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Abstract
We determined the first nationwide inventories of alkylphenol surfactants in U.S. sewage sludges
(SS) using samples from the U.S. Environmental Protection Agency's 2001 national SS survey.
Additionally, analysis of archived 3-year outdoor mesocosm samples served to determine
chemical fates in SS-amended soil. Nonylphenol (NP) was the most abundant analyte (534±192
mg/kg) in SS composites, followed by its mono- and di-ethoxylates (62.1±28 and 59.5±52 mg/kg,
respectively). The mean annual load of NP and its ethoxylates in SS was estimated at 2408–7149
metric tonnes, of which 1204–4289 is applied on U.S. land. NP compounds showed observable
loss from SS/soil mixtures (1:2), with mean half-lives ranging from 301 to 495 days. Surfactant
levels in U.S. SS ten-times in excess of European regulations, substantial releases to U.S. soils,
and prolonged half-lives found under field conditions, all argue for the U.S. to follow Europe's
move from 20 years ago to regulate these chemicals.
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1. Introduction
Alkylphenol ethoxylates (APEOs) are extensively used as surfactants in commercial and
industrial products. These chemicals are produced in excess of one million pounds per year
in the U.S. and thus are classified as high production volume (HPV) chemicals.
Nonylphenol ethoxylates (NPEOs) represent about 80-85% of all APEOs, with an annual
consumption estimated at 123,000 to 168,000 metric tonnes in the U.S. (U.S. Environmental
Protection Agency, 2010). Due to their widespread use, significant amounts of APEOs enter
wastewater treatment plants (WWTPs), where they readily undergo biotransformation to
form alkylphenols (primarily nonylphenol) and their short chained ethoxylates (mono- and
di-ethoxylates) (Ahel et al., 1994a; Johnson et al., 2005; Koh et al., 2005; Nakada et al.,
2006; Shao et al., 2003). Studies have shown WWTP effluents are one of the major sources
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of these degradates in the environment (Ahel et al., 1994b; Fries and Püttmann, 2003;
Langford et al., 2005; Petrovic et al., 2002a; Petrovic et al., 2002b; Sabik et al., 2003).
About 60% of the APEO mass entering WWTPs is released to aquatic environments (Naylor
et al., 1992). AP and APEOs have been detected in surface waters, groundwater, WWTP
sludge, sediments, soil, air, and even in drinking water (Ahel et al., 1994a; Naylor et al.,
1992; La Guardia et al., 2001; Ahel et al., 1996; Falkenberg et al., 2003; Vikelsøe et al.,
2002; Barber et al., 1988; Dachs et al., 1999; Petrovic et al., 2003). The degradates are
shown to be more persistent, lipophilic, and bioaccumulative than their long-chained parent
APEOs (Ahel et al., 1994a; Ekelund et al., 1993). One of the major concerns associated with
these metabolites is their ability to mimic natural hormones and induce endocrine disruption
in aquatic and terrestrial organisms (Soto et al., 1991; Jobling and Sumpter, 1993; Jobling et
al., 1996; Renner, 1997). Substantial literature exists that defines elevated aquatic toxicity of
these metabolites (European Commission, 2002a; Staples et al., 2009). Nonylphenol (NP),
octylphenol (OP) and their ethoxylates have also been detected in human milk, thereby
providing a pathway for exposure of newborns to these endocrine disruptors (Ademollo et
al., 2008). NP is also associated with respiratory toxicity, inhibition of growth of neural stem
cells, increased proliferation of mammary gland cells, and chromosomal aberrations (Argese
et al., 1994; Kudo et al., 2004; Kudo et al., 2004; Colerangle and Roy, 1996; Roy et al.,
1998). Due to these concerns, several European countries initiated a voluntary phase-out in
mid 1990s to reduce the production and use of NP derivatives (OSPAR Commission, 2006).
Recently, the U.S. Environmental Protection Agency (U.S. EPA) initiated both voluntary
and regulatory actions on NP and NPEOs in the U.S. (U.S. EPA, 2012).

The fate and occurrence of APEOs and degradates in the environment has been studied in
detail over the past two decades and has been critically reviewed (La Guardia et al., 2001;
Ying et al., 2002; Soares et al., 2008; Giger et al., 2009; Sharma et al., 2009; Dubroca et al.,
2003; González et al., 2010; Shang et al., 1999; Bradley et al., 2008; Hesselsøe et al., 2001;
Langdon et al., 2011; González et al., 2012). One potential exposure pathway for humans is
from land application of processed sewage sludge (biosolids) on agricultural soil. Levels of
1 g/kg or more have been reported in dry sludge (Giger et al., 1984; Ahel et al., 1994a; Ahel
et al., 1994b; Ahel and Giger, 1985). The U.S. EPA has performed several national sewage
sludge surveys, but AP and APEOs have not been included in these surveys. Though other
studies have reported concentrations of NP and NPEOs in U.S. sludge at levels varying
between 4.8 and 1,380 mg/kg, these concentrations are limited to specific study locations
and to a maximum of 11 U.S. WWTPs (La Guardia et al., 2001; Xia and Jeong, 2004; Xia et
al., 2010).

