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A set of four soils was extensively studied for composition,
sorption/desorption, and biodegradation to investigate
linkages among these three inter-related factors. Composition
of soil organic matter (SOM) was quantitatively characterized
using pyrolysis GC-MS; although CO2 dominated the
total ion chromatogram for all soils, each soil produced a
distinctively different pyrogram and 1.4-4.8% of the soil
carbon was quantified as one of 205 pyrolysis marker
compounds using external standards. Amorphous and free
iron and aluminum contents were determined as potential
indicators of the reactivity of the mineral phase, which
may influence the configuration and accessibility of SOM
domains within soil. We observed a statistically significant
positive correlation between two-site model fast fraction f
values derived from mineralization and desorption rate
studies, which suggests that desorption limits biodegradation.
However, no statistically significant correlation was
observed between two-site model fast and slow rate
constants (kf, ks) for the two processes. No evidently strong
correlations were found between functional parameters
(organic carbon normalized distribution coefficient
KOC, hyeteresis index HI, and two-site model parameters
f, kf, and ks for both desorption and biodegradation
and maximum rate and extent of biodegradation) and
SOM structural descriptors (pyrolysis results). Lack of strong
correlations may suggest (i) that multiple SOM structures
are collectively responsible for desorption resistance or
(ii) that the pyrolysis GC-MS method used in this study was
unable to identify relevant structures. In contrast,
amorphous and free iron and aluminum contents showed
statistically significant correlations with KOC and HI
values, indicating the potential importance of underlying
mineral phases in determining desorption and biodegradation
rates.

Introduction
Many organic contaminants become sequestered as they age
in soil and sediment. Sequestered organic compounds often

resist desorption (1, 2), extraction (3, 4), and biodegradation
(3, 5-8) and may pose lower toxicity (3, 9, 10). Understanding
the reasons for resistance to desorption and biodegradation
is of great importance in predicting the fate and transport
of contaminants as well as in accurately assessing their risks.
Soil and groundwater contamination are often addressed
using bioremediation or natural attenuation and both
methods typically depend on the ability of microorganisms
to rapidly degrade the pollutant.

Contaminant fate is determined by synergistic interactions
among three system features: (1) soil/sediment character-
istics, (2) sorption/desorption processes, and (3) biodegra-
dation. There are numerous studies about the relation
between soil/sediment characteristics and sorption/desorp-
tion processes (11, 12). Rate-limited sorption has been
explained by two major hypotheses: (i) slow diffusion within
the soil organic matter (SOM) matrix or in nanopores within
organic matter or in soil minerals or (ii) sorption to high-
energy sites within molecular size voids (11, 13) or in
molecular size pores (14, 15) or on high surface area
carbonaceous materials (16, 17). SOM is highly heterogeneous
and has regions with different rigidity (18, 19). Rubbery or
expanded regimes provide linear, rapidly reversible parti-
tioning, and glassy or condensed regimes cause nonlinear,
slowly reversible or irreversible sorption. Soot- or charcoal-
like carbonaceous materials (collectively termed black car-
bon) in soils and sediments show strong sorptive capacities
(20-22). Isotherm nonlinearity, hysteresis, and desorption
resistance have been correlated to various organic matter
features including polarity (23), aromaticity (24, 25), alipha-
ticity (26), black carbon or soot content (20), and degree of
diagenesis (27, 28). The effects of mineral-organic matter
complexation on sorption properties have also been studied,
but to a lesser extent (29-31). Although several indicators
have been suggested for correlating sorption behavior with
soil characteristics, none so far seems to work universally for
all types of soils and sediments.

The relationship between desorption and biodegradation
has also been the focus of extensive study (32). Bioavailability
often appears to be limited by desorption resistance,
especially in weathered samples. The limiting effects of the
presence of soil on biodegradation rates and the compara-
bility of desorption and biodegradation rates have been
widely documented. (5, 33-35) Ogram et al. (36) found that
biotransformation of the herbicide 2,4-dichlorophenoxy-
acetic acid in the presence of soil was explained best by a
model that assumed that adhered and suspended bacteria
were able to degrade the compound only in solution, whereas
the sorbed compound was protected from biodegradation.
Scow and Hutson (37) showed that biodegradation of organic
compounds increasingly deviated from first-order kinetics
and were better described by double-exponential decay
curves with increasing sorbent content or diffusion path
length. Alvarez-Cohen et al. (38) found that in the presence
of silicalite the rate of trichloroethylene (TCE) biotransfor-
mation was proportional to the solution-phase TCE con-
centration and was independent of the mass in the sorbed
phase.

However, some evidence indicates certain bacteria may
have an ability to mineralize sorbed compounds. Possible
mechanisms include excretion of metabolites that facilitate
desorption and direct utilization of compounds by micro-
organisms that adhere to the same surface (39). Tang et al.
(40) showed that a mixed culture and a pure isolate obtained
by enrichment on sorbed phenanthrene readily degraded
phenanthrene sorbed to the beads or sediment, and the rate
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of mineralization was faster than the rate of desorption in
sterile systems. Guerin and Boyd (41, 42) tested two bacterial
species for their ability to mineralize naphthalene in soils
and demonstrated that while one species could only min-
eralize naphthalene in aqueous phase, the other was capable
of degrading sorbed naphthalene.

There are few studies relating SOM characteristics to
biodegradation. SOM characteristics can be important,
especially when microorganisms utilize sorbed compounds
either by excretion of enzymes/surfactants or by adhesion
to the surface that enables them to directly contact the sorbed
molecules. White et al. (8) found no evident relationships
between bioavailability and organic matter contents, clay
contents, or aggregate size distributions. Guerin and Boyd
(41, 42) found no obvious correlation between biodegradation
(initial rate, final extent) and organic matter properties
(organic carbon (OC) content, OC normalized distribution
coefficient (KOC), and the aromaticity of humic acid extracted
from the soil). Tang et al. (43) showed that bacteria and
earthworms have different rates and extents of uptake of
aged compounds from soil indicating that desorption is not
the only factor that controls bioavailability.

