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An analytical method has been developed for the quantification of two herbicides (ethidimuron and
methabenzthiazuron) and their two main soil derivatives. This method involves fluidized-bed extraction
(FBE) prior to cleanup and analysis by reverse-phase liquid chromatography with UV detection at
282 nm. FBE conditions were established to provide efficient extraction without degradation of the
four analytes. 14C-labeled compounds were used for the optimization of extraction and purification
steps and for the determination of related efficiencies. Extraction was optimal using a fexIKA extractor
operating at 110 °C for three cycles (total time ) 95 min) with 75 g of soil and 150 mL of a 60:40 v/v
acetone/water mixture. Extracts were further purified on a 500 mg silica SPE cartridge. Separation
was performed on a C18 Purosphere column (250 mm × 4 mm i.d.), at 0.8 mL min-1 and 30 °C with
an elution gradient made up of phosphoric acid aqueous solution (pH 2.2) and acetonitrile. Calibration
curves were found to be linear in the 0.5-50 mg L-1 concentration range. Besides freshly spiked soil
samples, method validation included the analysis of samples with aged residues. Recovery values,
determined from spiked samples, were close to 100%. Limits of detection ranged between 2 and 3
µg kg-1 of dry soil and limits of quantification between 8 and 10 µg kg-1 of dry soil. An attempt to
improve these performances by using fluorescence detection following postcolumn derivatization by
orthophthalaldehyde-mercaptoethanol reagent was unsuccessful.
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HPLC-DAD; fluorescence

INTRODUCTION

Prediction of groundwater contamination by pesticides re-
quires a qualitative and quantitative understanding of solute
transport processes in soil. As a risk assessment, tool lysimeters
are widely used and accepted by official European authorities
and industry. Nevertheless, more information on the validity
of these test systems is needed, especially in the case of heavy
soils. To improve knowledge of relevant processes in lysimeters
and validate the transfer of lysimeter data to the field/region
scale, an extensive field experiment was set up in Ju¨lich-
Merzenhausen (Germany) including lysimeters and small plots
at the same time (1). Two pesticides, ethidimuron (ETD) and
methabenzthiazuron (MBT), were chosen as test substances to
cover the whole spectrum from immobile to mobile translocation
behavior and applied according to good agricultural practice to
determine the flow and transport processes in soils.

Ethidimuron and methabenzthiazuron are urea-derived herb-
icides known for their plant growth inhibitory effects (2). Many
formulated products containing ETD or MBT have been
commercialized for more than 30 years. ETD is a total herbicide,
whereas MBT is a selective compound for the control of broad-
leaved weeds and grasses in cereals, legumes, maize, garlic,
and onions (3). The fate of MBT in the soil/water/plant
environment has been intensively studied through laboratory
(4-6), lysimeter (7, 8), or field experiments (9-12). MBT is
relatively stable in soil owing to its rapid and firm binding to
humus components. It is slowly degraded, predominantly by
microorganisms. Although MBT degradation by isolated strains
may produce other compounds (13-15), demethyl-methaben-
zthiazuron (A-MBT) is the main metabolite detected in envi-
ronmental conditions (5, 8-10). Contrary to MBT, ETD is
slightly retained by soils (16). Its degradation by microorganisms
is also very slow and gives essentially demethyl-ethidimuron
(A-ETD) (17). Both herbicides and their corresponding principal
degradation products are shown inFigure 1.

To carry out the project, a reliable and accurate method for
the simultaneous determination of the four compounds, MBT,
A-MBT, ETD, and A-ETD, in soil samples was consequently
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needed. To our knowledge, only three publications had already
been dedicated to the determination of ETD in environmental
samples (18-20). Two were focused on the analysis of water
samples by HPLC-DAD (18, 19), whereas only one dealt with
soil analysis by GC with nitrogen detection and proposed the
simultaneous quantification of A-ETD (20). Nevertheless, a total
of ≈1 L of toxic solvents (acetonitrile, methanol, acetone) was
required for both extraction and cleanup steps. Moreover,
recoveries were not always quantitative (from 70 to 99%
depending on the nature of the soil and on spiking concentra-
tions). As a consequence, a more efficient way to determine
A-ETD and ETD in soil had to be found.

With regard to MBT, many analytical methods had already
been proposed for its quantification (alone or most often together
with other phenylurea pesticides) in various matrices: mainly
natural waters, but also fruits, vegetables, and soils. They were
based on immunochemical affinity (21) or consisted of gas or
liquid chromatographic separation. Due to their thermal instabil-
ity, urea pesticides are difficult to analyze directly by gas
chromatography (22). Some authors proposed to add a pre-
derivatization step and quantification by mass spectrometry,
nitrogen-phosphorus, or electron-capture detectors (23, 24).
Nevertheless, chemical derivatization is time-consuming and
generates interferences or analyte losses. As a consequence,
numerous works were published using either capillary electro-
phoresis (25) or high-performance liquid chromatography (25-
30). Although mass spectrometry and tandem mass spectrometry
offer high selectivity and sensitivity and have been successfully

coupled to HPLC for the determination of pesticides and their
metabolites in environmental samples (26-28), diode array
detection is by far less expensive and remains commonly used
(19, 26, 27, 29-32). Among these last seven publications, only
two are concerned with the quantification of MBT in soil (30,
32), but none deals with A-MBT.

