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Contaminants of environmental concern commonly reside

in the sediment or solid phase. The extent and rate of
desorption has heretofore been particularly unpredictable.
In the present research, the adsorption and desorption

of seven organic compounds with water solubilities ranging
from 0.005 to 517 mg/L have been studied in natural
sediments. In every case, a fraction of the adsorbate was
adsorbed irreversibly (i.e., desorption was not the opposite
of adsorption, yet the sorbate is not covalently bonded to
the sediment). Each sediment-contaminant combination
exhibited a fixed maximum irreversible adsorption, gy
which could be filled in one or several steps and which

is related to common molecular properties and sediment
organic carbon content (OC). For most compounds,
g (ug/g) ~ 10%80C. Furthermore, the OC-normalized
partition constant for this irreversible compartment is es-
sentially constant for the compounds and sediments studied
with K = 1053048 mL/g. After about 1—3 days of
contact time, all laboratory adsorption and desorption data
could be modeled using a single isotherm equation, based
upon commonly measured chemical and sediment
parameters. The isotherm equation consists of two terms,
a linear term to represent reversible sorption and a Lang-
muirian-type term to represent irreversible sorption. This
combined isotherm is used to interpret numerous published
field studies. The potential impact of this model on sediment
quality criteria (SQC) and remediation are discussed.

Introduction

Chemical desorption from soil and sediment is of central
importance to most environmental concerns. Desorption
affects chemical fate, toxicity, and associated risk to human
and aquatic life as well as the efficiency of most remediation
technologies. Desorption is commonly modeled as a revers-
ible partitioning process in fate, risk, and remediation models
(1). However, the reversible model has failed to predict the
long-term persistent release of contaminants to the environ-
ment. Even with the most advanced remediation technolo-
gies (physically, chemically, and/or biologically enhanced),
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it is often observed that a small fraction of the sorbed
contaminant remains in the soil or sediment unexpected.
The existence of this remaining fraction has hindered the
closure of many cleanup operations. Knowledge and pre-
diction of desorption is necessary for designing more effective
remediation schemes. If it could be shown that pollutants
would not be released from sediments in any significant
concentrations, either abiotically or via biological means,
they would be of little practical concern and could be safely
left in place. In this case, the impact on remediation costs
could be enormous.

Numerous theories have been proposed to explain the
existence of this resistant fraction. Recent research by the
authors has shown that a significant fraction of some
contaminants is bound into sediments irreversibly [i.e.,
desorption is not the opposite of adsorption (2—5)]. The
irreversible compartment can be filled stepwise in multiple
adsorption/desorption steps (5). After the maximum capacity
is reached, subsequent adsorption/desorption steps are
completely reversible. The term “irreversible” used herein
is in the same manner as is commonly used in the physical-
chemical literature, e.g., Adamson (6), Bailey et al. (7), and
Burgessetal. (8). Aminimum thermodynamic requirement
for adsorption and desorption to be irreversible is that there
be a physical-chemical rearrangement in the solid phase
after adsorption occurs, i.e., the desorption takes place from
a different molecular environment than that in which
adsorption occurs (6). Adamson (6) has summarized a
number of well-known systems (e.g., aqueous dyes with TiO,
and SiO,, and alkane adsorption on activated charcoal) in
which adsorption irreversibility has been observed.

In addition to irreversible adsorption, several other
mechanisms have also been proposed to explain the observed
resistant desorption. For several classes of organic and
inorganic compounds, chemisorption is the cause for the
resistant release of chemicals from sediments and soil (9).
However, chemisorption is limited to specific classes of
pollutants and usually is not a major consideration for most
neutral hydrophobic organic chemicals, which are considered
in this paper (9). Heterogeneous adsorption with varied
adsorption sites has been proposed to explain the persistent
release of contaminants, whereby a fraction of the chemical
is assumed to adsorb to sites with high adsorption energy or
specificity, e.g., soot, a condensed soil organic phase or
specific adsorption sites on an organic polymer, etc. (10—
12). Heterogeneous adsorption isotherms often deviate
significantly from linearity.

Another group of scientists has proposed that the resistant
fraction is a result of unusually slow time-dependent
processes (13—15). In previous studies, the authors have
compared the time-dependent sorption rate of naphthalene
and phenanthrene on Lula sediments (3). It was observed
that approximately 50% of the total mass in a phenanthrene
experiment was partitioned onto the solid phase within the
first minute of reaction time. Such a rapid adsorption rate
is typical for physical adsorption (16). Approximately 80%
of the total mass was adsorbed after 4 h in both the
naphthalene and phenanthrene experiments. This second
time-dependent sorption of these two compounds to Lula
sediments can be modeled with the retarded intraparticle
radial diffusion model (17). The resulting apparent diffusion
coefficients are 3.5 x 1078 cm?/s for naphthalene and 8 x
1071 cm?#/s for phenanthrene. The apparent diffusion
coefficients of 2 x 1078 and 1.3 x 10~° cm?/s can also be
estimated independently for naphthalene and phenanthrene
respectively, based on the molecular diffusion coefficient (6
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x 1078 cm?/s), partition coefficients, and assuming an
intraparticle porosity of 0.13 (18). The experimental values
are in good agreement with the calculated values. Consid-
ering these diffusion rate constants, the equilibrium time of
1 day to 1 week would be calculated for compounds and
sediments used in this research. It is still possible that
extremely slow diffusion is not detected in such short reaction
times.

