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Abstract Polyether trisiloxane surfactants are wide-
spread used as agricultural adjuvants because they in-
crease the activity and the rainfastness of pesticides. On
the contrary to pesticides, the environmental fate of
agricultural adjuvants has not been much investigated,
yet. Especially for trisiloxane surfactants, the knowl-
edge on their environmental fate is scarce. To fill this
gap, the mobility of a polyether trisiloxane surfactant on
soil was studied. With a sorption batch equilibrium
method, distribution coefficients between water and soil
(Kd, Koc, and Kclay) were estimated for two standard
soils (loam and sandy loam) and for every homologue
of the trisiloxane surfactant. The obtained values for Kd

were between 15 and 135 cm3 g−1, indicating that the
trisiloxane surfactant is only slightly mobile in soil. The
leaching in soil column was studied in a worst case
scenario where the application of the trisiloxane

surfactant was done on quartz sand and was immediate-
ly followed by a heavy rainfall. Less than 0.01 % of the
initially applied trisiloxane surfactant had leached
through 20 cm of quartz sand. Based on the Kd values
and the leaching in a soil column, the studied trisiloxane
surfactant seems to be unlikely to leach through soil
after application as agricultural adjuvant.

Keywords Trisiloxane surfactant . Agricultural
adjuvant . Mobility . Soil . Soil-water partition
coefficient . Leaching

1 Introduction

Trisiloxane surfactants are increasingly used as agricul-
tural adjuvants in combination with herbicides, fungi-
cides, insecticides, nutrients, or growth regulators be-
cause of their ability to improve the activity and appli-
cation characteristics of plant protection products. They
reduce the surface tension of water from 72 to
22 mN m−1 (at 24 °C and 0.1 %) and promote a rapid
and important spreading on hydrophobic surfaces like
leaves (Penner et al. 1999; Knoche et al. 1991; Venzmer
2011). This effect gave them the name of superspreaders
or superwetters. The chemical structures of the three
main trisiloxane surfactants used in agriculture are rep-
resented in Fig. 1, together with an illustration of spread-
ing on a leaf, with and without silicone surfactant.

This work focuses on one trisiloxane surfactant,
with R=CH3 (CAS: 27306-78-1), Fig. 1, denoted
MD′(EOn −OMe)M in this paper, where EOn
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represents the number n of ethoxylate groups
(EO=OCH2CH2). When used as agricultural adju-
vant, the trisiloxane surfactant may reach the soil
compartment and can potentially enter the aquatic
environment by leaching to groundwater or by runoff
from land into surface waters (Cornejo et al. 2000;
Organisation for Economic Co-operation and Devel-
opment 2000).

The toxicity of the trisiloxane surfactant has been
studied on several aquatic organisms: The no-
observed-effect concentration (NOEC) has been found
at 0.56mg L−1 for zebra fish (96-h exposure time) and at
3.2 mg L−1 for rainbow trout (96-h exposure time);
regarding the toxicity to algae, the NOEC to
Selenastrum capricornutum was determined at
1 mg L−1 (96-h exposure); and the NOECs were 10
and 25mg L−1 forDaphnia similis andDaphnia magna,
respectively (both 48-h exposure).

To determine the potential exposure of the aquatic
environment to the trisiloxane surfactant, knowledge on
its behavior on soil is needed to estimate its potential for
leaching and runoff and therefore the probability to
reach the aquatic environment.

On the contrary to pesticides, the behavior of adjuvants
on soil has not been much investigated yet. Among non-
ionic surfactants used as agricultural adjuvants, most of the
existing studies focus on alcohol ethoxylates, alkylamine
ethoxylates, or alkylphenol ethoxylates (Krogh et al.
2003). The higher efficiency of trisiloxane surfactants to
reduce surface tension compared to the traditional carbon-
based surfactants and their specific silicon-based chemical
structure raise the question of their particular behavior on
soil. A study already exists on the fate of one trisiloxane

surfactant (R=C(O)CH3) on soil, but the lack of a specific
analytical method led to ambiguous results (Griessbach
et al. 1997, 1998). The test substance was a trisiloxane
surfactant, 14C-radiolabelled at the terminal methyl group
of the hydrophilic moiety, and the detectionwas performed
by liquid scintillation counting. The sorption experiments
concluded that the trisiloxane surfactant is immobile on
soil (KF between 8 and 75 μg1 − 1/n(cm3)1/ng−1)
(Griessbach et al. 1997) while a soil column leaching
experiment revealed the presence of 14C-radiolabelled sub-
stance in the leachate, without possible discrimination
between the trisiloxane surfactant or its degradation prod-
ucts (Griessbach et al. 1998).

