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Abstract
Purpose Triclosan (TCS, 5-chloro-2-(2,4-dichlorophenoxy)
phenol) an antimicrobial compound used in a range of house-
hold products, is an emerging hydrophobic organic contami-
nant, that may be incorporated into soil through the applica-
tion of biosolids. The present study assessed the bioavailable
fraction of TCS in a soil-biosolid system using wheat
(Triticum aestivum) plant assays and a predictive extraction
method using a solution of hydroxypropyl-β-cyclodextrin
(HPCD) to determine if it was a reliable surrogate for this
bioassay.
Materials and methods Three soils were obtained from the
central region of Chile (Cuesta Vieja, Polpaico, and
Taqueral). Biosolid was obtained from a regional wastewater
treatment plant. The soils were amended with biosolids at
different rates (30, 60, 90, and 200 Mg ha-1). The TCS con-
centration was determined in biosolids, soil, and plant samples
via gas chromatography coupled with mass spectrometry
(GC-MS).
Results and discussion The total TCS concentration in the
biosolids was 5.45 mg kg-1. The results of the TCS extraction
from the wheat plants (roots and shoots) indicated that TCS
was primarily found in the roots. TCS uptake by the plant
varied based on soil properties. The predictive capability of

the HPCD extraction was assessed using a simple linear cor-
relation test for TCS concentration in wheat plants.
Conclusions The study yielded a linear relationship, which
demonstrated the validity of the chemical method as a
biosimulation technique.

Keywords Bioavailability . Biosolids soil . Cyclodextrin .

Triclosan

1 Introduction

Land application of biosolids has been shown to contribute to
improved soil physical and chemical conditions, including
porosity, aggregate stability, water retention, aeration, and nu-
trient content, all of which help to prevent erosion and favor
root growth and plant and soil nutrition (Khaleel et al. 1981;
Wallace et al. 2009; Brown et al. 2011). However, when bio-
solids are applied to soils, organic contaminants may be
retained in the soil, leached through the liquid phase of soil,
taken up by plants and/or bio-accumulated in soil organisms
(Epstein 2003).

Broad-spectrum antimicrobial agents such as triclosan
(TCS) are among the emerging organic contaminants detected
in wastewater treatment plants. Triclosan (5-chloro-2-(2,4-
dichlorophenoxy) phenol) is an antimicrobial agent widely
used inmany personal care products such as soaps, detergents,
toothpastes, deodorants, disinfectants, cosmetics, and pharma-
ceuticals. It is also used as an additive in plastics, polymers,
and textiles (De Vere and Purchase 2007; Orhan et al. 2007).
Therefore, discharge of effluents from wastewater treatment
plants and the application of biosolids to soils are the main
routes through which TCS enters the environment after its use
(Ying and Kookana 2007). Triclosan exhibits a broad antimi-
crobial spectrum against gram+ and gram− bacteria. In
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addition, TCS is effective against fungi and yeast (Stewart et
al. 1999; McBain et al. 2003; Frantz et al. 2008; Clarke and
Smith 2011; Gasperi et al. 2014). Its antimicrobial effect oc-
curs through the inhibition of the carrier protein, which is
responsible for the biosynthesis of the fatty acids necessary
for cell wall formation and bacterial reproduction (Coogan et
al. 2008). The presence of triclosan in the environment can
lead to the development of resistant microorganism strains
(Stevens et al. 2009).

Triclosan is a hydrophobic, chlorinated phenoxy phenol
with a pKa of 7.9 and an estimated octanol-water partition
coefficient (log Kow) of 4.8 (Wu et al. 2009). Given its hydro-
phobic nature, triclosan is not completely eliminated from
either water or the solid generated at wastewater treatment
plants. In addition, the conversion of triclosan into methyl-
triclosan (MTCS) has been observed, and MTCS has been
measured in a variety of environmental samples, including
influents and effluents from wastewater treatment plants
(Cheng et al. 2011; Jachero et al. 2013).

Triclosan has been considered as endocrine disruptor
which implies that TCS may alter the growth, development,
reproduction, and behavior of living organisms, interfering
with their normal hormone activity by mimicking hormones
(Bedoux et al. 2012). It is found that the antimicrobial agents
triclosan (TCS), triclocarban (TCC), and their associated
transformation products are of increasing concern as environ-
mental pollutants due to their potential adverse effects on
humans and wildlife, including bioaccumulation and
endocrine-disrupting activity (Matsumura et al. 2005).