Diffusion of organic compounds into either constricted
microporous channels or glassy/crystalline organic phase
have been proposed, and adsorption and desorption times
of years are possible with these extremely slow diffusion rates
(13—15). Both heterogeneous adsorption and slow diffu-
sional processes will be considered in the following des-
orption studies.

Several unique features of the resistant desorption have
been reported in the literature. First, a fraction of the
sediment phase contaminants persists over tens of years
without significant reduction in concentration (19, 20).
Second, the solution phase concentration often remains
much lower than expected from equilibrium partitioning with
the solid-phase concentration (21—23). Third, thereisapoor
correlation between the field-observed partition coefficient
and the predicted equilibrium partition constant, Kp, derived
from conventional Koc/Kow relationships (20, 21). For
contaminants with several orders of magnitude differences
in solubilities, a constant partition coefficient (Koc) has been
reported for desorption from this resistant fraction (24—27).

The overall objective of this research is to develop a
predictive correlation to model contaminant release for both
laboratory and field observations. A semiempirical irrevers-
ible sorption isotherm model, based on the laboratory
observed parameters, has been developed and used to
correlate most field observations reported in the literature.
Chemicals used in this study include an aromatic compound
(toluene), a halogenated aromatic compounds (1,2 dichlo-
robenzene), two polycyclic aromatic hydrocarbons (PAHSs),
two polychlorinated biphenyls (PCBs), and a chlorinated
pesticide (DDT). Several types of sediments containing
various organic carbon contents have been tested.

Materials and Methods

Sorbent. Four sediments were used in this study. Three
sediments (Lula, Dickinson, and Utica), were used for
exhaustive adsorption and desorption studies to saturate and
study the irreversible compartment; one sediment, from Lake
Charles, was already heavily contaminated with chlorinated
compounds and was primarily used for studies of sediment
phase contamination. The properties of Lulaand Dickinson
sediments have been reported previously (2, 5, 28). The Utica
sediment is the bottom sediment collected from Utica Harbor
near a gas manufacturing plant. Both Lula and Dickinson
sediment samples used in this study did not contain a
detectable quantity of hydrocarbon pollutants (28, 29), even
though the Dickinson Bayou should have received chemical
input from both Urban and industrial sources surrounding
Texas City, Texas. The Utica sediments were contaminated
with a number of polycyclic aromatic hydrocarbons (PAHS).
The Lake Charles sediment is the bottom sediment collected
in 1995 near the outfall of an industrial canal that flows into
Bayou d’Inde, Lake Charles, LA. The Lake Charles sediment
is contaminated with chlorinated aromatic compounds and
petroleum contaminants. The sediments from similar area
has been characterized extensively since 1985 (19, 30, 31).
The organic carbon content of the Lula, Dickinson, Utica,
and Lake Charles sediments is 0.27, 1.50, 1.07, and 4.10%,
respectively.

Sorbate and Chemicals. The followingseven radiolabeled
[**C] compounds were obtained from Sigma and used as

TABLE 1. Typical Experimental Protocols: Two Phenanthrene
Experiments?

I. Phenanthrene Experiment P—2 (See Figure 1a)

1. 8 adsorptions followed by six desorptions

adsorption 1-3 days per step
~98% supernate was replaced with
Phen solutions
Cinitial = 0.239—-0.713 ug/mL
desorption 1-3 days per step

~65% supernate was replaced with
clean electrolyte
2. 9th adsorption followed by six desorptions
adsorption 1 day; Cinitias = 0.290 ug/mL
desorption 1-3 days
~65% supernate was replaced with
clean electrolyte
3. 10th adsorption followed by eight desorptions

adsorption 1 day
Cinitial = 0.393 ug/mL
desorption 1-3 days

~65% supernate was replaced with
clean electrolyte

1. Phen Experiment P—4 (See Figure 1b)

1. 4 adsorption followed by 49 desorptions

adsorption 1-4 days
~96% supernate was replaced with
Phen solutions;
Cinitial = 0.454—0.532 ug/mL
desorption 1-59 days

~90% supernate was replaced with
clean electrolyte

2 Solution matrix: 1 mM CaCl,-2H,0, 0.1 mM MgCl,, 0.5 mM
Na,B;04-10H,0 (pH 8.0), 10 mM formaldehyde. Solid/solution ratio: 2
g of Lulasediments, 23.3 mL of electrolyte solution. Mixing: Horizontal
shaking at about 60 times/min.

sorbates (abbreviation and specific activity in microcurie per
micromole): (1) toluene (Tol, 9.7); (2) naphthalene (Naph,
8.9); (3) 1,2-dichlorobenzene (Cl;-Ben, 10.7); (4) phenan-
threne (Phen, 8.3); (5) 4,4'-dichlorobiphenyl (Cl,-PCB, 13.8);
(6) 2,2',5,5'-tetrachlorobiphenyl (Cl;-PCB, 12.2); and (7) 1,1-
bis(p-chlorophenyl)-2,2,2-trichloroethane (DDT, 13.4). The
purities of Tol, Naph, Cl,-Ben, Cl,-PCB, and DDT have been
confirmed in the laboratory by GC. The [**C]Tol, Naph, and
Cl,-Ben were further diluted with unlabeled *2C stock solution
(76 958, 1500, and 3775 mg/L in methanol, respectively, for
Tol, Naph, and Cl,-Ben) to yield a specific activity of 0.32,
2.262,and 3.742 uCi/umol, respectively. Formaldehyde (0.01
M) or sodium azide (0.01 M) was added to the solution as
a bacterial inhibitor. Chemical solution was prepared in
buffered solution (pH 8.0) before each adsorption experiment
using the “C stock solution and electrolyte solution contain-
ing 1 mM CacCl,-2H;0, 0.5 mM MgCl;, 1 mM Na,B,07-10H,0
(pH 8). The amount of methanol and formaldehyde added
to the vials constitutes less than 2% (v/v) or 1% (mole fraction)
of the liquid, which should not affect the cosolvent properties
of the liquid phase significantly (32).