The degree of sorption on soil depends on the prop-
erties of the soil (organic matter, clay content, metallic
oxides, for example) and of the sorbate (Navarro et al.
2007). Due to the surfactant nature of the trisiloxane, the
prediction of the behavior on soil is difficult. Surfactants
contain two distinct parts, each having different
physico-chemical properties and different affinities for
the soil components. To gain information on the behav-
ior of a trisiloxane surfactant on soil, two studies have
been carried out and are reported in this paper: sorption
experiments according to the OECD guideline 106 (Or-
ganisation for Economic Co-operation and Develop-
ment 2000) and leaching in a soil column experiment.
The aim of the sorption experiments was not to elucidate
the sorption mechanism of the trisiloxane surfactant but
to provide representative values of the sorption coeffi-
cients on agricultural soils. The aim of the leaching in
soil column experiments was to estimate their potential
for leaching through the soil in a worst-case scenario
where the application of the trisiloxane surfactant was
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Fig. 1 a Chemical structure of the main three trisiloxane surfactants used in agriculture. bWetting of a leaf by water with (lower part) and
without (upper part) trisiloxane surfactant
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done on quartz sand and immediately followed by a
simulated heavy rainfall. If there would be no leaching
in this case, it would be unlikely for the trisiloxane
surfactant to leach to groundwater.

2 Materials and Methods

2.1 Chemicals

The reference substance of the trisiloxane surfactant
used for the sorption experiments was purchased from
ABCR (Karlsruhe, Germany) and had a purity of
90 %. Stock solutions were prepared in methanol
and were stored at −18 °C. The soil column experi-
ments were performed using the trisiloxane surfactant
MD′(EOn−OMe)M, commercially available under the
name HANSA ADD 1055, provided by CHT R.
Beit l ich GmbH (Tübingen, Germany). The
acesulfame potassium used as a tracer in the soil
column experiment was purchased from Fluka
(Buchs, Switzerland), and the standard of acesulfame
potassium (purity>99 %) used for analysis was pur-
chased from Fluka (Steinheim, Germany).

All organic solvents used for the analysis were
HPLC-grade. Their purity was at least 99.8%.Methanol
and dichloromethane were provided by Carl Roth
GmbH (Karlsruhe, Germany), tetrahydrofurane and
isopropanol were purchased from Merck (Darmstadt,
Germany), and acetonitrile was obtained from Scharlau
S.L. (Sentmenat, Spain). Ultrapure water was produced
by an Arium 611 UV laboratory water purification
system from Sartorius (Göttingen, Germany). Ammoni-
um acetate was purchased from Fluka (Steinheim, Ger-
many, purity>98.0 %), and calcium chloride was ob-
tained from Merck (Darmstadt, Germany).

2.2 HPLC-MS/MS Analysis

The analysis of MD′(EOn−OMe)M was performed by
HPLC-MS/MS, according toMichel et al. (2012), either
by direct injection or after liquid-liquid extraction by
dichloromethane. The sample preparation by liquid-
liquid extraction was carried out as described in Michel
et al. (2012). For direct injection, 500 μL of sample was
transferred to a HPLC vial, blown down to dryness
under nitrogen, and reconstituted with 40 % of aqueous
10 mM ammonium acetate solution, 48 % acetonitrile,
6 % tetrahydrofurane, and 6 % methanol. The HPLC