To assess the potential environmental hazard produced by
TCS, one must determine its concentration, behavior, fate in
biosolid-amended soils, and in wastewater effluents. The land
application of biosolids is the main route through which TCS
enters the soil. The plants grown in soil amended with bio-
solids at agronomic application rates for multiples years
should never experience TCS toxicity, but TCS may accumu-
late in their tissues (Pannu et al. 2012).

Triclosan uptake has been assessed in bean plants
(Phaseolus vulgaris) in which the TCS was primarily distrib-
uted in the roots but not in the shoots (Karnjanapiboonwong et
al. 2011). Triclosan has been observed in various plants, in-
cluding food crops such as lettuce and radish, as well as
bahiagrass grown in soils fertilized with biosolids (Pannu et
al. 2012). Other researchers have examined triclosan
phytoaccumulation from biosolid-amended soils in pumpkins,
zucchini, and grass, these results showed more potential for
phytoaccumulation than other crops (Aryal and Reinhold
2011).

An assessment of contaminant bioavailability in soils is
necessary to understanding potential associated hazards.
Hydroxypropyl-β-cyclodextrin (HPCD) has recently been
used in a non-exhaustive extraction technique to determine
the bioavailability of hydrophobic organic contaminants in

soil (Ried et al. 2000b; 2004). The HPCD offers the advantage
that cyclodextrins can form inclusion complexes with several
compounds because they have a hydrophilic outer surface
with an apolar cavity that provides a hydrophobic matrix.
This cavity enables the formation of inclusion complexes with
a wide variety of hydrophobic molecules. Thus, HPCD is an
appropriate extractant for simulating the bioavailable fraction
of some soil contaminants (Wong and Bidleman 2010). Other
researchers have found that HPCD extraction is a good meth-
od for predicting PAH bioavailability (Cuypers et al. 2002;
Doik et al. 2006).

The present study intends to assess the bioavailable fraction
of TCS in a soil-biosolid system using wheat (Triticum
aestium) assays and to determine if HPCD extraction is a
reliable surrogate for this bioassay.

2 Materials and methods

2.1 Reagents

Triclosan (97 %) was obtained from Dr. Ehrenstorfer Gmb H
(Augsburg, Germany). Carbon 13-labeled TCS (13C12-TCS,
50 mg L−1) was purchased from Wellington Laboratories
(Ontario, Canada), was used as a surrogate standard.
Hexachlorobenzene (HCB, 99.5 % purity) was used as inter-
nal standard and was purchased from Dr. Ehrenstorfer Gmb H
(Augsbu rg , Ge rmany ) . The N-me thy l–N-( t e r t -
butyldimethylsilyl) trifluoroacetamide (MTBSTFA)
derivatizing agent was obtained from Sigma Aldrich
(Milwaukee, WI, USA). The HPLC grade solvents ethyl ace-
tate, methanol, acetone, hexane, and dichloromethane were
purchased f rom Merck (Darms tad t , Ge rmany) .
Hydroxypropyl-β-cyclodextrin was obtained from Sigma
Aldrich. The Oasis HLB cartridges for the solid-phase extrac-
tion were obtained from the Waters Corporation (Milford,
MA, USA). Nitrogen 5.0 and helium 5.0 were purchased from
Linde (Santiago, Chile) and were used in the final extract
evaporation and as the chromatographic carrier gas,
respectively.

2.2 Soil and biosolid samples

Three soil samples were obtained from the Santiago
Metropolitan Region, Chile: Polpaico, Taqueral, and Cuesta
Vieja. The soil samples were collected from the surface level
(0–20 cm). Compound samples from each sample site were
air-dried and passed through a 2-mm sieve. The biosolid of
anaerobic digestion was collected at a wastewater treatment
plant in the Santiago Metropolitan Region. The biosolid was
air-dried and passed through a 2-mm sieve.

The pH, electrical conductivity (EC), organic carbon con-
tent, and cation exchange capacities of the soil and biosolid
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samples were determined. Texture analysis was performed on
the soil samples by Bouyoucus methods (Sadzawka et al.
2006).

2.3 Spiking the biosolids with TCS

The biosolids were spiked with an additional TCS concentra-
tion (10 mg kg−1) using the following procedure: 500 g of
biosolids was placed in a separate 500 mL round flask, and
an additional TCS concentration of 10 mg kg-1 in acetone was
added using the commercial formulation IrgasanTM. The sam-
ple was covered in acetone, evaporated in a rotary evaporator
at 200 rpm for 24 h at room temperature in darkness to prevent
photo-degradation of the compound. The biosolid was then
transferred to a dish and left to dry in darkness for 2 weeks.
The addition of TCS to the biosolids resulted in an approxi-
mate total concentration of 15 mg kg−1. The TCS-spiked bio-
solid was later added to pots with 500 g the soil at rate of 30,
60, 90, or 200 Mg ha−1. Soils and biosolids were mixed until
homogeneous before the soil was seeded.

