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Abstract:

 Conventional onsite wastewater treatment system design relies on a septic tank and soil treatment unit (STU) for treatment of wastewater and integration of the final effluent into the environment. Organic water contaminants (OWCs), chemicals found in pharmaceutical drugs, detergents, surfactants, and other personal care and cleaning products, have been observed in septic tank effluent and the environment. Sorption of OWC mass to soil is a key mechanism in the removal and retardation of many of these chemicals in effluent as it travels through an STU. The primary purpose of this study was to investigate the relationship between the fraction of organic carbon of soil and the equilibrium sorption partitioning coefficient of a selected group of relevant and diverse OWCs. A secondary goal is to evaluate current methods of modeling the sorption of selected OWCs in soil. Five point Freundlich isotherms were constructed from equilibrium sorption batch tests for target OWCs with four different soils. For soils with organic carbon fraction between 0.021 and 0.054, Kd values were calculated between 60 and 185 for 4-nonylphenol, 75 to 260 for triclosan, 115 to 270 for bisphenol-A, 3 to 255 for 17β-estradiol, 40 to 55 for 17α-ethynylestradiol, and 28 to 70 for estrone. An empirically derived, direct relationship between foc and Kd may be a useful approach to estimating sorption for a soil based on organic carbon content.
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1. Introduction

Approximately one fifth of the US population is served by onsite wastewater treatment systems (OWTSs), which are a significant and growing means of wastewater treatment in the US [1]. Conventional designs rely on a soil treatment unit (STU) for additional treatment of engineered-unit effluent (such as septic tank effluent) prior to discharge to the environment. Organic wastewater contaminants (OWCs) include a suite of wastewater chemicals such as pharmaceuticals, surfactants, and other personal care products. While the presence of OWCs in OWTS effluent has been well documented [2,3], to date, the factors dictating the efficacy of STUs to remove OWCs have not been comprehensively characterized.

OWCs can have a wide array of ecotoxicological effects and negative impacts on environmental systems. Endocrine disrupting chemicals (EDCs) are a subclass of OWCs that can impair reproductive development and hormone production in some organisms. This effect has been well documented in fish and amphibians, with some populations experiencing skewed gender ratios and/or feminization of males [4]. Other OWCs can affect the renal system, leading to kidney failure [5], while still others are carcinogenic and/or mutagenic [6]. In addition, antimicrobial OWCs may contribute to the evolution of resistant strains of bacteria [7,8,9]. Given these potential adverse impacts and the large and growing fraction of US wastewater treated by STUs, an accurate understanding of the factors controlling the removal of OWCs in STUs is needed. Moreover, this knowledge will aid in the understanding, design and operation of STUs so as to minimize environmental impacts.

One of the major factors controlling the attenuation of OWCs in STUs is removal via sorption to soil media. Building from traditional organic contaminant partitioning paradigms, most sorption models for OWCs assume that the soil-water partitioning coefficients are related to the organic carbon content (i.e., foc) of the soil material (Equation (1)) [10,11,12,13,14,15]:



Kd = Koc × foc



(1)




where Koc is the organic carbon-normalized partition coefficient, and Kd is the soil-water partitioning coefficient. These Koc values can in turn be calculated from the octanol-water partition coefficient (Kow) using various linear free energy relationships [16,17,18].
For this study, a representative suite of OWCs was selected to examine whether this modeling paradigm is appropriate for sorption of OWCs to soils typical of those used in STUs. This suite includes triclosan (TCS), 4-nonylphenol (NP), bisphenol-A (BPA), estrone (E1), 17β-estradiol (E2), and 17α-ethynylestradiol (EE2). These target OWCs are ubiquitous in wastewater effluent at significant concentrations [2,19,20] and have demonstrated ecotoxicological effects [4,7,8,21,22,23,24,25].

The overarching goal of this study was to investigate the relationship between the foc of a soil and the Kd of a selected group of relevant and diverse OWCs. In addition, data describing the sorption of these OWCs to a variety of soil types was developed, and current methods of modeling the sorption of the selected OWCs in soil were briefly evaluated.



