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Soils and Biosolids-Amended Soils
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Triclosan and triclocarban are antibacterial agents that are widely used in numerous personal care
products. Limited information is available on their environmental behavior in soils and soils land
applied with wastewaters and biosolids. In this study, laboratory experiments were performed to
investigate their adsorption and degradation in soils. Both antibacterial agents adsorbed strongly to
the sandy loam and silty clay soils with and without addition of biosolids, with distribution coefficients
(Ky) ranging from 178 to 264 L kg~ for triclosan and from 763 to 1187 L kg™ ' for triclocarban.
Sorption of triclosan decreased with increase in soil pH from 4 to 8, whereas triclocarban sorption
showed no effect within the tested pH range. Competitive sorption was observed when triclosan and
triclocarban coexisted, but the cosolute effect was concentration dependent. Biosolids amendment
increased the sorption of triclosan and triclocarban, likely due to the addition of soil organic matter,
but displayed no significant effect on degradation.
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INTRODUCTION

The extensive use of the antibacterial agents triclosan
(5-chloro-2-(2,4-dichlorophenoxy)phenol) and triclocarban
(3-(4-chlorophenyl)-1-(3,4-dichlorphenyl)urea) in household
and personal care products has received increasing attention
because of their potential to promote resistant bacteria (/—3)
and their adverse effects on aquatic organisms (4—7). Studies on
the occurrence and fate during wastewater treatment indicate that
the removal efficiency of triclosan and triclocarban can be
substantial from the aqueous phase when an activated slu-
dge process is used (~90%) but is dependent on treatment
techniques (8—10). Nevertheless, trace level residues are still
detected in effluents, and considerable amounts of triclosan
and triclocarban are sequestered and accumulated in bio-
solids (//—13). In surface water, triclosan is one of the most
frequently detected organic contaminants found in U.S. stre-
ams (/4), and triclocarban is reported to be a cocontaminant in
both wastewater and surface water (15 ). In addition, triclosan has
been shown to biotransform into methyltriclosan (/6) and
phototransform into 2,8-dichlorodibenzo-p-dioxin (17, 18), both
of which are more hydrophobic and persistent than the parent
compound (76, 18). Recently, triclosan and triclocarban were
found to accumulate in algae, snails, and earthworms (19, 20).

Land application of reclaimed wastewater and biosolids is
a common agricultural practice in the United States and world-
wide (21). Their physicochemical properties (Table 1) indicate
that both compounds are weak acids and are hydrophobic; thus,
pH and soil organic matter can affect their environmental
behavior in soils. Land application of biosolids can alter the
chemical and physical properties of the soil, with an increase in
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soil—water retention and organic matter content being reported
in both short-term and long-term experiments (23—25). The
change in soil properties can consequently affect the interaction
with chemicals. In this work, the effects of biosolids amendment
on adsorption and degradation characteristics for triclosan and
triclocarban in a sandy loam and a silty clay soil are investigated.

MATERIALS AND METHODS

Chemicals. Triclosan (=97%), triclocarban (299%), and sodium
azide (=299.5%) were purchased from Sigma-Aldrich (St. Louis, MO).
Ammonium acetate, anhydrous calcium chloride, sodium hydroxide,
sulfuric acid, methanol, acetonitrile, and acetone were ACS certified
and obtained from Fisher Chemicals (Fair Lawn, NJ). Deionized
water (>18.0 MQ-cm) was supplied by a Barnstead Nanopure system
(Dubuque, 1A).

Soils and Biosolids. A silt clay soil (BC) and a sandy loam soil (DL)
were collected from the top layer (0—20 cm) in two fields with no bio-
solids application history in Lucas county, northwestern Ohio. The soil
samples were air-dried, gently disaggregated, and sieved to a particle size of
<2 mm. Biosolids were aerobically digested sludge generated at a local
wastewater treatment plant (Oregon, OH), which uses activated sludge
treatment techniques. Samples were taken directly from a field at the time
of biosolids application. Biosolids contained 37.2 g L' total suspended
solids and 20.5 g L™! volatile suspended solids and had a pH of 7.9.
Biosolids were mixed with BC and DL soils at a ratio of 1:2 (v/w) to
simulate biosolids land applied soils, which was equivalent to an applica-
tion rate of about 40 dry tons per hectare, assuming that biosolids are
mixed with the top 15 cm of soil with a bulk density of 1.4 g cm ™. This rate
represents a high commercially viable application rate (25) and is
comparable to the application rate used locally. The biosolids-amended
soils (BCB and DLB) were air-dried and passed through a 2 mm sieve. All
soil samples were stored in plastic bags in dark conditions at room
temperature (23 4+ 3 °C) for less than a month before use. Soil pH was
measured in 0.01 M CaCl, at a ratio of 1:2 (w/v) and texture was