2.4 Determination of the total TCS concentration
in the soils and biosolid

The samples of soils, bisosolids, soil-biosolids, and soils with
biosolids spiked with TCS, were spiked with a surrogate stan-
dard 13C12-TCS (200 ng g−1) and extracted three times with
ethyl acetate (3×4 mL) in a sonication bath (15 min each
step). The samples were then centrifuged for 15 min at
2500 rpm (Ying and Kookana 2007). The extracts were con-
centrated to dryness under a gentle nitrogen stream and then
dissolved in 5 mL of methanol. To each extract sample, 5 mL
of Milli-Q water were added.

2.5 Extract purification

Purification was carried out with Oasis HLB solid-phase ex-
traction cartridges.

The cartridges were successively conditioned with 3 mL of
each of the following solvents: methanol, acetone, dichloro-
methane (DCM), and hexane (Shaogang and Chris 2007). The
samples were loaded into the cartridges and washed three
times with 2 mL hexane and twice with 3 mL Milli-Q water.
The compounds were eluted three times in 3 mL 50:50 (v/v)
methanol/acetone mixture. The eluate was evaporated with
nitrogen and reconstituted in 1 mL ethyl acetate for GC-MS
analysis.

2.6 Determination of the bioavailable triclosan fraction

Plastic pots (12.5 cm diameter and 11 cm high) were used for
the plant assays. The pots were fitted at the bottomwith plastic
grids to support quartz which was added to prevent sample

loss. The pots were filled with the different soils and soil-
biosolid samples with biosolids added to soils at 0, 30, 60,
90, and 200 Mg ha-1. Three replicates of each treatment were
included.

Rates of biosolids addition were made based on Chilean
regulations that allow biosolid application of 30 and
90 Mg ha−1 in agricultural soils and in degraded soils, respec-
tively. The 200 Mg ha−1 rate was used for to represent repeat-
ed biosolid applications.

Pots containing the equivalent to 500 g dry weight of soil
were irrigated to field capacity and allowed to stand for
15 days before sowing with wheat. Ten grams of wheat seeds
were planted in each pot. After germination period (about
1 week), the automatic greenhouse lighting was set to produce
a 14/10 h (day/night) cycle with a temperature of 25±5 °C.

The moisture content was controlled with daily watering
with distilled water at 60–70 % of the soil field capacity. After
the growth period (30 days), the wheat plants, were removed
from the each pot and washed with distilled water. The roots
and shoots of each pot were separated and oven-dried at
30 °C.

Plant samples (root and shoot) were ground and homoge-
nized. For the extraction, 0.5 g root or shoot was weighed and
placed in a conical glass tube. The TCS was then extracted,
purified, and analyzed as previously described using 13C12-
TCS. Concentration of TCS in the roots that were measured
during the study, include both the TCS taken up into roots and
the TCS sorbed to the outer surface of the roots.

2.7 Estimating the bioavailable TCS fraction

The bioavailable fraction of TCS was estimated through an
extraction with HPCD by weighing 1 g of each soil (the three
soils with varying biosolid rates and the control soils), trans-
ferring the weighed sample to a 15-mL tube and adding 10mL
of 50 mM HPCD. The mixture was stirred for 1 h and then
centrifuged for 30 min at 2500 rpm. The supernatant was
filtered through a fiberglass filter pad (1 μm pore size).
Then, 10 mL of methanol was added to the solution in addi-
tion to the 13C12-TCS standard surrogate. The methanol/
HPCD mixture was sonicated for 1 h and then left to stand
for 24 h to ensure total compound release from the HPCD.
The HPCDmixture was extracted three times with 10 mL of a
50:50 (v/v) dichloromethane/ethyl acetate mixture. The com-
bined extract was evaporated to dryness in a nitrogen stream
and re-dissolved into ethyl acetate (1 mL). The extraction
process was modified from Wong and Bidleman (2010).