The present study is intended to provide a national baseline level for these compounds in
U.S. sewage sludges to enable risk assessment. In a research collaboration, unused samples
from EPA's 2001 survey were acquired and are being archived in the Biodesign Institute at
Arizona State University as part of the U.S. National Biosolids Repository (Chari and
Halden, 2012). The sewage sludge composites analyzed in this study constitute a
representative sample (94 WWTP facilities) of the more than 16,000 WWTPs in the U.S.
The purpose of national surveys is to determine levels of trace organics in sewage sludges
for future monitoring and regulation needs. The present study was performed to extend this
effort to other emerging contaminants that were excluded from past U.S. EPA studies.
Additionally, archived samples of outdoor mesocosms were analyzed to investigate the fate
over three years of AP and APEOs in agricultural soil amended with sewage sludge.
Mesocosm samples originated from a study conducted from 2005 to 2008 in Baltimore,
Maryland. The approach of analyzing archived sewage sludge composites and mesocosm
samples has been validated previously in studies of pharmaceuticals and personal care
products (PPCPs) performed to evaluate their nationwide occurrence in sewage sludges and
fate in sewage sludge-amended soils (Chari and Halden, 2012; McClellan and Halden, 2010;
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Walters et al., 2010). The present work employed a similar methodology to analyze for AP
and short chain APEOs with the goal of providing: (i) the first national inventory of these
compounds in U.S. sewage sludges; (ii) estimates of national loading of AP and APEOs to
soils as a result of sewage sludge land application; and (iii) half-lives of AP and APEOs in
soils amended with sewage sludges.

2. Materials and methods
2.1. Sample description

2.1.1. Sewage sludge mega composites—Sewage sludge samples for the 2001
national sewage sludge survey (NSSS) were collected by U.S. EPA between February and
March 2001 according to an established protocol (U.S. EPA, 2001). After completion of the
2001 NSSS, samples were transferred to Arizona State University and stored in amber glass
jars (500 mL) at -20°C for further analysis. Sewage sludge samples were randomly grouped
into five composite samples, each containing solids from between 21 and 24 individual
treatment plants. Detailed sampling procedure and preparation of composites are provided as
supplementary information. A duplicate of composite sample #1 was prepared to serve as a
blind duplicate. The composites were prepared to establish mean national baseline levels for
study analytes by examining a small and more manageable number of samples. The validity,
benefits and limitation of this mega composite approach have been discussed in detail
previously (Chari and Halden, 2012; McClellan and Halden, 2010).

2.1.2. Soil/sludge time-series samples—Sewage sludge for the mesocosm study were
originally obtained from a full-scale activated sludge treatment plant (Heidler et al. 2006)
located in the mid-Atlantic region of the U.S (see supplementary information for additional
information). Agricultural soil was obtained from the United States Department of
Agriculture – Agricultural Research Service (USDA-ARS) Beltsville Agricultural Research
Center (BARC). Sewage sludge and soil were mixed at a ratio of 1:2, which is high
compared to the typical land application rate of sewage sludge (e.g., 1:10 after mixing), but
lower than the application rate of pure sewage sludge in forestry (1:1). This substantial
application rate was chosen to enable the potential observation of multiple half-lives of
sewage sludge-borne compounds in soils and to facilitate the detection of degradates. The
sludge/soil mixtures were seeded with plants and were exposed to ambient outdoor weather
condition of the greater Baltimore region in Maryland. Detailed information on sampling
locations, sampling techniques, and experimental setup are provided as supplementary
information and in peer-reviewed literature (Walters et al., 2010). Samples were collected on
day 57, 115, 520, 859, and 995 and were archived in the Biodesign Institute laboratory at
-20°C until the chemical analysis was performed.