©2009 American Chemical Society



Article

determined using the pipet method according to U.S. Department of
Agriculture (USDA) methods (26 ). Water-holding capacity (WHC) was
determined gravimetrically (27). Soil organic matter (SOM) content was
measured by loss on ignition at 450 °C for 4 h. Total organic carbon (TOC)
content and cation exchange capacity (CEC) were determined by Spec-
trum Analytic Inc. (Washington Court House, OH). Properties of tested
soils are listed in Table 2.

Sorption Experiment. Sorption of triclosan and triclocarban was
studied using a batch equilibrium approach following the Organization for
Economic Co-operation and Development (OECD) Guideline Test 106
(28). In a preliminary experiment, sorption kinetics were investigated by
determining the liquid phase concentration at 2, 4, 8, 24, 48, 72, and 120 h.
After 48 h, concentration varied by <5%; thus, 48 h was chosen as the
apparent equilibrium time for the sorption experiments. In a spiked
control experiment, sorption on test vessel surfaces was observed for both
triclosan and triclocarban (see Supporting Information for details); there-
fore, both aqueous phase and sorbed phase concentrations were analyzed
as recommended in the OECD Guidelines (28).

In the sorption experiment, soil samples (1 g, dry weight) were mixed
with 40 mL of 0.01 M CaCl, solution containing 0.1% NaNj; (w/v) in
50 mL glass centrifuge tubes, sealed with Teflon-lined screw caps, and
agitated for 24 h using a reciprocal shaker. NaN; was used to inhibit the
activity of microbes. In the preliminary experiment, no significant change
in concentration of soil solution was observed after 48 h, suggesting that no
degradation occurred in the presence of NaNj. The soil slurry was then
spiked with 0.04 mL of standard solution prepared in acetone (final
acetone content = 0.1%) to achieve concentrations of 0.1, 0.4,0.8, 1.4, and
2.0 mg L', After agitation for 48 h, samples were withdrawn and
centrifuged at 1500g for 20 min. Aliquots of 0.5 mL of supernatant were
transferred into 2 mL amber glass vials and diluted with 0.5 mL of
methanol to reduce sorption to the vials.

The remaining supernatant was decanted, and soil samples were then
freeze-dried and extracted using accelerated solvent extraction (ASE) with
a Dionex ASE 200 system. Briefly, freeze-dried samples were mixed with
Ottawa sand and transferred into 11 mL extraction cells. The cells were
sealed at the bottom with glass fiber filters, filled with Ottawa sand to the
top, and tightened with screw caps. The prepared cells were extracted with
methanol using the following conditions: preheat, 0 min; static, 5 min;
flush, 60%; cycles, 2; purge, 120 s; oven temperature, 80 °C; pressure, 1500
psi. The extracted samples were collected in 60 mL glass vials. Final
volume was about 20 mL. Aliquots of 1 mL extracted samples were
transferred into amber glass vials. Extraction recoveries were >80% for

Table 1. Structures and Selected Properties of Triclosan and Triclocarban?
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both compounds with < 10% relative standard deviation (see Supporting
Information).

Two specific experiments at a single initial concentration of 0.4 mg L™
were performed to investigate the effects of pH and cosolute. The pH
values of soil slurries were adjusted by using 5% (v/v) sulfuric acid and/or
1 M sodium hydroxide to achieve pH values ranging from 4 to 8. Soils were
equilibrated overnight, the pH was checked, and the process was repeated
to achieve targeted pH values. Then tubes were spiked, agitated for 48 h,
and sampled. The addition of standard solution showed no impact on the
pH of soil solution. In cosolute experiments, the initial concentration of
one solute was fixed and the concentration of cosolute varied from 0.1 to
20mg L7

All sorption experiments were performed in duplicate. Blank
samples without spiking were also included. Prepared samples
were analyzed using liquid chromatography—tandem mass spectrometry
(LC-MS/MS).