The purpose of this study is to explore relationships among
soil characteristics, sorption/desorption properties, and the
rate and extent of biodegradation. The goal is to use SOM
characteristics and desorption properties as determinants
to understand variations in the rate and extent of biodeg-
radation between soils. It is challenging to establish such
relationships unambiguously with reasonable sample num-
bers since soil is a complex mixture of heterogeneous organic
and mineral matter supporting a diverse microbial popula-
tion. To provide insight into these processes, sorption/
desorption phase distribution relationships (PDRs) and the
rate and extent of both desorption and mineralization were
measured for four soil samples. Soil organic matter was
characterized using quantitative pyrolysis GC-MS. Amor-
phous and free iron and aluminum contents were also
determined because these were hypothesized to influence
the configuration and accessibility of SOM domains to
sorbates.

Materials and Methods
Soil Properties. All of the experiments used four California
soils. Forbes soil was collected from a conifer and oak forest
in the Tahoe National Forest, Placer County, CA, and Tinker
soil was collected from a mixed coniferous forest in the Tahoe
National Forest, Nevada County, CA. Yolo Surface and Yolo
Vadose soils were collected from an organic farm at the
University of California, Davis. Soil fractions passing through
a 2-mm sieve were stored in sealed bags at 4 °C and were
maintained at field moisture level for mineralization experi-
ments and at room temperature for other experiments. Free
and amorphous aluminum and iron contents were deter-
mined using published procedures (44, 45). The properties
of the soils are summarized in Table 1.

Pyrolysis GC-MS. A detailed description of the quantita-
tive pyrolysis GC-MS method is provided in Watanabe and
Young (unpublished manuscript). A brief description of these
methods follows. Soil samples (5-20 mg) were weighed into
quartz tubes, heated to 650 °C at a rate of 10 °C ms-1, and
held at this temperature for 30 s in He using a pyrolyzer (AS
2000, CDS Analytical, Oxford, PA). The organic matter that
volatilized was analyzed by a GC-MS (HP GCD 5890, Hewlett-
Packard, Palo Alto, CA) following separation in a capillary
column (ZB-5, 30 m × 0.25 mm i.d. and 0.25-µm film
thickness, Phenomenex, Torrance, CA). The He flow was 1
mL/min. The initial temperature of 35 °C was held for 5 min
followed by heating to 280 °C at 10 °C/min which was held
for 20 min. The amount of organic matter that was pyrolyzed
was quantified by subtracting the weights of the pyrolysis
residues from the weights of the samples. The top 50 peaks
in total ion counts from each soil during preliminary pyrolysis
analysis were combined to make a list of compounds for
quantification. From this list, 155 compounds were selected
as external standards on the basis of commercial availability;
standard curves for these compounds were generated for
selected ions by direct injection using the above GC-MS
method. A standard curve for carbon dioxide was generated
by introducing a known volume of carbon dioxide from a
Tedlar bag. Using the standard curves, 205 compounds were
quantified. There are more quantified compounds than
standard curves because response factors for some of the
standards were also applied to quantify other fragments of
similar structures such as series of alkanes, alkenes, and alkyl
substituted benzenes. Each soil sample was analyzed in
triplicate and the results were averaged.

Phase Distribution Relationships. Bottle point phenan-
threne adsorption and desorption PDRs were measured using
40-mL glass centrifuge tubes with Teflon-lined caps. A PDR
describes the distribution of a solute between solvent and
sorbent phases at a particular contact time; if the system
attains equilibrium, the PDR is equivalent to an isotherm
(48, 49). Target masses for each sorbent were Forbes 100 mg,
Tinker 200 mg, Yolo Surface 800 mg, and Yolo Vadose 800
mg. Soil masses were chosen so that 40-95% of the
phenanthrene is sorbed at the selected contact time of 1
week. A 1-week sorption time was used because the majority
of sorption typically occurs in 1 week and PDR parameters
across soils and sediments at a fixed contact time are strongly
correlated with the corresponding isotherm parameters on
the basis of previous rate studies (49, 50). Aqueous phenan-
threne solution was buffered with 0.0018 M NaHCO3, and
0.015 M CaCl2 was used as a background electrolyte, and
0.005 M NaN3 was added to control microbial activity. Ten
different initial concentrations were prepared (2.5-750 µg/
L) in triplicate, and a blank control containing no soil was
prepared at each initial concentration. The samples were
tumbled end-over-end at room temperature (23 ( 1 °C). The
tubes were then centrifuged at 2000 rpm for 20 min, and the
supernatant was decanted and analyzed. After weighing the

TABLE 1. Characteristics of Soils Studied

free
mg/g OC

amorphous
mg/g OC

soil OC % N % C/N sand/silt/clay % pHa
CEC meq/

100 ga

moisture
retention

(0.333 bar) % Fe Al Fe Al soil classification

Forbes 4.30 0.19 22.6 33.5/44.1/22.4 5.6 14.0 40.3a 4464 462 110 287 fine, oxidic, mesic,
ultic palexeralf

Tinker 11.0 0.49 22. 4 78.0/17.2/4.8 4.8 20.8 41.6a 196 140 37.8 93.4 loamyskeltal, mixed,
mesic, typic durumbrept

Yolo Surface 1.20 0.14 8.6 19.9/57.4/22.7 7.0 n.a.c 23.2b 3738 409 152 60.0 fine-silty, mixed nonacid,
thermic, typic xerothent

Yolo Vadose 0.32 0.04 8.0 19.5/56.0/24.5 n.a. n.a. 21.1b 11 675 1406 869 250 Vadose zone soil (1.5 m deep),
agricultural, CA

a Reference 46. b Reference 47. c n.a.: not available.
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tubes to allow the mass of phenanthrene discarded from the
system to be calculated, buffer solution containing no
phenanthrene was added to the tubes and the samples were
tumbled for 1 week at room temperature to determine
desorption PDRs. The tubes were centrifuged and the
supernatant was analyzed. Sorbed phase concentrations were
calculated by difference. Average system losses determined
from blank controls were 5.3% of the initial solute concen-
tration indicating that sorption to tubes and Teflon-lined
caps was negligible.

