values of
63.4 and 1.7 L/kg for wet and dried sediment, respective-
ly, by adding up the Kds of all the wet and dry fractions.
The integrated Kd for wet sediment was lower than for
bulk wet sediment (181 L/kg), while the integrated Kd

for dried sediment was similar to bulk dried sediment
(2.2 L/kg) (Table 1 and Fig. 5). Similarly, based on the
CN content of each fraction and its corresponding weight
percent, we can calculated the integrated CN content of
the bulk sediment (N: 0.13%; C: 1.49%), which agrees well
with the bulk values (N: 0.15%; C: 1.78%). This suggests
that little material was lost during the fractionation
process.

3.5. Cation exchange capacity and hydrophobicity of

sediments

The cation exchange capacities (CEC) of wet and dried
FP sediments were 445 and 187 lmol/dgw, respectively.
Both these values fall within the range of representative
CECs of surface soils, e.g. oxisols (50 lmol/dgw) to histo-
sols (1400 lmol/dgw) (Sposito, 1989). However, the CEC
in wet sediment was more than twice that of dried sedi-
ment. Clearly, the CEC of FP sediment is lowered by the
drying process.

The water drop penetration time (WDPT) of dried FP
sediments ranged from 2.6 s for the 300–125 lm fraction
to 12.1 s for bulk sediment (Fig. 6). After being combusted,
the WDPT dropped significantly to less than 2 s in all frac-
tions. According to the repellency index by Dekker and



Fig. 6. Water drop penetration time (WDPT) of different size fractions of
Flax Pond sediment and LIS sediment.
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Ritsema (1994), dried <63 lm, >300 lm fractions and bulk
sediment are slightly water repellent (5–60 s), while the
300–125 lm, 125–63 lm and all the combusted fractions
are wettable (<5 s). LIS sediment had higher WDPT than
FP sediment, yet showed a similar pattern, decreasing less
after being combusted.

4. Discussion

4.1. Drying effects on salt marsh sediment

The sorption differences between lysine and the hydro-
phobic compounds, aniline, naphthalene, and tyrosine, in
wet and dried sediments clearly indicate that sediments be-
came more hydrophobic after being dried. Sorption of
hydrophobic compounds usually involves non-specific
van der Waals forces and hydrophobic effects, while elec-
trostatic interaction and hydrogen bonding are considered
major sorption mechanisms of hydrophilic compounds.
Hydrophobic compounds sorb to organic matter rather
than to mineral surfaces of natural solids because they can-
not compete with water on the polar mineral surface
(Chiou, 2002). If drying only reduces surface area, we
would expect the same sorption pattern regardless of the
polarity of the compound. Cation exchange capacity
(CEC) decreased more than 50% when sediment was dried
and rewetted, again indicating the change in sediment
polarity.

Water drop penetration time (WDPT) measurements
showed that dried sediments were more water-repellent
than combusted sediments, suggesting that dried organic
matter increased the hydrophobicity of sediment compared
to a naked mineral surface. Consistently, combusted sedi-
ment showed higher sorption than dried sediment
(Fig. 1). Wang and Lee (1993) found sorption of lysine
by wet FP sediments decreased significantly after treatment
with H2O2, showing the importance of organic matter to
sorption. The importance of organic matter in sorption
capacity was also suggested when EDTA extraction or
boiling of wet sediment each resulted in the loss of as much
or more sorption capacity as when wet sediment was dried.
EDTA has been used to extract carbohydrate from sedi-
ment (Underwood et al., 1995; de Brouwer et al., 2003),
possibly because it can break down the polymer gels by
complexing their bridging cations (e.g., Ca2+ and Mg2+)
(Chin et al., 1998). Boiling sediment removes soluble
organic matter like carbohydrates (Stevenson, 1994), and
can also denature proteins due to the high temperature
(McKee and McKee, 1999). Thus, EDTA extraction or
boiling appears to remove a fraction of organic matter with
strong sorption capacity. However, when we concentrated
the EDTA and boiling extracts, they sorbed little lysine
(data not shown). This suggests that the integrity of sedi-
mentary organic matter structure plays an important role
in sorption.

