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Abstract: Final leachates (leachate after storage or treatment processes) from 22 landfills in 12 states were analyzed for
190 pharmaceuticals and other contaminants of emerging concern (CECs), which were detected in every sample, with the number of
CECs ranging from 1 to 58 (median¼ 22). In total, 101 different CECs were detected in leachate samples, including 43 prescription
pharmaceuticals, 22 industrial chemicals, 15 household chemicals, 12 nonprescription pharmaceuticals, 5 steroid hormones, and 4 animal/
plant sterols. Themost frequently detected CECswere lidocaine (91%, local anesthetic), cotinine (86%, nicotine degradate), carisoprodol
(82%, muscle relaxant), bisphenol A (77%, component of plastics and thermal paper), carbamazepine (77%, anticonvulsant), and
N,N-diethyltoluamide (68%, insect repellent). Concentrations of CECs spanned 7 orders of magnitude, ranging from 2.0 ng/L (estrone) to
17 200 000 ng/L (bisphenolA).Concentrations of household and industrial chemicalswere the greatest (�1000–1 000 000 ng/L), followed
by plant/animal sterols (�1000–100 000 ng/L), nonprescription pharmaceuticals (�100–10 000 ng/L), prescription pharmaceuticals
(�10–10 000 ng/L), and steroid hormones (�10–100 ng/L). The CEC concentrations in leachate from active landfills were significantly
greater than those in leachate from closed, unlined landfills (p¼ 0.05). The CEC concentrations were significantly greater (p< 0.01) in
untreated leachate compared with treated leachate. The CEC concentrations were significantly greater in leachate disposed to wastewater
treatment plants from modern lined landfills than in leachate released to groundwater from closed, unlined landfills (p¼ 0.04). The CEC
concentrations were significantly greater (p¼ 0.06) in the fresh leachate (leachate before storage or treatment) reported in a previous
study compared with the final leachate sampled for the present study. Environ Toxicol Chem 2015;9999:1–13. Published 2015 SETAC.
This article is a US Government work and is in the public domain in the United States.
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INTRODUCTION

Landfills are the final repository for heterogeneous mixtures
of waste from residential, industrial, and commercial sources.
Because of the composition of landfill waste, landfill leachate
can contain complex mixtures of pharmaceuticals, personal care
products, and other contaminants of emerging concern
(CECs) [1–6]. These contaminants are receiving growing
attention as mounting evidence documents their presence in
aquatic and terrestrial ecosystems from a variety of urban,
industrial, agricultural, and other anthropogenic sources [7–16].
Although the ubiquitous environmental occurrence of CECs is
now recognized as a global phenomenon [7–9,15,16], little is
known about the sources, fate, and effects of these chem-
icals [13–16]. There is a growing body of evidence indicating
that exposure to CECs can result in deleterious effects to
ecosystem health [17–29]. In addition, exposure to complex
mixtures of low concentrations of organic chemicals
(<1000 ng/L), including CECs and many other organic
compounds [10], is an issue that is drawing interest, as a range
of potential effects is possible [11] even when each compound is
present at low concentrations determined not to have an
individual effect [12].

The first national study of CECs in landfill leachate from
19 landfills in the United States showed that fresh leachate
contains complex mixtures of CECs [1]. Fresh leachate was
defined for that study as leachate at the beginning of the liquid-
waste stream emanating from thewaste source before any storage
or treatment processes. Contaminants of emerging concern were
frequently detected in fresh leachate, with concentrations of
household and industrial chemicals ranging from 1000 ng/L to
1 000 000 ng/L, prescription and nonprescription pharmaceuti-
cals ranging from 100ng/L to 1000 ng/L, and steroid hormones
ranging from 1 to 100 ng/L [1]. The large numbers of CECs
detected in landfill leachate pose concerns about the potential
disposal of these compounds to adjoining groundwater and
surface water and the toxicity, estrogenic activity, carcinogene-
sis, and possible effects on aquatic and terrestrial organisms [2].
Whereas analysis of fresh leachate is an important first step in
understanding landfills as a source of CECs, fresh leachate may
not necessarily be representative of CECs in final leachate
(effluent disposed offsite after storage or treatment processes to
environmental pathways or wastewater treatment plants
[WWTPs]). Little research has been conducted on CECs in final
leachate on a national scale. Except for the study of fresh
leachate [1], research to date has been local studies that were
limited in thenumber of landfills sampled forCECsor studies that
involved CECs in groundwater contaminated from leachate from
closed, unlined landfills [2–6].