Degradation Experiment. The degradation of triclosan and triclo-
carban was investigated under aerobic conditions. Five gram aliquots of
soil were weighed into 20 mL glass scintillation vials. The soil moisture was
adjusted to 15% using deionized water, which corresponded to 28, 28, 33,
and 32% WHC for BC, BCB, DL, and DLB, respectively. After a 5 day
acclimation period, each sample was spiked with 0.1 mL of 0.1 mg mL ™"
triclosan or triclocarban standard solution prepared in acetone, providing
a theoretical concentration of 2 mg kg ~'. This concentration is toward the
high end of concentration that can be expected in soils (20 ). The vials were
put under a ventilation hood for 1 h to allow acetone to evaporate, and
then soil samples were mixed manually with a stainless steel spatula. Mixed
samples were covered with aluminum foil and incubated in the dark at
room temperature. The soil moisture was monitored every other day by
weighing and was adjusted with deionized water to compensate for any
water loss. Samples were withdrawn at specified times (0, 5, 10, 20, 30, 40,
and 60 days) and used to determine the residue of each compound.
Collected samples were freeze-dried, and 2 g subsamples were extracted
using ASE as previously described and subsequently analyzed using
LC-MS/MS.

Analytical Method. Instrumental analysis was performed using a
Varian 1200 L LC-MS/MS. Separation was performed on a Phenomenex
Luna C8 (2) column (100 x 4.6 mm, 3 ym) with SecurityGuard guard
column (4 x 2.0 mm). The MS/MS detection was conducted in negative
ionization mode under selected reaction monitoring (SRM). The transi-
tion was from m/z 286.7 to 35.1 for triclosan and from m/z 312.7 to 159.5
for triclocarban. External calibration curves were used for quantification,
and the regression coefficients (R*) of the curves were >0.99. Matrix
effects were also evaluated and found to be not significant. Detailed
methodology is provided in the Supporting Information.

Data Analysis. The sorption data were fit using a linear sorption
model, C; = K4 x C, and Freundlich sorption model, C; = K; x Cy",
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@ Physicochemical properties are from ref (22). k (day™") is the rate constant. The half-life 11> (days) was calculated as
Table 2. Properties of Tested Soils

particle size (%)

soil texture soil pH slurry pH® WHC (%) SOM (%) TOC (%) CEC (cmol kg™ ") sand silt clay

BC silty clay 47 5.9 53.1 4.59 1.61 16.6 48 47.6 46.9

BCB? silty clay 6.2 6.3 53.2 5.58 1.66 18.0 55 47.6 46.9

DL sandy loam 41 5.8 457 424 1.56 9.5 80.4 8.4 1.2

DLB® sandy loam 5.9 6.6 46.1 517 1.57 8.1 81.3 5.4 13.3

S0il BC amended with biosolids. Soil DL amended with biosolids. °Soil solution pH for the sorption experiment.
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tip = In(2)/k. Isotherm parameters were estimated using SPSS v15.0
software (Chicago, IL).

RESULTS AND DISCUSSION

Sorption Isotherm. Isotherms for triclosan and triclocarban in
tested soils are presented in Figure 1, and estimated parameters
are listed in Table 3. The sorption isotherms can be well described
using both linear and Freundlich models (R* > 0.92), although
the estimated n value using the Freundlich model indicates a
nonlinear sorption behavior for triclosan in the DLB soil and for
triclocarban in BCB, DL, and DLB soils. In all tested soils,
triclocarban had a stronger sorption than triclosan (p < 0.05,
one-tailed ¢ test), likely due to the weaker hydrophobicity of
triclosan. For both compounds, Ky and K. were significantly
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Figure 1. Sorption isotherm for triclosan and triclocarban in unamended
and amended soils. (Each point and error bar represents the mean and
standard error of two replicates.)
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higher in the DL soil compared to the BC soil (»p < 0.05). Noting
that BC soil had slightly higher SOM, TOC, and CEC, the
stronger sorption in the DL soil might be attributed to the
difference in soil organic matter. Previously, the sorption of
organic contaminant was found to be affected by the quality of
soil. Xing found that sorption of naphthalene increased with
increasing aromaticity and decreasing polarity of SOM (29).
Chefetz et al. demonstrated the importance of aliphatic structures
in natural organic matter on the sorption of pyrene (30). In
addition, decreased sorption was also observed when organic
matter was associated with minerals (37 ). The high clay content in
BC soil might hinder the interaction between the solute and SOM.