2. Materials and Methods (or Experimental)


2.1. Chemicals and Soil

Source information and Chemical Abstract Services Registry Number (CASRN) for the six OWCs selected for this study are included in Table 1.

Table 1. Chemical source, Chemical Abstract Services Registry Number (CASRN), Gas Chromatography Mass Spectrometry (GC/MS) retention times, and chemical indicator ions, with qualifying ions used for peak identification in parentheses.


	Chemical
	Source
	CASRN
	Retention Time (min)
	Qualifying Ions (m/z)





	Triclosan
	KIC Chem, New Paltz, NY, USA
	3380-34-5
	16.682
	289.9 (218.0, 146.0)



	4-Nonylphenol
	Aldrich, St. Louis, MO, USA
	25154-52-3
	8.22–12.0
	135.1 (220.2, 107.1, 121.1)



	Bisphenol A
	Aldrich, St. Louis, MO, USA
	80-05-7
	17.610
	213.1 (228.1, 119.0)



	Estrone
	Aldrich, St. Louis, MO, USA
	53-16-7
	23.931
	270.2 (146.1, 185.1, 172.1)



	17b-Estradiol
	Aldrich, St. Louis, MO, USA
	50-28-2
	24.106
	272.2 (160.1, 213.1)



	17a-Ethynylestradiol
	Aldrich, St. Louis, MO, USA
	57-63-6
	24.993
	213.1 (296.2, 160.1, 133.1)



	4-normal-nonylphenol
	Ehrenstorfer, Augsburg, Germany
	104-40-5
	12.785
	107.05 (220.2, 77.0)



	d6 Bisphenol A
	CIL, Tewksbury, MA, USA
	86588-58-1
	17.551
	216.1 (234.1, 121.1)



	d4 17β-estradiol
	CIL, Tewksbury, MA, USA
	66789-03-5
	24.084
	276.2 (161.1, 147.1, 214.1)










Four soils were obtained from locations in Colorado, Nevada, and North Dakota, and bulk soil parameters were measured by a commercial laboratory for each soil type and included: pH, organic carbon content (foc), particle size distribution, and cation exchange capacity (Table 2).

Table 2. Soil characteristics for the four soils considered in sorption batch tests. CEC is the cation exchange capacity.


	Characteristic
	Sand
	Loamy Sand
	Sandy Loam
	Loam





	Organic Carbon (%)
	0.1
	2.1
	3.1
	5.4



	Soil pH
	10.4
	5.8
	6.7
	6.9



	CEC (cmol(+)/kg)
	6.0
	12.0
	11.3
	26.4



	Ca (% of cations)
	86.6
	54.2
	73.3
	66.2



	Mg (% of cations)
	10.9
	12.5
	19.6
	16.7



	K (% of cations)
	1.0
	10.2
	6.6
	5.4



	Na (% of cations)
	1.4
	1
	0.5
	0.4



	% Sand
	98
	86
	65
	30



	% Silt
	0.8
	6
	15
	44



	% Clay
	1.2
	8
	20
	26












2.2. Experimental Setup

Sorption isotherms were developed for the six OWCs in the four soils using the aqueous-loss batch approach. Simulated fresh water composed of 0.01 M calcium chloride (CaCl2) was used with a 1:5 soil-water mass ratio in 40 mL glass centrifuge tubes for all replicates and concentrations. This ratio was successfully used in previous experiments involving similar soil [2] and in sorption experiments using the same analytes and similar soil [26]. Prior to initiation of the isotherm experiments, the four soils (sand, loamy sand, sandy loam, and loam) were autoclaved twice for 45 min at 121 °C and 103 kPa to inactive any microbes present and minimize losses due to biodegradation. Preliminary studies comparing sterilization methods found no significant differences in sorption for autoclaved soil when compared to 5% sodium azide biocide solutions (data not shown). While extraction of solids to close the mass balance was not performed, given the short equilibration time and the use of autoclaved soil, minimal biotransformation of the target analytes was expected. Background concentrations of analytes in soils were below analytical detection limits. While pH was not directly measured in the isotherms, the pH of these batch systems was assumed to be similar to the soil pH measured (at an identical 1:5 soil-water ratio; Table 2) by the commercial laboratory.

