
Prediction and Experimental Evaluation of Soil Sorption by Natural
Hormones and Hormone Mimics
Marcella L. Card,† Yu-Ping Chin,*,‡ Linda S. Lee,§ and Bushra Khan§

†Environmental Science Graduate Program and ‡School of Earth Sciences, The Ohio State University, 125 South Oval Mall,
Columbus, Ohio 43210, United States
§Department of Agronomy, Purdue University, 915 West State St., West Lafayette, Indiana 47907, United States

*S Supporting Information

ABSTRACT: Surface runoff from manure-fertilized fields is a significant source of endocrine-disrupting compounds (EDCs) in
the environment. Sorption by soils may play a major role in the environmental fate of manure-borne EDCs, including 17α- and
17β-estradiol (17α-E2 and 17β-E2), estrone (E1), melengestrol acetate (MGA), 17α- and 17β-trenbolone (17α-TB and
17β-TB), trendione (TND), and zeranol (α-ZAL). As a measure of sorption behavior, the organic carbon-normalized partition
coefficients (KOC) of 17β-E2, E1, MGA, and α-ZAL were experimentally determined for three agricultural soils with initial EDC
concentrations spanning from ∼0.01 to >1 μM. Sorption isotherms were linear for most solute−soil combinations. Measured
KOC values were compared to those predicted using a suite of single-parameter and polyparameter linear free energy relationships
(sp- and pp-LFERs). Sp-LFER models were based on experimentally determined octanol−water partition coefficients (KOW),
whereas pp-LFER solute descriptors were calculated indirectly from experimentally determined solvent−water partition
coefficients or the program ABSOLV. Log KOC predictions by sp-LFERs were closest to the experimentally determined values,
whereas pp-LFER predictions varied considerably due to uncertainties in both solute and sorbent descriptors determined by
ABSOLV or estimates using the partition coefficient approach.
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■ INTRODUCTION
Endocrine-disrupting compounds (EDCs), which interfere with
endocrine signaling, have been identified as emerging environ-
mental contaminants of concern.1 EDCs may have deleterious
effects such as carcinogenicity in mammary and prostate tissues2−4

or male fish feminization, which may affect fecundity in wild fish
populations.5 Livestock waste is a significant source of EDCs in
the environment, with entry through spillover from waste lagoons
and surface runoff or subsurface infiltration from manure-fertilized
fields.6 Livestock waste contains naturally occurring hormones
and, in the case of animals treated with such compounds, synthetic
hormone mimics.
It is estimated that approximately two-thirds of the cattle slaugh-

tered in the United States are treated with hormonally active growth
promoters,7 which are administered to accelerate livestock weight
gain and improve the conversion of feed to muscle mass, with
treated animals receiving one to three implants during their
lifetimes.8 Six hormonally active growth promoters are approved for
use in the United States. These include three synthetic hormones
zeranol (α-zearalanol, α-ZAL), melengestrol acetate (MGA), and
17β-trenbolone acetate (17β-TBA), which mimic the naturally oc-
curring hormones 17β-estradiol (17β-E2), progesterone, and testos-
terone, respectively. 17β-TBA and 17β-E2 benzoate (the benzoate
form is often used to administer 17β-E2) are converted in vivo to
17β-trenbolone (17β-TB) and 17β-E2, respectively. The natural
hormones, along with their major metabolites, for example, estrone
(E1) and 17α-estradiol (17α-E2) from 17β-E2, are produced and
excreted by all mammals. Synthetic hormones and their major
metabolites, for example, trendione (TND) and 17α-trenbolone
(17α-TB) from 17β-TB (Figure 1), are excreted only by animals to

which the growth promoters were administered. Natural and syn-
thetic hormones and their major metabolites are routinely detected
in livestock wastes (see, e.g., refs 9−13), manure-fertilized crop
fields (see, e.g., refs 12 and 14), and agriculturally affected surface
waters (see, e.g., refs 15−19). Furthermore, those compounds that
are not altered by livestock are converted by microbial processes in
soils to their oxidized derivatives (i.e., zeranol to zeralanone and
estradiol to estrone).
Sorption to soil is one primary process in which EDC