2.2. Sample analysis
Both sewage sludge composites and sludge/soil mixtures were shipped to a commercial lab
(AXYS Analytical Services Ltd., Sydney, British Columbia, Canada) for analysis of C8-C9
APs and C9 APEOs [octylphenol (OP), 4-nonylphenols (NP), 4-nonylphenol
monoethoxylates (NP1EO) and 4-nonylphenol diethoxylates (NP2EO)]. The commercial lab
specializes in the analysis of traditional and emerging contaminants and also developed EPA
Method 1694 for pharmaceuticals and personal care products. The samples (2 g-dry)
underwent digestion with methanolic potassium hydroxide and liquid-liquid extracted with
hexane followed by non-aqueous acetylation (AXYS Analytical Services Ltd., 2004).
Acetylated extracts were then cleaned up using a 5% silica chromatography column. A
recovery standard was added prior to analysis. Instrumental analysis was performed on a
RTX-5 capillary gas chromatography column coupled to a low-resolution mass spectrometer
(LRMS) (Finnigan MAT Incos 50 Agilent GC-MSD, Agilent Technologies, Palo Alto, CA).
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The LRMS was operated in electron impact (EI) mode using multiple ion detection (MID)
acquiring at least 2 characteristic ions for each target analyte and surrogate standard (Table
S1). Quality assurance and quality control procedures included method blanks and matrix
spikes to evaluate recovery rates in percent as described in detail elsewhere (McClellan and
Halden, 2010; Walters et al., 2010). All concentrations are reported on a dry weight (dw)
basis. Precision between samples and duplicates was expressed as relative percent difference
(RPD). Method performance and RPD calculations are shown in supplementary information.

3. Results and discussion
3.1. National baseline levels and inventories of AP and APEOs in U.S. sewage sludges

NP, NP1EO and NP2EO were consistently detected in all composite sewage sludge samples,
whereas OP was below the detection limit (<1.1 μg/kg) in all the samples. This finding is
consistent with known surfactant usage patterns that heavily favor NP derivatives (80-85%)
over OP derivatives (U.S. EPA, 2010). NP was the most abundant compound detected at a
mean concentration of 534±192 mg/kg, followed by NP1EO and NP2EO at 62.1±28 and
59.5±52 mg/kg, respectively (Table 1). This relative abundance in sewage sludge is in
agreement with previously reported concentrations of these compounds (La Guardia et al.,
2001; González et al., 2010). It is suggested that NP polyethoxylate surfactants undergo
degradation by losing their ethoxy groups, thus leading to the initial formation of NP1EO
and NP2EO (Minamiyama et al., 2006; Nunez et al., 2007), and ultimately NP (Ahel et al.,
1994a). Also, the stability of these compounds increases with decreasing ethoxylate chains,
and as a result NP is present at the highest concentration in sewage sludge. The national
baseline concentrations reported in the present study are within the range of concentrations
reported in other U.S. studies (Figure 1A). The median concentration was comparable to
sludge concentrations reported in countries like Canada and Switzerland, but significantly
higher than concentrations reported in sludge samples from Greece, Spain, and Sweden
(Figure 1A). The lower concentration observed in Europe likely are linked to the voluntary
phase out of NP in these countries (OSPAR Commission, 2006). Currently there are no
regulations or limits for NP and NPEOs in sewage sludge in the U.S. The European Union
has set a limit of 50 mg/kg for NP in sludge for use on land (European Commission, 2000).
The mean baseline level of NP detected in the present study is more than ten times this limit
suggesting the immediate need for regulations in the U.S.

Based on the estimated sewage sludge production of 5.1 – 6.4 million metric tonnes (5.6 – 7
million U.S. short tons) in the year 2001 (NEBRA, 2007; Jones-Lepp and Stevens, 2007;
National Research Council, 2002), the nationwide annual loading rates to sewage sludge for
NP and NPEOs were calculated (Table 1). The annual mean loading rate of total NP and
NPEOs was 2408 – 7149 metric tonnes, with the most abundant compound being NP with a
rate of 2066 – 5510 metric tonnes in U.S. sewage sludges. Based on the estimate of the
percentage of total sewage sludges applied on land (50-60%) (NEBRA, 2007; Jones-Lepp
and Stevens, 2007; National Research Council, 2002), the mean loading rate of total NP and
NPEOs to agricultural soil was found to be 1204-4,289 metric tonnes per year. A significant
amount of NP and NPEOs (409-1215 metric tonnes/year) was also estimated to go to
landfills as an alternative disposal route for unwanted sewage sludge (Table 1). In order to
grasp the true abundance of these compounds in sewage sludge, their load in sewage sludge
was compared to the respective U.S. production volume (Figure 1B). Accordingly, it was
estimated that up to 1.8 and 3.9% of the total produced volume of NPEOs and NP in 2001
was sequestered in sewage sludges, respectively. The estimated percent for NPEOs is
conservative, since the production volume of NPEOs includes a wide range of NP
polyethoxylates (NPnEOs) while the present study analyzed for only mono- and di-
ethoxylates.
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3.2. Fate of AP and APEOs in sludge/soil mesocosms
NP, NP1EO and NP2EO were consistently detected in sludge/soil mixtures incubated in
ambient outdoor conditions for 3 years, whereas OP was not observed (< 1.1 μg/kg).
Control samples of soil that did not receive sewage sludge showed background levels of NP
ranging between 1.6 and 1.9 mg/kg dw, while the rest of the analytes were below the
respective detection limit (< 12.2, 33.9, and 1.1 μg/kg for NP1EO, NP2EO, and OP,
respectively). NP was the most abundant compound found early in the sludge/soil mixture
experiment at 50.3 mg/kg dw, followed by NP1EO and NP2EO at 2.6 and 1.3 mg/kg,
respectively. These levels indicate that the majority of the mass of NP and NPEOs detected
originated from sewage sludge. All three detected analytes showed appreciable losses during
the mesocosm weathering study (Figure 2). The first-order degradation curves for these
three compounds suggest mean half-lives of 301, 495, and 462 days for NP, NP1EO, and
NP2EO, respectively. Since no effort was taken to capture the leachate from these soils,
these half-lives represent the net loss of compounds through a combination of abiotic and
biotic processes including leaching. About 60-70% of the compounds were lost from sludge/
soil mixtures within 120 days; but residual concentrations persisted some 995 days after
sewage sludge application. This is in agreement with a previous field study that showed
residual concentrations of NP and NPEOs in soil 320 days after the last sludge application
(Marcomini et al., 1989).

