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a b s t r a c t

Triclosan (5-chloro-2-[2,4-dichloro-phenoxy]-phenol (TCS) is an antimicrobial compound that is added
to a wide variety of household and personal care products. The consumer use of these products releases
TCS into urban wastewater and this compound ends up in the environment when agricultural land is fer-
tilized with wastewater biosolids. This study examines the occurrence of TCS in biosolids and its fate in
biosolid-treated soils. TCS levels in biosolids generated from one repeatedly-sampled wastewater treat-
ment plant averaged 15.6 ± 0.6 mg kg�1 dry wt. (mean ± standard error) with a slight increase from 2005
to 2007. Surface soil samples were collected from several farms in northern Virginia, US that had received
no biosolids, one biosolid application or multiple biosolid applications since 1992. Farm soils that
received one application presented TCS concentrations between 4.1 and 4.5 ng g�1 dry wt. when time
since application was over 16 months and between 23.6 and 66.6 ng g�1 dry wt. for farms where sam-
pling time after application was less than a year. Our results suggest that TCS content of biosolids are rap-
idly dissipated (estimated half-life of 107.4 d) when applied to agricultural fields. Statistical differences
were found (p < 0.05) for residual build-up of TCS between multiple-application farms (at least 480 d
after application) and controls suggesting that there was a slight build-up of TCS, although the concen-
trations for these farms were low (<10 ng g�1 dry wt.).

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Triclosan (5-chloro-2-[2,4-dichloro-phenoxy]-phenol (TCS)) is a
bacteriostatic compound that is added to a wide variety of house-
hold and personal care products such as hand soap, toothpaste,
deodorants and plastics in cutting boards and toys among other
things (Daughton and Ternes, 1999). It has been used for more than
40 years and usage of antimicrobial and antibacterial products is
steadily increasing both in the United States (US) and worldwide
(Chalew and Halden, 2009). This compound is included in a group
often defined as ‘‘Emerging Organic Pollutants” many of which are
known endocrine-disrupting chemicals (EDC), and TCS could pres-
ent a high potential to fall in this category since some studies have
reported the EDC effects of TCS (Veldhoen et al., 2006; Crofton
et al., 2007) and/or its metabolites (Ishibashi et al., 2004). However
to date it is not clear if TCS is an EDC as studies are not conclusive.
Furthermore, TCS blocks bacterial lipid biosynthesis which leads to
concern for possible development of bacterial resistance to TCS
(McMurry et al., 1998; Levy et al., 1999).

To date, several studies have reported the presence of TCS in
water focusing on the removal of these chemicals through waste
ll rights reserved.

: +1 301 405 2585.
water treatment plants (WWTPs) (Lindstrom et al., 2002; McAvoy
et al., 2002; Singer et al., 2002; Bester, 2003; Kanda et al., 2003;
Sabaliunas et al., 2003; Bester, 2005; Nakada et al., 2006; Gomez
et al., 2007; Heidler and Halden, 2007; Ying and Kookana, 2007).
Despite its high removal rates in WWTPs, it is present in the efflu-
ent and has been detected in rivers and other receiving waters.
Studies report concentrations of TCS in rivers between 11 and
98 ng L�1 (Lindstrom et al., 2002; Singer et al., 2002; Sabaliunas
et al., 2003) and runoff from land receiving biosolid (Topp et al.,
2008; Edwards et al., 2009; Sabourin et al., 2009). TCS is toxic to
aquatic microorganism (Orvos et al., 2002; Samsøe-Petersen,
2003; Ishibashi et al., 2004) and is accumulated by algae (Coogan
et al., 2007) and fish (Boehmer et al., 2004). Recently it has been
shown that TCS may be accumulated by earthworms after land
application of biosolids (Kinney et al., 2008).

Triclosan has been observed to biologically degrade under aer-
obic conditions in the laboratory in activated sludge systems
(Federle et al., 2002; Stasinakis et al., 2007). In WWTPs using acti-
vated sludge as secondary treatment, generally higher than 90% re-
moval is observed (McAvoy et al., 2002; Bester, 2003; Kanda et al.,
2003; Sabaliunas et al., 2003; Heidler and Halden, 2007) yet it is
not clear whether the main removal mechanism is degradation
or sorption onto the biosolids. TCS presents low water solubility
(12 mg L�1) (Reiss et al., 2002), a high octanol–water partitioning
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coefficient (log Kow = 4.8) (Halden and Paull, 2005) and high organ-
ic carbon–water partitioning coefficients (log Koc = 3.8–4.0) (Lind-
strom et al., 2002), thus it is accumulated onto biosolids (Singer
et al., 2002; Bester, 2003; Morales et al., 2005; Heidler et al.,
2006; Heidler and Halden, 2007). Land application of biosolids
could represent a source of this compound to the environment.