Phenanthrene concentrations in the supernatant were
analyzed using HPLC (1100 Series, Hewlett-Packard, Palo
Alto, CA) equipped with 5 µm ODS-3 column (100 × 2.0 mm,
Phenomenex, Torrance, CA) with either a diode array detector
at 250 nm or 291 nm or a fluorescence detector with an
excitation wavelength of 250 nm and an emission wavelength
of 364 nm. An isocratic 90/10 acetonitrile/water mixture was
used at a flow rate of 0.2 mL/min with a sample injection
volume of 5 µL.

Desorption Rate Studies. Desorption rates of phenan-
threne from the soils into completely mixed aqueous slurries
were measured. Soils were γ-irradiated with 60Co irradiation
at 355 299 rad/hr for 14.083 h at the Nuclear Reactor
Laboratory, University of Michigan, prior to the experiments
(51). Soils were returned to a moisture content of 0.222 bar
with autoclaved milli Q water containing 0.005 M NaN3 and
were kept at 25 °C for 1 month, then spiked with phenan-
threne in dichloromethane, and mixed with a sterilized
spatula for 5 min and in a tumbler for 25 min, and then the
solvent was allowed to evaporate for 30 min. The same spiking
procedure was used for the mineralization studies (52). Soil
samples were then capped and stored in the dark at 25 °C
for periods from 1 day to 18 months. The term “aging” is
used in the remainder of the article to refer to phenanthrene
contact time with the soils prior to the initiation of desorption
or biodegradation experiments. Solid-phase phenanthrene
concentrations were targeted to be at equilibrium with 250
µg/L aqueous phase concentration from the PDRs: Forbes
160 µg/g, Tinker 400 µg/g, Yolo Surface 48 µg/g, and Yolo
Vadose 24 µg/g. Desorption rates were measured in triplicate.
Spiked soil (0.6 g), water (40 mL), and Tenax TA (60/80) beads
(0.2 g) were continuously mixed in 50-mL Teflon centrifuge
tubes in a tumbler. Tenax beads have been used as a sink
for hydrophobic compounds in previous work (2, 53). At
designated times, the tubes were centrifuged to separate the
Tenax beads, which float at a moderate centrifuge speed,
from the soil suspension. Clean Tenax beads were placed in
the centrifuge tubes and the tubes were returned to the
tumbler. The Tenax beads separated from the suspension
were extracted in 1-butanol, which was analyzed using HPLC.
A phenanthrene isotherm in the Tenax/1-butanol system
was measured prior to the experiment, and the amount of
phenanthrene remaining with the Tenax after extraction was
calculated and added to the amount measured in the
1-butanol extract. Tenax beads lowered the aqueous phase
concentration from 500 µg/L to below 6 µg/L in less than 5
min when the phenanthrene loading to the beads was below
70 µg/g, which was achieved throughout the experiment.

Desorption rate experiments were carried out for up to
18 months, and the final sorbed phase concentrations were
determined by Soxhlet extracting freeze-dried soil samples
at the conclusion of the desorption experiment. The mass of
phenanthrene recovered in blank Soxhlet extractions includ-
ing no soil was 0.03 ((0.03) µg/extraction and counted for
less than 0.7% of the mass extracted from the soil samples.
To confirm that there was no significant residual phenan-
threne on soil samples after 24 h of Soxhlet extraction with
methanol, an additional Soxhlet extraction with hexane/
acetone (50/50) was performed after extended hours (72 h)
of methanol extraction for 1-week-aged Forbes and Tinker

soils following aqueous desorption. Neither extended hours
of methanol extraction nor extraction with hexane/acetone
yielded significant amounts of additional phenanthrene. The
contributions of the additional extractions to the measured
residual concentrations were less than 8% for Forbes soil
and 6% for Tinker soil, which were less than the standard
deviations of the measured residual concentrations.

Desorption rate curves were plotted by adding each Tenax-
extracted increment to the final sorbed concentrations. The
recoveries of phenanthrene computed as the sum of the final
Soxhlet result and all Tenax increments compared to the
initial solid-phase loading determined by Soxhlet extraction
were Forbes 90.0% ((9.9%), Tinker 86.3% ((9.8%), Yolo
Surface 100.5% ((19.6%), and Yolo Vadose 94.3% ((4.3%)
with numbers in parentheses showing standard deviations.

Mineralization Studies. Mineralization studies were
performed in soils with a moisture content of 0.222 bar. Soils
were inoculated with Arthrobacter strain RP17, which can
use phenanthrene as its sole carbon and energy source and
mineralize it to CO2 (51). A mixture of 14C labeled (Sigma
Chemical Co., St Louis MO, >98% purity, specific activity of
59 mCi/mmol) and nonisotopically labeled phenanthrene
was added to 20 g dry weight soil in 100 µL of dichloromethane
at 50 ng/g. Phenanthrene was mixed into the soil with a
spatula by hand for 2 min. After the designated aging time,
RP17 was added to the soil at 1.2 × 108 cfu/g and the soil was
incubated at 28 °C in an airtight pint mason jar with a trap
containing 1 mL of 0.5 N NaOH. Three replicate samples
were prepared for each soil. The base was periodically
sampled, and its radioactivity was measured in a liquid
scintillation counter (Beckman Instruments, Inc., Fullerton,
CA). The mason jar was opened during sampling to ensure
sufficient oxygen remained available over the course of the
incubation. Details about the method and about the RP17
inoculum are further described in Schwartz and Scow (54)
and in Schwartz et al. (52).