2.8 GC-MS

Both the unlabeled TCS and the stable-label 13C12-TCS were
derivatized with 20 μL MTBSTFA at 80 °C for 45 min. The
derivatized extracts were injected (2 μL) into a gas
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chromatograph (Thermo Fisher, Focus model) with a mass
spectrometry detector, an ISQ, and a SSL injector. The ioni-
zation mode was electron impact (EI) and used 99.999 % pure
helium as a carrier gas at a flow rate of 1 mL min−1. A Restek
RTX-5MS capillary column 30 m long, 0.32 nm ID, film
thinness 0.25 μm df and a maximum temperature of 350 °C
were used. The initial oven temperature was 100 °C, which
was maintained for 1 min then heated to 300 °C at a rate of
increase 10 °C/min. The chromatographic run required a total
of 21 min with a solvent delay of 7 min, a transfer line at
250 °C, an ionization source at 200 °C, a carrier gas flow rate
of 1 mL/min, and an injector temperature of 240 °C in the
splitless mode. The ions used to quantify and confirm the
TCS were m/z 345 and 347. The ions used to quantify and
confirm the 13C12-TCS were m/z 357 and 359. The same
extraction methodology, purification, and GC-MS analysis
were used to determinate TCS concentration in soil, plants
(shoot and root), and biosolids.

The accuracy of the method was calculated by the recovery
of the standard surrogate, which was always similar to found
by Ying and Kookana (2007) for biosolids, (73–74 %).

2.9 Statistical analysis

Linear correlation tests were applied to assess the relationship
between the plant TCS concentration and the estimated bio-
available TCS fraction obtained from cyclodextrin extraction.
All statistical tests were carried out using Statgraphic 5.0 soft-
ware. The level of significance for all comparisons was 95 %
(P<0.05). ANOVA was used to evaluate the differences be-
tween treatments.

3 Results and discussion

3.1 Physical and chemical sample characterization

Table 1 presents the properties of the soil and biosolid sam-
ples. The Cuesta Vieja soil was more acidic than the other

soils, while the Taqueral soil was the most basic with the
lowest organic carbon (OC) content. The Polpaico soil had
the highest values of cation exchange capacity (CEC) and
electrical conductivity (EC). In respect of texture, Cuesta
Vieja and Taqueral soils are classified as sandy loam and
Polpaico as sandy clay loam; Polpaico showed the highest
values of clay content. As expected, the biosolids contained
more organic carbon and had a higher CEC. The uptake and
distribution of organic contaminants into plants depends on
the physical and chemical properties of the contaminants,
plant factors, and on the soil characteristics (Bedoux et al.
2012). Triclosan concentration in biosolids was 5.45
±0.13 mg kg−1, but it is not detected in any of the soils before
the addition of biosolids.

3.2 TCS in wheat plants

Figure 1 depicts concentration of TCS in tissue of plant grown
in the soils treated with different rates of biosolids, unspiked,
and with TCS-spiked. In general, plant concentrations of TCS
were higher in the roots than in the shoots. In addition, the
TCS concentration in plant tissue varied as a function of soil
type. The relative uptake for TCS into plant tissue was as
follows: Cuesta Vieja > Polpaico >Taqueral. In the Cuesta
Vieja and Polpaico soils, the TCS content in the roots in-
creased as the rate of biosolids addition increased. However,
this increase peaked when at the 90 Mg ha−1 biosolid amend-
ment rate. The TCS concentration in wheat roots grown in the
200 Mg ha−1 biosolid treatment decreased in comparison to
the 90 Mg ha−1. This decrease may be related to the higher
organic matter in this treatment, which could retain TCS into
organic matter, thus decreasing its availability. Pannu et al.
(2012) suggested that high biosolid application rates increase
the OC content of soil, reducing TCS bioavailability. In con-
trast to root samples, the concentration of TCS in plant shoots
was similar across all treatments except for the samples treated
with 200 Mg ha−1 biosolids in which a slight increase in TCS
concentration was observed. Researchers have found that root
concentration of TCS was generally higher than concentration

Table 1 Some physical and
chemical properties of the soils
and biosolids

Cuesta Vieja Polpaico Taqueral Biosolid

pH 6.1 7.2 8.2 6.8

OrganicC (%) 1.9 1.8 1.4 27.8

CEC (cmol · kg−1) 18.6 39.2 22.3 71.6

EC (μScm−1) 291 346 59 –

Sand (%) 70 55 76 –

Clay (%) 10 27 6 –

Silt (%) 20 17 20 –

Texture TCS (mg kg−1) Sandy loam Sandy clay loam Sandy loam –

nd nd nd 5.45

nd non-detected
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in stem and leaves (Ried et al. 2000b; Karnjanapiboonwong et
al. 2011; Aryal and Reinhold 2011).

