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Municipal biosolids are in widespread use as additives to agricultural soils in the United

States. Although it is well known that digested sewage sludge is laden with organic

wastewater contaminants, the fate and behavior of micropollutants in biosolids-amended

agricultural soils remain unclear. An outdoor mesocosm study was conducted in Balti-

more, Maryland, to explore the fate of 72 pharmaceuticals and personal care products

(PPCPs) over the course of three years in that were placed in plastic containers made from

polyvinylchloride and kept exposed to ambient outdoor conditions. Of the 72 PPCPs tested

for using EPA Method 1694, 15 were initially detected in the soil/biosolids mixtures at

concentrations ranging from low parts-per-billion to parts-per-million levels. The anti-

microbials triclocarban and triclosan showed the highest initial concentrations at 2715 and

1265 mg kg�1, respectively. Compounds showing no discernable loss over three years of

monitoring included diphenhydramine, fluoxetine, thiabendazole and triclocarban. The

following half-life estimates were obtained for compounds showing first-order loss rates:

azithromycin (408e990 d) carbamazepine (462e533 d), ciprofloxacin (1155e3466 d), doxy-

cycline (533e578 d), 4-epitetracycline (630 d), gemfibrozil (224e231 d), norfloxacin

(990e1386 d), tetracycline (578 d), and triclosan (182e193 d). Consistent with other outdoor

degradation studies, chemical half-lives determined empirically exceeded those reported

from laboratory studies or predicted from fate models. Study results suggest that PPCPs

shown in the laboratory to be readily biotransformable can persist in soils for extended

periods of time when applied in biosolids. This study provides the first experimental data

on the persistence in biosolids-amended soils for ciprofloxacin, diphenhydramine, doxy-

cycline, 4-epitetracycline, gemfibrozil, miconazole, norfloxacin, ofloxacin, and

thiabendazole.

ª 2010 Elsevier Ltd. All rights reserved.
1. Introduction human waste. The treatment goal is to produce effluents of
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high enough quality for discharge back into the environ-

ment. Sewage sludge is a byproduct of this process and

necessitates proper disposal. Biosolids, as defined by the U.S.
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Environmental Protection Agency (USEPA), are nutrient-rich

organic residuals that when treated and processed, may be

recycled and applied as fertilizer (USEPA, 2007a). Land

application of biosolids combines inexpensive disposal of

these abundant materials with the return of valuable nutri-

ents back to the soil which may enhance soil properties and

plant yield (USEPA, 2000).

The application of biosolids onto agricultural fields is

a farming practice common inmany countries such as the US,

Canada, and within Europe (Angin and Yaganoglu, 2009;

Carballa et al., 2009; Mantovi et al., 2005; Schut, 2008). A

national survey on biosolids regulations, quality, end use, and

disposal conducted in 2004 reported an annual U.S. produc-

tion of approximately 6.5 million dry metric tons of sewage

sludge of which approximately 49% was applied to soils

(NEBRA, 2007). Three quarters of the total mass of land applied

biosolids was used on farmlands for agricultural purposes

(NEBRA, 2007). In a report on biosolids published in 2002 by the

U.S. National Research Council, recommendations weremade

to the USEPA to investigate the presence of organic waste-

water contaminants (OWCs) in biosolids (NRC, 2002).

Pharmaceutical and personal care products (PPCPs) have

emerged in recent years as micropollutants in several envi-

ronmental compartments (Daughton and Ternes, 1999)

including, surfacewater (Hirsch et al., 1999; Kolpin et al., 2002),

groundwater (Lindsey et al., 2001; Sacher et al., 2001), drinking

water (Stackelberg et al., 2004; Webb et al., 2003), as well as

agricultural soils (Hamscher et al., 2004; Kinney et al., 2008).

The transformation of PPCPs during thewastewater treatment

process varies with the physicochemical properties of the

compounds and operating conditions (Xia et al., 2005). During

the different stages of wastewater treatment, the parent

PPCPs, conjugates, and metabolites may be (i) completely

transformed or mineralized (Richardson and Bowron, 1985),

(ii) persistent, implying that a certain amount of the

substance, depending on its lipophilicity or other binding

possibilities (e.g., ionic bindings), will be retained in the sludge

(Jørgensen and Halling-Sørensen, 2000), or (iii) persistent and

polar, thus being released with the effluent to aquatic envi-

ronments (Jørgensen and Halling-Sørensen, 2000).