mobility and bioavailability may be attenuated before reaching
receiving waters. Whereas recent studies have addressed the
sorption of some EDCs found in livestock wastes (see, e.g., refs
20 and 21), there have been few studies focused on the sorp-
tion behavior of MGA22 and α-ZAL.23 Furthermore, although
17β-E2 and E1 sorption has been extensively studied (see, e.g.,
refs 24−30), results have been variable, with some investigators
reporting linear partitioning and others observing nonlinear
adsorption. Linear sorption can be described by a solute-specific
organic carbon partition coefficient (KOC), which is calculated by
normalizing the soil−water partition coefficient to soil organic con-
tent. Numerous efforts have been made to predict KOC values using
single parameter or polyparameter linear free energy relation-
ships (sp-LFERs and pp-LFERs, respectively). In these relationships,
solute properties and behavior are described by one or more
descriptors.31 Sp-LFERs describe relationships between KOC and a
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single solute property, such as the octanol−water partition coef-
ficient (KOW)

32 or aqueous solubility (liquid or subcooled liquid).33

Sp-LFERs that relate KOC to KOW generally take the form

= +K a K blog logOC OW (1)

Pp-LFERs, which use multiple regressions to relate solute
properties (SP) such as partition coefficients to several sorbent
and solute descriptors, have been developed by several groups,
such as those of Abraham, Kamlet, Taft, Carr, and Poole.34 The
Abraham pp-LFER35−37 is of the form

= + + + + +e v s a b cE V S A Blog SP (2)

where the upper case letters refer to the solute descriptors: E
refers to the excess molar refraction, V is the McGowan char-
acteristic molecular volume, S refers to the solute polarizability/
depolarizability, A is the hydrogen bond acidity, and B is the
hydrogen bond basicity [see the Supporting Information (SI)
for more information]. The lower case letters represent the
complementary sorbent properties, and c is a constant associ-
ated with the sorbent.
The aim of this work was to experimentally assess the sorp-

tion by soil of 17β-E2, E1, MGA, and α-ZAL and to evaluate
the applicability of several sp- and pp-LFERs in predicting the
sorption of 17α- and 17β-E2, E1, MGA, 17α- and 17β-TB,
TND, and α-ZAL. These analyses will help provide insight into
the environmental fate, mobility, and bioavailability of EDCs
found in livestock wastes and will aid in improving their
environmental fate assessment.

■ MATERIALS AND METHODS
Chemicals. Extra dry chloroform (99.9%), cyclohexane, and toluene

over molecular sieves were purchased from Acros Organics (Morris
Plains, NJ), and 1-octanol (99%) was purchased from Alfa Aesar (Ward
Hill, MA). 17β-E2 (98%), E1 (99%), and MGA (≥97%) were obtained
from Sigma-Aldrich, Inc. (St. Louis, MO). α-ZAL was extracted from

Ralgro Magnum (Schering-Plough Animal Health Corp., Union, NJ) as
described in the SI. Other chemicals, including HPLC solvents, were
purchased from Fisher Scientific (Pittsburgh, PA).

Soils. Sorption tests were conducted using three agricultural soils,
representing a range of physical and chemical properties (Table 1).

A midwestern agricultural soil (Finley Control, FC) was collected in June
2008 at The Ohio State University Finley Farm (Madison County, OH). An
area unexposed to animal manure was selected, plants and surface soil were
removed, and topsoil was collected to a depth of approximately 0.3 m. The
soil was sieved to achieve consistent texture and to remove large debris and
then stored at 4 °C. Drummer 36 (D36) and Coloma 32 (C32) are
agricultural soils from Indiana, and collection of these soils has been
described previously.20,38 The soil physical and chemical properties were
evaluated by A&L Great Lakes Laboratories, Inc. (Fort Wayne, IN).