Batch experiments were conducted in triplicate at five initial concentrations ranging from 60 to 2000 μg/L. This range was chosen based on concentrations of analytes observed in onsite wastewater influent and effluent [2] and analytical method sensitivity. After addition of the approximately 6 g of soil and 30 mL of synthetic freshwater to each tube, samples were mixed with a vortex and then agitated for 36 h on a shaker table (130 rpm). Sorption kinetics were not evaluated: several studies using a similar experimental protocol have reported that equilibrium between the aqueous and sorbed phases was achieved within 22 to 36 h [11,27,28]. After 36 h, glass centrifuge tubes were removed and centrifuged for 20 min at 7000 rpm (3600 rcf) to separate suspended soil particles from solution. The supernatant was decanted and three chemical surrogates (d6-bisphenol-A, 4-normal-nonylphenol, and d4-17β-estradiol) were added to samples at known concentrations to evaluate aqueous analyte concentrations.



2.3. Aqueous Phase OWC Analysis

Target OWCs were extracted from aqueous samples using a method adapted from Barber et al. (2007) [21]. Prepackaged solid phase extraction (SPE) cartridges (Waters Sep-Pak® Plus tC18) were preconditioned with dichloromethane (DCM) using an initial flush of approximately 100 pore volumes. Samples were then loaded on the SPE cartridges under vacuum suction maintaining low flow (approximately 1 mL per minute). Finally, the target OWCs were eluted with 5 mL of DCM under similar low flow conditions. Anhydrous sodium sulfate was used to ensure all water was removed from the vials. The remaining volume was evaporated to 0.5 mL under ultra high purity nitrogen gas and transferred to a 1 mL glass GC vial Sample analysis was conducted in triplicate and two samples spiked with analytes underwent extraction processes for every run to evaluate extraction efficiencies. Recoveries were routinely greater than 99%. Quality assurance and quality control procedures also included triplicate analysis of extractions and use of known concentrations to evaluate the mass recovery capability of the SPE method.

Sample analysis was conducted via electron impact gas chromatography (GC) coupled with selected ion monitoring mass spectrometry (MS). A Hewlett Packard (HP) 6890 GC fitted with an HP Ultra II (5% phenylmethyl silicone) column (25 m by 0.2 mm, 33 μm) was employed with ultra high purity helium as the carrier gas. The injection port was maintained at 300 °C, while the initial oven temperature was 140 °C and increased with a ramp rate of 6 °C per minute up to the final temperature of 300 °C, at which point it was held constant for 15 min. The MS (HP 5793 Mass Selective Detector) was operated with an ionization energy of 70 eV, a source temperature of 250 °C, and an interface temperature of 300 °C. Concentrations of analytes were calculated based on selective ion monitoring abundance data using diagnostic ions for each chemical relative to abundance data for the respective surrogates. These ions are identified by mass and ion retention time determined from standard analysis and a peak signal to noise ratio of 3:1 (Table 1).



2.4. Sorption Coefficients

The Freundlich isotherm model was used to describe the sorption of OWCs from solution [29]. The form of the equation employed was:



Cs = Kf × Cwn



(2)




where: Cs is the concentration of the chemical adsorbed to soil particles (μg/kg), Kf is the Freundlich sorption coefficient (L/kg), Cw is the concentration of chemical in the aqueous phase (μg/L), and n is a power function related to the nonlinearity of the isotherm (n = 1 indicates a linear isotherm).When n is unity, the linear isotherm can be described by:


Cs = Kd × Cw



(3)




where Kd is the sorption coefficient (L/kg).
If the relationship between the magnitude of sorbed concentration and the magnitude of aqueous concentration is linear (i.e., n = 1), then the Kd value is independent of the concentration. However, if the isotherm is nonlinear and a comparison between different sorbents is desired, interpolation of Kd values from the Kf and n values for a specific concentration is appropriate. In addition, if the partitioning of the OWC aqueous phase to the soil is due to the hydrophobic sorption of the contaminant to the foc of the soil, an organic carbon partitioning coefficient (Koc) can be calculated with Equation (1). Linear regressions were evaluated using the sum of least squares-method to find the straight line of best fit with Microsoft Excel.




3. Results and Discussion


3.1. Sorption of OWCs on Different Soils

The isotherms for the batch sorption isotherms for these experiments were generally well-described by the Freundlich isotherm model (Equation (2), Figure 1), and linear in nature (i.e., the 95% confidence intervals for the Freundlich exponent (n) values included unity). In general, Kd values for all targeted OWCs (Table 4) were much lower in the sand than for all other soils and were generally higher for soils with greater organic carbon content. These values agree with those reported by Karnjanapiboonwong et al. (2010) [30].

Figure 1. Sorption isotherms for TCS, BPA, and NP for soil isotherm data with an R2 value greater than 0.80.
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Table 4. Kd and n values reported ±95% CI (confidence interval) calculated from equilibrium sorption isotherm experimental results using Equation (2). ND designates a value for which no data are available or reported due to isotherm variability.



	
Chemical

	
Sand foc = 0.001

	
Loamy Sand foc = 0.021

	
Sandy Loam foc = 0.031

	
Loam foc = 0.054




	
n

	
Kd

	
n

	
Kd

	
n

	
Kd

	
n

	
Kd






	
NP

	
1.87 ± 0.32

	
0.6 ± 0.5

	
1.15 ± 0.15

	
52.0 ± 21.7

	
0.90 ± 0.14

	
161 ± 44.8

	
1.05 ± 0.21

	
1783 ± 419




	
TCS

	
1.06 ± 0.37

	
1.3 ± 0.3

	
1.11 ± 0.23

	
77.2 ± 46.5

	
0.82 ± 0.18

	
259 ± 75.5

	
0.83 ± 0.17

	
239 ± 63.9




	
BPA

	
ND

	
ND

	
0.99 ± 0.04

	
115 ± 5.9

	
0.95 ± 0.07

	
271 ± 16.9

	
0.98 ± 0.10

	
135 ± 15.3




	
E1

	
1.22 ± 0.25

	
3.2 ± 0.6

	
0.90 ± 0.20

	
45.5 ± 23.6

	
0.89 ± 0.11

	
255 ± 48.0

	
ND

	
ND




	
E2

	
ND

	
ND

	
0.87 ± 0.19

	
54.6 ± 0.6

	
0.93 ± 0.10

	
40.1 ± 10.9

	
ND

	
ND




	
EE2

	
ND

	
ND

	
0.98 ± 0.22

	
28.6 ± 20.5

	
0.85 ± 0.08

	
70.3 ± 12.0

	
ND

	
ND











A notable exception to the linear sorption behavior was NP sorption onto the sandy soil, which exhibited highly nonlinear sorption (Figure 2). Due to the high variability of the results for some analytes in some soils, only data sets whose Freundlich model fits had R2 value greater than 0.8 were included in this analysis. Efforts to fit these data with other models (i.e., Langmuir) did not result in better fits. For the sandy soil, the n value for NP was 1.87 ± 0.14 (fitted n ± 95% CI), suggesting that the ratio of sorbed NP mass to aqueous mass increased for higher NP concentrations for this soil. Figure 2 displays equilibrium aqueous concentrations against sorbed concentrations for NP in the sandy soil and also in the sandy loam for comparison. The nonlinear trend is apparent in this plot.