The USEPA’s recently published Targeted National Sewage

Sludge Survey (TNSSS) provides comprehensive data

regarding PPCPs in U.S. biosolids collected between 2006 and

2007 (USEPA, 2009b). Uncertainties still surround the fate and

potential effects of land applying municipal biosolids that are

known to contain micropollutants.

Pharmaceuticals are specifically designed to alter both

biochemical and physiological functions of biological systems

in humans and animals (Daughton and Ternes, 1999; Fent

et al., 2006). These features of pharmaceuticals can however

unintentionally affect soil and aquatic organisms should their

habitats become contaminated with these chemicals (Fent

et al., 2006). Acute toxicity tests have been conducted for

some PPCPs where the results suggest that at the concentra-

tions found in the environment, organisms are at a low risk for

acute toxicity (Fent et al., 2006). What remains relatively

unknown are the possible effects of long-term PPCP exposure

which may ultimately result in chronic toxicity to soil and

aquatic organisms (Chalew and Halden, 2009). Moreover,

although side effects resulting from ingestion of multiple
pharmaceuticals are well known in humans and animals,

little is known about the fate of organisms exposed to similar

drug mixtures. For agricultural soils receiving biosolids there

is an additional concern that pharmaceutical contaminants

may be taken up by food crops (Kumar et al., 2005; Dolliver

et al., 2007).

From a human health perspective, potential concerns

include physiological effects, elevated rates of cancer, repro-

ductive impairment in humans and other animals, and the

development and spread of antimicrobial resistance (Witte,

1998; Heuer et al., 2002; Schwartz et al., 2003; Kümmerer,

2004). With this knowledge or rather lack of knowledge

regarding possible detrimental environmental effects, it is

imperative to evaluate the presence and environmental fate of

PPCPs in biosolids.

In this outdoor mesocosm study, we investigated the

occurrence and fate of 72 PPCPs in agricultural soil over the

course of three years after a single application of municipal

biosolids.
2. Materials and methods

2.1. Biosolids and soil types

Biosolids were obtained from a full-scale activated sludge

treatment plant located in the mid-Atlantic region of the U.S.

The raw wastewater entering the plant is comprised

predominantly of domestic sources with only minor contri-

butions from industry (1.9%). The plant serves approximately

1.3 million people and has a sewershed of roughly 363 km2.

The plant is designed to treat approximately 680 million liters

per day. Sludges generated during primary and secondary

treatment are blended and thickened with gravity sludge

thickeners and a combination of gravity belt thickeners and

air flotation thickeners. Subsequently, the sludge is digested

anaerobically at 35e37 �C with an average solids retention

time of 19 days. Finally, the wastewater residuals are dewa-

tered by centrifugation and the resulting digested, dewatered

sludges (biosolids) have an average solids content of 20% by

weight.

Agricultural soil was obtained from the United States

Department of Agriculture Agricultural Research Service

(USDA-ARS) Beltsville Agricultural Research Center (BARC).

Sandy clay loam soil was taken from plots at a depth of

0e20 cm. Larger objects such as plant debris and rocks were

removed, and the soil was used without further processing. It

consisted of 20% clay, 27% silt, 53% sand, and had an organic

carbon content of 1.7% and a pH of 5.6.

2.2. Experimental setup and sampling

Biosolids and soil were mixed in a ratio of 1:2 and distributed

evenly among six plastic containers made from polyvinyl-

chloride to form a homogenous layer about 25 cm in depth,

30 cm in width and 30e80 cm in length. The bottoms of the

plastic containers were perforated to allow for drainage of

excess water. No attempts weremade to capture the leachate.

The high content of biosolids was chosen to enable detection

of compounds for an extended period of time and thus to
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facilitate the calculation of environmental half-lives. The

application rate was higher (1:2) than what typically is applied

in agriculture (e.g., 1:10 after mixing) but lower than the heavy

application of pure biosolids customary in forestry (1:1).

Control containers filled with 100% soil showed no back-

ground levels of PPCPs. Soil/biosolids mixtures and control

soils were seeded with tomatoes, bell peppers and green salad

in the spring of 2005 at the beginning of the experiment and

exposed to the ambient weather conditions prevailing in the

Greater Baltimore area, Maryland. The containers were

exposed to ambientweather conditionswithout providing any

shelter or artificial irrigation. The 3-year average air temper-

ature was 14 �C and the 3-year average monthly precipitation

was 91 mm. Results from random sampling over the course of

the experiment showed the moisture content of the soils to

vary between 14.6 and 35.1%.