Results and Discussion
Pyrolysis GC-MS. A detailed analysis of the quantitative
pyrolysis GC-MS results is contained in Watanabe and Young
(unpublished manuscript). Pyrolysis recoveries are sum-
marized as OM, OC, and N recoveries (Table 2). OM recovery
is calculated as the mass fraction pyrolyzed with respect to
the OM content of each soil. OC recovery is determined by
comparing the carbon mass of all quantified pyrolysis
fragments to the mass of OC contained in the soil pyrolyzed.
Similarly, the N recovery is calculated by comparing the mass
of N contained in all quantified pyrolysis fragments to the
N content of the soil pyrolyzed. Forbes and Tinker soils, which
have higher OM contents, showed lower OM recoveries. This
may be caused by char-forming reactions that compete with
the pyrolysis process. OC was recovered predominantly as
CO2; OC recovery without CO2 ranged from 1.4% (Yolo

TABLE 2. Pyrolysis Recoveries

OM recovery
%a

OC recovery
%b

OC recovery
without CO2

%c
N recovery

%d

Forbes 83.3 (2.6)e 90.9 (0.9) 3.7 (0.6) 17.7 (3.3)
Tinker 46.9 (9.3) 69.4 (4.8) 4.8 (0.2) 10.9 (1.7)
Yolo Surface 98.7 (5.2) 65.4 (20.1) 3.1 (1.1) 8.7 (2.7)
Yolo Vadose 138.1 (10.4) 75.2 (7.1) 1.4 (0.3) 3.2 (0.3)

a OM recovery ) soil mass pyrolyzed (µg) × 100%/{soil OM content
(%) × 0.01 × mass of the soil sample (µg)}. b OC recovery ) [Σ (moles
of quantified compund × number of carbon in the compound)] ×
12 × 106 (µg/mole) × 100%/{soil OC content (%)/soil OM content (%)
× soil mass pyrolyzed (µg)}. c OC recovery without CO2 ) OC recovery
(b) - OC recovery as CO2. d N recovery ) [Σ (moles of quantified
compund × number of nitrogen in the compound)] × 14 × 106 (µg/
mole) × 100%/{soil N content (%)/soil OM content (%) × soil mass
pyrolyzed (µg)}. e () shows standard deviation.
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Vadose) to 4.8% (Tinker). N recovery was also low, between
3.2% (Yolo Vadose) and 17.7% (Forbes). Possible reasons for
N and C recoveries below 100% include volatilization of
pyrolysis products or formation of polar or high molecular
weight pyrolysis products that are not suitable for GC-MS
analysis. The recoveries were also incomplete because there
were hundreds more pyrolysis fragments that were not
quantified. For nitrogen, unquantified compounds include
nitrogen gas, ammonia, and oxides of nitrogen. No observable
ammonia peak was present in the pyrograms, possibly
because it was not adequately resolved from the large water
peak.

Although CO2 was easily the largest peak in the total ion
chromatogram for all soils, each soil produced a distinctively
different pyrogram (Figure S1 and Table S2 in Supporting
Information), which presumably reflects differences in
original SOM structures. To facilitate subsequent correlation
analysis, carbon fractions of the 205 quantified compounds
were summed over the 14 structural groups shown in Figure
1. Forbes produced the greatest fraction of benzene, con-
densed aromatics, and N-containing heterocyclics. Tinker
produced more O-containing groups than any other soil such
as O-containing heterocyclics, phenols, furans, aldehydes/
ketones, and acids. The nitriles/amines group was dominant
in Forbes, Yolo Surface, and Yolo Vadose. Although the total
carbon fraction quantified for Yolo Vadose was half of that
of Yolo Surface over the 14 groups, their composition was
similar. Yolo Vadose produced more alkenes and benzene
and fewer alkanes, O-containing heterocyclics, and furans
than Yolo Surface. This agrees with the SOM changes expected
to occur in a depth profile (55).

Principal component analysis of the pyrolysis data was
performed to analyze the relationships among the 14

structural groups and among the soil samples (Figure 2).
Each axis is a weighted composite of the 14 structural groups,
and the arrows show where a particular structural group
falls in the space defined by the first two principal compo-
nents. Component one, which accounts for 57.8% of the
variation in the data set, is the overlap of hydrocarbons
(alkanes, alkenes, and alkyl substituted benzenes) and

FIGURE 1. Pyrolysis results. Carbon fractions of 205 quantified compounds summed over 14 structural groups. Representative compounds
in each group include alkanes: n-octane to n-tritriacontane, alkenes: 1-hexene to 1-octacosene, alkyne: 2,4-hexadiyne; benzene: benzene;
alkyl-substituted benzenes: toluene to phenylicosan, styrene, 1,2,4-trimethylbenzene; condensed aromatics: naphthalene, phenanthrene,
pyrene, chrysene, indene, methylindene; O-containing heterocyclics: 1,6-anhydro-beta-D-glucopyranose, 2-furaldehyde; N-containing
heterocyclics: pyrrole, N-methylpyrrole, pyridine, 3-picoline, isoquinoline, 2-methylbenzoxazole; nitriles/amines: acetonitrile, aniline,
benzonitrile, m-tolunitrile, phenylacetonitrile; phenols: phenol, 4-methylphenol, 2-methoxyphenol, 2-methoxy-4-methylphenol,
2,6-dimethoxyphenol; furans: 2-methylfuran, 5-methylfurfural, benzofuran, dibenzofuran; aldehydes/ketones: acetaldehyde, acetone,
2-methyl-2-cyclopenten-1-one, isovanillin, acetovanillone; alcohols: allyl alcohol, benzyl alcohol; acids: acetic acid, tetradecanoic acid.
No detectable alkynes were observed.

