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Abstract

In the present study, archived U.S biosolids from the 2001 Environmental Protection Agency
(EPA) National Sewage Sludge Survey were analyzed with an expanded U.S EPA Method 1694,
to determine the occurrence of 26 previously unmonitored pharmaceuticals and personal care
products (PPCPs) among a total of 120 analytes. The study further served to examine the
reproducibility of a mega-composite approach for creating chemical mass inventories in biosolids
based on pooled samples from wastewater treatment plants (WWTPs) nationwide. Five mega-
composites reflecting 94 WWTPs in 32 states and the District of Columbia were constructed from
archived biosolids and analyzed by LC/ESI-MS/MS using a newly introduced analytical method
expanding upon U.S EPA Method 1694. In addition, soil-biosolids mixtures from a mesocosm
setup were analyzed to experimentally determine the half-lives of biosolids-borne compounds
applied on U.S land. Among 59 analytes detected, 33 had been reported previously, whereas 26
are reported in biosolids for the first time, at levels ranging from 1.65 to 673 g kg™! dry weight.
Newly recognized biosolids constituents were identified as CaZ* channel blockers,
antidepressants, diuretics, S-blockers and analgesics. Using a mass balance approach, the total
loading of these 26 pharmaceuticals to U.S soils from biosolids land application was estimated at
5-15 tons year~1. Past and present datasets for 30 pharmaceuticals and personal care products
(PPCPs) were determined to be statistically indistinguishable (paired #test; p=0.01). This study
expands the list of PPCPs reported in U.S biosolids, provides the first estimates of nationwide
release rates to and environmental half-lives in U.S agricultural soils, and confirms the utility of
using mega-composite sampling for economical tracking of chemical inventories in biosolids on a
national scale.
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1. Introduction

Growth of the U.S population necessitates the disposal of steadily increasing volumes of
treated municipal sewage sludge (biosolids). Similarly, between 1988 and 2004, the rate of
biosolids disposal on land has increased from 36% to approximately 55% of the total
volume produced, which in 2007 was estimated at 7.2 million dry tons annually for the U.S.
(USEPA, 1992; NEBRA, 2007). Whereas land-applied biosolids offer a source of
inexpensive nutrients, they also are a recognized sink for domestic and industrial chemicals
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that become sequestered in solids during the wastewater treatment processes (Chu and
Metcalfe, 2007; Wu et al., 2010). High aqueous-phase removal rates (>95%) reported for
wastewater treatment plants (WWTPs) are not necessarily indicative of the extent of
transformation of chemicals within a given plant, and many compounds that are effectively
removed from the liquid phase persist and become sequestered and highly enriched in
biosolids during treatment (Heidler and Halden, 2007). Land-applied biosolids can release
pollutants into groundwater and waterways through leaching and runoff (Kinney et al.,
2006; Gottschall et al., 2012).

With U.S. per-capita consumption of medicines growing annually at a rate of about 0.6%
(IMS Health, 2009), a proportionally higher amount of pharmaceuticals is being discharged
into sewers and ultimately into the environment. Drugs can enter the environment as parent
compounds, as metabolites excreted by patients (Halling-Sorensen et al., 1998; Williams
and Cook, 2007), and as a waste stream from manufacturing plants, hospitals and domestic
discharges (Bound and Voulvoulis, 2005) as well as from leachates originating from
terrestrial depositions (Langdon et al., 2010). Some conjugated metabolites that are excreted
by humans have the capacity to be transformed back to the parental compounds due to
bacterial action in the environment (Halling-Sorensen et al., 1998; Richards and Cole, 2006)
or within the sewage treatment process (Gobel et al., 2005; Schultz et al., 2006).

The occurrence of pharmaceuticals and their metabolites in WWTPs and in surface waters
has been well documented (Ternes, 1998; Kolpin et al., 2002). Analytical challenges
concerning solid matrices are the physical characteristics of the sample matrix and the
extensive cleanup processes required prior to analysis. Biosolids of all forms (pelletized,
composted or semi-solid) consist of particles with large surface areas, negative surface
charges and interstitial spaces that all promote sorption and sequestration of compounds
deep within the matrix. Adding to the complexity are the variety of chemicals such as ferric
chloride, lime and polymers used during the conditioning process that need to be neutralized
during sample cleanup (Jones-Lepp and Stevens, 2007). However, with the release of the
EPA Method 1694 and developing analytical technologies, there has been a marked increase
in the number of studies reporting PPCPs in biosolids. A recent study employed EPA
Method 1694 to establish trends in PPCP occurrences in WWTPs from across the U.S. by
utilizing archived biosolids contained in the U.S National Biosolids Repository maintained
at Arizona State University (McClellan and Halden, 2010). This latter study also pioneered
the use of mega composite samples to establish national release inventories for biosolids-
borne chemicals.