Figure 2. Plots of equilibrium aqueous concentrations and sorbed concentration for 4-nonylphenol in sand.
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This sorptive behavior has been observed previously for other surfactants, and on a mechanistic level, can be attributed to the hydrophobic self-attraction between the aliphatic carbon chain tails of the NP molecule [31,32]. As is evident in Table 2, the foc in the sandy soil was quite low (0.001). Because sorption of NP increases with increasing aqueous NP levels, it is possible that the chemical is attracted to its own sorbed phase and that this was the dominant sorption mechanism because of the low foc Sorption of NP to the sandy soil was quite low, and the Kf value extrapolated from the Freundlich fit is between 0 and 0.002 L/kg considering the 95% confidence intervals. This is at least three orders of magnitude lower than any other Kf value calculated for any chemical in any soil in the present study. It is possible that in soils where the foc was greater, the sorption to the organic carbon masked this self-sorbing effect, resulting in linear isotherms where the equilibrium between NP in the dissolved and solid phases is primarily dependent on the foc of the soil.





3.2. Relationship between OWC Sorption and Fraction of Organic Carbon

Kd values appear to generally increase with organic carbon content, and though a clear linear relationship was not evident (Figure 3), this may have been due to the limited number of soil types evaluated in the present study. In addition, the lack of a clear linear relationship may also have been due to the uncontrolled solution effects and/or the potential that sorption mechanisms other than partitioning to organic carbon may have also been important for some soils. Examples of other potential sorption mechanisms include ion exchange, surface adsorption to mineral constituents, and complex formation with metal ions. Solution characteristics, such as dissolved organic carbon content that were not accounted for in this study may influence the degree to which OWCs may sorb. The dissolved organic carbon content of the solution may decrease the sorptive capacity by decreasing the attraction of the hydrophobic molecules to the soil organic carbon.

Figure 3. Plots of Kd values and corresponding foc for soil in which Kd values were measured for analytes.
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3.3. Influence of pH on Sorption of Anionic forms of Aqueous OWCs

Hydrophobic sorption of organic chemicals to organic carbon is commonly thought to depend on the form of the chemical in solution [18,33,34], which, for ionogenic organic chemicals, is dependent on the pH of the system. For many OWCs, the pKa’s are relatively high and outside the normal pH range for wastewater systems, suggesting that pH effects would be minimal. However, for acidic OWCs, dissociation of the neutral form to form the organic anion may occur within the normal pH range of wastewater. Electrostatic repulsion between the organic anions and the typically negatively charged soil particle surfaces may result in substantially weaker sorption. A simple model for describing the effect of pH on the sorption of acidic organic chemicals to natural organic matter in soil is described by Schwarzenbach et al. (2003) with Equation (4) [29].
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(4)




where Doc is the distribution ratio accounting for sorption only of the protonated (neutral) species to natural organic matter, αa is the fraction of the chemical in the protonated (neutral) form and  [image: Water 06 01028 i002] is the sorption coefficient for neutral species. This relationship assumes that the deprotonated (negatively charged) OWC species do not significantly contribute to sorption of the chemical [35,36].
As can be observed in Table 3, the pKa values of most of the target OWCs considered in this study are relatively high. While no pKa values are reported for estrone or 17α-ethynylestradiol, the assumption can be made that they would be similar to that of 17β-estradiol because of chemical similarities between the three chemicals. The reported pKa of TCS (8.14) is lower than the measured pH for one soil. If the pH values measured by the commercial laboratory are truly indicative of the pH of the batch systems and the anionic forms of the OWCs do not sorb to the organic carbon, then the resultant Koc values would be substantially lowered for those soils whose pH values fall above the pKa’s for the target OWCs. However, TCS exhibited a relatively high logKoc (3.12 L/kg) in the sand. While not conclusive, this sorption of presumably anionic TCS agrees with the findings of Tulp et al. (2009), Shareef et al. (2006) and Butler et al. (2012), all of which concluded that anionic forms of organic chemicals are capable of stronger sorption than previously expected [36,37,38].