system (1200 HPLC, Agilent Technologies,Waldbronn,
Germany) consisted of a solvent cabinet, a micro vacu-
um degasser, a binary pump, a high-performance
autosampler with 54 vial plates, and a temperature-
controlled column compartment. The conditions applied
for the chromatographic separation are summarized in
the Online Resource Table S 2. The detection was
achieved with a triple quadrupole mass spectrometer
API 4000 Q-Trap (Applied Biosystems/MDS Sciex In-
struments, Concord, Canada) equipped with an ESI
source and used in multiple reaction monitoring
(MRM) mode. The mass spectrometer was operated in
positive ionization mode, and silicone surfactant homo-
logues were detected as ammonium adducts. Data ac-
quisition was performed with the Analyst software (ver-
sion 1.5.1). All glassware were treated in a pyrolysis
oven model LHT6/120 from Carbolite (Hope Valley,
England), at 550 °C for 60 min before use. The limits
of quantifications (LOQs) were calculated for each ho-
mologue from the residual standard deviation of the
linear calibration function. They were between 0.9 and
3.1 ng L−1 for the samples analyzed after liquid-liquid
extraction and between 4 and 20 μg L−1 for the samples
analyzed by direct injection. The individual values for
each homologue are given in the Online Resource
Table S 1.

The analysis of acesulfame was performed on the
same HPLC-MS/MS system as used for the trisiloxane
surfactant analysis. The chromatographic conditions are
summarized in the Online Resource Table S 2. All
samples for acesulfame were analyzed by direct injec-
tion: to 500 μL of sample, 50 μL of internal standard
(acesulfame-d4) at 0.1 mg L−1 was added, and the sam-
ple was blown down to dryness and reconstituted with
100 μL of methanol and 400 μL of water (both contain-
ing 20 mM ammonium acetate) before injection of
10 μL on the HPLC-MS/MS.

2.3 Soil Extraction

The soil to be extracted was weighted in an aluminum
plate (Carl Roth, Karlsruhe, Germany) and freeze-dried
(Christ Beta 2-16, Osterode am Harz, Germany). The
water content of the soil was determined as the weight
difference of soil sample before and after freeze-drying.
For extraction, 2 g of dried soil was weighted in a 50-mL
glass flask and was sonicated for 10 min with 10 mL of
methanol. The system was centrifuged, and the superna-
tant solvent was collected. The extraction was repeated
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three times, and all extracts were combined. The final
extract was blown down to dryness and reconstituted with
40 % of aqueous 10 mM ammonium acetate solution,
48% acetonitrile, 6% tetrahydrofurane, and 6%methanol
followed by analysis by HPLC-MS/MS. For each soil
analysis, triplicates were prepared.

2.4 Sorption Experiments

Soils The three standard soils, LUFA No. 2.1, 2.4, and
5M, used for the sorption experiment were purchased
from Landwirtschaftliche Untersuchungs- und
Forschungsanstalt Speyer (LUFA Speyer, Germany).
The characteristics of the soils are given in the Online
Resource Table S 3.

Preliminary Experiment The preliminary experiment
was carried out on soils 2.1, 2.4, and 5M, and for each
soil, three soil (dry weight)/solution ratios were tested:
1/10 with 10 g of soil; 1/25 with 4 g of soil (dry weight);
and 1/50 with 2 g of soil. The soil/solution systems were
prepared by weighting the amount of soil and adding
100 mL of CaCl2 solution at 0.01 M. After overnight
equilibration (overhead shaker, C. Gerhardt GmbH &
Co. KG, Königswinter, Germany), the systems were
spiked with MD′(EOn−OMe)M to reach 2 mg L−1,
and the aqueous phaseswere sampled and analyzed after
4, 6, 24, and 48 h. The aim of the preliminary experi-
ment was to determine the best soil/solution ratio and
the time required for sorption equilibrium.

Sorption Kinetics According to the results of the pre-
liminary experiment, the sorption kinetics was studied at
2 mg L−1, on soils 2.4 and 5M and with a soil/solution
ratio of 1/25. The parallel method was adopted for the
study, which means that for each soil, ten samples with
the same soil/solution ratio were prepared, as many as
time intervals chosen for the study. At each sampling
point (after 2, 4, 6, 8, and 24 h), duplicates were centri-
fuged for 15 min at 1500 rounds min−1 (8K centrifuge
from Sigma, Osterode am Harz, Germany) to separate
the aqueous phase and the solid phase. The aqueous
phase was sampled and analyzed by direct-injection
HPLC-MS/MS, and the solid phase was extracted and
analyzed according to the procedure described above.
This procedure was repeated at each sampling point.