Batch Adsorption and Desorption Experiments. Atotal
of seven chemicals and three sediments have been tested
with the multiple cycles of adsorption/desorption experi-
ments, similar to that of Kan et al. (5). An adsorption/
desorption cycle refers to a series of 1—8 successive adsorp-
tions followed by 5—89 successive desorptions. Each data
set is the result of multiple adsorption/desorption cycles of
up to 120 individual experiments. Table 1 lists two typical
experimental procedures with Phen, as an example. The
other experiments are similar to one of these experiments
with some variations discussed below. The adsorption/
desorption experiments were typically conducted in a batch
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reactor, which consisted of a glass vial of total volume
approximately 7 mL (Tol experiments), 26 mL (Naph, Cl-
Ben, Phen, Cl,-PCB, and DDT experiments) and 40 mL (Cl,-
PCB experiments) sealed with Teflon-faced silicone septa
(Wheaton). Control experiments were run with the vials
containing Naph solution at 1 ug/mL to test the integrity of
the vial. Since these chemicals have the tendency to adsorb
to glasswares, either carefully cleaned glasswares (4) or the
preclean, EPA-certified vials (Fisher Scientific) were used.
The adsorption of hydrophobic organic chemicals to clean
glass surfaces are minimal. Typically, less than 5% reduction
of the solution-phase concentration was observed in the
controls over a 30 day period.

At the beginning of the adsorption experiments, dried
sediment (0.1—2 g) was added to the vial before the addition
of chemical solution at concentrations from 112 to 237 mg/L
for Tol; 3 to 15.1 mg/L for Naph; 1.0 to 35.3 mg/L for 1,2
Cl;-Ben, 0.390 to 0.713 mg/L for Phen, 0.166 to 0.342 mg/L
for Cl,-PCB, 0.009—0.013 ug/mL for Cl,-PCB, and 0.053 to
0.098 mg/L for DDT. After filling with sedimentand solution,
the vial typically contained a very small headspace of less
than 0.1 mL. The sediment/water mixture was horizontally
mixed in ashaker bath at room temperature. After 1—7 days,
the sediment was separated from solution by centrifugation
atacentrifugal force of 300g for 15 min (International Clinical
Centrifuge, W. H. Curtin Co.) and the chemical concentration
in the supernate was analyzed. Numerous other centrifuga-
tion rates and separation methods were tested with no
appreciable effect (3). For Phen, Cl,-PCB, and DDT experi-
ments, the sediments were either spiked with the chemical
stock solution or replaced with another aliquot of the
chemical solution, and the adsorption experiments were
repeated 4—9 times before desorption began. After adsorp-
tion, desorption was induced by successively replacing 60—
95% supernatant with contaminant-free electrolyte solution.
The incubation period for desorption experiments was
typically from 1 to 3 days with exceptions where various
incubation periods from 1 h to 6 months were used. After
the successive desorption steps, the solution was decanted
and wet sediment was left in the bottle with about 0.5 mL
of liquid remaining (actual amounts were determined by
weight). An aliquot of chemical solution was added to the
vial to conduct another cycle of adsorption/desorption
experiments. Both Naph/Lula and Phen/Lula experiments
have been repeated with varying initial chemical concentra-
tions and varying solid/solution ratios from 1/12 to 1/240
(wt/vol) with similar results.

The cycles of adsorption/desorption were repeated until
the desorption reversibility for the last adsorption/desorption
cycle was observed, i.e., the amount adsorbed in the last
adsorption step desorbed reversibly as one would predict
using the linear partitioning model and the measured
adsorption K, value (see eq 1 below). The solid-phase Naph,
Cl>-Ben, Phen, Cl,-PCB, and Cl4-PCB concentrations in Lula
sediments were measured at the end of the adsorption/
desorption steps by methylene chloride extraction, where
solvent was refluxed in a round-bottom flask containing
sediment for 24 h in a constant temperature water bath at
45°C (3). Asecond methylene chloride extraction was done
with one of the experiments, and no additional mass was
extracted. The extraction efficiency of this procedure is
typically better than 95% (2). The concentration of chemicals
recovered from the solvent extraction was quantified by
scintillation counting. The chemical was also identified by
GC/MS analysis.

The solution-phase chemical concentrations were de-
termined by scintillation counting (Beckman LS3801) using
Beckman ReadySafe scintillation cocktail. The concentra-
tions of chemicals in both the liquid and solid phases are
within the sensitivity of scintillation counting. At counting
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times of 10 min/sample, the 95% confidence interval of the
counting efficiency is about +5% at 0.000 635 ug/mL and
+9.8% at 0.000 027 ug/mL for Cl,-PCB. The solid-phase
chemical concentrations were calculated by assuming that
the changes in solution-phase concentrations during ad-
sorption or desorption were equal to the changes in solid-
phase concentration. The solid-phase chemical concen-
tration in Utica and Lake Charles sediments were extracted
with methylene chloride by Soxhlet extraction and analyzed
on GC. The chemical in the solid extract was also analyzed
with GC/MSD (HP 5890/5970) for positive compound
identification.