In the United States, approximately 5.6 million dry tons of bios-
olids are produced annually and approximately 60% is land applied
(NRC, 2002). Many questions remain with respect to the amounts
and fate of organic pollutants released into the environment
through land applied biosolids. Recent studies reported TCS soil
half-life between 18 and 58 d (Ying et al., 2007; Wu et al., 2009)
and between 2.5 and 35 d (unpublished data as in Reiss et al.,
2009) under aerobic conditions while it was persistent under
anaerobic conditions. Little is known about their fate in agricul-
tural soils in a real-world, biosolids-treated-soils setting.

In this study, 26 commercial farms where selected and sampled.
Most of these farms received biosolids from a WWTP in the Mid-
Atlantic region (WWTP A). Fresh biosolids from this plant were
sampled at 2-months intervals and monitored for TCS over two
years to determine variations in TCS levels and assess trends. Our
specific objectives were to (i) assess levels of TCS in biosolids and
biosolid-treated agricultural soils and (ii) evaluate the disappear-
ance of TCS in these agricultural top soils and assess the possible
build-up of TCS upon multiple biosolid applications.
2. Materials and methods

2.1. Biosolid samples collection

Biosolids samples were collected every 2 months over 2 years
(July 2005–October 2007) from a large wastewater treatment plant
in the Mid-Atlantic region of the US (WWTP A). This plant consists
of primary treatment, secondary treatment (activated sludge),
nitrification–denitrification, effluent filtration, chloro-nitration/
dechlorination and post aeration of the wastewater flow. It has a
treatment capacity of 1.4 millions cubic meters per day. Collected
biosolids were a combination of the solids from the primary, sec-
ondary and nitrification processes, which were dewatered and
treated with lime to approximately 15% on a dry weight basis. Final
biosolids were a Class B biosolid i.e. ‘‘biosolid treated to reduce
pathogens to levels protective of human health and the environ-
ment, but not to undetectable levels” (USEPA, 1993). The samples
analyzed were collected from the transfer lines leading to the stor-
age tanks. Biosolid samples were placed in 250 mL amber, wide-
mouth glass jars and kept frozen (�20 �C) until processing.
2.2. Soil samples collection

Field soil samples were collected between March 20 and April
01, 2006 from farms in northern Virginia. A total of 26 fields were
targeted for sample collection. Table S1 presents the principle
information about these farms. Three types of farm sites were se-
lected: (A) Farms that had never received biosolids (zero applica-
tion farms or control farms), (B) Farms that had received one
biosolid application (all from WWTP-A), and (C) Farms that had re-
ceived between 2 and 4 biosolid applications in the previous 3–
13 years (mostly from WWTP A, but some came from other
WWTPs in the same geographic area). All selected fields were pas-
tures for grazing cattle, except two (field #2 of farm A and field #12
of farm H, Table S1) which were planted with corn. Sample collec-
tion points were recorded using a field GPS instrument (Trimble,
Westminster, GeoExplorer Series). The sample collection sites that
were located within each of these sampled areas were selected
based on a spatial relationship that was related to the size and
shape of each of the fields. Therefore in order to get representative
sample coverage the size and shape of each field helped determine
the number of samples to collect (column 6, Table S1) there were,
in some cases, as few as 5 samples collected for a small field and as
many as 14 samples were collected from one of the larger fields
(e.g., field E-3, 18.82 ha, Table S1).

Surface soil samples were collected to a depth of approximately
10 cm. They were composites of three soil plugs that were each
collected in a 30 cm diameter area around the collection focal
point. Soil samples were transported on ice and finally kept in a
freezer (�20 �C) until processing.

2.3. Standards and reagents

Triclosan (97%) was obtained from Aldrich (Aldrich Chemical
Company, Inc, Milwaukee, WI, USA). Isotope-labeled 13C12-TCS
(P99%) was obtained from Wellington Lab. (Guelph, ON, Canada).
All organic solvents were high purity, pesticide grade. Sand was
obtained from JT Baker (Mallinckrodt Baker, Inc., Phillipsburg, NJ,
USA). Potassium phosphate monobasic (99.2%), potassium phos-
phate dibasic anhydrous (99.6%) and ammonium acetate (99%)
were obtained from Fisher Scientific (Fisher Scientific, Fair Lawn,
NJ, USA). Carbon-free deionized water (DI-water) was secured
using a NANOpure system (Barnstead International, Dubuque, IA,
USA). Glassware and sand were baked at 400 �C for 4 h in an indus-
trial oven (Grieve, Round Lake, IL, USA) to drive off any organic
materials.