At the end of the growing season, grown crops were har-

vested and stored for future analysis. Crops grown on

biosolids-amended soils were much smaller in size and leafy

vegetables showed evidence of chemical burn, both plausible

effects of the excessive fertilization with biosolids. Initial

attempts to analyze for PPCP residues in the crops suffered

fromanalytical limitations and thus are excluded from further

discussion. Following cultivation in the growing season of

2005, the soil and remaining plantmaterials were left exposed

to ambient conditions.

Soil sampling was conducted repeatedly over the course of

the 994-day experimental period. Each sampling event con-

sisted of sampling three containers with unamended control

soils and three containers holding soils that had received

a biosolids application at the beginning of the experiment. In

order to obtain composite samples representative of the top

20 cm of soil, plant material and leaves were removed from

the soil and a soil coring device was pushed into the soil to

a depth of 20 cm. Following retrieval of the tool, the soil cores

were transferred into plastic whirl-pack bags. Sampling loca-

tions were backfilled with soil from the container to avoid

pooling of water. Each sampling location was marked and

used only once. Three cores were obtained per container and

pooled per sampling round. Pooled cores were thoroughly

homogenized, and stored at�20 �C until the chemical analysis

was performed.

2.3. Sample analysis

Following pooling and homogenization, collected samples

(3 for time t¼ 0; 2 for t¼ 114 d; 2 for t¼ 518 d; 2 for t¼ 858 d, and

3 for t ¼ 994 d) were analyzed for the loss of the 72 PPCPs by

AXYS Analytical Services (British Columbia, Canada) accord-

ing to USEPA Method 1694 (USEPA, 2007b), which involves

ultrasonic extraction of solids with acetonitrile followed by

solid phase extraction for purification of the diluted extract

and reverse phase liquid chromatography with tandem mass

spectrometry using two ion transitions per compound for

identification and quantitation. Since the majority (>99%) of

particulates in the samples investigated had a particle size of

1 mm or less, no grinding of the samples was necessary prior

to analysis. Samples subjected to extraction according to

Method 1694 had aweight of 1 g dryweight, as specified for the

analysis of soil samples. To facilitate compound detection, the
72 analytes were subdivided into four groups. All analytes

were separated by liquid chromatography and detected by

tandem mass spectrometry. For compounds where labeled

analogs were available, concentrations were determined

using the isotope dilution technique and a multipoint cali-

bration of all target analytes. Isotope dilution is an internal

calibration method that automatically corrects for non-ideal

recovery of the target analytes and for ion suppression during

chemical analysis. When a labeled analog was not available

for a specific compound, the concentration was determined

via the internal standard technique and a multipoint calibra-

tion of all the target analytes. Surrogate standards were used

to estimate compound recovery. The internal standard tech-

nique does not account for analyte losses during sample

processing. In contrast to the isotope dilution technique data,

concentrations obtained by the internal standard technique

were not corrected for recovery. A more detailed description

of the analysis protocol and its performance is provided in

USEPA method 1694 (USEPA, 2007b).

2.4. Quality assurance

Prior to sample analysis several tests were carried out to

ensure system and laboratory performance. A calibration

standard solution with both labeled and native analytes was

used to validate calibration accuracy. The retention times of

both the native and labeled compounds were required to be

within �15 s of the respective retention times determined

during the initial calibration. Throughout the analysis preci-

sion and recovery were ensured. Lab blanks were analyzed

prior to each sample analysis. A duplicate sample analysis

was performed by the lab for each batch consisting of 7 to 20

samples.

2.5. Data analysis

The degradation kinetics were described with a first-order

reaction model: C ¼ C0 e�kt, where C0 (mg kg�1) is the initial

concentration, C is the concentration at time t (days), and k is

the first-order rate constant (days�1). A plot of the natural log

of the concentration vs. time provided a regression equation

with a slope of k. The half-life t1/2 (days) was calculated as

t1/2¼ ln(2)/k. Fitting of experimental data was performed three

times to obtain three separate estimates from datasets rep-

resenting the average, the minimum and the maximum

concentrations detected at each sampling event. Results are

reported as mean half-lives and the range obtained from

minimum and maximum concentrations fitted.