Unlike the plants grown in other soils, the TCS concentra-
tion in roots and shoots of plants grown in Taqueral soil were
similar with respect to TCS accumulation, with greater con-
centrations observed when the soil was treated with the
highest biosolid rate. The pH of the Taqueral was 8.2 and
pKa of TCS is 7.9. In this condition, a significant portion of
the TCSwas deprotonated, facilitating a flow from the roots to
the other plant parts. Organic compounds that are more water-
soluble are more readily translocated into the plant parts
(Stevens et al. 2009), which could account for the low TCS

concentration in the root of the plants grown in the Taqueral
soil with respect to the other soils. In general, molecular dis-
sociation leads to reduced bioaccumulation by roots (Wu et al.
2010, Simonich and Hites 1995; Trapp 2000). The plants
grown in the Cuesta Vieja soil had higher TCS concentrations
in roots than any of the other soils. This may be related to the
more acidic pH (6.1) of this soil. The pKa of TCS is 7.9
meaning that it is neutral at a pH of 6.1, which favors its
transport to the roots. In addition, the roots have a high poten-
tial for accumulating lipophilic contaminants (Aryal and
Reinhold 2011).

When the soils were treated with the spiked biosolids, the
TCS concentration in the roots was found to increase with
increasing biosolid application rate (Fig. 2), a result that dif-
fers from the findings in soils treated with the unspiked bio-
solids in which the maximum TCS accumulation was ob-
served in the roots of plants grown in soils treated with
90Mg ha−1 biosolids. The difference in the TCS concentration
in the roots of the wheat plants grown in soils treated with the
unspiked biosolids and those with the spiked biosolids can be
explained by the higher TCS concentration in the spiked bio-
solids. The difference in behavior between the biosolid-TCS
and the TCS added as a spike may be related to different
bonding strength of TCS and biosolid matrix. The TCS may
have formed stronger bonds with the biosolid organic matter
resulting in lower mobility. Due to shorter incubation time, the
spiked TCS may have been less strongly bond to the organic
matter in the biosolids. A similar effect was observed byWu et
al. (2010).

3.3 Bioconcentration factor

The bioconcentration factor (BCF) describes the contaminant
transport from the soil to the plant and is calculated based on
the equation that relates the concentration of the contaminant
found in the plant tissue to that of the contaminant found in the
soil (Karnjanapiboonwong et al. 2011):

BCF ¼ Concentration in plant tissue mg kg‐1
� �

Concentration in soil mg kg‐1
� �

Figure 4 shows that the TCS bioconcentration factor de-
creased with increasing biosolid rates. The greatest
bioconcentration factor in the roots and shoots was obtained
when the soils were treated with 30 Mg ha−1 biosolids. This
was observed for both the unspiked and spiked biosolids. The
TCS bioconcentration factor was lower in the soils treated
with the spiked biosolids, in comparison with the unspiked
biosolids. This could indicate, that plants have a limited
TCS uptake capacity, either could be due to a defense mech-
anism that prevents translocation of the contaminant to the
other plant parts, or due to degradation of TCSwithin the plant

a ab ab
A 

AB
B B

A 

B B

C

a 
b a b

Cuesta Vieja soil 

a a a
b

A A A A

Fig. 1 TCS concentration in the shoots and roots of wheat plants grown
in the three soils treated with different rates of unspiked biosolid. Values
with the same letter are not significantly different at P ≥ 0.05 (Fisher’s
least significant difference (LSD) test) within roots (capital letter) or
shoot (lowercase) and biosolid rates, respectively. Means ± standard
deviation (n= 3) are shown
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via some biological mechanism (Coleman et al. 1997). Plants
endogenously methylate xenobiotics, thus, they would likely
convert TCS to methyl-triclosan (Stevens et al. 2009). The
pathways of chemical uptake by plants depend on the chem-
ical properties, environmental conditions, and plant species
characteristics (Pannu et al. 2012).

In general, the low bioconcentration factor for TCS
observed could be attributed to the TCS retention in the
so i l - b i o so l i d sy s t em , wh i ch wou ld lowe r t h e
phytoavailability of the compound. This hypothesis is
supported by the high octanol-water (log KOW= 4.8) and

organic carbon-water (log KOC= 3.8–4.0) partition coeffi-
cients of TCS, which indicate that TCS would bind pref-
erentially to the hydrophobic organic matter in the bio-
solids. This suggests that higher rates of biosolids addi-
tion would increase the binding of TCS by increasing the
organic matter concentration of the soil/biosolid matrix.
Therefore, as the rate of biosolids added to soil increases,
the TCS bioavailability decreases due to the addition of
organic matter capable of retaining TCS. Lipophilic com-
pounds with log Kow>4 generally exhibit limited trans-
port across the endodermis membrane from the soil solu-
tion (Pannu et al. 2012; Wu et al. 2013). Log Kow of TCS
indicates that triclosan has a higher tendency to sorb to
the soil resulting in less of the chemical available for plant
uptake (Karnjanapiboonwong et al. 2011).