Organic Solvent−Water Partition Coefficients. For 17α-E2,
17α- and 17β-TB, and TND, the log KOW and toluene−water partition
coefficients (log KTW) were obtained from Qiao et al.40 For all other
analytes, solvent−water partition coefficients (KSW) were measured in
this study. 1-Octanol was purified prior to use by extraction with 0.1 M
NaOH and two rinsings with Milli-Q water (Millipore, Billerica, MA).39

Each EDC was dissolved in organic solvent (chloroform, cyclohexane,
toluene, or water-saturated purified octanol), an equal volume of
Milli-Q water was added (in the case of octanol, purified octanol-
saturated Milli-Q water), and the mixture was equilibrated for 24 h and
then centrifuged. For 17α-E2, 17β-E2, E1, MGA, and α-ZAL, the
aqueous phase from each tube was analyzed directly, and aliquots of
the organic phase were diluted in methanol and then analyzed by
reverse-phase high-pressure liquid chromatography with UV detection
(RP-HPLC/UV). For 17α- and 17β-TB and TND, the aqueous phase
was extracted with dichloromethane (DCM), and then the extracts and
solvent phases were gently evaporated under nitrogen, redissolved in
methanol, and analyzed by liquid chromatography−mass spectrometry
(triple-quad) as described in Qiao et al.40

Experimental Determinations of log KOC. The sorption behavior
of EDCs in soils was evaluated in batch sorption studies similar to those
described by Li and Lee.38 EDC sorption from aqueous solutions (5 mM
CaCl2) was measured as a function of initial EDC concentration, which
spanned >2 orders of magnitude: 0.02−3.0, 0.01−1.3, 0.009−1.3, and
0.006−1.3 μM for 17β-E2, E1, MGA, and α-ZAL, respectively. The
highest initial concentrations were near the aqueous solubilities of the
EDCs (5.5, 4.8, 2.6, and 15 μM for 17β-E2, E1, MGA, and α-ZAL,
respectively), and the lowest starting concentrations were selected such
that equilibrium concentrations would be near the limit of quantification
(LOQ) after concentration by solid phase extraction (SPE; see below).
The lower initial concentration range reflects E1 concentrations that have
been measured in the wastes of dairy cattle.41 Each isotherm was based on
at least nine initial concentrations.

All samples were prepared in duplicate. Soil was placed into Corex
centrifuge tubes, brought to field capacity with Milli-Q water, and incubat-
ed at room temperature for 72 h. Following incubation, samples were
autoclaved (Tuttnauer Brinkmann 2340M, Tuttnauer USA Co. Ltd.,
Hauppauge, NY) for 1 h at 121 °C and 138 kPa. Samples were then twice
returned to field capacity, incubated at room temperature for 24 h, and
autoclaved, for a total of three autoclave cycles. Glassware and CaCl2
solutions prepared in Milli-Q water were also sterilized by autoclave. EDCs

Figure 1. Structures of EDCs used in this study.

Table 1. Soil Properties

f OC
a

(%) pHb
sandc

(%)
silt
(%)

clay
(%) CECd

Coloma 32 1.1 5.9 88 7 5 4.3
Drummer 36 4.0 7.4 17 47 36 15.5
Finley Control 7.7 7.0 17 46 37 20.2
aAnalyzed by measurement of CO2 evolved from combustion of dry,
carbonate-free soils. bMeasured potentiometrically in an aqueous
slurry of soil. cSoil texture analyzed using hydrometer method.
dCEC, cation exchange capacity; measured by ammonium saturation at
pH 7.0 (mequiv 100 g−1).
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were spiked into CaCl2 solutions, solutions were added to the tubes to a
1:10 ratio of soil to solution by mass, and samples were shaken. All iso-
therm samples were allowed to equilibrate for 48 h, which allowed
equilibrium or near-equilibrium to be achieved in most cases based on kinetic
studies (see Figure SI-2 and Table SI-1 of the Supporting Information).
Longer equilibration times increased the potential for losses to
nonsorption processes. Blank controls (no EDCs) and glassware controls
(EDCs but no soil) were included. Target EDCs were not chromato-
graphically detectable in blank controls, and there was no significant
difference between initialEDC concentrations and those in glassware
controls. Furthermore, there was no observed formation of biotically or
abiotically derived transformation products, although abiotic trans-
formation of 17β-E2 in soils has previously been described.28