Additional computer estimates of half-lives in soil were

obtained by using the USEPA’s EPI Suite software package

(USEPA, 2009a).
3. Results and discussion

3.1. Quality assurance of sample analysis

Chemical analysis of the samples was performed by the same

laboratory the USEPA contracted to develop Method 1694.

Stable-isotope-labeled analogs were available for 26% of the
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Table 2 e Compounds that were consistently not
detected, and thus either were absent or present below
the method detection limit.

Compound USEPA-defined method
detection limit

[mg/kg dry weight]

1,7-Dimethylxanthine 138

4-Epianhydrochlortetracycline 54.5

4-Epianhydrotetracycline 14.6

4-Epichlortetracycline 13.6

4-Epioxytetracycline 5.5

Acetaminophen 54.5

Albuterol 0.3

Anhydrochlortetracycline 13.6

Anhydrotetracycline 13.6

Caffeine 13.6

Carbadox 1.4

Cefotaxime 13.8

Chlortetracycline 5.5

Cimetidine 0.6

Clarithromycin 9.3

Clinafloxacin 16

Cloxacillin 2.7

Codeine 2.7

Cotinine 1.4

Dehydronifedipine 0.5

Demeclocycline 13.6

Digoxigenin 5.5

Digoxin 13.6

Diltiazem 0.3

Enrofloxacin 5.2

Erythromycin-H2O 1.0

Flumequine 1.4

Ibuprofen 13.6

Isochlortetracycline 5.5

Lincomycin 2.7

Lomefloxacin 2.7

Metformin 32.1

Minocycline 54.5
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measured analytes. Recovery rates for all detected analytes

varied widely and ranged between 23 and 361% (see Table 1).

Analytes exceeding the USEPA-defined recovery control limits

included azithromycin (23.6% vs. 33e120%), carbamezepin

(159% vs. 21e137%), norfloxacin (144% vs. 50e135%), and

ofloxacin (361% vs. 50e200%). All of these four compounds

were determined by internal standard analysis as opposed to

isotope dilution. Compared to typical recovery rates reported

by the EPA (USEPA, 2007b), the present study was biased

toward overestimation of concentrations for azithromycin,

norfloxacin and ofloxacin (values greater 100%; see Table 1).

Following adjustment for absolute recovery of isotope-labeled

internal standards, calculated adjusted recoveries for target

compounds quantified with the isotope dilution technique

were all within the acceptable range. Recovery rates for

isotope dilution analytes ranged from 95.5% (ciprofloxacin) to

109% (triclosan) (Table 1). The results of this study therefore

suggest that analytical data from analyses carried out by

internal calibration are less reliable with respect to their

quantitative value. Quality control samples did not produce

any evidence of false positive detections. Use of EPA Method

1694 ensured that results and conclusions drawn from the

present work would not be based on the use of a non-stan-

dard, customized method of analysis. However, performance

of this standard method potentially could be boosted further

by including additional isotope-labeled internal standards

and other measures that are known to enhance analytical

accuracy and precision.

3.2. PPCPs in soilebiosolids mixtures

Samples taken at the start of the experiment (t ¼ 0) tested

positive for 15 of the 72 PPCPs targeted in the study (Table 1).

Table 2 lists the 57 compounds that were consistently not

detected, and thus either were absent or present below the

method detection limit, as defined by the USEPA.
Table 1 e Detected compounds, their percent recoveries
determined from spiked samples and indication if
isotope dilution was available.

Compound Recovery [%]a Isotope dilution

4-Epitetracycline 79.3

Doxycycline 67

Tetracycline 103

Gemfibrozil 105 yes

Triclocarban 109 yes

Triclosan 95.5 yes

Azithromycin 23.6

Carbamazepine 159

Ciprofloxacin 99.5 yes

Diphenhydramine 111

Fluoxetine 101 yes

Miconazole 89.7

Norfloxacin 144

Ofloxacin 361

Thiabendazole 83.8 yes

a Recovery rates shown for compounds determined by the isotope

dilution method have been adjusted for recovery of the respective

standard.