We observed clear differences between wet and dried
(rewetted) sediments both visually and microscopically.
Slurries with wet sediment have a gel-like appearance,
while dried and rewetted sediment particles appear crystal-
line and angular. In addition, the volume of wet sediment
was about twice that of dried (rewetted) sediment when
the two were allowed to stand, although they had the same
dry weight. This suggests that fresh sediment loses half of
its water retention capacity when it is dried and does not
regain it when rewetted. Gel-like particles with 3D struc-
tures (e.g., transparent exopolymers particles, or TEP)
are abundant in seawater, and cations and acidic polysac-
charides like uronic acids are important for stabilizing
these gels (Alldredge et al., 1993; Chin et al., 1998; Verdugo
et al., 2004). Uronic acid, thought to be important in gel
formation, is also found in Spartina, possibly making up
15% of the total carbohydrates (Opsahl and Benner,
1999). Sedimentary organic matter, especially humic sub-
stances having abundant polar oxygen-containing func-
tional groups like carboxyls, may also assemble into 3D
organic structures in salt marsh sediment.

Drying could greatly affect the 3D nature of gel-like
organic material. It has been well documented in the soil
science literature that water repellency (hydrophobicity) is
common in many types of soil, and is caused by conforma-
tional changes of organic molecules or to the release of
waxes during fires or drying processes (Ma’shum and
Farmer, 1985; Franco et al., 1995; Doerr et al., 2000). In
food science, cellular structures of fruits and vegetables col-
lapse during air-drying or osmotic drying; this process is
irreversible, although the exact mechanism is not known
(Prothon et al., 2003). Many properties (e.g., water binding
capacity) of fresh fruits are significantly reduced by dehy-
dration (Godeck et al., 2001; Vetter and Kunzek, 2002).
In salt marsh sediment, polar groups on organic matter
in seawater can eventually complex with dissolved metal
ions, which cause them to physically extend into the solu-
tion. Hydrophobic groups, on the other hand, would coat
mineral surfaces or coil in upon themselves or within an
organic matrix to minimize their contact with water (Wer-
shaw, 1993). When organic matter is dried, the loss of
water forces polar portions of organic molecules to interact
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with each other through forces like hydrogen bonding, and
bend or twist in such a way that the non-polar groups are
exposed outward (Ma’shum and Farmer, 1985; Doerr
et al., 2000). Thus the drying process not only shrinks or
collapses the 3D organic networks, but also may increase
the hydrophobicity of the organic matter, thus changing
the sorption properties of the sediment.

Rewetting dried sediment might release newly solubi-
lized organic compounds, e.g., from biomass, which might
interact with sorbates or affect sediment polarity. However,
lysine sorption in dried sediment that was rinsed several
times was still much lower than in wet sediments (see differ-
ence in sorption at seawater salinities in Fig. 4b). Consis-
tently, little sorption was observed in concentrated
supernatants from EDTA or boiling water extracts. Organ-
ic carbon and nitrogen contents in dried, rewetted sediment
(after decanting the supernatant) were the same as wet sed-
iment (data not shown). Thus, the polarity change of sedi-
ment after drying is probably caused by conformational
changes of the sedimentary organic matter rather than to
loss of an organic fraction during treatment.