Results

Cyclic Adsorption/Desorption Studies of Phenanthrene.
Cyclic adsorption and desorption experiments were done
with seven different compounds chosen to span awide range
of Kow values following the procedure similar to Naph/Lula
experiments reported by Kan etal. (5). Previous experiments
have shown that the irreversible compartment can be filled
in one step if the solution-phase concentration at equilibrium
is greater than about one-third to one-half of the aqueous
solubility (C33) (5). In the following, two Phen experiments
are discussed in detail to illustrate the typical result. Similar
results regarding the solid and solution phase concentrations
of the irreversible compartment were observed with other
chemicals and sediments and the data are summarized in
Table 2. Desorption times of 1 h to 6 months were used to
determine the equilibrium and kinetic aspects of desorption
from the irreversible compartment.

Figure 1 shows typical multiple cycle adsorption and
desorption data using Phen [experiments (exps) P-2 and P-4].
Figure la is a plot of the solid versus solution-phase
concentration of Phen during adsorption and desorption (exp
P-2). The adsorption data can be modeled with simple linear
isotherm (eq 1):

q=KpC @)

where q (ug/9) is the solid-phase concentration and C (ug/
mL) is the solution-phase concentration, Kp (mL/g) is the
linear isotherm partition coefficient. The linear partition
coefficient, Ke, can be normalized to the soil organic carbon
content, Koc (33):

Koe = Ke/OC @)

The first seven successive adsorption steps follow a linear
isotherm with a log Koc of 4.08, which is reasonable for Phen
with a log Kow of 4.57. The eighth adsorption step deviates
fromthe linear adsorption isotherm. This is possibly because
the equilibrium concentration is in excess of one-third of
the saturation, ~1.1 ug/mL (34). The subsequentdesorption
deviates significantly from the adsorption isotherm. The
second cycle of adsorption/desorption begins with the ninth
adsorption step, which deviates from the linear adsorption
isotherm, since a significant mass of Phen resists desorption
fromthe previouscycles. Infact, the ninth adsorption datum
would fall on the linear adsorption isotherm line if Phen in
the resistant fraction is subtracted from the solid-phase
concentration, i.e., Phen in the irreversible compartment is
not competing with the newly added Phen for adsorption.
The additional mass adsorbed in the ninth adsorption step
was completely desorbed in the subsequent six desorption
steps, i.e., the adsorption and desorption are reversible
following the ninth adsorption step. Another cycle of
adsorption/desorption was done (adsorption no. 10) and
reversible adsorption/desorption was again observed, i.e.,
the Phen adsorbed in adsorption no. 10 desorbed to within
experimental error. Atthe end of exp P-2, 7.9 ug/g Phen was



TABLE 2. Summary of Laboratory-Observed Adsorption Partition

Coefficients, Equilibrium Solution and Solid-Phase Concentrations

of the Irreversible Compartment at Maximum Capacity, the Irreversible Fraction Partition Coefficient Normalized per OC (log

Kge. mL/g)
Ky? C(max)? s log Kg¢, no.of  eqtime
sediment chemicals (mL/g) (N log Koc (g/mL) (std dev) (1a/9) (mL/g) (std dev) data (days)
Lula Tol 0.4 217 0.138 125 5.31(0.22) 3 8—-10
(0.027)
Lula Naph 2.19 291 0.003 49 10.95¢9 6.05 (0.03) 5 3—-29
(0.999) (0.000 06)
Lula Cly-Ben 3.65 3.13 0.0204 44+7¢ 5.50 (0.40) 4 3-5
(0.0045)
Lula Phen 32.66 4.08 0.001 11 7.9¢ 6.38 (0.08) 18 3-59
(0.943) (0.000 15)
Lula Cl,-PCB 141.6 471 0.009 54 5.9¢ 5.38 (0.01) 3 4-11
(0.944) (0.000 50)
Lula Cls-PCB 59.07 4.34 0.000 64 0.36¢d 5.50 (0.18) 20 1-26
(0.000 03)
Lula DDT 187.8 4.84 0.0023 1.75 5.76 (0.31) 9 3-18
(0.991) (0.0018)
Dickinson Tol 2.46 2.22 0.213 134 4.58 (0.11) 3 1-5
(0.0154)
Dickinson Naph 15.17 3.00 0.006 72 5.83 (0.10) 3 8-10
(0.998) (0.0019)
Dickinson DDT 598.0 4.60 0.002 03 10 5.29 (0.23) 6 4-36
(0.996) (0.000 28)
Utica DDT 407.5 4.58 0.001 88 5 5.23 (0.16) 6 4-36
(0.986) (0.000 46)
overall mean and standard deviation 5.53+0.48

@ Adsorption partition coefficient. Number in parentheses is the correlation coefficient of the data fit to the linear isotherm (eq 1). » C(max) refers

irr

to the concentration at equilibrium when the irreversible compartment is saturated with gi,,,. ¢ These values of g, were determined by solvent

extraction of the solid. @ Data from Kan et al. (5).

expected in the irreversible compartment, based on mass
balance calculations. The solvent extraction of the solid
yielded 7.7 ug/g Phen, indicating an excellent mass balance
of 98%. In this experiment, a maximum irreversible solid-
phase concentration (g ~ 7.7—7.9 ug/q) is reached in the
first cycle of adsorption/desorption experiments, since the

subsequently added Phen can be easily desorbed.