The purpose of the present study was to examine the occurrence of previously unmonitored
pharmaceuticals in archived biosolids samples, predict their behavior in the environment and
determine the risks posed by matching their porewater and soil-biosolids concentrations with
reported toxicity values from literature and to critically evaluate the mega composite
sampling approach that — for matters of convenience, speed and cost-effectiveness — relies
on a very limited number of measurements to create estimates of national inventories of
chemicals in biosolids, but whose reproducibility from an experimental perspective is as of
yet unknown. Building on the list of 72 previously reported compounds (McClellan and
Halden, 2010), an additional 48 compounds were monitored in this work using a newly
introduced analytical method (AXYS Method MLA-075) that extends the analyte range of
U.S. EPA Method 1694 without changing any of the attributes inherent to the originally
reported protocol. Study results reveal the identities of 26 newly reported PPCPs in biosolids
and their importance from an ecotoxicological perspective, yield U.S mass inventories for
the latter, and provide evidence for the reproducible preparation and analysis of large
biosolids composite samples constructed from 94 WWTPs across the U.S.
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2. Materials and methods

2.1. Sampling procedure

This study utilized 113 biosolids samples obtained by the U.S. Environmental Protection
Agency (EPA) for the 2001 National Sewage Sludge Survey (NSSS). These samples make
up a small fraction of the U.S National Biosolids Repository, maintained at the Biodesign
Institute at Arizona State University in the laboratory of Dr. Halden. During the 10-year
period between sample acquisition and analysis, samples were stored at =20 °C. Along with
the NSSS samples, soil-biosolids mixtures from an outdoor mesocosm study conducted in
Baltimore, Maryland were also analyzed as part of this study to experimentally determine
the half-lives of the extended list of PPCPs. Details about the design of the mesocosm
studies have been provided previously (Walters et al., 2010).

2.2. Composite sample preparation

Of the 113 NSSS samples three were excluded from analysis as the containers were broken
or compromised (McClellan and Halden, 2010). Five groups were created with the
remaining 110 samples, by weighing out approximately one g of dry weight from each
sample and pooling it to obtain five composite samples each containing solids from between
21 and 24 individual WWTPs. A split sample of composite 1 was prepared to serve as a
blind duplicate. All procedural steps were identical to those described previously for the
initial mega composite study (McClellan and Halden, 2010; see SM for details).

2.3. Sample analysis

Samples were analyzed by AXYS Analytical Services (2045 Mills Road West, Sydney,
British Columbia, V8L 358) according to AXYS Method MLA — 075, a modification of the
USEPA Method 1694. All analytes were separated by liquid chromatography and detected
by tandem mass spectrometry. Analytes were quantified using isotope dilution technique or
internal standard quantification with linear regression calibration. More detailed information
on the analysis method is available in supplementary material (SM).

2.4. Quality assurance

Before sample analyses were performed, several tests were carried out to ensure system and
laboratory performance. A verification of calibration accuracy was performed using
calibration standard solution with native and labeled analytes. The retention times of both
the native and labeled compounds were required to be within £15 s of the respective
retention times determined during initial calibration. Throughout the analysis precision and
recovery were ensured. Lab blanks were analyzed prior to each sample analysis. Analysis of
duplicate samples was performed by the lab for each batch consisting of seven to 20
samples. In addition to these, a blind duplicate was included in the sample set to evaluate
analysis precision according to the following formula.

Csample —Cduplic:
ple uplicate
RPD(%)=| ———————
( ) Csumple+cduplicate

2

)x 100 (1)

2.5. Reproducibility of results

To gauge the integrity of the samples and efficiency of the analytical method, a statistical
comparison was carried out between the present and previous datasets obtained for
composites created from the same archived individual biosolids samples. Data from the
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study by McClellan and Halden (2010; see SM for details) and from the present study were
compared statistically using a paired #test approach and scatter-plot correlation analysis.