To provide the first national-scale assessment of CECs in
final leachate being released from landfills across the United
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States, final leachate samples from 22 landfills in 12 states
(Figure 1) were collected and analyzed for 190 CECs. The
analyzed CECs included 90 prescription pharmaceuticals,
32 industrial chemicals, 31 household chemicals (includes
10 pesticides), 16 nonprescription pharmaceuticals, 17 steroid
hormones, and 4 plant/animal sterols. These targeted CECs
were selected for analysis because they were expected to be
persistent in the environment; are used, excreted, or disposed of
in substantial quantities; may have human or environmental
health effects; or are potential indicators of environmentally
relevant classes of chemicals or source materials. In addition to
CECs, geochemical samples were analyzed for the 22 landfill
sites because the frequency and concentrations of CECs can be
controlled by various interconnected chemical, physical, and
microbiological fate processes. The present study summarizes
the frequency of CEC detections and concentrations in final
leachate samples, compares distributions of CEC concentrations
from landfills grouped by selected ancillary variables (e.g.,
leachate treatment and disposal processes), and compares
frequency of CEC detection and concentration between final
leachate and that published previously on untreated fresh
leachate [1]. This research provides a foundation and context for
evaluating landfills as sources of CECs as well as data for future
investigations of the fate, risk, and toxicity of CECs in leachates
from landfills as they directly or indirectly enter aquatic and
terrestrial environments.

MATERIALS AND METHODS

Landfill sites

For the present study, final leachate samples were collected
from 22 landfills (20 in 2012 and 2 in 2011; Figure 1 and
Table 1). The sampling network consisted of a range of landfill
sizes, in terms of both amounts of annual leachate produced and
waste loads (Table 1). The landfills consisted of 16 municipal
and 6 private landfills representative of landfills across the
United States and contained a heterogeneous mixture of

municipal waste, construction debris, wastewater sludge
(biosolids), and nonhazardous commercial and industrial waste
(Table 1). Of the sampled landfills, 16 were active landfills
permitted to accept municipal and nonhazardous commercial/
industrial waste and 6 were closed landfills at which operations
ceased in the late 1980s and 1990s. The active landfills were
equipped with leachate-collection and recovery systems. The
remaining 6 closed landfills were unlined and not equipped with
leachate-collection and recovery systems.

A variety of leachate treatment and disposal practices were
used at the 22 sampled landfills (Table 1). Untreated leachate
was continuously discharged from 10 of these landfills. Of these
10 landfills, 6 were closed, unlined landfills that discharged
untreated leachate to groundwater and 4 were active landfills that
disposed untreated leachate toWWTPs. Leachate was treated on
site at 12 of the active landfills, with biological treatment by
facultative lagoons being done at 11 landfills and a sequencing
batch reactor being used to treat leachate at 1 landfill. For the
22 sampled landfills, 12 were active landfills at which leachate
was discharged to WWTPs; 3 were active landfills at which
leachate was applied to soils by irrigation; 1 was a landfill at
which leachate was discharged directly to a river; and 6 were
unlined, closed landfills at which leachate was discharged
directly to groundwater (Table 1).

Sampling methods

All bottles and equipment used to collect leachate samples
were cleaned using an anionic detergent and were thoroughly
rinsed with tap water followed by deionized water and
pesticide-free menthol and allowed to air dry before being
placed in clean reclosable plastic bags. Final leachate samples
were collected from 9 landfills at discharge locations to sewer
lines; from 6 landfills at groundwater monitoring wells
downgradient from closed, unlined landfills; from 4 landfills
at facultative lagoons; from 2 landfills at leachate holding/
storage tanks; and from 1 landfill with a discharge location to
a river. For the 9 landfills discharging leachate directly to

Figure 1. Map showing states where final leachate was sampled from 22 landfills in 2011 to 2012.
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sewer lines, samples were collected from leachate effluent to
sewer pipes with the use of a peristaltic pump and 0.64-cm
polyethylene tubing (Figure 2). At least 1 L of leachate was
pumped through new tubing as a field rinse prior to sample
collection. Samples were collected from the 6 monitoring
wells with the use of a peristaltic pump and tubing. For the
remaining samples, approximately 11 L of leachate were
collected as a large grab sample in a field-rinsed container.
Bottles were filled with individual samples from the grab
sample with the use of a peristaltic pump and tubing. All
samples were immediately chilled to 48C after collection and
shipped overnight to the analytical laboratories.