In Figure 1b is a plot of the adsorption/desorption
isotherm for exp P-4 wherein the irreversible compartment
has been saturated, based upon exp P-2. Similar resistant
fraction (7.4 ug/g) was observed in this experiment. InFigure
1c is a plot of the solution phase concentration, C (ug/mL)
of exp P-4 versus desorption step number for steps 25—49
following the fourth adsorption shown in Figure 1b. Only
the data with desorption times greater than 3 days are plotted.
The numbers on the plot indicate the range of equilibrium
times (in days) used in individual desorption experiments.
Small variations in solution phase concentrations (1.11 +
0.15 ug/L) are observed in these desorption steps, where
desorption times range from 3 to 59 days. These data in
Figure 1c infer that desorption from the irreversible com-
partment may reach equilibrium at a concentration lower
than predicted from the conventional Ko./Kow relationship.
Figure 1d shows the partition coefficient (Kp) measured from
the desorption data versus adsorption/desorption step
number for this experiment. Note that Kp increases by about
200-fold (from about 33 to 6477) during successive desorp-
tions. The value of Kp increases to a plateau within about
25 steps and remains nearly constant for subsequent des-
orptions.

Irreversible Fraction Partition Coefficient, K{t. In
Table 2 is listed 11 adsorption/desorption experiments with
seven chemicals and three sediments. Foreach experiment,
the adsorption partition coefficients, Ke and Koc, amaximum
irreversible capacity (q,.,, #9/9), a constant solution phase
concentration (C, ug/mL) at equilibrium with the maximum
irreversible compartment, and a constant OC normalized

partition coefficient, (KSg, mL/g), at equilibrium with the
irreversible compartment, are reported with standard devia-
tions in parentheses. K& is defined similarly as in eq 2,
where the partition coefficient is the ratio of the organic
carbon normalized solid-phase and solution-phase concen-
trations after extensive desorption (which is typically after
20 desorption steps). As shown in Figure 1d, K{: is a
constant since K, of desorption reaches a constant that is
different from the K, of adsorption (Figure 1d). In columns
8 and 9 of Table 2, the number of data points and the range
of desorption equilibrium times (days) used in the experi-
ments are listed for reference. Most of the measured
adsorption Koc values are within a factor of 2 of Koc = 0.63
Kow (33) except for DDT and the PCBs. The measured
adsorption log Koc values of the more hydrophobic com-
poundsin Table 2, DDT and the PCBs, are consistently lower
than expected. Other researchers have reported similar
results for such highly hydrophobic compounds, particularly
the PCBs (32, 35, 36). The Koc values reported by these
authors are similar to the values found for the irreversible
fraction, as will be discussed below. Similar Koc values may
reflectacommon mechanism, but more work is needed with
both laboratory and field samples in order to generalize about
these important classes of compounds.

Maximum Irreversible Capacities g, ,,. Among the data
listed in Table 2, g, is probably the most difficult quantity
to measure. Experimentally, g, has to be measured at the
end of all experiments since the analysis is destructive. The
difficulties of quantitatively extracting the resistant fraction
from soil have previously been addressed (3, 37, 38). For
Naph, Phen, and Cl,-PCB experiments, dp., values mea-
sured after solvent extraction agree with the expected
concentration values based upon calculated mass balance
[see the above discussion and Kan et al. (5)]. For the Cl-
PCB experiment, part of the extracting solvent was ac-
cidentally spilled during the experiment, the resulting

qir'n’ax measured in the solvent extract was 4.3 ug/g (measured
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FIGURE 1. Plot of adsorption and desorption of Phen from Lula sediment. (a) Plot of the solid versus solution phase concentrations of
exp. P-2, where three adsorption/desorption cycles are conducted. The numbers next to the symbols indicate the adsorption step number.
(b) Plot of the solid versus solution phase concentrations of exp. P-4, where four adsorptions were followed by 49 desorption steps. (c)
Plot of the solution phase Phen concentration versus desorption steps numbers 25—49 following adsorption no. 4 in panel b, above. The
numbers indicate the equilibrium time (days) used for the desorption step. (d) Plot of the desorption partition coefficients (Kp) versus

desorption step no., as in panel c.

by both GC and scintillation counting), which is equivalent
to 73% of that (5.9 ug/g) calculated from the change in
solution-phase mass balance. In the Cl,-Ben experiment,
methylene chloride extraction yielded a solid-phase con-
centration of 44 ug/g (by scintillation counting) and 52 ug/g
(by GC analysis) versus 37 ug/g calculated from the changes
in solution-phase mass balance, which is the largest variation
observed. However, this experiment used both 2C and “C
isomers in the five cycles of adsorption/desorption over 120
individual experiments, which complicates the data analysis.
Several g, values listed in Table 2 are calculated values
based on the corresponding solution phase concentrations
and the data were not confirmed with solvent extraction.

Discussion
Irreversible Adsorption q,, and Kit. The observed
maximum irreversible capacity (q.,) developed in the
laboratory should account for the observations of resistant
fractionsreported in the literature. Ifthisisthe case, literature
reported resistant fractions should be equal to (within

experimental error) or less than the laboratory determined
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maximum values. Values of g, (#9/g) determined in this
study are reported in Table 2 and are plotted in Figure 2
along with numerous contaminant concentrations measured
in field contaminated samples from both this study and
literature. The Utica sediments contained a number of
polycyclic aromatic hydrocarbons (PAHs): 1.0 ug/g naph-
thalene, 1.6 ug/g acenaphthene, 10.1 xg/g acenaphthylene,
5.5 ug/g fluorene, 12.3 ug/g phenanthrene, 8.9 ug/g an-
thracene, 19.4 ug/g fluoranthene, and 23.7 ug/g pyrene. The
Lake Charles sediment contained 4.0 ug/g 1,3-dichloroben-
zene, 18.6 ug/g 1,4-dichlorobenzene, 0.5 ug/g 1,2,4-trichlo-
robenzene, 2.7 ug/g hexachlorobutadiene, and 101.9 ug/g
hexachlorobenzene. As expected, nearly all literature re-
ported resistant fraction concentrations on soil (11, 19-21,
39-42) fall below the laboratory determined g, ., curve in
Figure 2.
irr