Sorption Isotherms The sorption isotherms were ob-
tained on soils 2.4 and 5M, with a soil/solution ratio of

1/25 and at five different concentrations of trisiloxane
surfactant: 0.1, 0.5, 1, 1.5, and 2 mg L−1. Duplicates
were prepared for each concentration. After 24 h, the
solid phase and the aqueous phase were analyzed
separately. The concentrations of MD′(EOn−OMe)M
measured in each phase were used to build the sorp-
tion isotherms.

2.5 Leaching in Soil Column

The leaching in soil column was studied on a lab lysim-
eter from EcoTech Umwelt-Meßsysteme GmbH, Bonn,
Germany. The lysimeter consisted of a polypropylene
cylinder of 25-cm length and 30-cm diameter, covered
on top by a sprinkling head equipped with stainless steel
needles of 0.40-mm diameter and at the bottom with a
polyamide membrane with a pore size of 0.45 μm. The
cylinder was filled with 20 cm of medium-sized quartz
sand from Carlo Bernasconi AG, Zurich, Switzerland.
Characteristics of this sand are given in the Online
Resource Table S 4. A short soil column (20 cm) was
chosen for this study based on the results of the sorption
studies, indicating a strong sorption of the trisiloxane
surfactant on soil. The column was equipped with pH
meters and pF meters located at 10-, 15-, and 20-cm
depths. Before the beginning of the experiment, the
column was filled with quartz sand, conditioned with
deionized water to reach the maximal water holding
capacity, and was then allowed to drain off by gravity
for 24 h. The pore volume was calculated from the
weight difference between the water-saturated column
and the dry column and was estimated at 3.42 L. The
porosity, calculated as the ratio of pore volume over the
total volume of sand in the column, has been estimated
at 0.24. A volume of 113 mL of the application solution
(HANSA ADD 1055 at 70 mg L−1 and acesulfame at 4
mg L−1 in deionized water), containing 7923 μg of
HANSA ADD 1055 and 454 μg of acesulfame was
applied. The application was done with a sprayer of
500 mL (Bürkle GmbH, Bad Bellingen, Germany).
The amount of trisiloxane surfactant applied
corresponded to 1.1 L ha−1 (0.11 mL m−2) which is
approximately ten times more than the normal applica-
tion rate of HANSA ADD 1055 on agricultural fields.
Immediately after application, artificial rain was simu-
lated by a peristaltic pump delivering deionized water at
a constant flow rate of 9.5 mm h−1, which corresponds
to a heavy rainfall. A peristaltic pump connected at the
bottom of the lysimeter and set at −190 hPa allowed the
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water to leach through the column with a constant flow.
Pore water samples were taken on the side of the column
at 5-, 10-, and 15-cm depths by means of PTFE tubes
connected to 10-mL polypropylene syringes. The sam-
ples taken on the side of the column are further referred
to as side samples. The leachate, i.e., the water collected
at the bottom of the column, was quantitatively collected
in a 10-L polypropylene bottle and regularly sampled:
every hour during the first day and then once or twice
per day for 6 days. Samples taken between 5 and 15 cm
were analyzed by direct injection on HPLC-MS/MS,
while the leachate samples were concentrated by
liquid-liquid extraction before analysis by HPLC-MS/
MS. After the experiment, the soil was removed and
separated in seven segments: 0–2 cm, 2–4 cm, 4–6 cm,
6–8 cm, 8–10 cm, 10–15 cm, and 15–20 cm. The sand
corresponding to each segment was carefully homoge-
nized and was stored in a freezer until extraction and
analysis according to the method described above.

3 Results and Discussion

3.1 Sorption Using a Batch Equilibrium Method

Preliminary Experiment A comprehensive description
of the results is given in the Online Resource Fig. S 1.
On soils 2.4 and 5M, the sorption equilibrium was
reached after 24 h. On soil 2.1, no sorption equilibrium
could be obtained, even after 48 h. Given that the soil 2.1
is a strongly acidic soil (pH 5.2) (United States
Department of Agriculture, Natural Resources
Conservation Service 2013) and thatMD′(EOn−OMe)M
is known to be very sensitive to hydrolysis, one can
assume that the lack of sorption equilibrium reflects the
degradation of MD′(EO

n
−OMe)M. This result suggests

that in contact with wet acidic soils, the degradation of
MD′(EOn−OMe)M by hydrolysis is quite fast.