Biosolids Effect on Sorption. Biosolids amendment by land
application alters the properties of soil. Here, increasing soil pH,
SOM, TOC, and CEC were observed as a result of biosolids
amendment (Table 2). Biosolids-amended soils showed a signifi-
cantly higher sorption for both triclosan and triclocarban
(p < 0.05); however, no significant difference was observed for
triclocarban in BC and BCB soils (p = 0.12). The increased
sorption in the amended soil can be primarily attributed to the
increase in SOM. Amendment also affects the sorption of
triclosan by changing soil pH. Here, both soil pH and soil
solution pH increased, resulting in a reduction in sorption (see
following section). However, an increase of sorption here suggests
that increase of SOM due to biosolids amendment is more
important in determining the overall sorption. Previously, the
amount of organic carbon in soils was found to increase linearly
with biosolids amendment (23 ). Long-term and repeated bioso-
lids land application showed that the effect of biosolids on soil pH
and organic matter can last for many years (32—34). Thus, the
biosolids effect on sorption is not transient and can persist for a
long time.

pH Effect on Sorption. The change of soil solution pH can
affect the speciation and consequently the sorption of these two
compounds. By increasing the pH of soil solution within the
environmentally relevant range of 4—8, a decrease in sorption was
observed for triclosan, whereas the sorption of triclocarban was
nearly unchanged (Figure 2). The trends followed the expected
pH—pK, relationship. At any pH, the fraction of the neutral (o)
form can be calculated as a® = 1/(1 + 10P"PX%) and the fraction
of the anionic (o) form can be calculated as o = 1 — 0. As the
pH of the soil solution increased from 4 to 8, the amount of
triclosan existing in the neutral form decreased from 100 to 39%,
whereas almost 100% of the triclocarban existed in the neutral
form even at pH 8, due to a high pK, value. To examine the
contribution of individual species to overall sorption for triclo-
san, the single-point sorption coefficient of neutral (K °) and
anionic (Ky ) was estimated by fitting the data using the following

Table 3. Estimated Linear, OC Normalized, and Freundlich Model Sorption Parameters for Triclosan and Triclocarban

KilLkg™) i Koo (L kg™ Ki(ug' "L kg ") n R
Triclosan
BC 178 (173—183)7 0.99 11397 235(155—314) 0.947(0.881—1.012) 0.99
BCB 217 (210—224) 0.99 13847 216(108—323) 1.002 (0.899—1.104) 0.99
DL 231 (223—278) 0.99 14348 200 (106—295) 1.029 (0.933—1.125) 0.99
DLB 264 (251—277) 0.98 15892 483 (321—646) 0.873(0.802—0.944) 0.99
Triclocarban
BC 763 (734—792) 0.99 48865 799 (457—1140) 0.988(0.877—1.099) 0.99
BCB 917(819—1015) 0.94 58656 2294 (1342—3245) 0.758 (0.647—0.869) 0.98
DL 1029 (899—1159) 0.92 64037 2624 (1381—3867) 0.745 (0.614—0.876) 0.97
DLB 1187 (1073—1300) 0.95 71687 2939 (2429—3449) 0.744(0.692—0.792) 0.99

#95% confidence interval.
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Figure 2. Effect of soil solution pH on the sorption of triclosan and
triclocarban. (Each point and error bar represents the mean and standard
error of two replicates.)

Table 4. Sorption Coefficients for Neutral and Anionic Forms of Triclosan

soil KL (Lkg™) Ky~ (Lkg™") R
BC 191 (176—206)? 58(4—112) 0.763
BCB 239 (219—258) 122 (55—189) 0613
DL 302 (280—325) 170 (95—244) 0.623
DLB 369 (343—394) 247 (158—337) 0.490

#95% confidence interval in parentheses.
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Figure 3. Competitive sorption of triclosan and triclocarban in unamended
and amended soils. (Each point and error bar represents the mean and
standard error of two replicates.)
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Figure 4. Degradation of triclosan and triclocarban in unamended and
amended soils under aerobic condition. (Each point and error bar
represents the mean and standard error of two replicates.)