To model the g, values, it is proposed that the
irreversible compartmentis a consequence of an interaction
of the hydrocarbon with the organic matter of the sediment,
in some manner. There are two aspects of the interaction,
the amount of compound in the water and the energy per
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laboratory observed maximum capacities (G,

/0C, ug/g) of various chemicals on Lula and Dickinson Bayou sediments. The other symbols

are OC normalized solid-phase concentration (q/OC, u#g/g) in historically contaminated field sediments of various locations.

interaction. Therefore, the following semiempirical model
is proposed to represent the gn.:

max*

irr

Omax (MY/Q) =

a x OC(Cyy

~AG! (/A HSA(A/molecule)
Jexp
RT/N,,

= 0.0440C(CE)exp(0.048HSA) ©)

A 377650C x Koo

where AG,j, represents the free energy of adsorption per
unitarea of molecule (determined by curve fitting), HSA (43)
is the hydrophobic surface area (A%2/molecule) and can be
related to log Kow, R is the gas constant (J mole™* K1), T is
temperature (K), N,y is Avogadro’s number, and CZ?; (wg/mL)
isthe aqueous concentration at saturation and a is a constant.
Using a nonlinear least-squares program (PSI—Plot 3),
AGL} for Naph is found to be —18.3 ki/mol, which is similar
to the free energy of stabilization due to the irreversible
adsorption previously reported by the authors (5). Thisexcess
free energy is also similar in magnitude to the excess free
energy of Naph adsorption to soil (44). Therefore, the
interaction between the chemical and the irreversible
compartment is probably a result of nonspecific van der Waals
type interactions.

Interestingly, the aqueous phase concentrations in equi-
librium with g, for Naph and DDT are similar in magni-
tude even though their aqueous solubilities differ by about
4 orders of magnitude and their Kow values differ by 3 orders
of magnitude. Similarly, Chen (45) observed the solution
phase Cl,-Ben and hexachlorobenzene concentrations at
equilibrium with the Lake Charles sediment to be nearly
identical. It is also surprising to find that compounds as
different as Tol and DDT share a relatively constant K¢
value. The K values for all experiments are relatively
constant with a mean log K¢z of 5.53 and a standard

deviation of 0.48. Thisis consistent with numerous literature
reported field observations that the Koc values of the resistant
phase are nearly constant, or of lesser dependence on Kow
than would be expected (24, 25, 27).

There are several plausible hypotheses for such observa-
tions. For example, if the chemical in the irreversible
compartment forms an organic complex with the organic
colloids in the soil organic matter (46, 47), the physical-
chemical nature of the adsorbate would be masked by the
complex. Desorption of the adsorbate would be predomi-
nantly related to the desorption properties of the organic
complex. Some preliminary testing of this concept with
dialysis experiments has shown that such an organic complex
probably exists, but more research is needed. A second
hypothesis is that the larger chemical molecules are less stable
than the smaller chemical molecules in the irreversible
compartmentdue to, e.g., the proximity of electrostatic forces,
hydrogen bonding, or steric effects in the irreversible
compartment. Consequently, the more hydrophobic com-
pounds, e.g., DDT, are less stable than Tol in the irreversible
compartment, and this reduction in stability (i.e. increase in
activity coefficient) might parallel the corresponding values
in solution and the ratio would be nearly constant. A third
possibility is that the irreversibility is originated from
condensation (filling) into capillaries or ink-bottle pores in
the solid phase. A cylindrical capillary diameter of about
5—50 A can be estimated with the desorption data listed in
Table 2 and the Kelvin equation (16). Each of these
mechanistic explanations has shortcomings and will be
discussed elsewhere when more testing has been completed.

Irreversible Adsorption Isotherm. Three generalizations
can be made from the results. First, for each compound and
sediment combination, there exists a maximum solid-phase
irreversible capacity (qm,) and this maximum can be
predicted with commonly available parameters (eq 3).
Second, K¢ is approximately a constant (1055 mL/g) for
different chemicals and sediment types. Third, the irrevers-
ible compartment can be filled stepwise, depending on the
original contaminant concentration. The irreversible com-
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partment can be filled in one step if the solution-phase
concentration at equilibrium is greater than about one-half
of the aqueous solubility (C33).

Considering the above observations and previous results
published by the authors (2-5), a biphasic model of
adsorption is proposed:

q (ug/g of sediment) = g g/g of sediment) +
/g of sedi ) rev / f sedi )
g"" (ug/g of sediment) (4)

where g (ug/g) represents the total concentration of adsorbed
compound in the solid phase, g™ (ug/g) represents the
concentration of adsorbed compound in the solid phase that
can participate in labile or reversible partitioning, and g
(u9/9) represents the concentration of adsorbate that is
sorbed in the second, or irreversible, compartment. Sorption
to the reversible compartment has been shown to be well
represented by acommonly used linear isotherm, q"V = Koc
x OC x C. Since the g™ portion has a well-delineated
maximum for each compound and sediment combination
(see ref 5 and the discussion related to eq 3, above), a
Langmuirian-type sorption isotherm is derived to represent
this portion of the sorption. Substituting the linear and
Langmuirian portions to eq 4, the overall sorption can be
represented by the following equation:

K& x OC x gt x fC
g f+KEL x OC x C

g=K, x0OCxC+ 5)

where g, is defined in eq 3 and K (mL/g) is analogous
to Kqc in eq 2, but for the irreversible compartment. f(0 <
f < 1) is the fraction of the irreversible compartment that is
filled at the time of exposure and can be assumed equal to
1 when the exposure concentration is greater than about
one-half the aqueous solubility, which is probably the case
in most point source contamination. The functional form
of the second term on the right-hand side of eq 5 can be
rearranged to a more commonly expressed Langmuir iso-
therm {bQ°C/(1 + bC)}, by dividing the numerator and
denominator by gn..f and setting Q = gm,f. When the
aqueous concentration, C (ug/mL), is relatively large, the
second term reduces to a constant, q... Similarly, when C
is relatively small, the second term reduces to K¢ x OC x
C. Ifthe data from the above isotherm are fitted as if it were
a Freundlich isotherm with g = K¢C", the value of n will vary
from about 0.50 to 0.99 [similar to reported values, (48)]. It
will be seen below that eq 5 represents a wide range of
laboratory and field data.

Using the proposed irreversible adsorption isotherm (eq
5), we are able to match nearly all laboratory data using the
values listed in Tables 2. Figure 3 is a plot of seven
compounds adsorption desorption data, which was sum-
marized in Table 2. The data were fitted with the reversible
(dashed lines) and irreversible isotherms (solid and dotted
lines eq 5), where the symbols are the experimental data and
the lines are the predictions. Details of the six Naph
experimental procedures have been discussed in previous
papers (2, 5). These six Naph experiments (Figure 3a) were
done at different initial Naph concentrations, hence the
irreversible compartments were filled to different degrees,
f, as noted in the caption. The solid and dotted lines are
model predictionsatf=1.0,0.5,0.25,0.132,0.084, and 0.031,
respectively; in each case, g, in eq 5 is multiplied by f. Most
of the data fit model predictions, except in the very low
concentration region (<0.01 ug/mL) where actual desorption
appears to be even more resistant than the model predicts.
In Figure 3, panels b and c, two cycles of desorption data for
Tol and Cl,-Ben at different f values are included for
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comparison. Similarly, the datafit the model very well except
for some of the lowest concentration regions. Note that the
effect of irreversible adsorption is more pronounced for lower
Kow compounds (e.g., Tol, Cl,-Ben, Naph, and Phen), where
the differences between reversible and irreversible adsorption
predictions are as much as 3 orders of magnitude (e.g., for
Tol). The effect of irreversible adsorption is less pronounced
for highly hydrophobic compounds (e.g., PCBs, high mo-
lecular weight PAHs, and DDT). McGroddy et al. (11)
observed similar deviation between the low Kow compounds
(Phen and pyrene) and high Kow compounds (2,2',4,5,5'-
Cls-PCB and 2,2',3,4,4',5'-Cls-PCB). They attributed the
observations to specific affinity of PAHs to ubiquitous soots.

The reversible and irreversible sorption models should
bracket most literature data. In Figure 4, the sediment (OC
normalized) and water-phase concentrations of selected
literature data are plotted (f = 1). The symbols are for
different compounds and their location at the reported (q,
C) value. The literature data are those reported for Boston
Harbor (11) and Bayou d’Inde, Lake Charles, LA sediments
(19, 45). The chemicals in Boston Harbor are Phen, pyrene,
Cls- and Clg-PCB. The chemicals in Lake Charles are
predominantly chlorinated benzenes and hexachlorobuta-
diene. The irreversible model predictions (solid lines) are
plotted at log Koc = 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0 with log
Kgc =5.53 inall cases. The shaded area on either side of the
irreversible isotherm represents the laboratory measured
standard deviation (+0.48) of log K¢ (see Table 2). The
irreversible isotherms with log Koc less than 5.53 converge
at the low concentration region of the curves. The corre-
sponding reversible model predictions at different log Koc
values are also plotted (dashed lines) for comparison.

The plateau at q = g, = 1038 £g/g OC corresponds to
Koc=10%and Kow = 1033 (eq 3) and is approximately constant
(Figure 2) for arange of compounds, but if the primary interest
is this region of the isotherm, the value of qp,,,/OC should
be adjusted slightly (eq 3) for each log Kow. For compounds
with log Koc less than 5.53, the differences between the
reversible and irreversible model prediction become more
significant with lower Koc values. For compounds with log
Koc greater than log K, the predicted effect of K on the
netadsorptionis negligible. Many researchers have reported
that compounds with larger Koc values are difficult to study
quantitatively (32) and will be the focus of more research by
the present authors and probably by others.