In this work, we evaluated fluidized-bed extraction (FBE) to
extract A-ETD, ETD, A-MBT, and MBT from soil samples. A
purification on SiOH cartridges followed by the HPLC separa-
tion of the four compounds using a reverse phase C18 column
was optimized. The performance of the resulting method was
finally determined.

MATERIALS AND METHODS

Chemicals.MBT (1-benzothiazol-2-yl-1,3-dimethyl-urea, 99.6%),
ETD [1-(5-ethylsulfonyl-1,3,4-thiadiazol-2-yl)-1,3-dimethylurea, 99.8%],
A-ETD (96.9%), and A-MBT (99%) as well as14C-labeled compounds
[benzothiazolyl-2-14C]MBT (>99.9%) and [thiadiazol-2-14C]ETD (>98%)
were supplied by Bayer AG (Monheim, Germany).

HPLC-grade solvents, including acetonitrile (ACN), methanol
(MeOH), ethyl acetate (AcOEt), acetone, toluene, and dichloromethane
(DCM) were purchased from Merck (Darmstadt, Germany). Ultrapure
water was obtained from a Milli-Q system (Millipore, Billerica, MA).

Phosphoric acid (85%), orthophthalaldehyde (OPA,>99%), mer-
captoethanol (MERC,>99%), sodium tetraborate decahydrate (>99.5%),
and NaOH (>99%) were of analytical grade and provided by Merck.

Instrumentation. HPLC consisted of an M480 G liquid chromato-
graph from Gynkotek (Munich, Germany) with a Gina 160 automatic
injector and an STH 585 A column oven. HPLC was coupled with a
UVD 320 S diode array detector (Gynkotek) and an LB 509 radioactiv-
ity monitor (Berthold). The separation was performed using a Puro-
sphere RP18 100, 5µm, 250× 4 mm i.d. column (Merck) equipped
with a guard column packed with the same material.

For the fluorescence detection tests, the diode array detector was
disconnected and a homemade Teflon FEP tube (3 or 6 m× 0.5 mm
i.d. × 1/16 in. o.d.) knitted around a low-pressure high-power NNI 40/
20 lamp (Heraeus, Hanau, Germany) was connected to the outlet of
the HPLC column. It was used for the UV degradation of the
compounds. The amines generated were mixed with OPA-MERC
reagent via a zero-volume mixing-tee placed just after the photoreactor
and allowed to react in a second Teflon knitted coil (3.6 or 10 m×
0.3 mm i.d.× 1/16 in. o.d.). Detection of the fluorescent derivatives
was carried out using a Jasco FP 1520 (Gross-Umstadt, Germany)
instrument. Excitation and emission wavelengths were fixed at 340 and
455 nm, respectively.

For residue confirmation, HPLC was coupled to a triple-quadrupole
mass spectrometer TSQ Quantum from Thermo Finnigan equipped with
an electrospray ionization source. Argon was chosen as collision gas,
and detection was performed in the positive ion mode. Selected reaction
monitoring (SRM) was performed on each of the protonated molecular
ions (m/z 250.9, 264.9, 207.8, and 221.8 for A-ETD, ETD, A-MBT,
and MBT, respectively). Collision energies were set at the maximum
for each transition and ranged from 24 to 58 V.

14C activity was measured in solutions (soil extracts, spiking
solutions) by liquid scintillation counting using a Tri-Carb analyzer
2500 TR model after the addition of instant scintillation gel (Canberra
Packard, Frankfurt, Germany).

Extracts were concentrated at 50°C by a TurboVap II system and
purified using an automated solid-phase extraction (SPE) Benchmate
workstation (Zymark, Idstein, Germany) controlled by the corresponding
2.51 version software.

Preparation of Solutions.Stock solutions (≈0.5 g L-1) of individual
nonlabeled ETD, MBT, A-ETD, and A-MBT were obtained by
dissolving accurate amounts of the compounds in ACN/H2O 50:50 v/v.
Two stock solutions of [14C]-ETD (10 mg L-1, 27.2 MBq L-1) and
[14C]-MBT (43 mg L-1, 2.32 MBq L-1) were also prepared from
radiolabeled compounds. They were preserved at 4°C in the dark, under
which conditions they were found to be stable for at least 2 months.

Figure 1. Chemical formulas of MBT, ETD, and some degradation
products. An asterisk (/) indicates the position of 14C-labeled carbons in
active molecules.
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Standards for HPLC (0.5-50 mg L-1) were prepared freshly by
dilution of appropriate aliquots of the four nonactive mother solutions
in ACN/H2O 50:50 v/v or in matrix.