After equilibration, tubes were centrifuged for 1 h at ∼1000g, and
supernatants were collected and filtered through a Gelman type A/E glass
fiber filter with 1 μm pore size (Pall Corp.). For low-concentration samples
(initial EDC concentrations below 0.1 μM), EDCs were concentrated from
the filtered supernatant by sorption on an Empore C18 SPE disk (3 M Co.,
St. Paul, MN) preconditioned with two 10 mL methanol aliquots followed
by 100 mL of Milli-Q water. Analytes were eluted from the SPE disks with
100% methanol. The supernatants (high concentration) or methanol elu-
tions (low concentration) were then analyzed using RP-HPLC. Sorbed
concentrations were calculated by difference between initial and final
aqueous EDC concentrations. A complete mass balance was assessed in
a subset of experiments for all EDCs whereby soils were extracted with
methanol and EDC concentrations determined by RP-HPLC/UV.
Between 75 and 100% of initial EDC mass was recovered in each
sample (see Table SI-2 of the SI). The partition coefficients determined
by calculating sorption by difference and by extracting the soil were not
statistically different. The soil partition coefficients KD (L/kg) were
calculated by the zero-intercept linear fit model

=C K Csorb D aq (3)

where Csorb is the concentration sorbed (μmol kg−1) and Caq is the
aqueous concentration (μM) at equilibrium. Organic carbon partition
coefficients (KOC, L/kg) were normalized to the soil organic carbon
content ( f OC) using the equation

= −K K fOC D OC
1

(4)

where f OC refers to the fraction of soil weight that is organic carbon. In
addition, we conducted separate fits at low initial analyte concentrations
that appeared to be nonlinear using the Freundlich equation

=C K C N
sorb F aq (5)

where KF (μmol
1−N LN kg−1) and N (unitless) are the respective Freundlich

adsorption coefficient and measure of isotherm nonlinearity. We used the
Freundlich equation to determine concentration-specific KOC values using
the following equation and eq 4:

= −K K C N
D F aq

1
(6)

Details regarding the application of concentration dependent KOC are
described in Qiao et al.40

RP-HPLC/UV Analysis of EDC Concentrations. EDC concen-
trations were quantified using RP-HPLC (Waters 1515 isocratic pump and
717 Plus autosampler, Waters Corp., Milford, MA) with UV−vis detection
(Waters 2487 dual λ absorbance detector). Wavelengths of detection were
280, 265, 297, and 220 nm for 17β-E2, E1, MGA, and α-ZAL, respectively.
Injection volumes were 150 μL, and the flow rate was 1 mL min−1. The RP-
HPLC mobile phase was 50:50 v/v acetonitrile/water for E1 and α-ZAL
and 75:25 v/v methanol/water for 17β-E2 and MGA. The HPLC column
was a Sunfire C18, 5 μm, 4.6 × 150 mm manufactured by Waters Corp.
Under these conditions, the analyte retention times were 5.0, 7.6, 9.1, and
5.2 min and LOQs were 0.01, 0.008, 0.0007, and 0.002 μM for 17β-E2, E1,
MGA, and α-ZAL, respectively.
Predicting log KOC Values. EDC log KOC values were predicted

using two methods: (1) published sp-LFER coefficients (Table 2) with
experimental log KOW values; and (2) published pp-LFER sorbent

descriptors (Table 3) with solute descriptors calculated using two
approaches, ABSOLV software and regressions with KSW values. The

ABSOLV software (ACD/Laboratories, Toronto, ON, Canada) calculates
solute descriptors based on properties such as structure, aqueous solubility,
vapor pressure, and hexadecane−air partition coefficient. Generally, the E
and V descriptors can be reliably predicted, whereas accurate prediction of
the S, A, and B descriptors is more difficult.50−52 Thus, we used ABSOLV
to calculate all descriptors and compared them to a second approach that
estimates S, A, and B for each EDC by applying published regression
equations (eqs 7−9)51 to our experimental log KSW values (E and V were
still estimated by ABSOLV).