Table 3. Koc values from isotherm experiments with R2 greater than 0.8 presented in this study compared with Koc values reported in the literature. Chemical parameters, pKa and log(Kow) are also listed for analytes. ND designates a value for which no data was reported.



	
Chemical

	
Measured Log(Koc) Values

	
Literature Reported Log(Koc) Values

	
Chemical Parameters




	
Ave ± SD (N)

	
Range

	
Range

	
Predicted

	
Measured–Single Point

	
Measured–Isotherm

	
pKa

	
Log (Kow)






	
4 Nonylphenol

	
3.61 ± 0.73 (4)

	
2.74–4.52

	
3.9–5.4

	
ND

	
4.7–5.6 d, 5.3 e, 4.5–5.2 f, 4.7 e

	
3.9 j, 4.6 k

	
10.28 o

	
4.48 t




	
Triclosan

	
3.56 ± 0.34 (5)

	
3.12–3.92

	
3.2–4.6

	
3.8–4.0 a, 3.2 b

	
4.6 g

	
ND

	
7.9 p

	
4.76 p




	
Bisphenol–A

	
3.69 ± 0.27 (3)

	
3.40–3.94

	
2.8–3.9

	
3.2 c, 2.8 b

	
ND

	
3.5 i, 3.8 l, 2.9 m, 3.9 n

	
9.6–11.3 q

	
3.40 q




	
Estrone

	
3.50 ± 0.16 (3)

	
3.34–3.65

	
3.2–3.6

	
3.6 b

	
3.2 h, 3.3 i

	
3.3 l

	
10.4 r

	
2.95 u




	
17β-Estradiol

	
3.23 ± 0.16 (3)

	
3.11–3.42

	
3.3–3.6

	
3.6 b

	
3.3 i

	
3.3 l

	
10.2 s

	
3.86 u




	
17α-Ethynylestradiol

	
3.25 ± 0.16 (2)

	
3.13–3.36

	
2.9–3.3

	
ND

	
3.2 h, 3.3 i

	
2.9 l

	
10.2 s

	
3.67 u






Notes: a: [39]; b: [26]; c: [40]; d: [41]; e: [42]; f: [43]; g: [44]; h: [27]; i: [45]; j: [11]; k: [46]; l: [13]; m: [28]; n: [47]; o: [48]; p: [49]; q: [50]; r: [51]; s: [52]; t: [53]; u: [54]; ND: No Data.






3.4. Comparison of Experimentally Determined and Literature Reported Koc Values

It is illustrative to compare the range of Koc values calculated from the present data to those reported in the literature for these OWCs (Table 3). Literature reported Koc values are grouped into those calculated using structure-activity models, those derived from single-point equilibrium sorption experiments, and those derived from isotherm equilibrium sorption experiments (which are most analogous to the present study). As is clear from Table 4, the range of Koc values reported in the literature spans more than an order of magnitude for most of the chemicals. While some variability might be expected given the range of approaches from which these data are derived, these data suggest that Koc is not a constant value for these chemicals and may be dependent on the system from which Koc values are calculated. Indeed, the range of values reported for these OWCs was one of the motivations for the present study. Table 4 also highlights the fact that relatively few studies have actually measured Koc values for the target OWCs, indicating a gap in current knowledge.