Sorption Kinetics and Distribution Equilibrium The
kinetics of sorption on soils 2.4 and 5M is detailed
in the Online Resources Fig. S 2 and Fig. S 3. The
distribution of all homologues between the aqueous
phase and the soil at sorption equilibrium (after
24 h) is shown in Fig. 2, together with the mass
balance.

Both for soils 2.4 and 5M, a satisfying mass balance
was obtained (between 80 and 110 %, except for the
homologue with n = 4). The total amount of test

substance initially applied was recovered, either in the
soil or in the aqueous phase which means that
MD′(EOn−OMe)M did not degrade during the time of
the experiment. As already described in a previous paper
(Michel et al. 2014), the mass balance is incomplete for
the homologue with n=4 and reflects the sorption of
this homologue on the polypropylene container. Due to
the experimental uncertainty resulting from this phe-
nomenon, MD′(EO4−OMe)M was dismissed from the
data set for the estimation of the sorption coefficients.

It appears clearly on Fig. 2 that the extent of
sorption increases with the number of ethylene ox-
ide groups, especially for the soil 5M. This result
can at first be considered as contradictory. Since the
hydrophilicity of MD′(EOn−OMe)M increases with
the number of EO, it is expected that the homo-
logues with a longer EO chain partition rather to
the aqueous phase. However, it is known from the
study of other ethoxylated surfactants that the sorp-
tion on soil is the result of different sorption mech-
anisms (Lara-Martín et al. 2008): hydrophobic inter-
actions between the hydrophobic moiety of the sur-
factant and the particulate phase and hydrophilic
interactions through hydrogen bonds between the
EO chain and the clay mineral of the solid phase
(Krogh et al. 2003). In the case of MD′(EOn−OMe)M,
all homologues have the same hydrophobic moiety.
The difference of sorption between the homo-
logues therefore highlights the existence of hydro-
philic interactions between the EO chain and the
soil.

The distribution coefficients Kd (in cm3 g−1) were
calculated based on the following equation:

Kd ¼ Cs eqð Þ
Caq eqð Þ ð1Þ

where Cs(eq) is the content of substance sorbed on the
soil at sorption equilibrium (in μg g−1), Caq(eq) is the
mass concentration of the substance in the aqueous
phase at sorption equilibrium (in μg mL−1).

The results reported in this paper do not allow deter-
mining which mechanisms are involved in the sorption
of trisiloxane surfactant and which factor has a domi-
nating influence. However, it is probable that the extent
of sorption depends on the organic content and the clay
content of the soil. For this reason, both the organic
carbon-normalized coefficient (Koc) and the clay
content-normalized coefficient (Kclay) (Cornejo et al.
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2000) have been calculated according to the following
equations:

Koc ¼ Kd � 100

%oc
ð2Þ

Kclay ¼ Kd � 100

%clay
ð3Þ

The obtained values of Kd, Koc, and Kclay are sum-
marized in Table 1. The higher the Kd value, the less
likely a chemical will move throughout the soil. On soil
2.4 and 5M, log Koc for MD′(EOn−OMe)M is between
3 and 4, which corresponds to a slightly mobile com-
pound (Food and Agriculture Organization of the
United Nations 2000).

Sorption Isotherms According to the Freundlich sorp-
tion equation,

log Cs eqð Þ ¼ log K F þ
1

n F

� log Caq eqð Þ ð4Þ

where Cs(eq) is the concentration of substance adsorbed
on the soil at sorption equilibrium (in μg g−1), Caq(eq) is
the concentration of the substance in the aqueous phase at
sorption equilibrium (in μg mL−1), KF is the Freundlich

sorption coefficient (in μg1−1=n F cm3ð Þ1=n Fg−1), and nF is
the regression constant. The Freundlich coefficient gives
an indication on the extent of sorption: it represents the
concentration of test substance in the soil when the con-
centration in the aqueous phase is equal to 1μgmL−1. 1/nF
takes into account the non-linearity of the sorption and
generally ranges between 0.7 and 1.0. KF, 1/nF, and the
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Fig. 2 Distribution of every homologue of MD′(EOn−OMe)M between the aqueous phase (filled triangle) and the soil (inverted filled
triangle) together with the mass balance (filled diamond) on soil 2.4 and 5M