2.4. Extraction and cleanup

TCS was extracted from soils and biosolids using an adaptation
of a previously published method (Burkhardt et al., 2005). In brief,
prior to extraction all samples were screened by passing them
through a US standard #7 sieve (2.8 mm aperture size) to remove
larger materials. Approximately 10 g and 0.2–0.3 g wet weight
(wet wt.) were extracted respectively for soils and biosolids. All
samples were spiked with 13C12-TCS (100 ng ml�1) internal stan-
dard before extraction to allow for isotope dilution quantitation
to be performed. Extractions were performed by accelerated sol-
vent extraction using an ASE model #200 apparatus (Dionex Corp.
Sunnyvale, CA, USA) using water/isopropyl alcohol (IPA) (20:80, v/
v). The extract were fractionated using solid phase Oasis

�
HLB car-

tridges (Waters Corporation, Milford, MA, USA). A dichloromethane
(DCM)/diethyl ether (DEE) (80:20) solution was used to elute TCS
from the cartridges. The solvent in the final extract was removed
by nitrogen blowdown and the sample transferred with methanol
to a final volume 1.5 ml (additional details are provided in Supple-
mentary information, section 1).

2.5. Instrumental analysis

Extracts were analyzed by LC–MS. Chromatographic separation
was performed on a reverse-phase liquid chromatographic column
(Waters Xterra 5 lm MS C18 column – 150 � 2.1 mm) using a
Waters 2695 XE LC instrument (Waters Corp., Milford, MA). Atmo-
spheric pressure ionization-tandem mass spectrometry analysis
was performed on a benchtop triple quadrupole mass spectrome-
ter (Quattro LC from Micromass Ltd., Manchester, UK) operated
using a negative electrospray ionization source (ESI-). Acquisitions
were done in SIR (selected ion recording) mode with specificity
being provided by the chlorine isotopes provided by the chlorines
substituted on these compounds. Analyte concentrations were
determined by isotope dilution methods using 13C12-TCS as an
internal standard to quantitate the unlabelled Triclosan. Peak inte-
gration and quantification was performed automatically using the
MassLynx v4.0 software (Micromass Ltd., Machester, UK)
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(additional details are provided in Supplementary information,
section 2).

2.6. Quality assurance and quality control (QA/QC)

Method Detection Limits (MDLs) were determined using the
procedure established by US EPA (USEPA, 1984). The Limit of
Quantification (LOQ) was set at 2 times the MDL values. All sam-
ples were fortified with labeled 13C12-TCS internal standard for
analyte quantification and to correct for possible matrix interac-
tions and any losses during sample extraction. At least seven stan-
dards at concentrations other than zero were run for each set of
analyses and linearity correlations were required to yield r-
squared values P0.99. Standards were injected every ten samples
in order to verify stability of the instrument during the analyses. A
laboratory blank, duplicate and spike were included in each batch
that always included less than 15 samples.
3. Results and discussion

3.1. Method development

The Method Detection Limit (MDL) obtained for TCS was
1.00 ng g�1 wet wt; therefore the LOQ was 2.00 ng g�1 wet wt.
Average Relative Standard Deviation (RSD) and recovery were
22.7% and 101.1%, respectively, for the non TCS-contaminated soils
replicates (n = 7) used to calculate the MDL. Values below LOQ are
not reported. Average percent recovery for all spiked TCS-contam-
inated soils samples analyzed in each batch was 86.8% and 85.5%
for sludge samples.

3.2. Biosolids from WWTP-A

TCS biosolids concentrations at WWTP-A were between 12.1
and 18.8 mg kg�1 dry wt. (n = 14) with mean 15.6 ± 0.6 mg kg�1

dry wt. (mean ± SE; n = 14). The use of this bacteriostat seemed
to be changing from 2005/06 to 2007 since the TCS concentrations
were 14.4 ± 0.5 mg kg�1 (mean ± SE) for 2005/06 (n = 8) and
17.6 ± 0.8 mg kg�1 for 2007 (n = 6). Results indicated that the
means were different (p < 0.05) suggesting that TCS usage might
have increased; however, usage data over this time interval was
not available to confirm this. Also some parameters in the WWTP
may have changed between the two time periods in the study
which could affect TCS removal favoring higher TCS concentrations
in the biosolid for the later period. TCS concentrations found in this
study are within the range found in other studies which varied
from 0.09 to 66 mg kg�1 dry wt. (Table 1).