2.6. Modeling of porewater and equilibrium soil concentration

In order to inform environmental risk assessments for the compounds newly detected in
biosolids, the soil concentrations following land application were calculated following a
previously established approach (McClellan and Halden, 2010). Calculations took into
account a soil-biosolids mixing ratio of 25:1. Bulk densities of soil and biosolids used in
these calculations were assumed to be 1.3 g cm=3 and 1.6 g cm™ respectively, and an
average soil moisture content of 22% (v/v) was assumed as reported earlier by others (De
Lannoy et al., 2006). The organic carbon fraction of dried biosolids was assumed to equal
0.4 (USEPA, 2007). Calculations involved the two equations below:

Mbiosolids X Chiosolids
Msoil+biosolids
5, x &3]
porewater XPporewater
Mgoilbiosolids K¢ Xfoc

Cporcwatcr =

... Mbiosolids X Chiosolids  Jporewater X Pporewater
soil = -

Cporewater 3)
Msoil+biosolids Msoil+biosolids

where mis the dry mass in kg m™=3 of the solids, Cis the concentration in pug kg1, p is the
density in kg m=3 and Toorewater and Toc are the dimensionless fractions, respectively, of the
pore-water and organic carbon in the soil/biosolids mixture, respectively.

2.7. Drug usage and ecotoxicity data

Information on drug sales and uses were obtained from Internet sources (http://
www.rxlist.com) and from the IMS Health database (2009). Ecotoxicity and half-life data
were predicted using the PBT Profiler software provided online by the U.S EPA as
described previously (McClellan and Halden, 2010).

2.8. Modeling of annual loading to agricultural soil

Annual loading of PPCPs to agricultural soils was calculated for a biosolids production rate
of 7.2 million dry tons per year, of which 55% is land applied (NEBRA, 2007) using a
previously established approach (McClellan and Halden, 2010; see SM for details).

2.9. Experimental calculation of half-life

As a part of this study, archived mesocosm samples that contained soil:biosolids mixtures
were analyzed using the same analytical procedure described previously (Walters et al.,
2010) in order to calculate the half-lives of the sequestered compounds.

3. Results

3.1. Data quality assurance

No detections above the method detection limit were observed in the lab blanks for any of
the analytes; hence, measured concentrations of all analytes were accepted. An On-going
Precision and Recovery (OPR) procedure was carried out for each target analyte as part of
the Quality Assurance/Quality Control (QA/QC) protocol. This approach included the
fortification of performance samples to establish the recovery rates for analytes of interest.

The average recovery for a subset of 26 compounds that were quantified using internal
standards was 103% with a range of recoveries from 47 to 357%. Individual recoveries for
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all these compounds were noted to be within the method’s lower and upper control limits
with the notable exception of desmethyldiltiazem (357%) whose recovery exceeded the
method’s upper control limit range of 350%. The values reported for this compound thus
may represent an overestimation (Table 1). Recovery rates for two compounds were close to
the method’s lower control limit, amlodipine (47 vs. 45-130%) and alprazolam (73 vs. 70—
130%). A significant analytical cross-interference was seen between hydrocodone and
codeine compounds. An algebraic correction was performed for both compounds that
enabled detection and correction of false positive occurrences. Values for hydrocodone
represent approximate concentrations with the interferences taken into account.

Duplicate analyses revealed a 20% relative percent difference (RPD) for all compounds
detected and 10% for the subset of 26 compounds consistently detected in each sample and
its corresponding duplicate.

3.2. Study representativeness and sample integrity

The results of this study aim to provide mean estimates of the analytes concentration in
biosolids from the perspective of storage time, as prolonged storage of samples may have
allowed for degradation of labile compounds and sample pooling may have diluted the
concentrations of some analytes to levels below the detection limit. Additional pertinent
information is provided in Section 3.4.

3.3. Occurrence of PPCPs in biosolids

Of the 120 pharmaceuticals tested for, 59 compounds were detected in at least one
composite sample (Refer to Figure S1). The mean concentration of the sum of all PPCPs
detected in the five composite samples was approximately 58.7 + 19.8 mg/kg. Four
compounds previously reported to occur in the ppm range in these samples were detected
again at similar levels; these included triclocarban, triclosan, ciprofloxacin and ofloxacin.
Combined, these four analytes contributed about 85% of the total mass of all PPCPs
detected.

Overall, 26 unreported pharmaceuticals were detected in at least one of the composite
samples (Fig. 1). In the following section these compounds have been grouped as major and
minor contaminants based on the detected concentrations and frequency of detection in the
samples. The majority of these compounds have not been reported previously in the NSSS
nor were they detected in U.S biosolids samples, although several were detected previously
in sludges from other parts of the world (Ternes et al., 2007).