Analytical methods

To determine concentrations of 190 CECs (Table 2;
Supplemental Data, Table S1) in leachate samples, 3 analytical
methods were used: a liquid chromatography–tandem mass
spectrometry (LC-MS/MS) method was used to determine
concentrations of 97 pharmaceuticals (including both prescrip-
tion and nonprescription), 9 pharmaceutical degradates,
2 industrial chemicals, and 1 pesticide [30]; a gas chromatogra-
phy (GC)-MS/MS method was used to determine the concen-
trations for 18 steroid hormones and related chemicals,
including 17 natural and synthetic hormones (9 estrogens,
6 androgens, and 2 progestins), as well as bisphenol A [31];
and a GC/MS method was used to determine concentrations
of 63 household and industrial chemicals [32]. Additional
geochemical samples were collected for determination of
alkalinity, ammonium concentration (NH4

þ), anions, nonvola-
tile dissolved organic carbon (NVDOC), cations, and trace
metal concentrations. More detailed information about analyti-
cal processing and extraction of CECs and geochemical analysis
are described in detail elsewhere [1].

Quality control

Quality-control samples were collected and analyzed to
evaluate the bias, accuracy, and precision of CEC concen-
trations in leachate samples. During analysis, 37 isotope
dilution standards and surrogate compounds were added to
the 22 leachate samples and all field and laboratory quality-
control samples. The quality-control samples for the present
study consisted of 2 field replicate samples, 1 field spike sample,
1 field blank sample, and 22 laboratory blanks (7 pharmaceuti-
cal, 12 steroid hormones, and 3 household/industrial blank
samples).

The median recoveries for isotope dilution standards and
surrogate compounds for all leachate and quality-control
samples were 101% for pharmaceuticals, 77% for steroid
hormones, and 63% for household/industrial chemicals

(Table 3). Field replicates were collected from sites LF14 and
LF19. Reproducibility was expressed as the relative percent
difference. The percentile distributions of relative percent
differences for sites LF14 and LF19 replicate samples were
calculated (Table 4). For the 55 CECs detected in which relative
percent differences were calculated, only 5 were >75% and
generally occurred in samples having relatively low concen-
trations of CECs (i.e., <1000 ng/L). There was an acceptable
degree of reproducibility for results for all detected household
and industrial chemicals in replicate samples, with the median
relative percent difference being 13%.

A second field sample was collected at site LF12 and spiked
with known concentrations of CECs. Analytical recoveries
for the spiked sample were calculated to assess for potential
negative and positive bias in CEC concentrations. Recoveries
at 25th, 50th, and 75th percentile ranks for spiked pharmaceu-
ticals were 87%, 97%, and 114%, respectively. Analyses of
4 pharmaceuticals (iminostilbene, metformin, prednisolone, and
raloxifene) indicated negative bias, with recoveries <20%.
Analyses of 5 pharmaceuticals (oseltamivir, penciclovir,
prednisone, sulfamethizole, and valacyclovir) indicated positive
bias, with recoveries >175%. Recoveries at the 25th, 50th, and
75th percentile ranks for steroid hormones were 89%, 94%, and
104%, respectively. The minimum recovery for those com-
pounds was 67%, which indicates a low potential for negative
bias for steroid hormones. An indication of positive bias was
measured for 17a-estradiol, with a recovery of 181%.
Analytical recoveries at the 25th, 50th, and 75th percentile
ranks for household/industrial chemicals were 64%, 79%, and
89%, respectively. There were 12 household/industrial chem-
icals for which spiked recoveries indicated negative bias.
Diazinon, isoborneol, isopropylbenzene, pentachlorophenol,
and tetrachloroethylene had recoveries <10%; and 3,4-
dichlorophenyl isocyanate, 3-tert-butyl-4-hydroxy anisole,
b-sitosterol, stigmastanol, cotinine, and d-limonene were
recovered at concentrations between 25% and 50% of the
known concentrations.

The field blank samplewas prepared in thefield by processing
OmniSolv organic blank water through the sampling equipment
in the same manner that leachate samples were collected.
No CECs were detected in the field blank sample above
reporting limits for the pharmaceutical, hormone steroid, and
household/industrial chemical methods. For the 22 laboratory
blanks, only 1pharmaceutical (lidocaine, 16.1 ng/L)wasdetected
above the 15.0 ng/L reporting limit for the LC-MS/MS
pharmaceutical method. There were no detections in laboratory
blanks above reporting limits for any chemicals analyzedwith the
GC-MS/MS steroid hormone or GC/MS household/industrial
methods.

Figure 2. Leachate sample collection: (A) manhole access to leachate stream to sewer pipe; (B) processing of leachate samples; (C) leachate-filled bottles for
sample analysis.
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