Table 1 Sorption coefficient (Kd in cm3 g−1), organic carbon-
normalized sorption coefficient (Koc in cm3 g−1), clay content-
normalized sorption coefficient (Kclay in cm3 g−1), Freundlich

sorption coefficients (KF in μg1−1=n F cm3ð Þ1=n Fg−1), regression

constants (nF), and correlation coefficients (R2) for all homo-
logues of MD′(EOn −OMe)M on both soils studied. Total initial
surfactant concentration was 2 mg/L

Soil 2.4 Soil 5M

Number Kd Koc Kclay KF 1/nF R2 Kd Koc Kclay KF 1/nF R2

5 59 2687 227 46.2 0.9485 0.99 22 2368 196 20.1 0.9658 1.00

6 49 2214 187 39.7 0.9307 0.99 20 2092 173 18.5 0.9571 1.00

7 43 1930 163 36.4 0.9225 0.99 21 2165 179 18.2 0.9182 1.00

8 44 1998 169 36.1 0.9163 0.99 25 2656 219 21.6 0.9195 1.00

9 52 2334 197 38.2 0.8912 0.99 36 3759 311 27.2 0.8763 1.00

10 64 2896 244 42.7 0.8692 0.99 51 5345 442 33.4 0.8424 1.00

11 85 3867 326 51.0 0.8577 1.00 84 8844 731 47.1 0.8333 1.00

12 133 6039 509 58.8 0.8341 0.99 132 13862 1145 59.3 0.8178 1.00
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correlation coefficients (R2) were determined for all homo-
logues by fitting the experimental data to the Freundlich
equation, and the obtained values are summarized in Table
1. The sorption isotherm for the homologue n=7 is repre-
sented as an example in Fig. 3. All other sorption isotherms
are given in the Online Resources Fig. S 4 and S 5.

The correlation coefficients for the sorption isotherms
are almost all above 0.99, showing that the sorption of the
trisiloxane surfactant follows the Freundlich model. The
KF values found for soil 2.4 were higher than for soil 5M.
Soil 2.4 has a higher organic carbon and clay content, both
factors which promote sorption.

If the coefficients 1/nF would be equal to one, KF

would be equal to Kd and the plot of Cs as a function of
Caq would be linear. For the trisiloxane surfactant stud-
ied, 1/nF is close to one (between 0.8 and 1.0).

The Freundlich sorption coefficient had already been
measured for another trisi loxane surfactant,
MD′(EOn−OAc)M, on five different soils and was found
to be between 7.4 and 75.2 μg1−1=n F cm3ð Þ1=n Fg−1

(Griessbach et al. 1997). Direct comparison with the cur-
rent results is not possible given that the soils and the
test substances are different. However, one can notice
that the values of KF for MD′(EOn −OMe)M and
MD′(EOn−OAc)M are in the same order of magnitude.

To ensure reliable results in spite of the lack of
internal standard, the extraction recovery and the matrix
effect were evaluated for each soil and at each concen-
tration applied in this study. For the extraction recovery,
triplicates of fresh soil samples were spiked with
MD′(EOn−OMe)M before extraction to reach the de-
sired concentration. After freeze-drying and extraction,
the obtained samples were analyzed by HPLC-MS/MS

and compared to an external standard. The extraction
yield was calculated as the ratio of peak area in the
sample spiked before extraction over the peak area in
the external standard. The obtained extraction recoveries
were between 70 and 90 % and were included in the
calculation of the amount of MD′(EOn −OMe)M
adsorbed on soil. To test the matrix effect in the
HPLC-ESI-MS/MS analysis of soil extracts, triplicates
of fresh soil samples were extracted using the previously
described procedure and MD′(EOn −OMe)M was
spiked into the extract. The obtained signal was com-
pared to an external standard. Less than 10 % difference
was observed, indicating that no significant matrix ef-
fect occurs. The matrix effect for the analysis of the
aqueous phase of the soil/solution systems was tested
by equilibrating overnight a soil/solution system, sepa-
rating the aqueous and solid phase by centrifugation and
by spiking the aqueous phase with the test concentra-
tion. The spiked sample was compared to an external
standard, and less than 10 % difference was observed
confirming the lack of a significant matrix effect.