= − +

− + +

−

K K

K K

S

E

V

0.049 0.092 log 0.229 log

0.713 log 0.625 log 0.355

0.188

OW CHW

CYW TW
(7)

= + −

− + −

−

K K

K K

A

E

V

0.108 0.261 log 0.155 log

0.248 log 0.171 log 0.049

0.097

OW CHW

CYW TW
(8)

= − − +

+ − +

+

K K

K K

B

E

V

0.089 0.033 log 0.338 log

0.178 log 0.587 log 0.136

0.595

OW CHW

CYW TW
(9)

KOW, KCHW, KCYW, and KTW refer to the octanol−water, chloroform−
water, cyclohexane−water, and toluene-water partition coefficients,
respectively.

Table 2. Sp-LFER Coefficients Used in This Study, with
Equations in the Form of Equation 1

compound class a b ref

non-class-specific 1.03 −0.61 42
apolar

A/CBs and PCBsa 0.74 0.15 43−45
halogenated HCsb 0.94 −0.43 46
monoaromatic HCs 0.84 −0.28 46

monopolar
PAHsc32 0.98 −0.32 43−45
PAHs46 1.14 −1.02 46

bipolar (phenylureas) 0.49 1.05 43−45
polar chemicals

all46 0.73 0.52 46
from ref 47d 0.85 47

aA/CBs and PCBs, alkylated and chlorinated benzenes and
polychlorinated biphenyls. bHCs, hydrocarbons. cPAHs, polyaromatic
hydrocarbons. dOf the form log KOC = log KOW

a.

Table 3. Sorbent Descriptors for Pp-LFER Models Used in
This Study

E V S A B C ref

coal tar 0.50 3.86 −0.35 −1.16 −4.46 0.16 48
peat (low)a 0.31 3.71 1.27 −0.10 −3.94 −1.04 49
peat (high)b 0.43 3.51 0.19 0.02 −3.83 −0.82 49
SOC (all)c 1.08 2.55 −0.83 0.28 −1.85 −0.12 46
SOC (av)d 1.10 2.28 −0.72 0.15 −1.98 0.14 46
aFor low concentrations of solutes (near infinite dilution). bFor high
concentrations (approaching aqueous solubility) of solutes. cBased on all
available log KOC values for selected chemicals. dBased on average
log KOC values obtained from several soils and sediments for each
chemical.
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■ RESULTS AND DISCUSSION

We have assessed the sorption behavior of several natural and
synthetic manure-borne EDCs by measurement and modeling
to better understand the environmental fate, mobility, and
bioavailability of these compounds. Experimentally determined
sorption isotherms for 17β-E2, E1, MGA, and α-ZAL were found
to be generally linear with three agricultural soils over initial con-
centrations spanning >2 orders of magnitude. Log KOC values
were modeled for the target compounds using a suite of sp- and
pp-LFERs, with pp-LFER solute descriptors calculated using both
the regression-based log KSW approach and the ABSOLV com-
puter program. On average, the log KOC values predicted by sp-
LFERs were closest to experimentally determined values, and
ABSOLV-based calculations outperformed those based on log KSW

values.
Experimentally Determined log KOC Values. Linear

regressions with zero intercepts reasonably fit the sorption
isotherms for most combinations of soil and target EDCs over a
concentration range of roughly 2 orders of magnitude (R2 ≥
0.96; Figure 2 and Table 4; Table SI-3 of the SI). Nonlinearity
at low concentrations was most noticeable for α-ZAL in D36
soil (Figure SI-3 of the SI). Nonlinear sorption isotherms have
previously been reported with Drummer soil27 and may be
attributable to low-abundance high-affinity sorbents in this
soil.53 For the purposes of this paper we used the linear

sorption model (eqs 3 and 4) to determine the experimental KD

and log KOC (Table 4); however, at low concentrations we
fitted the nonlinear data to the Freundlich equation and deter-
mined concentration-specific KOC values at Caq = 0.005 μM,
which is in the lower range of our reported Caq. The lower end
of our aqueous concentration range for 17β-E2 and E1 after
equilibration approaches values reported for surface waters in
the United States15 and for 17β-E2, E1, and α-ZAL are within
the range of concentrations reported in Italian surface waters.19

Our α-ZAL sorption values are close to the range given by
the manufacturer, which reports log KOC values between 2.68
and 2.95.23 MGA sorbs more readily than the other target
EDCs and therefore is expected to have lower environmental
mobility and bioavailability. This effect may play a role in the
demonstrated persistence of MGA in agricultural soils; in one
study, nearly 20% of the initial MGA remained in a cornfield
soil 6 months after manure application.12