In this study, concentrations of TCS in the biosolids for fall-win-
ter and spring–summer were 15.9 ± 0.1 and 15.3 ± 1.0 mg kg�1 dry
wt. (mean ± SE) respectively. No significant differences were found
(p > 0.05) suggesting that the concentrations present in the bioso-
lids were not related to seasonal conditions like temperature for
Table 1
Summary of TCS concentrations reported in the sludge and biosolid samples.

Authors Samples

(McAvoy et al., 2002) Primary, secondary and anaer
(Bester, 2003) Sewage sludge
(Morales et al., 2005) Biological and disinfected slud
(Chu and Metcalfe, 2007) Activated sludge and biosolids
(Gatidou et al., 2007) Sewage sludge
(Heidler and Halden, 2007) Anaerobic digested sludge
(Kinney et al., 2006) Biosolids, variably treated
(Ying and Kookana, 2007) Biosolids
Present study Biosolids
example. While higher summer TCS influent concentrations have
been reported at other plants (Loraine and Pettigrove, 2006), there
was insufficient data to check if we missed these differences in our
collections by focusing only on biosolids.
3.3. Concentration in agricultural soil samples

The concentrations of TCS in soils from farms as a function of
the number of biosolid applications (multiple-application farms
(n = 12) and single-application farms (n = 8)) are presented in
Fig. 1. Clearly application of TCS-laden biosolids causes elevated
concentrations of TCS to occur in these soils but the concentrations
are quite variable (Table S3 supporting information). Our data sug-
gests that the two most important parameters controlling TCS top
soil concentrations are the biosolids application rate and the time
between application and sampling. For example, application rates
in 2005 were significantly different between the multiple and sin-
gle-application fields; rates for multiple-application fields were
only 5.0, 5.6 and 0.9 tons ha�1 vs. 14.3 to 25 tons ha�1 for the six
single-application fields. Thus concentrations were higher in the
single-application fields. Furthermore in order to account for vari-
ations in concentrations within the single and multiple-application
groups, it was possible to identify subgroups that showed this to be
entirely due to time-dependent TCS dissipation. Therefore separat-
ing these according to the time since last biosolid application and
viewing the concentrations in these subgroups supported the
observation that the longer the time interval after the last applica-
tion the lower the TCS concentrations.

In order to assess the fate and dissipation of TCS in agricultural
top soil, measured concentrations were compared to predicted
concentrations at selected sites that had received a single applica-
tion from WWTP-A (Fig. 2). Initial Predicted Environmental Con-
centrations (PECini) were determined using Eq. (1) (Jackson and
Eduljee, 1994), where Csoil(0) is the TCS concentration found in
the soil before biosolid application (background levels determined
in this study); Cbiosolid is the mean concentrations from our 2-year
long survey of WWTP-A biosolids (n = 14) (mg kg�1), ARy is the
application rate (kg ha�1) as provided by commercial applicators
and reported in Table S1; D is soil density which was considered
constant (1.5 � 10�3 kg cm�3); Sz is soil depth (10 cm) and CF is a
conversion factor (cm2 ha�1).

PECini ¼ Csoilð0Þ þ
Cbiosolid � ARy

D� Sz � CF
ð1Þ

Fig. 2 shows mean predicted initial concentration (TCS–PECini)
compared to the mean concentrations found in the soils at differ-
ent time intervals after application. As expected, dissipation in-
creased as a function of time. TCS–PECini initial concentrations in
those farms where the time after applications were between 7–
9 months was 206.6 ± 21.8 ng g�1 dry wt. and the concentration
found in the soils after 7 to 9 months were 45.5 ± 6.8 ng g�1 dry
wt., that represents 21.8% of their PECini. In the farms with longer
Concentration (mg kg�1 dry wt.)