FIGURE 2. Principal component analysis of the pyrolysis results
summed over 14 structural groups.
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O-containing groups (O-containing heterocyclics, phenols,
furans, aldehydes/ketones, alcohols, and acids). Component
two, which accounts for 22.5% of the variation, is mainly
carbon dioxide, benzene, condensed aromatics nitriles/
amines, and N-containing heterocyclics. Component one is
mainly of lignin and carbohydrate origin and component
two is mainly of carbohydrate and protein origin although
the origin of carbon dioxide is unknown. The first component
effectively differentiates the Tinker soil from the rest while
the second component differentiates the Forbes soil. Overall,
Forbes and Tinker soils are distinctly different, while Yolo
Surface and Yolo Vadose are different but closer to each other
in composition as expected.

Phase Distribution Relationships. Phenanthrene sorp-
tion and desorption data for each soil were fit using the
Freundlich model (qe)KFCe

n) where qe is the phenanthrene
concentration in soil (µg/g), Ce is the aqueous phase
concentration (µg/L), KF is the Freundlich unit capacity factor
(µg/kg)(µg/L)-n, and n is the Freundlich exponent (Table 3).
Both sorption and desorption PDRs for all four soils were
nonlinear (n < 1 with 95% confidence interval; p < 0.05).

Yolo Vadose had the greatest OC normalized distribution
coefficients for sorption after 1 week (KOC at Ce) 100 µg/L,
see footnote to Table 3) followed by Tinker, Yolo Surface,
and Forbes. For desorption, the KOC values were in the order
of Yolo Vadose > Forbes > Tinker > Yolo Surface. Literature
values of KOC for phenanthrene at Ce ) 100 µg/L have been
reported as 11.8-21.8 L/g for soils (19, 27), 9.1-17.5 L/g for
humic acids (19, 31), 303-321 L/g for shale (19), and 411-
599 L/g for kerogen (19).

The Hysteresis Index (HI, defined in the footnote to Table
3) provides a quantitative measure of the difference between
adsorption and desorption PDRs (56). Literature values of HI
for phenanthrene at Ce ) 100 µg/L have been reported as
0.12-0.66 for soils and sediments (57), 0.153 and 0.183 for
humic acids (57), 0.295-0.479 for coals (57), 0.484 for kerogen
(57), 0.633-2.470 for synthetic polymers (58), and 0.11-0.30
for soil treated with subcritical water extraction (27). HI values
for the soils tested in this study ranged from 0.080 (Tinker)
to 0.75 (Yolo Vadose). HI values near zero (Tinker, Yolo
Surface) suggest that the sorption process had reached
equilibrium within the 1-week contact time for these

TABLE 3. Sorption and Desorption PDR Parameters

soil process Log KF
a na R2 Nb aqueous concn range (µg/L) KOC

c (L/g) HId)

Forbes sorption 0.045 (0.019) 0.86 (0.012) 0.99 5 30 0.54-329 13.4 0.69
desorption 0.25 (0.019) 0.87 (0.015) 0.99 2 30 0.26-135 22.7

Tinker sorption 0.58 (0.027) 0.86 (0.023) 0.98 5 23 0.44-85.6 18.1 0.080
desorption 0.68 (0.020) 0.83 (0.019) 0.98 9 23 0.31-65.7 19.6

Yolo Surface sorption -0.26 (0.0093) 0.78 (0.0071) 0.99 8 24 0.45-147 16.7 0.082
desorption -0.092 (0.0096) 0.71 (0.0080) 0.99 7 24 0.24-91.2 18.1

Yolo Vadose sorption -0.58 (0.021) 0.72 (0.013) 0.99 3 24 1.52-331 22.8 0.75
desorption -0.44 (0.025) 0.77 (0.020) 0.98 6 24 0.98-93.7 39.8

a () shows standard deviation. b N: number of data points. c Organic carbon normalized distribution coefficients KOC ) 100‚KD/OC% ) KFCe
(n-1)

at Ce ) 100 (µg/L). d Hysteresis index HI ) (qe(desorption) - qe(sorption))/qe(sorption) at Ce ) 100 (µg/L).

FIGURE 3. Desorption curves and the fit to the two-site model. Aging times: [, 1 h; b, 1 day; 2, 1 week; +, 1 month; ×, 18 months. Initial
phenanthrene loading targets were Forbes 160 µg/g, Tinker 400 µg/g, Yolo Surface 48 µg/g, Yolo Vadose 24 µg/g. Error bars represent
one standard deviation.
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materials. HI values were largest for Forbes and Yolo Vadose,
in that sorption did not attain equilibrium during the allotted
contact time.

Desorption Rate Studies. Desorption rates for the four
soils following different phenanthrene aging periods are
shown in Figure 3. Each set of data was fit to the two-site
model (F ) f exp(-kft) + (1 - f) exp(-kst)) where F is the
fraction of phenanthrene remaining sorbed to the soil at
time t, f is the fraction of sorbate exhibiting fast release rates,
kf is the rate constant for the fast fraction (h-1), and ks is the
rate constant for the slow fraction (h-1). The fit to the two-
site model was relatively good with a minimum correlation
coefficient of 0.969. The two-site model parameters and the
final sorbed phase concentrations are summarized in Table
4 and the changes in the parameters with aging time are
shown in Figure 4. The lines in Figure 4 are the fit of two-site
model parameters to the power function or the logarithmic
function as a function of the aging time.