3.4. Reproducibility of results

When comparing the present list of detected analytes to those reported previously by
McClellan and Halden (2010), 30 analytes were found to be common to both studies,
whereas eight compounds that had been detected previously were uniformly not detected in
any of the samples during the present study. The eight compounds themselves with the
exception of nor-floxacin were reported as inconsistent detects only in the McClellan and
Halden (2010) study; lack of detection in this work may be due to a number of factors,
including potential degradation, irreversible sorption, and dilution to levels below the
method detection limit. A comparison of mean concentrations of compounds detected in this
study and those reported in 2010 (Fig. 2) shows good agreement between the two. A paired
ttest conducted on both the log-transformed and original datasets showed the results to be
statistically indistinguishable at the 99% confidence level. Mean concentrations of
compounds were within a factor of about 1.3 between previously obtained and current data.
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3.5. Experimental half-life determination

Analytical results from the mesocosm samples revealed consistent first-order loss rates for
four compounds, namely amitriptyline, paroxetine, propranolol and sertraline (Fig. 3).
Compound-specific half-lives in biosolids-amended soils were calculated by fitting the
experimental data to first-order Kinetics, yielding values ranging from 533 to 866 days
(Table 2).

4. Discussion

4.1. Study limitations

For the purpose of this study, 110 archived biosolids samples were pooled together to create
five mega composite samples. This approach is economically attractive but does not allow
for extrapolating obtained results to individual treatment plants and operating conditions.
Due to sample pooling, the detection method’s accuracy around the mean concentration is
high. In contrast, the corresponding maximum and minimum concentrations reported likely
are lower and higher, respectively, than those that would be found if all 110 samples were
analyzed individually. Yet, the pooling technique effectively reduced the number of samples
required in order to estimate the mean concentrations of drug residues in U.S. sludges
nationwide. Compounds not detected in this study may still occur at detectable
concentrations in some of the individual samples from specific plants because the pooling of
samples can dilute out low-level analytes that occur infrequently. In addition, the mass
loading estimates to soils nationwide should be interpreted as rough estimates only. Some
states represented in this study may not dispose of any biosolids on land, whereas others
may do so extensively. Such state-to-state variability in biosolids use as well as differences
in concentrations between individual treatment plants influence the reliability of the data
presented here. Nevertheless, this technique was found to be suitable for identifying
contaminants and their average concentrations in a large sample set in an economical and
efficient fashion.

It is important to recall that separate batches of composite samples were prepared and
analyzed for both studies. Since labile compounds are eliminated during the wastewater
treatment process, more refractory compounds tend to persist and accumulate in sludge.
Such compounds are fairly resilient to environmental stress and tend to have extended half-
lives in the sequestering matrix. The closeness of results between the two analysis
campaigns (Fig. 2) indicates that the sample integrity had been preserved over the years
during storage and that good reproducibility can be achieved with the composite sample
approach.

4.2. Newly reported PPCPs in biosolids
4.2.1. Major contaminants

4.2.1.1. Calcium channel blockers and metabolites: Two parent compounds (amlodipine,
verapamil) and two metabolites (norverapamil, desmethyldiltiazem) were detected in the
biosolids samples. Amlodipine was detected at a maximum concentration of 51.7 g kg™t
and verapamil was detected in all samples at a mean concentration of 551.4 + 226.2 pg
kg~L. The metabolites norverapamil and desmethyldiltiazem were uniformly detected in all
samples at mean concentrations of 360.2 + 169.4 ug kg™t and 7.4 + 6.1 ug kg1,
respectively. Calcium channel blockers have been reported previously in the pg L™ to ng
L1 range in wastewater effluents and in surface waters (Batt et al., 2008; Nagarnaik et al.,
2010). All four compounds lacked data for establishing a comparative analysis, as they have
not been reported in any major study.

Water Res. Author manuscript; available in PMC 2013 October 01.
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4.2.1.2. Antidepressants and metabolites: Three antidepressants (paroxetine, sertraline,
amitriptyline) and two metabolites (10-hydroxy-amitriptyline, norfluoxetine) were detected
as well. Paroxetine, sertraline and norfluoxetine were uniformly detected in all samples at
mean concentrations of, respectively, 61.6 + 21.7, 458 + 168.3 and 41.6 + 25.1 ug kg1
Paroxetine, sertraline, norverapamil and 10-hydroxy-amitriptyline have been reported to
occur in surface waters across the U.S in the ng L™1 range (Schultz and Furlong, 2008; Wu
et al., 2009; Batt et al., 2008) and interestingly, in the low to high g L™ range in fish
tissues (Chu and Metcalfe, 2007; Ramirez et al., 2009). Radjenovi¢ et al. (2009) reported
paroxetine in biosolids at a concentration of 40.7 + 13.0 g kg1, similar to the mean
concentration reported here. While in this study the highest detected concentration of
sertraline was 636 g kg1, Barron (2009) reported levels as high as 22 mg kg™ in biosolids
samples from Sweden and Norway; they also reported values for amitriptyline and its
metabolite similar to those presented here (275.4 + 92.8 and 14.4 + 5.7 ug kg2,
respectively). The latter two compounds have been detected in aquatic matrices (Kasprzyk-
Hordern et al., 2008; Batt et al., 2008).