For every field datum point in Figure 4, the irreversible
isotherm, eq 5, comes closer to predicting the observed
adsorption than the reversible isotherm alone. Both PAHs
and some of the chlorinated compound data lie slightly to
the leftand above the irreversible isotherm region, indicating
that the chemicals in these sediments are more resistant to
desorption than predicted from the laboratory derived
Kgc value. A better empirical fit to the data plotted in Figure
4 and other similar data would be obtained by using K&t =
105-106%, suggesting that the laboratory derived K¢ value
might systematically underestimate the irreversible adsorp-
tion which takes place with natural sediments. Also, this
apparent added resistance to desorption might be a con-
sequence of a kinetic resistance to desorption at these
extremely low concentrations. Such kinetic resistance to
desorption might be a consequence of either the flushing or
flow rate in the field relative to the desorption rate and amount
(see modeling below) or a consequence of the way the
samples were handled. Kinetic desorption would tend to
move the datum to the right and downward toward the
isotherm line with a slope = —rs, Where rq, is the ratio of
mass of solid to volume of water (g of sediment/mL of water).
If field measurements occur to the right of and below the
predicted irreversible isotherm, this might suggest the
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FIGURE 3. Plot of the irreversible adsorption isotherm solid phase versus solution phase concentrations. The symbols are the experimental
desorption data with Lula sediment. The six Naph experiments are differed in the fraction of irreversible compartment filled, with f=
1.0, 0.50, 0.25, 0.132, 0.0837, and 0.0309, respectively (see exp N-4, N-2, N-1, 1d, 18d, and 16d in refs 2 and 7). In Tol and Cl,-DCB plots, two
cycles of adsorption/desorption data were plotted and the corresponding fvalues are given. In the other experiments, the last cycle of
desorption data was plotted at f= 1. The lines are the corresponding prediction with the irreversible and reversible isotherms (eq 5),
where the solid line is for f= 1, dotted line is for 0 < f < 1, and dashed line is for f= 0 (reversible model).

presence of active colloidal partitioning (27, 49, 50). Equation
5 can be modified to include the effect of colloids on
partitioning by dividing both terms on the right-hand side
ofeq 5 by 1 + rewKe, where rey, (9/mL) is the ratio of the mass
of colloid to the volume of water and K; (mL/g) is the
partitioning coefficient for adsorption to the colloid. Either
micelles from a surfactant or dissolved organic matter would
be treated in the same way. The hexachlorobenzene solid-

phase concentration in Lake Charles sediment is unusually
high. It is suspected that a small amount of a separate
hexachlorobenzene phase might exist in the solid; the
presence of a separate contaminant phase in the solid would
in general be indicated by a high value of g. The model
predictions are in reasonable agreement with the PCB data,
even though these compounds are highly hydrophobic with
log Kow values of 6.3 and 6.8. Numerous other field data (24,
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FIGURE 5. Plot of the normalized concentration versus flush-out pore volumes to simulate the cleanup of a contaminated site with water
and assumed reversible and irreversible adsorption isotherms. The simulations are calculated with the 1-D advective-dispersive transport
model of Kool and Parker (54), incorporated with the two adsorption isotherms. The model parameters are shown in the plot. The model
predicts that 22 pore volumes are required to cleanup this site using the reversible model, while over 3300 pore volumes are required
to cleanup when the chemical is adsorbed irreversibly.

27,51, 52) have been compared with the irreversible model that the sediment-phase contaminant concentrations are
with similar agreement as depicted in Figure 4. within acceptable limits for the protection of both aquatic
Implications for Sediment Quality Criteria. The U.S. organisms and human health. The proposed SQC is based

EPA has proposed sediment quality criteria (SQC) to ensure on the equilibrium (reversible) partitioning of the sediment
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with a final chronic water quality criterion value. This
approach has great scientific and economic support. As
discussed above, a SQC based on the reversible partitioning
model has the potential to overestimate the desorption and
the associated risk to the environment. Thisis illustrated in
Figure 4 with the p-dichlorobenzene data reported in Lake
Charles sediment (19). Considering the water quality
criterion (which is assumed to be equal to the drinking water
standard, MCL) for p-dichlorobenzene and a reversible
model, all of the sediment samples (those points marked
with a plus sign inside a square) exceed the sediment quality
criteria (SQC) and would require cleanup. However, the
actual pore water concentration is about 3 orders of
magnitude lower than the MCL and is probably not going to
adversely affect the environment. If the irreversible adsorp-
tion model were adopted, the sediment would not exceed
SQC and could be left alone. That is, the present model
predicts that about one hundred times more dichlorobenzene
could be left on the sediment with no increase in adverse
health or environmental effects. Similar results are predicted
for other compounds with similar or smaller Koc values.

Implication to Contaminant Transport and Remedia-
tion. The proposed irreversible adsorption isotherm model
has significant implications in contaminant fate, transport,
and remediation. This isotherm can be easily incorporated
into fate and transport models using the derivative of the
irreversible isotherm (eq 6):

49 _ . oe 4 Koe X OC(Uma)’ 5
dC = Roc X ( irr f irr 2 ( )
Omaxf T Koc x OC x C)

In Figure 5, the volumes of water required to remediate
a site are simulated by assuming a reversible (dashed line)
and an irreversible isotherm (solid line). The simulations
were done using the one-dimensional advective dispersive
transport code of Kool and Parker (53) with these assump-
tions:

Koc = 10** mL/g; Kge = 10%° mL/g
Omax = 10 Mg/g; OC = 0.0027

velocity = 4 ft/day; peclet number = 20
Cy=15mg/L;f=1

The cleanup objective was 0.001 xg/mL in each case. The
reversible isotherm predicts that the site can be cleaned up
in less than 22 pore volumes, while the irreversible isotherm
predicts that a cleanup volume of over 3300 pore volumes
would be required to bring the concentration down to below
0.001 ug/mL. Apparently, the simple extraction method of
pump and treat cannot economically remediate the resistant
fraction. Some limited data have shown that extraction of
this resistant fraction is also difficult with surfactant and
cosolventflushing (3, 42,54). Inthispaper, it has been shown
that pollutants would not be released from sediments in any
significantconcentration. Ifthese contaminantsinsediments
will not be released biologically, they would be of little
practical concern and could be left in place.
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