Phenanthrene concentrations remaining in the soil after
approximately 1 year of desorption were not significantly
different between different aging periods for Tinker, Yolo
Surface, and Yolo Vadose. The average residual phenanthrene
concentrations for the 1 h, 1 d, 1 week, and 1 month aging
times were 5.4 µg/g, 1.9 µg/g, and 1.6 µg/g for Tinker, Yolo
Surface and Yolo Vadose, respectively. Forbes soil showed
an increase in the final concentration from 2.9 µg/g after 1
h of aging time to 4.8 µg/g after 1 month of aging time (p <
0.1). Kan et al. (59, 60) and Chen et al. (61) observed that
sediments reached a “maximum irreversible capacity” after
a series of uptake and release cycles. The capacity was
reported as 10-12 µg/g (59), 0.34-134 µg/g (60), and 0.45-
271 µg/g (61) depending on geosorbents and contaminants.

Literature values of f for hydrophobic organic compounds
desorption from soils and sediments have been reported as
0.1-0.93 (2, 62-64), for kf as 0.001-0.5 (h-1) (2, 63, 64), and
for ks as 3.6 × 10-5-7.8 × 10-3 (h-1) (2, 62-65). These
parameters are functions of types of geosorbent, aging time,
and contaminant loading (64) and are subject to experimental
duration especially for ks (66). The parameters derived in
this study were 0.35-0.86 (f), 0.96-5.0 h-1 (kf), and 1.4 ×
10-3-8.7 × 10-2 h-1 (ks). All of the kf values and some of the
ks values from this study are greater than previously reported
values. This may be caused by the spiking procedure. Aging
times and contaminant loadings were comparable. In this
study, phenanthrene was spiked as dichloromethane solution
while in cited studies, contaminants were equilibrated with

aqueous solutions either in the laboratory or in the field. Lu
and Pignatello (67) suggested that DCM treatment (condi-
tioning) causes structural changes in the SOM matrix, which
can induce changes in sorption.

TABLE 4. Desorption Rate Two-Site Model Parameters

soil aging time f kf (h-1) ks (h-1)
correlation
coefficient N a final concn (µg/g)b final timec (hours)

Forbes 1 h 0.671 1.7 6.8E-3 0.983 124 2.9 (0.47) 9897
1 d 0.588 1.1 6.1E-3 0.988 124 3.9 (1.25) 9959
1 week 0.519 1.4 4.9E-3 0.983 120 4.1 (0.28) 9891
1 month 0.455 0.96 3.6E-3 0.984 111 4.3 (0.90) 9941
18 months 0.345 1.0 1.4E-3 0.981 48 29.7 (1.06) 678

Tinker 1 h 0.534 3.3 3.3E-2 0.984 118 4.5 (0.27) 9213
1 d 0.552 1.8 1.4E-2 0.985 118 3.2 (0.71) 9266
1 week 0.502 2.0 1.1E-2 0.980 114 7.6 (3.68) 9249
1 month 0.480 5.0 7.7E-3 0.975 111 6.1 (1.76) 9407
18 months 0.441 2.3 2.1E-3 0.976 48 46.8 (8.22) 671

Yolo Surface 1 h 0.802 4.5 1.1E-2 0.995 54 1.9 (1.29) 9243
1 d 0.711 2.9 8.3E-3 0.989 60 2.0 (0.69) 9272
1 week 0.633 2.5 6.3E-3 0.969 60 1.4 (0.48) 9214
1 month 0.642 2.2 9.7E-3 0.992 57 2.2 (1.11) 9575

Yolo Vadose 1 h 0.857 4.6 3.0E-3 0.978 57 2.1 (1.18) 9049
1 d 0.488 4.0 8.7E-2 0.991 57 1.0 (0.62) 9054
1 week 0.572 2.3 1.7E-2 0.992 57 2.1 (1.68) 9009
1 month 0.542 2.2 1.0E-2 0.991 60 1.2 (0.72) 9316

a N: number of data points. b () shows standard deviation. c Time when soil samples were freeze-dried.

FIGURE 4. Two-site model parameters from the desorption rate
experiment (a) fast fraction, (b) fast fraction rate constant, and (c)
slow fraction rate constant. The lines are fit as a function of aging
time. (a) Power function, (b) power function, (c) logarithmic function
except for Tinker soil (power function).
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Mineralization Studies. Phenanthrene degraded slowest
in Tinker soil for all aging times followed by Forbes soil (Figure
5). Yolo Surface and Yolo Vadose had similar degradation
rates for the aging times of 24 h and 168 h; however, for the
600 h aging time, phenanthrene in Yolo Vadose degraded
more slowly than in Yolo Surface. Increasing aging time from
24 h to 600 h decreased the amount of phenanthrene
degraded and the maximum degradation rate. After 121.5 h
of biodegradation, samples with 600 h of aging time degraded

28, 50, 59, and 41% less than the samples with 24 h of aging
time for Forbes, Tinker, Yolo Surface, and Yolo Vadose,
respectively. Similarly, the maximum degradation rate
dropped by 26, 35, 47, and 38% from 24 h to 600 h of aging
time for Forbes, Tinker, Yolo Surface, and Yolo Vadose,
respectively. The fraction of phenanthrene remaining on the
soil at each point during the mineralization studies was fitted
to the two-site model (Figure 6, Table 5) with the assumption
that two-thirds of the phenanthrene evolved as CO2 and one-

FIGURE 5. Cumulative mineralization of the four soils. [, 24 h; 0, 168 h; b, 600 h of aging. Error bars represent one standard deviation.

FIGURE 6. Bioadegradation curves and the fit to the two-site model. [, 24 h; 0, 168 h; b, 600 h of aging. Assumes that assimilation was
50% of mineralization.