In some previous studies, sorption isotherms for MGA, 17β-E2,
and E1 have been nonlinear. MGA sorption isotherms were highly
nonlinear when tested by Schiffer et al.,22 using aqueous MGA con-
centrations and soils that have (except for one soil) very low fOC.
Linear sorption behavior has been previously reported for
17β-E2 and E1,21,27,29,54 but in some studies, including one
with another Drummer soil, 17β-E2 and E1 isotherm data were
best fit by the nonlinear Freundlich model.25,27,54,55

Figure 2. Soil sorption isotherms for 17β-E2, E1, MGA, and α-ZAL for three agricultural soils: (◇) C32; (□) D36; (△) FC. Lines are zero-intercept
linear model fits, and error bars are standard deviations.
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Whereas our experimental log KOC values for 17β-E2 and E1
are similar to those reported in some previous studies,56 they
were somewhat lower than were found in other studies (e.g.,
log KOC = 3.46 and 3.22 for 17β-E2 and E1, respectively, with
another Drummer soil).27,29,55 The concentration-specific
(Caq = 0.005 μM) KOC values, however, were higher in most
cases (approaching earlier reported values) and dependent
upon the magnitude of N and KF (Table 4; Table SI-4of the SI).
For MGA with D36 and FC soils, which had the highest KF
values by far and N values close to unity (∼0.9 or higher), the
concentration-specific KOC values were lower than the linear
KOC. Thus, for sorption of MGA to these two soils, linear
partitioning appears to be dominant over the entire
concentration range used in this study.
In the present study, all isotherms were determined under

autoclave-sterilized conditions and, based on mass balances, no
significant degradation occurred. On the other hand, some previous
studies were performed with unsterilized soils and degradation
products were detected.27,55 Furthermore, autoclaving our soils may
have changed some of their sorption properties. Thus, the differences
in protocols used in previous sorption studies may account for some
of the slight disparities observed between partition coefficients.
Solvent−Water Partitioning. Solutes with more hydroxyl

groups (e.g., 17α-E2, 17β-E2, and α-ZAL) interact more favor-
ably with the aqueous phase and, therefore, generally have
lower log KSW values than solutes without hydroxyl groups
(e.g., E1, MGA, and TND; Table 5). The exception to this
pattern is with octanol, a bipolar solvent capable of accommo-
dating a wide range of organic solutes.
Predicted log KOC Values. EDC log KOC values were

modeled using a large matrix of potentially relevant pp- and sp-
LFERs, which resulted in a broad range of predictions (Figure 3;
Table SI-5 of the SI). Overall, for the EDCs in this study, log
KOC predictions calculated using the sp-LFER equations were

in better agreement with our measured values, whereas the ones
estimated by pp-LFERs were more variable. This finding is in
contrast to previous studies, which found that pp-LFERs
yielded predictions in better agreement with experimental data
than sp-LFERs46 or that predictions by sp- and pp-LFERs were
similarly close to experimental results.57 Among the sp-LFERs,
the equation for bipolar phenylureas resulted in the smallest
average difference between predicted and measured log KOC

values. However, when the EDCs are considered individually,
other correlations based on different training sets (monopolar
compounds, chlorinated hydrocarbons, etc.) sometimes
provided better fits for specific analytes.
The range of KOC values predicted by sp-LFERs was <0.6

order of magnitude for each of the target EDCs, with ranges
between 0.45 log unit for E1 and 0.55 log unit for MGA. For
17α-E2, 17β-E2, E1, MGA, and 17α-TB, all of the selected
sp-LFER equations predicted log KOC values within 0.5 log unit
above or below the average experimentally determined log KOC

value, whereas some sp-LFER predictions fell within that range

Table 4. Concentration-Specific (Caq = 0.005 μM) and Linear log KD and log KOC for target EDCs

average log KOC (SD) soil ID linear KD concentration-specific KD
c linear log KOC concentration-specific log KOC