Naproxen 2.7

Norgestimate 2.7

Ormetoprim 0.5

Oxacillin 2.7

Oxolinic acid 0.5

Oxytetracyclin 5.5

Penicillin G 2.7

Penicillin V 2.7

Ranitidine 0.6

Roxithromycin 0.3

Sarafloxacin 13.6

Sulfachloropyridazine 1.4

Sulfadiazine 1.4

Sulfadimethoxine 0.3

sulfamerazine 0.5

sulfamethazine 0.5

sulfamethizole 0.5

sulfamethoxazole 0.5

sulfanilamide 1.4

sulfathiazole 1.4

trimethoprim 1.4

tylosin 5.5

virginiamycin 2.7

warfarin 1.4
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Fig. 2 e Concentrations of various tetracycline antibiotics

detectable in biosolids-amended soil mesocosms over time

and modeled first-order degradation kinetics.
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The 15 detected PPCPs are discussed in the following in

greater detail. The sanitizing agents triclocarban and triclosan

were detected consistently at elevated concentrations (Fig. 1).

Among the seven antibiotics detected, there were three from

the group of tetracyclines (Fig. 2), three fluoroquinolones

(Fig. 3), and the macrolide drug azithromycin (Fig. 4). Addi-

tional drugs detected included carbamazepine, diphenhydra-

mine, fluoxetine, gemfibrozil, miconazole, and thiabendazole

(Figs. 4 and 5). Initial concentrations of PPCPs detected in

biosolids-amended soils ranged from low parts-per-billion

(ppb) for thiabendazole to low parts-per-million (ppm) for

triclocarban and triclosan.

3.2.1. Sanitizing agents
The antimicrobials triclocarban and triclosanwere detected at

the highest concentrations of all compounds investigated

with averages of 2715 and 1265 mg kg�1 dry weight or 52% and

24%, respectively, of the entire PPCP mass present

(5270 � 380 mg kg�1). These elevated concentrations can be

attributed to their intense usage and the strong tendency of

the two antimicrobials to partition into and persist in sewage

sludge. Halden and Paull (2005) provided conservative usage

estimates for triclocarban and triclosan discharged into U.S.

sewage of >330,000 and >300,000 kg yr�1, respectively. For the

city of Baltimore, Maryland, the annual per-capita usage of

both compounds was reported at 1130mg yr�1for triclocarban

and 1030 mg yr�1for triclosan (Halden and Paull, 2005). Loga-

rithmic octanolewater partitioning coefficients (logKOW) were

estimated by USEPA EPI Suite software at 4.9 and 4.8 for tri-

clocarban and triclosan, respectively, at neutral pH.

Throughout the experiment, detection of triclocarban

showed some scatter, but overall levels appeared to remain

constant (Fig. 1). After 994 days, the compound was still

present at ppm levels. These data indicate that triclocarban

can persist for extended periods of time in biosolids-amended

soils without any apparent degradation. Triclocarban previ-

ously had been observed to persist in agricultural soils (Cha

and Cupples, 2009) and application of the compound in

biosolids was demonstrated to extend its environmental

persistence (Al-Rajab et al., 2009). Similarly, triclocarban was

observed to persist in anaerobic estuarine environments with
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Fig. 1 e Concentrations of the sanitizing agents

triclocarban and triclosan detectable in biosolids-amended

soil mesocosms over time and modeled first-order

degradation kinetics.
a half-life on the order of decades (Miller et al., 2008). Two

separate laboratory experiments indicated an environmental

half-life of triclocarban in soil of 87e231 days (Wu et al., 2009)

and 108 days (Ying et al., 2007).

Triclosan, remained detectable only until day 858 (Fig. 1) at

a detection limit of 56.3 mg kg�1. Whether the compound was

merely transformed or completely mineralized is uncertain. It

has been shown that triclosan can be transformed to another,
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Fig. 3 e Concentrations of various quinolone antibiotics

detectable in biosolids-amended soil mesocosms over time

and modeled first-order degradation kinetics. Both solid

and empty data points represent average values of two

samples per campaign. Error bars indicate the minimum

and maximum concentrations. Data points with empty

symbols were treated as outliers during data fitting.
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Fig. 4 e Concentrations in biosolids-amended soil

microcosms of various pharmaceuticals and modeled first-

order degradation kinetics. Both solid and empty data

points represent average values of two samples per

campaign. Error bars indicate theminimum andmaximum

concentrations. Data points with empty symbols were

treated as outliers during data fitting.
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more environmentally persistent degradate, methyl triclosan

(Balmer et al., 2004; Boehmer et al., 2004; Coogan et al., 2007). A

log KOW of 5.2 has been reported for methyl triclosan, which

makes it more lipophilic than its parent compound triclosan

(Boehmer et al., 2004). Evidence ofmethyl triclosan production

from triclosan has been found in wastewater treatment

plants, as well as in lakes and a river in Switzerland

(Lindström et al., 2002; McAvoy et al., 2002). The method used

in this study did not include this degradate.