TABLE 5. Bioavailability Two-Site Model Parameters

soil aging time f kf (h-1) ks (h-1) R 2 N a

Forbes 24 h 0.078 4.3E-02 3.3E-04 0.9998 6
168 h 0.038 4.6E-02 1.5E-04 0.9996 6
600 h 0.023 6.1E-02 7.8E-05 0.9978 6

Tinker 24 h 0.033 6.8E-02 1.7E-04 0.9995 6
168 h 0.018 5.8E-02 7.3E-05 0.9990 6
600 h 0.015 4.9E-02 9.5E-05 0.9986 6

Yolo Surface 24 h 0.25 5.3E-02 1.5E-03 0.9998 6
168 h 0.13 5.6E-02 9.3E-04 0.9997 6
600 h 0.11 4.9E-02 5.4E-04 0.9995 6

Yolo Vadose 24 h 0.21 4.5E-02 8.4E-04 0.9998 6
168 h 0.13 8.5E-02 7.3E-04 0.9996 6
600 h 0.081 6.3E-02 7.4E-04 0.9996 6

a N: number of data points.
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third was assimilated into biomass (39). In biodegradation,
the effect of increasing aging times appeared predominantly
in the fast fraction f and the slow rate constant ks.

Relation between Biodegradation and Desorption Rate.
Abiotic sorption and desorption regulate the availability of
contaminants to microorganisms in soil. Although there is
evidence of microbiologically facilitated desorption (8, 41,
68), the majority of the sorbed portion of compounds does
not appear to be degraded until the compound enters the
solution phase. If desorption limits biodegradation rate, the
following observations are expected.

(1) The fast fraction f derived from the mineralization
studies should be related to that of the desorption studies.
The fraction that is readily available for desorption should
be readily available for bacteria to utilize as well.

(2) The slow rate constant ks of the desorption studies is
related to that of the mineralization studies. Biodegradation
is expected to be limited by the rate of desorption primarily
during the second slower stage of release.

The f values of desorption and biodegradation data show
a linear relation (p < 0.01) across different soils and different
aging periods (Figure 7 a) as hypothesized despite the fact
that the two experiments were conducted in physical systems
with different characteristics. The larger degree of mixing in
the desorption experiments is expected to produce a larger
fast fraction estimate than the less intensive mixing of the
mineralization experiments; this may account for the large
x-intercept in Figure 7a. Spatial heterogeneity of phenan-
threne degrading bacteria in the experimental system may
also contribute to limited mineralization. There was no
significant relationship between the kf values for desorption
and the mineralization (Figure 7b). The kf values for de-
sorption were 2 orders of magnitude greater than those for
biodegradation likely because of the more efficient mass
transfer in the well-mixed desorption experiments. There
also was no apparent correlation between the ks values of
desorption and biodegradation (Figure 7c).

The ks values for desorption were 1 to 2 orders of
magnitude greater than those for biodegradation for reasons
outlined above. The ks values for mineralization may be
especially subject to error because of the short duration of
the study (66).

The linear relationship between the f values for desorption
and biodegradation supports the hypothesis that desorption
limits biodegradation. However, the fast and slow rate
constants for desorption and biodegradation did not show
any significant relations. This inconsistency probably results
from the differences in physical systems, and the experi-
mental designs, which were necessitated by practical ex-
perimental considerations.

Structure/Function Relation. To test the hypothesis that
there are SOM structures that cause desorption resistance,
correlations were analyzed between soil characteristics and
sorption/desorption and biodegradation parameters. Struc-
tural parameters employed in this analysis include the
pyrolysis groups shown in Figure 1 and the principal
components shown in Figure 2. In addition, free and
amorphous iron and aluminum contents were included in
the correlation analysis to test the hypothesis that the
interactions between SOM and reactive iron/aluminum play
a role in providing rigid and more resistant sorption sites.
Functional parameters considered include KOC and HI
(sorption and desorption), maximum rate and extent of
biodegradation, and two-site rate parameters f, kf, ks (de-
sorption and biodegradation).

No statistically significant positive correlations were
observed between the structural descriptors selected and
the PDR derived functional parameters (KOC and HI). Our
experiments were thus not able to identify pyrolysis markers
for SOM structures to which phenanthrene sorbs preferen-
tially. The KOC values negatively correlated with N-containing
heterocyclics (p < 0.05). There have been limited attempts
to relate KOC values to pyrolysis structural information.
Peuravuori (69) grouped the pyrolysis results of aquatic humic
substances into likely precursors and observed that KOC values
of pyrene were negatively correlated with aliphatics and were
positively correlated with nitrogen-containing polypeptides
and proteins, the sum of phenol and methoxyphenols and
other aromatics. Schultz et al. (70, 71) found that KOC values
were positively correlated with hydrocarbon fragments and
were negatively correlated with oxygen- and nitrogen-

FIGURE 7. Relationships between the desorption rate experiment
and the biodegradation experiment, (a) fast fraction, (b) rate constant
of fast fraction, (c) rate constant of slow fraction. The desorption
parameters in these figures are calculated from the fit in Figure 4,
not the numbers derived in Figure 3, to allow comparison of the
desorption and biodegradation rate parameters at the same aging
times (24, 168, 600 h). The numbers next to data points indicate
aging times.
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containing fragments. It is difficult to compare these literature
results directly to this study because pyrolysis results were
quantified and presented differently. However, the incon-
sistency of correlations may suggest that these are not
universally applicable descriptors of KOC values. There have
been numerous studies relating KOC values to macroscopic
SOM structures characterized by 13C NMR. Various research-
ers proposed SOM descriptors including aromaticity (24, 72,
73), polarity (23), and both aromaticity and aliphaticity (26).
Gunasekara et al. (74) concluded that no single macroscopic
sorbent characteristic (e.g., aromaticity or aliphaticity) could
account for KOC variations. Similarly, simple characterization
by pyrolysis may not be able to explain KOC variations caused
by the diversity of SOM. In addition, the finding may arise
that pyrolysis GC-MS may not be the right tool to characterize
the responsible SOM structures because only a small fraction
of the SOM (e.g., hard carbon or black carbon) is responsible
for high-capacity sorption and sequestration phenomena,
and the characteristics of this pool are masked by the larger
portion of OC with less diverse sorption behaviors.