4.2. Lysine sorption mechanisms

Previous studies have shown lysine sorption isotherms in
wet sediment to be generally linear over natural concentra-
tion ranges (Henrichs and Sugai, 1993; Wang and Lee,
1993; Montluçon and Lee, 2001). Consistent with these
past studies, we observed linear sorption isotherms in wet
sediment below 400 nM (Fig. 1), suggesting that sorption
energy is constant at these concentrations. Schwarzenbach
et al. (2003) described two mechanisms that result in linear
isotherms: when the sorbate is partitioned into a homoge-
neous organic phase, or when adsorption sites are far from
being saturated (for example at low sorbate concentra-
tions). Wet–dry sorption differences may help distinguish
between these mechanisms. If we consider that the 3D
structure of FP sediment organic matter collapses upon
drying, as described above, lysine will no longer easily pen-
etrate (or partition) into the structure, thus greatly depress-
ing sediment sorption capacity. The large difference in
lysine sorption between wet and dry FP sediments in the
<400 nM concentration range suggests that collapse oc-
curred and inhibited penetration. This difference suggests
that absorption rather than adsorption is the dominant
sorption mode over natural concentration ranges where
the isotherm is linear. The Kds in the linear range were at
least one order of magnitude higher than in the non-linear
range at high concentrations, suggesting that free sorption
energy decreased dramatically. One possible explanation
for this pattern is that different types of sites in wet sedi-
ment control lysine sorption. For example, highly active
carboxyl groups could be responsible for linear sorption
in the nanomolar range (see later discussion), and other rel-
atively weak function groups (e.g., phenolic, quinolic or
enolic) could be responsible for later sorption in the range
of 154–2130 nmol/g range.
Partitioning of sorbate into a homogeneous organic
phase is more probable for a hydrophobic sorbate than
for hydrophilic lysine. However, cation exchange on sites
within a 3D matrix more likely explains linear lysine
absorption (sorbate partitioning between seawater and
the 3D organic networks). Cation exchange has been sug-
gested as a mechanism for basic amino acid sorption in
clays (Hedges and Hare, 1987), marine sediments (Henrichs
and Sugai, 1993; Wang and Lee, 1993), and soil (Steven-
son, 1994). The fact that both lysine sorption and CECs
are greatly depressed by drying (Fig. 3) suggests cation ex-
change is a major sorption mechanism in FP sediment.
When the CEC is approached, the percent lysine sorbed
in wet sediments plunges and the wet and dried sediment
isotherms eventually merge.

The merging of wet and dried isotherms and the in-
crease in percent sorbed suggest a new sorption mecha-
nism at high lysine concentrations. The concentrations
of sorbed lysine are much higher than the CECs of dried
and wet sediments (Fig. 3). Schwarzenbach et al. (2003)
suggest that a concave upward shape occurs when sorbed
molecules modify the sorbent to favor further sorption
(enhance the free energy of further sorption). Self-adsorp-
tion has been suggested for lysine sorption in organic-
poor sediments, especially at millimolar concentrations
(Henrichs and Sugai, 1993). Lysine has both negatively
and positively charged groups as well as some hydropho-
bic character due to its relatively long carbon chain.
Therefore, when a layer of lysine is adsorbed onto a sur-
face, the surface may become more attractive for more
layers of lysine to attach. Hedges and Hare (1987) also
reported that sorption of basic amino acids by kaolinite
is as strong as that by montmorillonite, although kaolinite
has a much lower surface area and CEC. Their data are
also consistent with self-sorption of lysine. Alternatively,
lysine at such high concentrations might replace other
sedimentary organic compounds, thus enhancing its sorp-
tion in sediment.

Salinity and pH are both important factors affecting ly-
sine sorption. In wet sediment, the dramatic decrease in
percent lysine sorbed between pH 5.8 and 5.0 (Fig. 4a) indi-
cates that the surface charge of FP sediment must have
changed significantly. Surface charges of minerals like
smectite, feldspar or kaolinite are still negative within the
pH range of 5.8–5.0 (Stumm and Morgan, 1996). In addi-
tion, adsorption of amino acids or other organic ions on
minerals usually changes only slightly with pH (e.g., Dash-
man and Stotzky, 1982; Gu et al., 1994; Arnarson and Keil,
2000), so the effect of pH is more consistent with sorption
by sedimentary organic matter than by minerals. Acidity of
natural organic matter, in which humic substances are a
major fraction, is usually dominated by the carboxyl (pKa

4–6) and phenolic (pKa 9–10) groups (Stumm and Morgan,
1996). Consistently, pH affects CEC of organic matter
more strongly than of clays in soil (Stevenson, 1994).
Therefore, carboxyl groups, either in positions near aro-
matic rings or on aliphatic side chains, are a reasonable
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candidate for sorbing lysine in wet sediment, possibly
through cation exchange.