Triclosan degradation is another important factor to consid-
er. TCS may be biotransformed to methyl-triclosan (MTCS).
Degradation compounds are more persistent and lipophilic
than the parent compound (Jachero et al. 2013; Aranami and
Readman 2007). However, the present study did not assess
these TCS degradation products.

Fig. 3 Concentration of TCS in the soils treated with unspiked and
spiked biosolids, as determined via HPCD extraction. Values are shown
as means ± standard deviation (n = 3). a Soil-biosolid mixtures and b
soil-spiked biosolid mixtures

a a a a

A 
B B

C

a a a
a

A 
A

A

B

a a a
a

A A B
C

Fig. 2 Concentration of TCS in the shoots and roots of plants grown in
the three soils treated with different rates of TCS-spiked biosolids. Values
with the same letter are not significantly different at P ≥ 0.05 (Fisher’s
least significant difference (LSD) test) within roots (capital letter) or
shoot (lowercase) and biosolid rates, respectively. Means ± standard
deviation (n= 3) are shown
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3.4 Estimation of the bioavailable TCS fraction

The HPCD-extractable TCS concentration, increased as bio-
solid application rates increased across all soil types. The
Cuesta Vieja soil exhibited a greater TCS concentration than
the other soils. As expected, the soils treated with the TCS-
spiked biosolid rates had higher TCS concentrations (Fig. 3).
The HPCD extraction indicated TCS availability than was
observed in the plants. However, the relative trends across
the different soils and rates of biosolids and TCS addition
were similar between the HCPD extraction and plant. These
results suggest that there is a potential value for the HPCD
extract as a surrogate for predicting bioavailability of TCS in
soil system.

3.5 Bioconcentration factor

The TCS bioconcentration factor was calculated using the
bioavailable fraction as defined predicted by the HPCD ex-
traction. Figure 4 provides this factor for the three soils treated
with different rates of unspiked and spiked biosolids. The TCS
bioconcentration in the three soils decreased as amendment
addition rates increased. The bioconcentration factor was

lower in the three soils when the biosolid rate was
200 Mg ha−1 than at the minimum biosolid rate
(30 Mg ha−1). In addition, the TCS concentration increased
markedly at higher biosolid rates, even though the bioavail-
ability decreased.

Figure 5 provides the results obtained when the TCS
bioconcentration factors calculated from the HPCD ex-
traction were correlated with the TCS bioconcentration
factors from the wheat plant roots. Correlation coeffi-
cients of 0.98 and 0.99 were obtained in the soils treated
with unspiked and TCS-spiked biosolids respectably, in-
dicating a strong relationship between the variables. The
R-squared (R2) statistic indicated that the model as fitted
explained 96.97 and 99.84 % of the variability in root.
The P value was below 0.05 at the 95 % confidence level.
The values found indicated that the model was able to
simulate the bioavailability of TCS.

The overestimation of results with HPCD extraction, indi-
cate that the method needs further study to find a better fit, for
example, with respect to study the best HPCD concentration
and extraction time.

Plot of Fitted Model

BCF in root = -0.0965611 + 0.842402*BCF through HPCD extraction
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Plot of Fitted Model

BCF in root = -0.0190196 + 0.75805*BCF trhough HPCD extraction
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BCF trhough HPCD extraction
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Correl. Coef : 0.98 

R-squared: 96.97 

P-value: 0.0000 

Correl. Coef: 0.99 

R-squared: 99.84 

P-value: 0.0000  

Fig. 5 Comparison between the TCS bioconcentration factor in wheat
plants (roots) and the TCS bioconcentration factor obtained via HPCD
extraction with unspiked (a) and spiked biosolids (b)

Fig. 4 TCS bioconcentration factor in plant roots and TCS
bioconcentration factor as determined by HPCD extraction with respect
to the biosolid rates in the different soils. a Soil-biosolid mixture and b
soil-spiked biosolid mixture. Data are shown as means ± standard
deviation (n= 3)
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4 Conclusions

In general, plant concentrations of TCS were higher in the
roots than in the shoots. Soils treated with the unspiked
biosolid exhibited maximum TCS concentrations in their
roots when treated with a biosolid rate of 90 Mg ha−1. On
the other hand, when was used spiked biosolids, a pro-
gressive TCS buildup was observed in the roots up to the
highest biosolid rate.