obic digested sludge 0.5–15.6
0.40–8.8

ge 0.42–5.4
0.62–11.55
1.84
30 ± 11
1.2–32.9 (median = 10.2)
0.09–16.79
12.1–18.8 (mean = 15.6)
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times after biosolid application (16–21 months) the concentration
found in the soils was 4.3 ± 6.8 ng g�1 dry wt. representing only
3.9% of the PECini for these farms (109.2 ± 11.6 ng g�1 dry wt).
Our results suggest a significant removal of TCS from the top soil
of up to 96.1% after16 and 21 months of application and 78.2% after
7–9 months. When TCS-containing biosolids are associated with
the soil more than 16 months all mean TCS concentrations were
below 10 ng g�1 (Fig. 1 – both single and multiple applications) ex-
cept for farm D-2 (Fig. 1). This farm received three applications
with the last one in 2001 (around 5 years before the date of collec-
tion). TCS concentrations found in this soil was 34.6 ng g�1 dry wt.
No explanation was found to justify this concentration. This farm
was considered an outlier. However, when farms where no bioso-
lids had been applied were compared with the rest of the farms
where the time after last biosolid application was higher than
16 months only the multiple-application farms retain statistically
(p < 0.05) higher levels. Therefore, the single-application farms
TCS levels are similar (p > 0.05) in concentration to non-treated
farms and their statistically lower concentration versus multiple-
application farms suggests a slight build-up of TCS even though
the total amount for all of them averaged only 2.2 times higher
(mean, 6.6 ng g�1 dry wt.) than background levels.

Although there are a lot of factors affecting the dissipation of
this kind of compound from topsoils, such as time since applica-
tion, temperature, soil type, field management, variable soil micro-
flora, etc., our data suggests that when time after application was
long enough, concentrations in the soils were the same as back-
ground levels and only a slight build-up was observed when multi-
ple biosolid applications were done.

While it is recognized that a large number of environmental and
operational factors would determine TCS top soil concentrations,
an effort was made to develop a preliminary mathematical model
to predict top soils TCS concentrations as a function of application
rate, number of applications, and time since last application. A dis-
sipation half-life (t0.5) was estimated using the single application
data and Eq. (2) (Jackson and Eduljee, 1994) where Csoil(t) is the
mean concentration found in the soils in ng g�1 dry wt. at time t
since last application; Csoil(0) is the TCS concentration found in
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the soil before biosolid application; PECini is the concentration
(ng g�1 dry wt.) at time zero of the biosolid application (Eq. (1))
and t is the time in days (d) between biosolid application day
and the collection day.

CsoilðtÞ ¼ ðCsoilð0Þ þ PECiniÞ � e
� ln 2

t0:5

� �
t

ð2Þ

As our data suggested that background levels are reached after
16 months, only single-applications farms where the time after
application was between 7 and 9 months (n = 6) were used in Eq.
(2) to calculate the mean half-life value of 107.4 d. This value
was then used to determine the theoretical concentration in the
soils after each biosolid application using Eq. (3), where back-
ground or residual concentrations was Csoil(0) of 3 ng g�1 dry wt.;
PEC was the predicted environmental concentrations at time zero,
i.e. the day of biosolid application (Eq. (1)) (ng g�1 dry wt.); k was a
dissipation rate constant of 0.00645 d�1 (ln 2/107.4 d, Eq. (2)
above); t was the interval of time in d between applications or
application date and sampling day for the last application. Maxi-
mum interval of time (t) in each application was the time from
application until TCS reached the residual levels, C0 for single
application or 2.2 � C0 for multiple applications; numbers 1, 2, 3,
represented the number of applications; with a maximum of 4
for this study (additional details can be found in Supplementary
information, section 3).

CsoilðtÞ ¼ ððððPEC1þC0Þ�k�t1 þPEC2Þ�k�t2þPEC3Þ�k�t3 � � �þPECnÞ�k�tn

ð3Þ

Fig. 3 shows the theoretical rate of dissipation applying the
model (Eq. (3)) as an average (line) with PECini (filled symbols)
and concentrations measured in our study (open symbols). While
average application rates and biosolid TCS initial concentrations
where used in this exercise, Fig. 3 illustrates the capability of this
time-dependent model to predict topsoil concentrations once
application rate, initial biosolid concentration, and time since last
application are known.