As illustrated in Table 4, the range of Koc values calculated from data in the present study generally agree with those reported previously. The generally large range of reported Koc values suggests that the approach itself may have limited applicability: Koc values tend to range over an order of magnitude for most of the target OWCs. Results from Gerstl et al. (1990) indicate that logKoc values varied by 0.3 in a study of 32 soils and 36 sediments for two OWCs, tetrachloromethane and 1,2-dichlorobenzene [55]. This variability was attributed to the source soil/sediment organic material, which may explain some of the variability in literature reported Koc values. In some cases represented in Table 4, when the foc of the soil was very low, the reported Koc value may have been distorted due to inaccurate measurements of foc. For example, the value measured from isotherm batch tests reported for NP (logKoc = 4.6) was based on sorption to aquifer material with an foc of 0.005 [46]. Conversely, the logKoc values reported by Sekela et al. (1999), ranging from 4.7 to 5.6, were derived from data for sorption to sewage sludge, which has a relatively high foc (approaching 0.5) and facilitates a greater degree of hydrophobic sorption than a soil system may potentially achieve [41]. Although Koc values should not depend on the foc, this comparison shows that the value is clearly not constant for these chemicals. Nevertheless, various fate and transport assessments have utilized a Koc value to reference estimate a Kd value for OWC fate and transport modeling in soil systems [56,57].

The calculation of this partitioning coefficient incorporates a number of assumptions. First, organic carbon is considered as a relatively homogenous phase, essentially meaning that sorption of a chemical does not depend on the type of organic carbon (i.e., root material, leaf litter, decomposing organisms). While studies have shown that the type and geologic age may play a minor role, the soils chosen for the study are analogous to soils used by STUs [58]. Second, the role of dissolved organic carbon in the wastewater stream is not considered in calculation of Kd and Koc. Dissolved organic carbon can serve to reduce the sorption capacity of an OWC to soil and can facilitate solubilization of the compound and aid in transport through the soil. Additionally, because the Koc is calculated using Kd and foc values, the assumption is made that hydrophobic partitioning is the only sorptive mechanism and this partitioning is defined by a linear relationship (Equation (3)). Nevertheless, because foc of a soil is an important factor in the degree of sorption of these chemicals, the Koc of a chemical may be useful in predicting the sorptive capacity of an OWC for a given system. Identifying a useful Koc value from literature studies may incorporate assumptions that lead to a lower degree of confidence in fate and transport modeling results. An empirically determined range of Koc values may be a superior approach to estimating a Kd model input value, but is not always possible for every soil due to resource constraints.




4. Conclusions

Sorption to soil is a key process in the fate and transport dynamics of OWCs as they infiltrate through soil. The Kd value is used to characterize sorption in fate and transport models that consider the advection-dispersion equation incorporating solute transport and, generally, model output is highly sensitive to the magnitude of this parameter. Clearly, effective characterization of a Kd value and the uncertainty surrounding it for a specific system is essential for fate and transport modeling.

To help evaluate this uncertainty, a relationship may be defined to relate a range of Kd values to soil organic carbon content. This range (defined by 95% confidence intervals for a linear regression) incorporates the variability associated with additional soil and solution characteristics by involving a number of various experimentally determined Kd values and not accounting for the variability or effects of soil characteristics other than the foc. Using this approach, a Koc relationship is defined by considering a number of literature-reported sorption studies over an applicable range of organic carbon contents. Figure 4 illustrates an approach for using this empirical relationship. In this plot, Kd values from this study and literature for E1, E2, and EE2 are combined under the assumption that these chemicals, being similar in structure, demonstrate similar sorption characteristics [13,26,27,45]. A regression was fit between the Kd values and corresponding foc values and 95 and 99 percent confidence intervals are included. These confidence intervals may define a range of effective Kd values for an foc based on empirical evidence. It is important to note that the relationship displayed in Figure 4 suggests an approach to identifying a Kd range, but it is unlikely that current Kd information is sufficient to use this approach as a tool for estimating Kd without additional investigation for most OWCs. Rather than requiring extensive numbers of batch studies to characterize Kd values at a variety of soil conditions, a confined range defined by this type of empirical relationship may give a realistic indication as to the effect of sorption on retardation of OWC infiltration.

Figure 4. Plots of the Kd values for associated fraction of organic carbon of soil for isotherms with less than 20% variability in this study and literature reported values [13,26,27,45] for estrogenic hormones (estrone, 17β-estradiol, and 17α-ethynylestradiol). A linear regression fit is included along with the 95% (solid lines) and 99% (dashed lines) confidence intervals.
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