Table 5. Degradation Rate and Half-Life of Triclosan and Triclocarban in
Tested Soils

triclosan triclocarban
soil k R2 11/2 k R2 11/2
BC  0.012(0.010—0.014)* 0.956 58 0.003(0.001—0.006) 0.506 231
BCB  0.017(0.013—0.021) 0.912 41 0.004(0.002—0.006) 0.709 139
DL 0.022(0.016—0.029) 0.923 32 0.005(0.004—0.007) 0.901 173
DLB  0.034(0.026—0.042) 0.957 20 0.008(0.005—0.012) 0.663 87

295% confidence interval.

equation: Ky = KL 0’ + Ky o (35), and the results are
provided in Table 4. For all tested soils, neutral species had
higher K, than K, suggesting that the hydrophobic interaction
of un-ionized species is more important to overall sorption.
However, sorption of the anionic form was also considerably
strong, as indicated by K . Thus, the increase in pH can only
slightly decrease sorption of triclosan in soils. For triclocarban,
sorption was preliminarily attributed to the neutral species,
whereas that of the anionic form could not be examined within
the tested pH range. With such a high pK, value, sorption of
triclocarban in typical soils is unlikely to be affected by pH.

Cosolute Effect on Sorption. Because triclosan and triclocarban
can be present in the environment at the same time (/5), their
coexistence in soils can affect their mutual sorption behavior. In
the cosolute experiments, decreased sorption was observed when
the cosolute existed at low concentration, whereas sorption was
less affected or remained unchanged as concentrations were
increased (Figure 3). This trend was true for both compounds.
The sorption decrease at low concentration is likely due to the
competition for available sites. However, as the concentration of
cosolute increases, large amounts of sorbed solute may cause
swelling and disordering of the SOM, resulting in an increase of
sorption sites (36).
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Degradation in Soils. In soil, triclosan and triclocarban were
found to be degradable biologically only under aerobic condi-
tions but persistent under anaerobic conditions (37). Here, a
degradation experiment was performed under aerobic conditions
with the purpose of understanding the effects of biosolids
amendment on the degradation of these two compounds. The
concentrations of triclosan and triclocarban during the experi-
ment are presented in Figure 4, and estimated parameters using a
first-order kinetic model are listed in Table 5. The estimated half-
life (¢ », days) ranges from 20 to 58 days for triclosan and from 87
to 231 days for triclocarban. The results correspond well with the
data from Ying et al. (37), who reported half-lives of 18 days for
triclosan and 108 days for triclocarban in a loam soil. Triclocar-
ban was degraded to a lesser extent compared to triclosan in all
treatments and may be attributed to the sorptive strength limiting
the availability to soil microorganisms.

Degradation was significantly faster in the DL soil compared
to the BC soil for triclosan (p < 0.05) but not for triclocarban
(p = 0.47). The different degradation rates in the two soils could
be attributed to their differences in texture, microbial activity, and
amount of water in the system. Because the same moisture was
used during the experiment, in the BC soil, less water might have
been available to microbes due to a high clay content and WHC
(Table 2). In biosolids-amended soils, both compounds appeared
to degrade quickly. However, no statistical difference (p > 0.05)
was found by comparing the slopes of the logarithmically
transformed data for each treatment. This indicates that biosolids
amendment had no significant effect on the degradation rate.

In conclusion, both triclosan and triclocarban had a strong
affinity in the sandy loam and silty clay soils. Increasing pH can
slightly decrease the sorption of triclosan, whereas for triclocar-
ban no pH effect was observed within an environmentally
relevant range. Competitive sorption was observed when both
compounds were present. However, the cosolute effect is con-
centration dependent. At an environmentally relevant concentra-
tion, the coexistence of both compounds will likely reduce the
sorption strength. Degradation data suggest that triclosan can
persist in soils for several days to months and triclocarban can
persist in soils for several months to years. Under field conditions
these two compounds can be even more stable, considering the
possible anaerobic conditions and drought events. Amendment
of biosolids increased the sorptive strength but had no testable
effect on degradation. Further research is needed to study the
effect of triclosan and triclocarban on soil microorganisms and
their potential to be taken up by plants.
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