In a recent study in Midwestern USA, soil TCS concentrations
were 160 ng g�1 dry wt. and 96 ng g�1 dry wt., 31 and 156 d after
a single biosolid application (Kinney et al., 2008). In order to deter-
mine the predictive capabilities of our model under different
experimental conditions, Eq. (3) was applied to the Kinney et al.
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study, using their application rates, TCS concentration in the bio-
solid, and days after biosolid application. Predicted TCS concentra-
tions calculated using Eq. (3) were 106 ng g�1 dry wt. and
47 ng g�1 dry wt., 31 and 156 d respectively after biosolid applica-
tion, which are close to values reported, indicating the capability of
our model to predict TCS concentrations in these soils. However
higher differences were found when our model was applied to a re-
cent study in Michigan that received biosolids between 3 months
and 3 years before collecting samples. TCS concentrations mea-
sured by the investigators in these soils for all cases were always
lower than 1.02 ng g�1, lower than our background concentrations
(Cha and Cupples, 2009). Despite the lower applications rates and
lower TCS biosolid concentrations that were used in these farms,
our model would have led them to find higher TCS concentrations
than the low concentration reported in their paper.

Today’s literature presents some controversy about the TCS
soils levels that could inhibit plant growth. Studies have reported
that TCS affects rice and cucumber seed growth, soil respiration
(Liu et al., 2009) and nitrogen cycle (Waller and Kookana, 2009)
at concentrations around a microgram per grams of soil, and soil
phosphatase activity at concentrations of 100 ng g�1. Another
study reported no negative effects on nitrification and soil respira-
tion at concentrations as high as 2000 ng g�1 and TCS concentra-
tions affecting plants were much higher than those found in our
study (280 ng g�1) (Reiss et al., 2009, both listed as unpublished
data).

TCS concentrations as high as 100 ng g�1 were predicted using
our model any time before 91 days after biosolid application, sug-
gesting that TCS may affect phosphatase activity in these fields
during the first three months after biosolid application. Consider-
ing these findings, even the maximum TCS concentration found
in soils shouldnot present a high risk for soil toxicity. Therefore,
to determine with any real certainty the true impact of TCS con-
centrations found on soils, further studies should be completed
and possible build-up of degradation products should be
determined.

TCS bioaccumulation onto earthworms has been suggested in
soils 31 and 156 d after biosolid application (Kinney et al., 2008).
Our results coupled with these recent studies suggest that TCS
could accumulate in terrestrial organisms during the first few
months (up to 16–21 months) after application while after this
time TCS risks would be less since concentrations appear to fall
to near background levels in soils.

Since TCS is a bacteriostat, there is a real potential that concen-
trations in soils resulting from biosolid applications might affect
bacterial ecology of these systems. Especially since the ecological
balance and competitive advantages of the multiple species inhab-
iting any soil environment are very complex and any small advan-
tage one microbe might achieve due to exposure to these known
bacteriostat could be amplified under these conditions. These stud-
ies might be enlightening and need to be conducted.

At this moment it is not clear what the precise removal pro-
cesses are within the soil environment. Possible pathways are
biological transformation, volatilization, photo-oxidation and
leaching. Due to the low vapor pressures of this compound and
the fact that sunlight only affects a thin layer of soil surface,
the amount of losses of TCS due to volatilization or photo-oxida-
tion are probably low. It is known that TCS can be degraded in
soils under aerobic conditions (Ying et al., 2007; Wu et al.,
2009) and that during bacterial degradation TCS is transformed
to methyl triclosan (Hundt et al., 2000). Also there are some evi-
dence that TCS can be biodegraded by soil bacteria (Meade et al.,
2001) and fungi (Hundt et al., 2000; Cabana et al., 2007). Addi-
tional work should be conducted to assess biodegradation rates
in the soil environment and determine of the fate of these biodeg-
radation products.
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4. Conclusions

TCS is present in biosolids at mean concentrations of
15.6 ± 0.6 mg kg�1 dry wt. (mean ± standard error) showing that
it is removed from the waste water during biosolids collection.
Concentrations ending up in biosolid do not seem to be related
to seasonal or seasonally-linked temperature changes.

Varying concentrations of the TCS were measured in biosolids-
treated agricultural soils after the biosolids had been applied and
these concentrations were significant for short times after applica-
tion and then went to low levels 16 months after application. How-
ever, for multiple-applications farms, residual concentrations
found in the soils at times greater than 480 d after applications
averaged two times higher than background level. A model for dis-
sipation rates for TCS in soils receiving single and multiple applica-
tions of biosolids was developed and used to successfully describe
values observed in this study. Finally the removal or dissipation
processes for the TCS in soils appears to be mainly due to biological
degradation.

Widespread land application of biosolids as a soil amendment
and fertilizer source represents an important pathway for reentry
of triclosan into the environment. Therefore more studies should
be done with TCS especially if this compound has a high potential
for endocrine disruption.
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