The first-order degradation curve showed a mean half-life

for triclosan of 188 days in biosolids-amended soil. (Fig. 1;

Table 3). A laboratory degradation study performed under

aerobic conditions on different soil types with and without

biosolids amendments yielded half-lives for triclosan of 20e58

days (Wu et al., 2009). An additional laboratory degradation

study conducted on agricultural soils never having been
Table 3 e Mean half-lives calculated for tested samples,
as well as values found in the literature and estimated
with the USEPA’s EPI Suite software.

Compound Half-life
[days]

Source

Azithromycin 770 � 181 This study, experimental

360a This study, predicted

Carbamazepine 495 � 36 This study, experimental

>60c (Monteiro and Boxall, 2009)

75a This study, predicted

Ciprofloxacin 2310 � 1155 This study, experimental

120a This study, predicted

Diphenhydramine >1000c This study, experimental

75a This study, predicted

Doxycycline 533 � 23 This study, experimental

120a This study, predicted

4-Epitetracycline 630 This study, experimental

120a This study, predicted

Fluoxetine >1000c This study, experimental

120a This study, predicted

>60c (Monteiro and Boxall, 2009)

>60c (Rowland et al., 2008)

Gemfibrozil 231 � 4 This study, experimental

75a This study, predicted

Miconazole 1386 � 722 This study, experimental

360a This study, predicted

Norfloxacin 1155 � 198 This study, experimental

120a This study, predicted

Ofloxacin 1386 � 434 This study, experimental

360a This study, predicted

Tetracycline 578 This study, experimental

55e105b (Winckler and Grafe, 2001)

120a This study, predicted

Thiabendazole 30a This study, predicted

Triclocarban >1000c This study, experimental

87e231 (Wu et al., 2009)

108 (Ying et al., 2007

120a This study, predicted

Triclosan 187 � 6 This study, experimental

20e58a (Wu et al., 2009)

18a (Ying et al., 2007)

120a This study, predicted

a Soil.

b Pig manure.

c No detectable degradation over 3 years.
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amended with biosolids reported a half-life for triclosan of 18

days (Ying et al., 2007). The half-life of both triclocarban and

triclosan in soil as estimated by USEPA’s EPI Suite Software

(USEPA, 2009a) is 120 days.

3.2.2. Tetracycline antibiotics
Among 12 tetracycline antibiotics monitored, three were

detected consistently in biosolids-amended soils (Fig. 2).

Concentration levels were in the low ppb-range and

approached the limit of detection after 518 days of weathering

in the mesocosms. Despite their polar structure and potential

biodegradability, these compounds persisted for extended

periods of time in the biosolids-amended soil. The estimated

mean half-lives in biosolids-amended soils ranged from 533

days for doxycycline to 578 days for tetracycline to 630 days

for 4-epitetracycline (Table 3). Despite the very low concen-

tration levels there was no observable scatter in the data. The

estimated half-lives were about 5 times greater than esti-

mates obtained using USEPA’s EPI Suite software (USEPA,

2009a) and as experimental measurements obtained for

tetracycline in pig manure (Winckler and Grafe, 2001). The

present study produced the first experimental data for the fate

of doxycycline and 4-epitetracycline in biosolids-amended

soils and thus, at present no comparison is feasible.