The TCS was successfully extracted from the soil-
biosolid system using HPCD. Unlike the results obtained
with the plants, the soils treated with both the unspiked
and spiked biosolids exhibited the same tendencies in
TCS concentration, with a greater concentration observed
in soils treated with 200 Mg ha−1 biosolids. The same was
observed in the bioconcentration factor in plant. The cor-
relation coefficients for the TCS bioconcentration factors
obtained from the HPCD extraction with those obtained
from the wheat roots were 0.98 and 0.99, respectively, for
the unspiked, and spiked biosolids. Both samples yielded
P values below 0.05, demonstrating the validity of the
HPCD extraction method as a surrogate for in vivo plant
studies. This study assessed a chemical extraction, for
determining the bioavailable portion of total soil TCS.
The determination of the bioavailable fraction of triclosan
in soils treated with biosolids using a predictive method
and wheat plant bioassays is acceptable, however, the
overestimation of the values obtained with HPCD extrac-
tion, indicate that the method needs further study, to find
a best fit, for example, study the best HPCD concentra-
tion, and extraction time.

Acknowledgments The authors thank FONDECYT (Grants 1110115,
1100085) for financial support.

References

Aranami K, Readman JW (2007) Photolytic degradation of triclosan in
freshwater and seawater. Chemosphere 66:1052–1056

Aryal N, Reinhold DM (2011) Phytoaccumulation of antimicrobials from
biosolids: impacts on environmental fate and relevance to human
exposure. Water Res 45:5545–5552

Bedoux G, Roig B, Thomas O, Dupont V, Le Bot B (2012) Occurrence
and toxicity of antimicrobial triclosan and by-products in the envi-
ronment. Environ Sci Pollut Res 19:1044–1065

Brown S, Kurtz K, Bary A, Cogger C (2011) Quantifying benefits asso-
ciated with land application of organic residuals in Washington
State. Environ Sci Technol 45:7451–7458

Cheng CY, Wang YC, Ding WH (2011) Determination of triclosan in
aqueous samples using solid-phase extraction followed by on-line
derivatization gas chromatography-mass spectrometry. Anal Sci 27:
197–202

Clarke B, Smith SR (2011) Review of ‘emerging’ organic con-
taminants in biosolids and assessment of international

research priorities for the agricultural use of biosolids.
Environ Int 37:226–247

Coleman JOD, Blake-Kalff MMA, Davies TG (1997) Detoxification of
xenobiotics by plants: chemical modification and vacuolar compart-
mentation. Trends Plant Sci 2:144–151

Coogan MA, Edziyie RE, La Point TW, Vanables BJ (2008) Snail bioac-
cumulation of triclocarban, triclosan, and methyltriclosan in a North
Texas, USA stream affected by wastewater treatment plant runoff.
Environ Toxicol Chem 27:1788–1793

Cuypers C, Pancras T, Grotenhuis T, RulkensW (2002) The estimation of
PAH bioavailabil i ty in contaminated sediments using
hydroxypropyl-β-cyclodextrin and triton X-100 extraction tech-
niques. Chemosphere 46:1235–1245

De Vere E, Purchase D (2007) Effectiveness of domestic antibacterial
products in decontaminating food contact surfaces. Food
Microbiol 24:425–430

Doik KJ, Clasper PJ, Urmann K, Semple KT (2006) Further validation of
HPCD-technique for the evaluation of PAHmicrobial availability in
soil. Environ Pollut 144:354–354

Epstein E (2003) Land application of sewage sludge and biosolids. Lewis
Publishers. CRC Press, USA

Frantz S, Altenburger R, Heilmeir H, Schmitt-Jansen M (2008) What
contributes to the sensitivity of microalgae to triclosan? Aquat
Toxicol 90:102–108

Gasperi J, Geara D, Lorgeoux C, Bressy A, Zedek S, Rocher V, El
Samrani A, Chebbo G, Moilleron R (2014) First assessment of tri-
closan, triclocarban and paraben mass loads at a very large regional
scale: case of Paris conurbation (France). Sci Total Environ 493:
854–861

Jachero L, Sepúlveda B, Ahumada I, Fuentes E, Richter P (2013)
Rotating disk sorptive extraction of triclosan and methyl-triclosan
from water samples. Anal Bioanal Chem 405:7711–7716

Karnjanapiboonwong A, Chase DA, Cañas JE, Jackson WA, Maul JD,
Morse AN, Anderson TA (2011) Uptake of 17 α-ethynylestradiol
and triclosan in pinto bean, (Phaseolusvulgaris). Ecotoxicol Environ
Saf 74:1336–1342

Khaleel R, Reddy KR, Overcash MR (1981) Changes in soil physical
properties due to organic waste applications: a review. J Environ
Qual 10:133–141