17α-E2 2.97 (0.13)a

17β-E2 2.83 (0.012) C32 7.65 26.3 2.84 3.37
D36 26.2 103.4 2.81 3.41
FC 52.1 ND 2.83 NDd

E1 2.77 (0.20) C32 11.2 49.9 3.00 3.65
D36 17.8 16.5 2.64 3.06
FC 36.2 17.0 2.67 3.05

MGA 3.06 (0.12) C32 11.7 49.0 3.03 3.64
D36 63.9 36.8 3.20 2.96
FC 71.4 49.0 2.96 2.80

17α-TB 2.77 (0.12)b

17β-TB 3.08 (0.10)b

TND 3.38 (0.19)b

α-ZAL 2.64 (0.16) C32 7.51 74.0 2.83 3.82
D36 14.5 80.0 2.55 3.30
FC 26.2 56.8 2.53 2.86

aReference 21. bReference 20. cBased upon Freundlich fits at lower analyte concentrations (<0.001−0.05 μM) and a fixed Caq concentration of
0.005 μM using eq 6.40 dND, not determined because low concentration isotherms were not measured.

Table 5. Measured Partition Coefficients (log KSW) for
Target EDCs between Organic Solvent and Aqueous
Phasesa

log KCHW log KCYW log KTW log KOW

17α-E2 2.51 (0.01) 0.24 (0.02) 1.87 (0.01)a 3.73 (0.03)a

17β-E2 2.61 (0.01) −0.43 (0.02) 1.87 (0.02) 3.70 (0.08)
E1 3.21 (0.02) 0.81 (0.02) 3.65 (0.10) 3.55 (0.01)
MGA 4.48 (0.33) 2.76 (0.02) 4.39 (0.03) 3.93 (0.18)
17α-TB 3.36 (0.01) 0.39 (0.07) 1.98 (0.01)a 2.72 (0.02)a

17β-TB 3.27 (0.01) 0.42 (0.01) 2.11 (0.02)a 3.08 (0.03)a

TND 3.63 (0.02) 1.24 (0.11) 2.75 (0.02)a 2.63 (0.01)a

α-ZAL 2.31 (0.005) −1.95 (0.39) 2.56 (0.46) 3.88 (0.007)
aStandard deviation (SD) values are in parentheses. aReported in ref 40.
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for α-ZAL and none were within that range for 17β-TB and
TND (Table SI-5 of the SI). This difference in the fit of sp-
LFER predictions to experimental results may be due to errors
in experimental measurements of log KOW or log KOC.
ABSOLV and regression equations with log KSW values were

both used to compute pp-LFER solute descriptors for the target
EDCs (Table 6). The average difference between ABSOLV-
and KSW-calculated values was smallest for the hydrogen bond
acidity descriptor (A) and greatest for the polarizability/depo-
larizability descriptor (S). Because b has the largest magnitude
among the sorbent descriptors s, a (hydrogen bond acidity),
and b, errors in the calculation of B will be magnified in the
product bB more than errors in aA and sS. However, due to the
larger range of calculated S values and the moderate values of s,
the product sS had the most significant influence on the range
of pp-LFER log KOC predictions.
The range of log KOC values predicted for each compound

was similar for both ABSOLV and KSW pp-LFER calculations,
spanning between 2 and 7 orders of magnitude. Among the pp-
LFER predictions, those based on ABSOLV were generally
closer to experimental results than those based on KSW regres-
sions (Figure 3 and Table SI-5 of the SI). The coal tar sorbent
descriptors combined with ABSOLV-calculated solute descrip-
tors yielded the closest average prediction among pp-LFERs,
with predicted log KOC values for 17α-E2, 17β-E2, and TND
that were closer to measured values than nearly all of the sp-
and pp-LFER predictions for those compounds. Among the
sorbent descriptors used in this study, the coal tar descriptors
have previously been found to provide the best fit to experimental
sorption data for several classes of organic contaminants. We cannot
provide an explanation for this phenomenon because coal tar does
not resemble the organic moieties present in soil organic matter

other than the presence of phenolic compounds that are similar to
lignin-based soil organic matter. Finally, in a previous study with
aromatic hydrocarbons, a method of KOC prediction based on
Raoult’s law was superior to the coal tar pp-LFER in cases when the
subcooled aqueous solubility values were available.58