There were statistically significant correlations between
the KOC values of desorption and the OC normalized
concentrations of free iron (p < 0.10), free aluminum (p <
0.05), amorphous iron (p < 0.05), and between HI values and
the OC normalized amorphous aluminum concentration (p
< 0.05). There have been some investigations on the effect
of underlying minerals on KOC values. Murphy et al. (29)
reported that the same humic substance on different minerals
showed different KOC values toward hydrophobic organic
solutes. Onken and Traina (30) also formed humic acid-
mineral complexes and showed that the KOC values varied
with organic matter content of the complex as well as with
the identity of underlying minerals. Wang and Xing (31) also
observed different KOC values for the same humic acid on
different clays. They also showed an increase in linearity

with an increase of humic acid loading and suggested
development of condensed structure as a result of close
contacts between humic acid and mineral surface. Correla-
tions in this study may support the hypothesis that reactive
minerals influence the configuration and accessibility of SOM
domains within soil, however, it is unclear why the KOC values
correlated with free iron, aluminum, and amorphous iron
while the HI values only correlated with amorphous alu-
minum. Further investigations are necessary to study the
interactions between minerals and soil organic matter and
how/whether this interaction affects desorption resistance.

Statistically significant correlations (p < 0.10) are sum-
marized in Tables 6 and 7 between pyrolysis groups and
two-site model parameters of desorption and biodegradation,
including maximum rate and extent of biodegradation. There
was no consistent correlation between desorption and
biodegradation parameters and free/amorphous iron and
aluminum concentrations. The f values of desorption and
biodegradation at shorter aging times showed negative
correlations with aliphatic and O-containing pyrolysis mark-
ers. These pyrolysis marker groups may contribute to make
the slow fraction more significant but only at shorter aging
times. The kf values of desorption showed negative correla-
tions with benzene and condensed aromatics. The kf values
of biodegradation showed positive correlations with O-
containing groups. Marker peaks that showed statistically
significant correlations with the kf values are different for
desorption and biodegradation. The ks values of desorption
showed negative correlations with N-containing heterocy-
clics. The ks values of bioavailability showed negative
correlations with alkenes, alkyl substituted benzenes, and
condensed aromatics. Maximum rate and extent of biodeg-
radation negatively correlated with aliphatic groups, alkyl
substituted benzenes, and furans. In general, correlations
point to aliphatic (alkanes, alkenes, and alkyl-substituted

TABLE 6. Correlations between Desorption Parameters and Pyrolysis Groupsa,b

parameters/aging time

f kf ks

pyrolysis groups 1 h 1 d 1 week 1 month 1 h 1 d 1 week 1 month 1 h 1 d 1 week 1 month

alkanes --
alkenes - -- -
benzene - -- --
condensed aromatics --- -
O-containing heterocyclics -
N-containing heterocyclics --- - -
furans --
aldehydes/ketones --
alcohols -

a Positive correlations: +++, p < 0.01; ++, p < 0.05; +, p < 0.10. b Negative correlations: ---, p < 0.01; --, p < 0.05; -, p < 0.10.

TABLE 7. Correlations between Biodegradation Parameters and Pyrolysis Groupsa,b

parameters/aging time (h)

f kf ks max rate extent

pyrolysis groups 24 168 600 24 168 600 24 168 600 24 168 600 24 168 600

alkanes -
alkenes -- - -- -- -- - - -- - - --
alkyl-substituted benzenes - -- - - --
condensed aromatics -
O-containing heterocyclics +
N-containing heterocyclics --
phenols ++
furans - - - - -- -
alcohols +
acids +++

a Positive correlations: +++, p < 0.01; ++, p < 0.05; +, p < 0.10. b Negative correlations: ---, p < 0.01; --, p < 0.05; -, p < 0.10.
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benzenes), lignin, and carbohydrate (O-containing hetero-
cyclics, furans, aldehydes/ketones, alcohols, phenols, and
acids) as possible descriptors with a significant limitation
that it may only be valid at a shorter aging time (75).

Overall, correlations between functional (desorption/
biodegradation) and structural (pyrolysis) descriptors were
not strong. Possible reasons include the small range of natural
organic matter types and number of soils in this study, the
complexity of soil, and the limitations of pyrolysis GC-MS in
characterizing the relevant structures. It may, for instance,
fail to identify certain types of SOM such as charlike carbons.
The high yield of OC as CO2 and the possibility of side
reactions in a pyrolysis chamber add uncertainty in the
results.

Soil is a complex material with highly heterogeneous
organic matter and minerals. Unlike synthetic or more
homogeneous SOM precursor polymers, it is difficult to
isolate structures that cause desorption resistance. A lack of
strong correlations may suggest that multiple SOM structures
engage collectively in creating desorption resistance, espe-
cially at longer aging times. Previous efforts to establish such
correlations have included more diverse materials (e.g., shale
(71), coal, kerogen, black carbon), and correlations may have
been driven by such “end member” sorbents. SOM char-
acteristics identified as influential may be one of many
structures and the one that is identified may depend on the
sorbent set studied.

One important result of this study, which includes
extensive investigation of composition, sorption/desorption,
and biodegradation for a limited number of soils, is to
reemphasize the dependence of the factors that appear to
control desorption and bioavailability limitations on the
particular sample set studied. Various researchers have
proposed diverse SOM descriptors on the basis of their own
sets of soils and sediments; none of these descriptors are
universally applicable, however, and several did not work
for our sample set. Future sequestration research needs to
include a wider range of soil samples and to more explicitly
consider mineral/SOM interactions.
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