Matsumura N, Ishibashi H, HiranoM, Nagao Y, Watanabe N, Shiratsuchi
H, Kai T, Nishimura T, Kashiwagi A, Arizono K (2005) Effects of
nonylphenol and triclosan on production of plasma vitellogen in and
testosterone in male South African clawed frogs (Xenopuslaevis).
Biol Pharm Bull 28:1748–1751

McBain AJ, Bartolo RG, Catrenich CE, Charbonneau D, Ledder RG,
Bradford BP, Gilbert P (2003) Exposure of sink drain microcosm
to triclosan: population dynamics and antimicrobial susceptibility.
Appl Environ Microbiol 69:533–542

Orhan M, Kut D, Gunesoglu C (2007) Use of triclosan as antibacterial
agent in textiles. Indian J Fibre Text Res 32:114–118

Pannu MW, Toor GS, O’Connor GA, Wilson PC (2012) Toxicity and
bioaccumulation of biosolids-born Triclosan in food crops. Environ
Toxicol Chem 31:2130–2137

Ried BJ, Stokes JD, Jones KC, Semple KT (2000b) Non exhaustive
cyclodextrin-based extraction technique for the evaluation of PAH
bioavailability. Environ Sci Technol 34:3174–3179

Ried BJ, Stokes JD, Jones KC, Semple KT (2004) Influence of
hydroxypropil-beta-cyclodextrin on the extraction and biodeg-
radation of phenantrene in soil. Environ Toxicol Chem 23:
550–556

Sadzawka A, Carrasco MA, Grez R, Mora M, Flores H, Neaman A
(2006) Métodos de Análisis recomendados para suelos de Chile.
Revisión 2006. Instituto de Investigaciones Agropecuarias, Serie
Actas INIA - N° 34, Santiago, Chile, p 164

Shaogang C, Chris DM (2007) Simultaneous determination of
triclocarban and triclosan in municipal biosolids by liquid

J Soils Sediments (2016) 16:1538–1546 1545



chromatography tandem mass spectrometry. J Chromatography A
1164:212–218

Simonich ST, Hites RA (1995) Organic pollutant accumulation in vege-
tation. Environ Sci Technol 29:2905–2914

Stevens KJ, Kim SY, Adhikari S, Vadapalli V, Venables BJ (2009) Effect
of triclosan on seed germination and seedling development of three
wetland plants. Environ Toxicol Chem 28:2598–2609

Stewart MJ, Parikh S, Xiao G, Tonge PJ, Kisker C (1999) Structural basis
and mechanism of enoyl reductase inhibition by triclosan. J Mol
Biol 290:859–865

Trapp S (2000) Modeling uptake into root and subsequent translocation
of neutral and ionisable organic compounds. Pest Manag Sci 56:
767–778

Wallace BM, Krzic M, Forge TA, Broersma K, Newman RF (2009)
Biosolids increase soil aggregation and protection of soil carbon five
years after application on a crested wheat grass pasture. J Environ
Qual 38:291–298

Wong F, Bidleman T (2010) Hydroxypropyl-b-cyclodextrin as non-
exhaustive extractant for organochlorine pesticides and
polychlorinated biphenyls in muck soil. Environ Pollut 158:1303–
1310

Wu C, Spongberg AL, Witter JD (2009) Adsorption and degradation of
triclosan and triclocarban in soils and biosolids-amended soils. J
Agric Food Chem 57:4900–4905

WuC, Spongberg AL,Witter JD, FangM, Czajkowski KP (2010)Uptake
of pharmaceutical and personal care products by soybean plants
from soils applied with biosolids and irrigated with contaminated
water. Environ Sci Technol 44:6157–6161

Wu X, Ernst F, Conkle JL, Gan J (2013) Comparative uptake and trans-
location of pharmaceutical and personal care products (PPCPs) by
common vegetables. Environ Int 60:15–22

Ying GG, Kookana RS (2007) Triclosan in wastewaters and biosolids
from Australian wastewater treatment plants. Environ Int 33:199–
205

1546 J Soils Sediments (2016) 16:1538–1546


	Determination...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Reagents
	Soil and biosolid samples
	Spiking the biosolids with TCS
	Determination of the total TCS concentration in the soils and biosolid
	Extract purification
	Determination of the bioavailable triclosan fraction
	Estimating the bioavailable TCS fraction
	GC-MS
	Statistical analysis

	Results and discussion
	Physical and chemical sample characterization
	TCS in wheat plants
	Bioconcentration factor
	Estimation of the bioavailable TCS fraction
	Bioconcentration factor

	Conclusions
	References