The quality of any model output depends on the input data and
suffers when input data must be estimated rather than measured
directly. It has been found that the results of pp- and sp-LFERs are
similar if the quality of solute descriptors is commensurate with
that of the log KOW measurements.47 Uncertainties in sp- and pp-
LFER solute descriptors (log KOW and E, V, S, A, and B,
respectively) are translated into inaccuracies in model predic-
tions.59 Being based on only one descriptor, sp-LFERs have a dis-
advantage because octanol−water partition coefficients alone
cannot describe the range of chemical properties found in pp-
LFER models, provided that both sorbate and sorbent descriptors
accurately reflect these properties.34

With respect to pp-LFERs, sorbent and solute descriptors
both contribute to uncertainties in predictions. The sorbents
(especially those such as natural organic matter and SOM) are
heterogeneous in composition and generally poorly defined.57

Sorbent descriptors are calculated by multiple regression from
experimental sorption data training sets (based upon different
sorbents) and solute descriptors and thus include any biases
and uncertainties in the input data, although the regression fits
tend to be acceptable (R2 > approximately 0.90).45,46,49 Presently,
the sorbent descriptors available in the literature are limited to
fairly specific classes of solids (e.g., coal tar, peat) and do not cover
the entire variability in soil organic matter composition.
In comparison with the sorbent phase, the solute chemicals are

relatively small and easy to characterize, either through calculation
or direct measurement of properties. Because the E and V solute
descriptors may generally be predicted with relative accuracy,50−52

we expect that the errors in our pp-LFER predictions are primarily
the result of inaccuracies in the calculated S, A, and B solute des-
criptors. It is generally expected that predictions based on measured
values will be more accurate than those based only on calculations.
However, in the present study, the predictions made by ABSOLV
(a largely computational approach) were superior to those based on
KSW values, which are reliant upon the accuracy of the training sets.
Overall, pp-LFERs can be powerful predictive tools for measured
solute descriptors, but they are limited with respect to solutes for
which estimations must be made even with robust programs such as
ABSOLV.
Although the log KOC values predicted by pp-LFERs did not

fit the experimental results as well as those predicted by sp-LFER
equations, the pp-LFER provides insight into the mechanisms
responsible for the partitioning of a solute to a given phase.

Table 6. Solute Descriptors Calculated with ABSOLV Software and Regression Equations Using KSW Values

ABSOLVa KSW regressions

E V S A B S A B

17α-E2 1.80 2.1988 1.77 0.86 1.10 1.50 0.65 1.13
17β-E2 1.80 2.1988 1.77 0.86 1.10 2.00 0.79 1.04
E1 1.73 2.1558 2.05 0.50 1.08 2.36 0.66 0.40
MGA 1.90 3.1735 2.86 0.00 1.75 1.56 0.10 1.35
17α-TB 1.63 2.1558 2.39 0.32 1.35 1.70 0.24 1.36
17β-TB 1.63 2.1558 2.39 0.32 1.35 1.70 0.37 1.25
TND 1.56 2.1128 2.55 0.00 1.30 1.62 0.11 1.12
α-ZAL 1.50 2.5491 1.80 0.95 1.20 3.26 1.36 0.43

aFrom M. H. Abraham (personal communication). ABSOLV values for 17α-TB, 17β-TB, and TND were curved to fit log KOW.

Figure 3. Average measured and predicted log KOC values. Error bars
represent SD.
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KSW values have previously been used to qualitatively describe the
mechanisms of soil sorption,20 and calculation of Abraham descrip-
tors using these data (as with the Zissimos et al.51 regression equa-
tions used in this study) may help us better understand sorption
processes. Previous studies have demonstrated these relationships
between Abraham solute descriptors and the environmental fate of a
compound. For example, compounds that sorb readily were
generally large in size (i.e., large V), whereas those that remain
in the aqueous phase tend to have strong dipole and specific
interactions (i.e., large S and B, respectively).47 To date, the
universal utility of pp-LFERs in predicting sorption behavior is
limited by the large uncertainties in the predicted solute and
sorbent descriptors.
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