3.2 Leaching in a Soil Column

3.2.1 Acesulfame

In order to evaluate the leaching ability of the
trisiloxane surfactant, the use of a conservative tracer
applied simultaneously with MD′(EOn−OMe)M was
desired. The chosen substance must meet several
criteria: it should not be retained by the soil, it
should be stable during the time scale of the exper-
iment, and it should not interact with the test

Soil 5M (sandy loam)

C
aq

 in µg cm
-3

0.0001 0.001 0.01 0.1

C
s

g
g

µ
ni

1
-

0.01

0.1

1

10

Soil 2.4 (loam)

C
aq

 in µg cm
-3

0.0001 0.001 0.01 0.1

C
s

g
g

µ
ni

1
-

0.01

0.1

1

10

Fig. 3 Representation of the sorption isotherm for MD′(EO7-OMe)M for soil 2.4 and 5M
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substance. Ionic compounds are commonly used for that
purpose. However, since MD′(EOn−OMe)M forms
complexes with several cations (K+, Na+, or NH4

+ for
instance (Bonnington 2000)), the simultaneous applica-
tion of MD′(EOn−OMe)M with a cation might change
its leaching behavior. As a consequence, the artificial
sweetener acesulfame was chosen as an alternative. Be-
cause of its persistence and mobility in soil, acesulfame is
considered as a tracer of wastewater impact on ground-
water (Robertson et al. 2013; Van Stempvoort et al.
2011a, b). One can assume that at the scale of our
experiment, and with the type of soil used in this study,
acesulfame will not be degraded and will not be retained
by the soil. Moreover, the low limits of quantification
reached by HPLC-MS/MS allow applying a small quan-
tity of acesulfame, reducing the eventual interactions with
the trisiloxane surfactant. Two results confirmed the ap-
plicability of acesulfame as a tracer in this soil column
experiment: (i) a preliminary study on a quartz sand
column of 70-cm depth showed that acesulfame andCsCl
leach simultaneously (graph in the Online Resource Fig.
S 6), and (ii) 100 % of the acesulfame applied initially is
found in the leachate.

The leaching of acesulfame through the column
could be followed by taking side samples at 5-, 10-,
and 15-cm depths at regular time intervals. Based on the
obtained curves (Online Resource Fig. S 7), the water
flow rate through the column was estimated between
0.20 and 0.25 cm min−1.

The relative and cumulated breakthrough curves for
acesulfame were determined based on the concentra-
tions measured in the leachate (Fig. 4).

Around 80 % of acesulfame was recovered in the
bottom leachate. Taking into account the mass of
acesulfame taken away when sampling at 5, 10, and
15 cm, the mass balance for acesulfame reached 100 %.

3.2.2 HANSA ADD 1055

The concentrations of MD′(EOn−OMe)M in the side
samples taken at 5, 10, and 15 cm were lower than the
LOQs (Table S 1), i.e., at least <0.005 % of the initially
applied surfactant.. In the leachate, MD′(EOn−OMe)M
could be quantified and the relative and cumulative
breakthrough curves could be derived (Fig. 5).
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Fig. 4 a Relative breakthrough curve and b cumulated breakthrough curve for the tracer acesulfame
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Relative and Cumulative Breakthrough Curves Peaks
corresponding to MD′(EOn−OMe)M were observed
in the different fractions of the leachate, indicating that
a small amount of MD′(EOn −OMe)M did leach
through the column. A first peak comes around 0.5 pore
volumes, and a second peak comes after 8 pore volumes.
The observation of an early peak, of trisiloxane surfac-
tant in the leachate, simultaneously with acesulfame,
suggests the leaching of the test substance adsorbed to
colloids. It is indeed known that the migration of col-
loids in soil can enhance the leaching of strongly
adsorbing contaminants (Laegdsmand et al. 2007).
However, the amount of MD′(EOn−OMe)M found in
the leachate represents less than 0.01 % of the initially
applied MD′(EOn−OMe)M. The strong sorption of the
trisiloxane surfactant on soil was confirmed by the anal-
ysis of the soil segments.

Distribution of MD′(EOn−OMe)M Between Soil and
Water Unl ike acesu l f ame , a lmos t a l l t he
MD′(EOn−OMe)M were recovered from the soil
(between 75 % for MD′(EO12−OMe)M and 96 %
for MD ′(EO8 − OMe)M). The distribution of
MD ′(EO5 − OMe)M, MD ′(EO7 − OMe)M, and
MD′(EO12−OMe)M in the different segments of
the soil column is shown in Fig. 6 (adapted from
Lange and Michel 2015).