At pH 5 or below, carboxyl groups would become pro-
tonated and lose their charge, thus losing their sorption
capacity. H+ attaches to COO� more easily than does R–
NH3+ due to the smaller proton ionic radius, and thus
has much stronger cation exchange ability. The proposed
ion exchange scheme in FP sediment is

OMACOO�Kþ þNHþ3 ALYS

! OMACOO�NHþ3 ALYS þKþ

Where OM–COO� represents the carboxyl groups in
organic matter, K+ represents the attached cations (possi-
bly including K+, Na+, Ca2+ or Mg2+), and NH3

+–LYS
represents the amine group of lysine. Above pH 9.0, amines
lose a proton [pK2(a-NH2) 8.95, and pKR 10.79 for the
residual amine], so with less positive charge, less lysine
was sorbed, as expected. In contrast, dried sediment was
much less affected by pH. Together with the fact that the
Kd of sorption in dry sediments is two orders of magnitude
lower than in wet sediment, these results suggest that the
sorption energy for the attachment of lysine to dried sedi-
ment is much lower, and that sorption in dried sediments
involves weaker functional groups such as phenolic or eno-
lic groups. The different effects of pH between wet and
dried sediment indicate that drying might result in less ac-
cess for lysine to carboxyl groups.

Lysine sorption in both wet and dried sediment was
affected by salinity, and the effect was much greater in dried
sediment than in wet sediment. This different pattern again
suggested that lysine attached to different functional
groups in wet and dried sediment. In wet sediment, sorp-
tion free energy of lysine is high enough as shown by Kd,
so that major cations like K+, Na+, Ca2+ and Mg2+ can
not compete with lysine for carboxyl groups. In dried sed-
iment, however, sorption probably involves other types of
functional groups with much lower sorption free energy,
so major cations outcompete lysine for sorption sites. For
example, in the salinity range 0–5, the percent of lysine
sorbed decreased from 93% to 49% in dried sediment.

4.3. Drying effects on bulk and fractionated FP vs. LIS

sediments

The percent lysine sorbed by various size fractions of
wet Flax Pond sediment was related to the organic content
of each fraction (R2 = 0.95), with <63 lm sorbing the most
and having the highest OC content, and 125–300 lm sorb-
ing the least lysine and having the lowest OC content
(Fig. 5), consistent with organic matter being the major
sorbent in Flax Pond sediments. Lysine sorption in all size
fractions including organic debris (OD) decreased signifi-
cantly after being dried, with the 125–300 lm fraction
showing the smallest degree of decrease, probably due to
its low OC content. This is consistent with dried organic
matter increasing the sediment hydrophobicity, with a
concomitant decrease in lysine sorption. Likewise, the
WDPT of all combusted sediment fractions were much
lower than in dried sandy fractions, suggesting the presence
of hydrophobic coatings on mineral surfaces, although it is
also possible that combustion changes mineral morphology
or oxidizes the minerals, which also might affect the WDPT
(Valat et al., 1991).

The percents of lysine sorbed by wet FP sediments and
wet LIS sediments were similar (Fig. 5). The carbon con-
tent of FP and LIS sediments is also about the same, but
the specific surface area (SSA) is much lower in sand-dom-
inated FP than in silt and clay dominated LIS. This again
suggests that mineral surfaces in FP sediment played a lim-
ited role in lysine sorption, and sedimentary organic matter
was responsible for sorbing lysine more strongly than LIS
sediments. Dried LIS sediments sorbed more (37%) lysine
than dried FP sediment (22%), suggesting that FP sediment
organic matter was more altered by drying than LIS organ-
ic matter. A major source of organic matter in FP sediment
is S. alterniflora, while organic matter in LIS sediment is
heavily terrestrial in origin (Benoit et al., 1979). In sandy
FP sediment fractions (>63 lm), C/N ratios ranged from
13.8 to 21.9, with OD having a C/N of 33.8, and d13C val-
ues for OD and Spartina were similar, showing that Spar-

tina organic matter was especially important in larger size
fractions.