Previous studies have shown a shorter half-life for NP in soil. One study showed a half-life
of 23 and 16 days, respectively, for NP in sewage sludge-amended soil and sewage sludge-
amended soil with plants (Brown et al., 2009). The experiment was performed under
laboratory conditions by mixing 0.5 g of freeze-dried sewage sludge with 16 g of air-dry soil
(1:32 ratio). Half-lives as short as 3-6 days have been determined for NP in sludge-soil
mixtures under aerobic conditions (Hesselsøe et al., 2001). One study showed that
application of low amounts of sewage sludge did not inhibit the degradation of NP in soil,
but higher application rates (1:1) showed slower degradation kinetics. The slow
mineralization of NP in heavily amended soil was related to oxygen limitation from high
biological oxygen demand of sewage sludge and restricted gaseous diffusion due to sludge
aggregates (Hesselsøe et al., 2001; Topp and Starratt, 2000). The longer half-life observed in
this study for these surfactants could have resulted from the higher application rate of
sewage sludge to soil (1:2), temporary oxygen-limited conditions after rainfall events and
intrinsic properties of the soil and microbial community. The half-lives reported in this study
should be considered conservative when applied to agricultural soils that typically see lower
sewage sludge application rates, and best-case scenarios for forests, range land and
reclamation sites, where sewage sludge are surface applied without mixing (U.S. EPA,
2000).

4. Conclusions
Though alkylphenolic surfactants have been studied in depth and critically reviewed in the
past two decades, land application of sewage sludge is one underappreciated route of
exposure to terrestrial biota. Though previous studies suggest short half-lives for these
endocrine disruptors in soil, the extended half-lives shown in this study may prevail in
regions with limited oxygen conditions and higher land application rates of sewage sludge.
This nationwide study of the U.S. arrives some 20 years after a series of reports on the
occurrence of NP and NPEOs in European sewage sludges that triggered a ban of these
compounds in several products due to toxicity concerns. Surfactant levels reported in the
present work exceed limits set for European countries by over an order of magnitude,
suggesting that the U.S. may have to follow suit and take regulatory action to protect human
health and the environment.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• First national survey of alkylphenol surfactants in U.S. sewage sludges

• Nonylphenol (NP) and its ethoxylates were consistently detected in all samples

• Levels of NP in U.S. biosolids exceed regulatory limit set by European Union

• Significant surfactant releases to U.S. soils via biosolids land application

• Half-lives >300 days for NP and its ethoxylates observed in outdoor soil
mesocosms
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Figure 1.
(A) Box and whisker plot of nonylphenol concentrations in sewage sludge detected in
different countries. The number within parenthesis represents the number of sludge samples
analyzed. *five composite samples prepared from 110 sewage sludge samples from 94 U.S.
WWTPs were analyzed in the present study. The dashed line represent NP limit in sludge
for land use set by European Union (EU). (B) Annual estimated sewage sludge load of AP
and APEOs compared with their production volume in the U.S. in year 2001. The
percentage next to the bars represents the amount of produced mass that becomes
sequestered in sewage sludges. Whisker bars represent estimated maxima and minima.
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Figure 2.
Concentrations and half-life (t1/2) of NP and NPEOs in soil amended with sewage sludge
over time. Error bars represent minimum and maximum concentration.
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