Fifty percent of the initially appliedMD′(EO7−OMe)M
was found in the first 6 cm of soil. Between 80 and 95 %
are contained in the first 15 cm and less than 1 % in the
segment 15 to 20 cm. The leaching distance of
MD′(EO7−OMe)M, i.e., the deepest soil segment in which
0.5% of the test substance was found, is in this experiment
located between 10 and 15 cm.

Based on the results of the soil column experiments, a
retardation factor Rd, defined as the ratio of the travel
velocity of water over the travel velocity of the sorbed
compound, was calculated. The travel velocity of water
in the soil column was calculated according to Eq. (7) at
0.07 cm min−1.:

vw ¼ Volumetric flow rate

Soil column section � porosity
ð7Þ

The travel velocity of the trisiloxane surfactant
was estimated from its leaching distance in the soil
at the end of the experiment. After 8460 min,
MD′(EO7−OMe)M has reached 15 cm (Fig. 6):
the travel velocity of MD′(EO7−OMe)M in the soil
column is 0.0018 cm min−1. The retardation factor
for MD′(EO7−OMe)M, given here as example, is
thus 38. This means that under the conditions
applied in this experiment, MD′(EO7−OMe)M is
at least 38 times slower that the water flow.

The soil/water distribution coefficient Kd can be cal-
culated from the retardation factor according to the
following equation:

Rd ¼ 1þ ρ

ε
Kd ð8Þ

where ρ is the sand volumetric mass density (g cm−3)
and ε is the porosity (dimensionless).

The organic carbon-normalized distribution coeffi-
cient Koc calculated from Rd with Eqs. (2) and (8) is
2901 L kg−1. The order of magnitude of this value is in
good agreement with the Koc values determined by the
batch equilibrium method (1930 L kg−1 calculated with
soil 2.4 and 2165 L kg−1 calculated with soil 5M).
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Fig. 6 Distribution of
MD′(EO5− OMe)M (dotted
bars), MD′(EO7− OMe)M (open
bars), and MD′(EO12− OMe)M
(solid bars) in different segments
of the soil column; duration of the
experiment 6 days, volumetric
flow rate 11.2 mL min−1, total
amount of water applied 51 L, and
water/dry solid mass ratio 18. The
error bars represent the standard
deviation over triplicate samples
(adapted from Lange and Michel
2015)
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Once adsorbed on soil, MD′(EOn−OMe)M is prob-
ably degraded by hydrolysis of the siloxane chain. At
least two degradation products can be predicted (Michel
et al. 2014): trimethylsilanol and polyethersilanediol.
Both predicted degradation products are more polar
and could eventually leach through soil. This interpre-
tation would explain the observations of Griessbach et
al. (1998), who detected 14C-radiolabelled substance in
leachate when studying the leaching of 14C-
radiolabelled trisiloxane surfactant through a soil col-
umn. Further research on the environmental fate of
trisiloxane surfactants should focus on degradation
products, especially the polar polyethersilanediol.

4 Conclusion

The study presented here provides important infor-
mation on the mobility of a trisiloxane surfactant in
the environment. The soil/water distribution coeffi-
cients obtained for one trisiloxane surfactant on two
standard soils (average Kd over all homologues
66 cm3 g−1 on loam and 49 cm3 g−1 on sandy loam)
indicate that the trisiloxane surfactant is only slight-
ly mobile in soil. This result was confirmed with a
lab-scale experiment simulating the leaching of the
trisiloxane surfactant after application on an agricul-
tural field. Even in the worst-case scenario consid-
ered here (quartz sand as a test soil, heavy rainfall
immediately after application), the trisiloxane sur-
factant stayed in the first 15 cm of soil (after apply-
ing 51 L of water, i.e., almost 15 times the pore
volume). The corresponding retardation factor (38)
indicates that the trisiloxane surfactant is consider-
ably retarded compared to the water flow. The cal-
culated sorption coefficients together with the results
of the lab-scale simulation of leaching in soil indi-
cate that the studied trisiloxane surfactant is unlikely
to reach groundwater after application on agricultur-
al fields.
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