Cellulose, hemicellulose and lignins polymers from
Spartina that enter the sediment are subject to degradation
processes including hydrolytic depolymerization (cellulose
and hemicellose) and oxidation (lignins and lipids). During
degradation, the polarity of organic matter may increase as
the number of oxygenated functional groups increases.
Enzymatic degradation causes free ends of lignin polymers
to be oxidized to carboxylic groups (Wershaw, 1993;
Kögel-Knabner, 2002). Carboxyl groups can also arise
from the cleavage of aromatic rings of lignin (Stevenson,
1994). Novikova et al. (2002) found that the number of
hydroxyl and carboxyl groups of lignin increase during
composting, along with lignin’s ion exchange capacity.
Degraded or partially degraded organic polymers and
monomers might be assembled with water and cations into
3D gel-like polar structures that can play a major role in
sorption. When the 3D structures collapse and become
more hydrophobic upon drying, the sorption capacity of
sandy fractions would be severely depressed. Consistent
with this, water repellency can be high in coarse-textured,
sandy soils (Roberts and Carbon, 1972; Franco et al.,
1995), and organic matter is thought to be the cause (Doerr
et al., 2000).

Integrated Kd values for different size fractions are
one-third the bulk Kd value in wet sediment. A CN bud-
get suggested that little material was lost during sample
fractionation, but we used filtered seawater to rinse fine
materials through the mesh during fractionation, a pro-
cess that might break up a 3D organic matrix, leading
to decreased lysine sorption by individual fractions. This
could explain the higher Kd in bulk than fractionated wet
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sediments. On the other hand, integrated Kd and bulk Kd

are similar in dried sediments, where we hypothesize that
any gel-like structures have collapsed. Integrated and
bulk surface areas from all the size fractions are 2.7
and 3.5 m2/g, respectively (Table 1). In dried sediments,
the ratios of integrated to bulk Kd and integrated to bulk
surface area are the same, 1.23. This suggests that after
sediment is dried, the loss of 3D structure results in ly-
sine sorption to be mainly through adsorption onto solid
surfaces.

5. Implications

Our sediment sorption results are consistent with the
idea that a major contributor to the lysine sorption
capacity in Flax Pond and Long Island Sound sediments
is the 3D gel-like nature of the organic network originat-
ing from organic matter in Spartina and other vascular
plants. We hypothesize that the 3D structures can exist
separately as aggregates, or in association with minerals.
Acidic functional groups within the 3D structure would
be major sorption sites for lysine via cation exchange.
Upon dehydration, organic molecules in the 3D structure
would interact or associate with each other through forc-
es like hydrogen bonding or van der Waals forces, and
their nonpolar moieties would be exposed outward. As
a result, the flexible 3D organic networks would shrink
or collapse, becoming rigid and less polar. This rigidity
change could have significant effects on sorption of
organic contaminants (Leboeuf and Weber, 1997; Xing
and Pignatello, 1997). Furthermore, we would expect
seasonal changes in the mobility of sorbed organic mat-
ter. For example, hydrophobic organic contaminants ab-
sorbed into dried organic matter in soils might be
released into solution during the rainy season or upon
discharge into streams or the ocean due to increased
polarity of organic matter. This also has important
implications for sinking marine particles, as they are sub-
ject to osmotic pressure as they sink, which may also
lead to dehydration (Prothon et al., 2003). For example,
organic matter can be dehydrated to some degree when it
is transferred from river to ocean due to salinity changes.
Furthermore, this study suggests that results of sorption
studies using dried soil or sediment might be biased due
to the polarity change caused by drying.
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