4.2.1.3. Diuretics: Triamterene was uniformly detected in all samples at a mean
concentration of 430.4 + 139.9 g kg™1, whereas furosemide was found at a maximum level
of 122 g kg™1. Furosemide has been reported to have a highly variable removal range (8-
54%) during wastewater treatment including nearly zero removal in winter (Castiglioni et
al., 2006). The most recent study conducted on the behavior of pharmaceuticals during
conventional wastewater treatment reported a maximum detected value of 75 pug kg™t in
biosolids and calculated a remaoval range of 30-80% for furosemide (Jelic et al., 2011).
There were no reports on the occurrence of triamterene in biosolids.

4.2.1.4. B-blockers: Metoprolol and propranolol were uniformly detected in all samples at
mean concentrations of 24.5 + 10.1 and 107.4 + 36 pg kg™, respectively, whereas atenolol
was detected at a maximum concentration of 9.25 pg kg~1. Metoprolol has been observed
previously in biosolids at 35 + 7 g kg™t (Barron, 2009). Apart from this, there have been
several published studies conducted on metoprolol and its presence in aquatic matrices.
These studies indicated a range of removal efficiencies exhibited by WWTPs, from 0 to 80%
(Jelic et al., 2011). Propranolol also has been detected in aquatic and solid matrices alike.
Levels in the low ppb range were reported in WWTP process streams and in surface waters
(Bendz et al., 2005; Scheurer et al., 2010). Concentrations found in Norwegian biosolids
(101 + 3 g kg™1) mirrored the range reported here, whereas Radjenovic et al., 2009
observed Propranolol at lower concentrations of 26.2 + 10.7 g kg1 in sludge samples from
Spain. Atenolol has been detected previously in sludge at levels similar to those reported
here (Barron, 2009; Jelic et al., 2011); it is one of the most frequently tested for
pharmaceuticals in leachates from biosolids (Lapen et al., 2008; Topp et al., 2008).

4.2.1.5. (Narcotic) analgesics: Propoxyphene was detected in all samples at mean
concentration of 49.9 + 23.2 ug kg~1, whereas hydrocodone and oxycodone were detected at
maximum concentrations of 21.7 ug kg1 and 157 g kg1, respectively. In addition to their
various legitimate uses, all three drugs in recent times have been associated with abuse, and
are frequently detected by U.S forensics labs (Daughton, 2011). Both hydrocodone and
oxycodone have been detected previously in surface waters and wastewater streams, most
frequently in the low to high ppb range in surface waters of the U.S. and other nations
(Hummel et al., 2006; Batt et al., 2008; Chiaia et al., 2008; Phillips et al., 2010) although no
published studies were found with regards to analyses of solid matrices.
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4.2.2. Minor contaminants

4.2.2.1. Ungrouped compounds: DEET (N, A-diethyl-meta-tol-uamide) has been reported
in aquatic matrices including surface waters (Kolpin et al., 2002), landfill leachates (Eggen
etal., 2010), WWTP streams (Trenholm et al., 2006; Bartelt-Hunt et al., 2009) and in U.S
groundwater (Barnes et al., 2004). In the present study, DEET was uniformly detected in all
biosolids samples at a mean concentration of 7.4 + 2.8 pg kg™

Howard and Muir (2010) listed promethazine and benztropine as high production volume
(HPV) pharmaceuticals that have not been detected in the environment. In the present study
both pharmaceuticals were uniformly detected in all samples at mean concentration of 21.9
+6.2pg kg tand 2.9+ 0.1 pg kgL

The maximum detected concentrations of valsartan, glyburide, alprazolam, and atorvastatin

were 64.1, 20.6, 1.56, and 6.2 Lg kg~1. Atorvastatin has previously been detected in WWTP
process streams and in biosolids at concentrations of 20-46 ppb (Miao and Metcalfe, 2003;

Batt et al., 2008; Jelic et al., 2011).