3.2.3. Quinolone antibiotics
Among nine quinolone antibiotics monitored, three were

consistently detected over the course of the experiment

(Fig. 3). Ciprofloxacin and ofloxacin were initially found at the

highest concentrations (542 and 470 mg kg�1 dry weight,

respectively); however, ofloxacin had an extremely high

recovery value of 361% which indicates low data quality for

this quantitative information. After 994 days of weathering,

both antibiotics were still present at over 390 and 267 mg kg�1

dry weight, respectively, thus indicating their environmental

persistence. Potential reasons for their prolonged detection

may include strong electrostatic sorption to the biosolids and

thus low bioavailability as well as chemical aging, again

resulting in reduced bioavailability. The aging mechanism is

understood to entail the migration of molecules into very

small sites within the soil matrix (e.g., nanopores) (Alexander,

2000). As chemicals become lodged in these small pores,

microorganisms are unable to access the chemicals due to

size exclusion. Themain sorbent for hydrophobicmolecules is

the organic matter that comprises soils. Thus, hydrophobic

contaminants become tightly bound within small pores rich

in organic matter after an extended residence time in soil

(Alexander, 2000).

Environmental half-lives for the three quinolones were in

the range of 1000 days, which is at least three times longer

than predictions obtained using USEPA’s EPI Suite software

(USEPA, 2009a) (Table 3). No prior data were available in the

peer-reviewed literature for the environmental persistence in

biosolids-amended soils of these three quinolones. However,

the estimate for ofloxacin carries great uncertainty since the

recovery rate for this compoundwas extremely poor (Table 1).

3.2.4. Other classes of PPCPs
In addition to the sanitizing agents and antibiotics, the

following compounds were found in order of decreasing
concentration: miconazole (fungicide), diphenhydramine

(antihistamine), gemfibrozil (lipid regulator), fluoxetine

(antidepressant), carbamazepine (anticonvulsant), and thia-

bendazole (fungicide), ranging between 70 and 2 mg kg�1 dry

weight. Mean environmental half-lives could be calculated for

azithromycin (770 d), carbamezepin (495 d), gemfibrozil

(231 d), and miconazole (1386 d) (Table 3). These experimental

data exceeded predictions obtained with USEPA’s EPI Suite

software (USEPA, 2009a) by a factor of 2.8 (azithromycin) to 6.6

(carbamezepin). However, the study by Löffler et al. (2005)

presented a half-life of carbamazepine in a water/sediment

system of 328 days, similar to the value determined in this

study. A more recent study showed that carbamazepine

persisted in soils, biosolids, and soilebiosolids mixtures

without observable degradation for a period of 60 days

(Monteiro and Boxall, 2009). The present study furnishes the

first experimental data for the environmental half-lives in

biosolids-amended soils for azithromycin, gemfibrozil, and

miconazole.

Three additional drugs showed no detectable loss from the

mesocosms over the three-year monitoring period (Fig. 5).

These compounds included the antihistamine diphenhydra-

mine, the antidepressant fluoxetine, and the parasiticide/

agricultural fungicide thiabendazole. The observed persis-

tence of fluoxetine is consistent with two prior reports

(Monteiro and Boxall, 2009; Rowland et al., 2008). The present

study furnishes the first experimental information on the fate

of diphenhydramine and thiabendazole in biosolids-amen-

ded soils.

Overall, the environmental half-lives determined in this

study tended to be higher than comparable values obtained in

controlled laboratory experiments or half-lives in soil calcu-

lated with chemical fate computer models (Table 3). This is

expected. Recent studies indicate that the biodegradability of

compounds decreases when they are introduced into soils in

the form of biosolids (Al-Rajab et al., 2009; Monteiro and

Boxall, 2009). Potential reasons for this observation include

a reduced bioavailability of compounds that have become

sequestered in biosolids and the presence of complex

mixtures that may inhibit microbial activity and limit degra-

dation (Al-Ahmad et al., 1999). An additional reason for the

prolonged half-lives of the studied PPCPs might be that other

sources of e.g., carbon and sulfur were more bioavailable to

the soil biota in comparison to the traces of PPCPs. Other

factors influencing a chemical’s half-life include the water

content of the matrix, the amount of readily available nutri-

ents, temperature, adaptation processes, and the initial

micropollutant concentration, as well as the presence of co-

contaminants, including substances that inhibit microbial

activity.

On average, the environmental half-lives determined in

this study exceeded model predictions for fate in soil by

a factor of 8.5 with a range of 1.6 (triclosan) to 33 (thiabenda-

zole). If inhibitory effects of co-contaminants such as antimi-

crobials and antibiotics indeed play a role, then one would

expect the half-lives of chemicals to increase with increasing

biosolids contentof the soils. If thisuntestedassumptionholds

true, the half-lives reported in this study may underestimate

environmental persistence of PPCPs applied in forestry, where

biosolids applications are heavy and undiluted. Conversely,
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the reported half-lives would overestimate environmental

persistence for PPCPs in agricultural soils receiving biosolids,

since agricultural mixing ratios of biosolids to soils are lower

than the ratio of 1:2 chosen in this study (e.g., 1:10 or greater).