4.2.2.2. Cocaine and metabolite: Testing of environmental matrices (most commonly
aquatic) for the presence of illicit drugs has recently gained impetus. The presence of
cocaine and benzoylecgonine (metabolite) has been reported in wastewater streams and
surface waters across Europe (Castiglioni et al., 2006; Huerta-Fontela et al., 2007;
Kasprzyk-Hordern et al., 2008; Postigo et al., 2010; Gonzales-Marifio et al., 2010) and in
U.S WWTP influent (Chiaia et al., 2008). Here, we report uniform detection of cocaine in
all biosolids composites analyzed. To our knowledge, this is the first study to report the
presence of cocaine in U.S biosolids; however, the mean concentration found was low at 3.6
+ 3 ug kg™L. Benzoylecgonine was detected at even lower levels, never exceeding 1.05 g
kg1

These results provide some of the first documented occurrences of select compounds in
biosolids. For a more detailed analysis of worldwide occurrences of these and other seldom
monitored compounds, readers should refer to Table S2.

4.3. Soil/porewater equilibria and half-life calculation

In order to determine if the compounds detected in biosolids potentially pose a threat to
aquatic organisms, toxicity values were estimated using the PBT Profiler of the U.S. EPA.
From a comparison of the modeled porewater concentrations for these compounds with
predicted toxicity data (Fig. 4A vs. Fig. 5), it was concluded that the presence of these
compounds in biosolids at the detected concentrations posed no threat to aquatic organisms
in nearby surface waters. The ECgq values were at least one order of magnitude higher than
the pore-water concentrations calculated for these compounds. Since we followed EPA-
recommended soil-biosolids mixing ratio of 25:1 when predicting analyte levels in surface
water impacted by porewater leaching, there is a possibility that these compounds may be
toxic to organisms in situations where mixing ratios may differ (e.g. applications in forests
draining into adjacent surface waters).

Results from the PBT Profiler were also significant when estimating the persistence of these
compounds in the environment. It was noted that all compounds had half-life values of =30
days. Upon correlating these findings with their respective log Kow values, it was found
that the tendency to accumulate in solids was in part due to the high hydrophobicity of some
compounds, whereas forces other than hydrophobic interactions are presumed to govern
partitioning of compounds such as cocaine and oxycodone. In mesocosm studies containing
soil-biosolids mixtures, Walters et al. (2010) experimentally showed that the half-lives of
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compounds applied to soils in the form of biosolids were much greater than half-lives
predicted by fate models and laboratory studies using addition of neat chemicals to soils. By
leveraging the archived soil/biosolids samples from the aforementioned mesocosm study, we
were able to compute half-lives for four compounds whose loss over time followed first-
order Kinetics. These analytes were amitriptyline, paroxetine, propranolol and sertraline

(Fig. 3).

4.4. Risk assessments and data gaps

Of all PPCPs detected in this study, three groups of compounds that have been noted for
their pharmacodynamic effects on humans were found to occur uniformly in the high ppb
range either as parent compounds or as metabolites. These were antidepressants (7= 5), 5
blockers (n = 2) and narcotic analgesics (77 = 3). Owing to an absence of terrestrial field
studies, experimental and modeled values had to be relied upon as best estimates for
potential hazards caused by the presence of PPCPs in the environment. Studies have
demonstrated the ability of lipophilic compounds to undergo bioaccumulation and
biomagnification within terrestrial food chains (Higgins et al., 2007; Kinney et al., 2008).
Given the magnitude of annual loading reported in this study and the lack of bio-
accumulation studies for these newly detected PPCPs, further work in this area appears to be
warranted.

Of particular significance were the calculated half-lives for the compounds amitriptyline,
paroxetine, propranolol and sertraline (Table 2). While values were absent for paroxetine
and sertraline, the experimental #,, value was noted to exceed the predicted £, by at least a
factor of 4 for amitriptyline and by a factor of 29 for propranolol. Correlating the
experimental #, value with the individual annual loading rate proved crucial in gauging the
magnitude of potential exposure to these pharmaceuticals.

Apart from this, sequestered compounds tend to occur as mixtures and not discreetly in
biosolids and soils. Thus, greater emphasis should be placed on the effects of pharmaceutical
mixtures on soil-dwelling organisms. Although effort has gone into studying the effects of
antibiotics on soil microorganisms and the development of resistant species, the
environmental pressures exerted by these compounds especially in solid matrices have not
been thoroughly investigated. This lack of information prevents the completion of a
comprehensive risk assessment for all compounds.

5. Conclusions

Twenty-six compounds were newly detected in archived biosolids samples, and are
predicted to enter terrestrial environments in the U.S. through biosolids application at a
combined rate of 5-15 tons yr~1. The majority of these compounds have not been
extensively investigated with regards to occurrence and effects in the environment and
exposure pathways to humans. This study further demonstrated that consistent results can be
obtained when analyzing archived biosolids from national sampling campaigns by using a
mega composite approach. This implies that long-term storage of samples in the freezer at
temperatures of —20 °C or less does not significantly impact the analytes examined here, and
that the mixing of composite samples from thawed slurries, although being challenging, can
be performed such that consistent results are obtained. This finding is noteworthy as this
mega composite sampling approach could help to dramatically reduce the cost of
environmental monitoring on the regional and national scale. While it has been established
that mean concentrations of several PPCPs in U.S biosolids have remained fairly constant
over the years, the detection of a set of new compounds in biosolids warrants analysis of
more recent biosolids samples in order to establish a trend, with regards to both their
occurrence and concentrations detected.
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Fig. 1.

Rank order of mean concentrations of 26 previously unmonitored PPCPs that were detected
for the first time in composites of 110 U.S biosolids samples from the 2001 NSSS. Error
bars depict + one standard deviation (n=15), and asterisks (*) indicate compounds that were
detected inconsistently.

Water Res. Author manuscript; available in PMC 2013 October 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Chari and Halden

Log transformed concentration
reported here (ugkg!)

Page 15
5
L 4
y=0.91x +0.1 &
R?=0.92
4
3
2
1
1 2 3 4 5

Log transformed concentration reported in 2010 (ug kg!)

Fig. 2.

Log-log scatterplot comparing mean concentrations from the present study to those reported
previously for 30 compounds commonly detected. Both datasets represent results obtained
from analysis of composites created two years apart from the same group of archived
samples.
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Decreasing concentrations of compounds plotted as natural logarithms vs. time (common x-

axis). Compound structures were obtained from the database of the Royal Society of

Chemistry.

Water Res. Author manuscript; available in PMC 2013 October 01.



Page 17

«01x(1'7) 2Z-0T |
c01Xto |
01X(50'0)90°0°50°0 |
£01X(80 0 |
LO1X(E) 19T |
LO1X(rn Lzeo |
corx@enezzt |
o1xg |
co1xEe)9osor |
+01X(1'0)2'0-90°0 |

- L oUIu0300]K0zuog
- ejozeld)y
Foudonzuog
Foueso)

F «UIRISBAIO)Y
Fazen|I plA YW saC]
puecel

- ojouTy

F xOUOPOIOIPAH

- xOPLNQAID

(royzro-1o |
r1'0)£0-900 |
(eroezosro|
€09o10lf)
€0 ro-zo|

(sogozol]

F wouruoSoajKozuag
F uejozeld) v
Foudonzuog
rauredod)

F «URISBAIONY
Fwoze|IplAY1owsac]
LA

RxlO[OUNY

I xOUOP0O0IPAH

Chari and Halden

(50800 | ,opungD
080€0 | Louykydunure AxoipAy-o1
o rrooll Fouzeypowold
6o r1-voll Flojoidorpn
(sDreoo [l FaundxonioN
onerrrr | Fioudipouy
©ODvrzeo ll | iuepesiep
(ensgzoo il ouoydixodosg
€ee-ro il Founoxoreg

F2es-vo [ | PuopodiXO

01%(80) I'1-+0 | Founkidugue AxoipAy-1
¢OIX(Z0) €010 | Fouzeypwold
co1x@vri-evl Flojoidoro
<01%(60) L' T-£°0 | [FOUNOXONHION
£01%X(8'¢) Lv-97 | [adudipopuy
01X N9z-1 | [ xUBHES[EA
co1x(Do' 10 | fFouaydAxodoig
01X (06 0r1-8 | founoxored

o1x(rimeozet [ | ..2u0podfxO

cO1X('ze) €Lev iz | | yopruasoiny Gcosree @ F OPIWLDS0In,|
B co1x(€9¢e 67| Flopourdold a ®Wrszz @ Frojoueidolg
# 01x(€7) 6zT1 | FounKydunu 2 (oD L
2 ¢ | nAYduuy 5 @on rer-cs [ EEGN suKydupwry
K c01x(sP €91 | Fiuedenaion - I [ wedeioatoN
< I o uasoLIRL a4 :
3 N o L — Foua R
(R SETL |, e . I Fouos
worx@snezs | fnedeon ' [ eduioy

—— T
i @ I ¥ O N = Q
o 0o o 6 o o © o

T T T T T
n o n o wn o
N - —

o~
(71/8n) 6=, Hd 1e ToeMalod I *ou0D) (34/3n) 6-, Hd ye 108 WySrom A1p ut "ouo)
< o

Concentration range for each compound has been printed with corresponding mean values in

Predicted porewater concentration range (A) and equilibrium concentration range in soils-
parenthesis. Compounds marked with (*) were inconsistently detected.

biosolids mixtures (B) for 26 PPCPs at environmentally relevant pH range 7-9.