Data presented in Figs. 2e5 illustrate, that for the purpose of

this study, use of more dilute biosolids mixtures would not

have been desirable, as many of the analyte concentrations

would have dropped below the method detection limits.
3.3. Risks, concerns, and data gaps

Although the presence of micropollutants in biosolids

destined for land application is known, the effects of these

compounds on terrestrial ecosystems remain relatively

uninvestigated (Liu et al., 2009). The majority of available

ecotoxicity data deal solely with aquatic organisms. To

perform a proper risk assessment for soil-dwelling organ-

isms, half-life data for PPCPs are indispensable and should

come from field studies rather than from laboratory experi-

ments. Although concentrations of eleven of the 15 PPCPs

detected in this study decreased over time with first-order

kinetics, all 15 compounds were still present after 518 days of

weathering. This suggests that environmental risk assess-

ments should consider not only acute, but also chronic toxic

effect threshold values of PPCPs on non-target organisms due

to chemical longevity in soil and opportunities for extended

or even life-time exposures of terrestrial biota (Chalew and

Halden, 2009).

Another area requiring further research is the potential for

plants and crops to take up microcontaminants from

biosolids-amended soils. For example, it has been docu-

mented that certain antibiotics, specifically tetracyclines and

fluoroquinolones, can be taken up by crop plants (Migliore

et al., 2003; Kumar et al., 2005).

The environmental persistence in biosolids of a number of

antimicrobials and antibiotics observed here suggests a need

for determining potential risks posed by these substances

through the promotion of antimicrobial drug resistance in soil

microorganisms residing on agricultural soils and the crops

produced. The presence of antibiotics at sub-lethal concen-

trations in the environment may negatively impact soil

microbial communities. Moreover, their presence can

promote the formation of resistance, and even cross-resis-

tance and multiple drug resistance in microorganisms

(Wegener et al., 1998; Al-Ahmad et al., 1999).

Another area of concern is the potential for bio-

accumulation and biomagnifications of microcontaminants

throughout the food chain. Lipophilic contaminants selec-

tively partition into sludge during wastewater treatment,

which can result in concentrations of the antimicrobials tri-

clocarban and triclosan in biosolids, for example, as high as

441 ppm and 133 ppm, respectively (USEPA 2009b). Bio-

accumulation in worms was recently demonstrated for these

two biocides in aquatic and terrestrial environments (Higgins

et al., 2009; Kinney et al., 2008). Transfer of persistent hydro-

phobic PPCPs from biosolids-amended soils and agricultural

runoff into soil and aquatic organisms opens a pathway for

the potential biomagnifications of these compounds in birds,

fish and mammals.
4. Conclusions

In this mesocosm study, EPA Method 1694 (USEPA, 2007b) was

used to monitor 72 PPCPs in soilebiosolids mixtures. Weath-

ering of biosolids-amended soils under outdoor conditions in

Maryland indicated that although many PPCPs degrade over

time, some compounds persist in agricultural soils years after

their application in the form of biosolids. The work under-

scores the necessity of conducting experimental studies in

addition to simply predicting half-lives using computer

models that utilize soil as a surrogatematrix for biosolidsesoil

mixtures. Availablemodels presently do not take into account

degradation limiting parameters such as reduced bioavail-

ability and the presence of co-contaminants, including anti-

microbials, antibiotics and similar substances that are known

to inhibit microbial communities and delay biodegradation

(Al-Ahmad et al., 1999; Al-Rajab et al., 2009). In addition, the

analytical results presented in this study re-emphasize the

formidable analytical challenges associated with the deter-

mination of trace contaminants in biosolids. Four of the 15

PPCPs detected in this study showed recovery rates outside of

the quality control boundaries specified by the USEPAmethod.

Average performance data reported by the USEPA (2007b) for

biosolids showed typical recoveries of as low as 22.6% for

digoxin and as high as 359.7% for triclosan. Taken together

with the results of the present work, it is evident that there is

a need for continuing method development efforts to furnish

reliable data for risk assessment studies.
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