Fig. 4.

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Water Res. Author manuscript; available in PMC 2013 October 01.



Page 18

souruogoojLozuog
surejozeld|y
ourdonzueg
ures0)
+UNBISBAIO)Y
WAZeN[IPIAYIOWSI
1dd9da

«[O[OoUdY
9UOPOJOIPAH
¥OpHNgATD
surjAydiure AxX0IpAy-0
QUIZEY)OWOIJ

1,000,000
100,000

Chari and Halden

calculated and may represent a potential hazard to aquatic organisms. Compounds marked

Predicted ECsq values for 22 compounds. Values for some compounds could not be

10101doyoIN
QUIJOXON[FION
xourdipofury
*UBHEBS[BA
ouoydAxodoig
aurjoxored
#3UOP02KXO m
«IpruasoIn,g s
[oroueidoig m
suy&diruy o
[rwedeIsAToN S
QUOIOJWIELL], 3
durfentog m
[ruedeisp e
o o o o — ..nl-w
52887 g
s - S
(1 8) %33 e
=
E

Fig. 5.

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Water Res. Author manuscript; available in PMC 2013 October 01.



Page 19

Chari and Halden

13300]¢ [8ULRYD ,-BD 226 2922 F 118G €0 llwedesA 9z
anisuapadAynuy 10T (y=u) aN 76 pUEMESEA ¢
dnaInia 18 6°6ET + ¥'0EY S0 sualsjwell g
1essaidap-nuy L €'89T F 8SY S0 auleIudS €2
1920192 ¢'T6 9 ¥ ¥'L0T S¢ |ojoueidold 2z
a1sabeue 21109JeN 1'88 2€2F0S T auaydAxodoid TZ
sulwelsiynuy 80T ¢9FaC 90 sulzeyswold  0¢
Juessaidap-nuy 0T LTZFOT9 T sunexorled 6T
21sa6eue 91100seN 80T (e =v)aN 21T 3U0P02AXO T
Sll|oqelIs|N 128 ¥7'69T ¥ 8GY €0 llwedessnloN /T
S)jogeIIN 00T TSc+av 4 SUNISXONIHON 9T
1820192 ¥'€6 TOT+G¥C Sy [ojosdoleN ST
a1sabeue 21109JeN g'eg (v =) aN S 3U0P0o0IPAH T
onageIpnuY v0T (z=u)aN 95T OPUNAID g
anaINIqg 926 (z=v)aN 0T popIBsoINy oy
alljogeIsiN At T9F¥. €0 wazen|ig-lAyswiseq 1T
1ue|[adal 108su] cTT 8CFV¥L 90 133a 01
Bnap o 9'L6 €F9¢€ 170 duresod 6
o1bssutjoyanuy T0T TOF6°¢ S0 auidonzusg 8
aljogeIBN 126 (z=u)aN €0 pouluoBos|Aozusg J
olwspidiinuy L'6L (r=v)aN VT pUNEISEAIOlY g
10|92 676 (T=0)aN I'T glojoualy ¢
ankjoIxuY 62, (T=0)aN 10 plelozedly
1890]q [8ULBYD 478D Iy (e=v)aN Z gouldipojuy ¢
Juessaidapnuy 8'8L 826 F¥'SLT 90 aufidimwy g
slloqelsiN ¥'.6 L'SFVVT 0 auljAidiiwre-AxolpAH-0T T

asn 9% A1anodaa aids-xurely 1B BTl -Ae@ p1s Fuesiy By B ain punodwo) #

"sasayuased ul umoys si (> &) suonaslep aAnIsod Jo Jsquinu ayl pue (») Jena| 1diiosiadns yim paxsew
aJe Aualsisuooul paalssgo spunodwo) "siuejd 1uswieal) Ja1emalsem ‘S N 76 Bunuassaidal sajdwes 811S0dwiod aAlL Ul paloliuow sdddd 9 10 S1nsay

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Water Res. Author manuscript; available in PMC 2013 October 01.



Page 20

Chari and Halden

‘NS Ul 3]qe|IeAe s1 punodwod (oes Uo UOIIBWIOUI SAISUSYRIdLWO0D Q10N

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Water Res. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Chari and Halden

Table 2

Half-lives determined experimentally in mesocosm experiments versus, shown in parentheses, the
corresponding values estimated using the PBT Profiler of the U.S. EPA.

Compound  Calculated half-life, days™  Predicted loading to U.S. soils, kg yr*

Amitriptyline 533 (120) 570-1402
Paroxetine 770 (NA) 122-356
Propranolol 866 (30) 231-578
Sertraline 630 (NA) 883-2519
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