The four solutions used in the cleanup recovery study were obtained
by spiking 2 mL of a matrix extract with small volumes of either [14C]-
MBT or [14C]-ETD stock solutions or a mixture of active and nonactive
ETD stock solutions.

Soil spiking solutions were prepared just before use. They were
obtained, for procedure 1, by sampling adequate volumes of active and/
or nonactive mother solutions and mixing them. The resulting solutions
were evaporated and redissolved in 60 mL of acetone. For procedure
2, [14C]-MBT and [14C]-ETD stock solutions were diluted in ultrapure
water to reach the 20 or 250µg L-1 level, respectively.

Solutions used for the OPA-MERC postcolumn derivatization were
prepared as described by Luchtenfeld (33).

Soil Samples and Spiking.Samples of an orthic luvisol formed on
alluvial loess (composition: 78.2% of silt, 15.4% of clay, 6.4% of sand;
pH 7.2, 1.2% organic matter cation exchange capacity) 11.4 mequiv
100 g-1, Kf,ETD ) 0.332 cm3 g-1, Kf,MBT ) 7.01 cm3 g-1) were collected
from an experimental field located in Ju¨lich-Merzenhausen (Germany).
Hand corers equipped with stainless steel sampling tubes and PVC liners
(300 mm× 35 mm i.d., Humax, Lucerne, Switzerland) were used to
extract the first 30 cm. Sample with naturally aged residues of [14C]-
ETD and nonlabeled MBT was obtained from a small plot experiment
some weeks after application and used for the optimization of extraction
conditions. Uncontaminated soil was drawn from the adjacent nontreated
plot. These samples were stored at-18 °C until extraction or
fortification.

Ten fortified samples were produced according to two different
spiking procedures.

Spiking Procedure 1.Eight hundred gram aliquots of the wet
uncontaminated soil (25% moisture) were spread and treated by uniform
spraying of 50 mL of spiking solutions.. After evaporation of acetone
at room temperature and homogenization of the materials using a
rotating shaker, samples were allowed to age for 24 h at room
temperature. They were dried at room temperature, shaken again, and
extracted. Eight soils (A-H) were prepared following this procedure:
soils A and B were spiked with single [14C]-ETD at the 50.1 and 79
µg kg-1 levels, whereas soil C contained 97.7µg kg-1 of [14C]-MBT.
Soils D-F included a mixture of nonactive ETD at respective
concentrations of 19.3, 39.8, and 403µg kg-1 and [14C]-MBT at 15.9,
40, and 453µg kg-1. The last two soils were fortified at the 30 and
160µg kg-1 level with a mixture of A-ETD and A-MBT. Soils A-F,
which all contained one radiolabeled compound (either MBT or ETD),
were used to determine extraction recoveries. Soils A-H allowed
evaluation of the accuracy and the precision of the overall method after
correction by the extraction coefficients previously estimated. Aging
experiments were carried out with soils B and C.

Spiking Procedure 2.Two soils with individual14C-labeled pesticides
at the 40µg kg-1 level were prepared following a batch equilibrium
method: a 100 g amount of uncontaminated sample was equilibrated
with 500 mL of an aqueous solution of [14C]-MBT (20 µg L-1) or
[14C]-ETD (250 µg L-1) by mechanical shaking overnight at room
temperature. After equilibration, the suspension was centrifuged for
30 min at 900g using a Beckman GPKR apparatus (Mu¨nich, Germany),
and14C activity was measured in the supernatant by LSC. The amount
of sorbed analyte was calculated from the difference between this value
and the activity of the initial solution. These soils were dried at room
temperature and extracted.

Extraction Procedures.Prior to extraction, samples were allowed
to warm (if stored at-18 or 4°C) and dry at room temperature and
then passed through a 2 mm sieve. Their moisture content was
determined by drying three 200 mg aliquots of soil (accurately weighed)
at 105°C and calculating the average loss of mass.

For the optimization of extracting conditions, two procedures were
evaluated: shaking extraction at room temperature and fluidized-bed
extraction operating under solvent reflux.

Cold Shaking Extraction.Twenty-five grams of soil was shaken
overnight at room temperature with 150 mL of extractant using a
reciprocating shaker model SM 25 A from Bu¨hler (Tübingen, Germany).
Acetone, acetonitrile, and methanol as well as several mixtures with

water were evaluated: MeOH/H2O 80:20 v/v and 60:40 v/v; acetone/
H2O 80:20 v/v, 60:40 v/v, and 40:60 v/v; azeotropic ACN/H2O 87:13
v/v. Extractions were performed in duplicate. After extraction, the
suspension was centrifuged for 30 min at 900g using a Beckman GPKR
apparatus, and the supernatant was transferred into a Turbovap flask
together with≈6 mL obtained by rinsing the vessel with 3× 2 mL of
solvent. The extracts were concentrated at 50°C until damp residues
were obtained (and not to dryness to avoid degradation or loss of the
compounds). Those residues were dissolved in 2 mL of ACN/H2O 50:
50 v/v, and two aliquots of 25µL were sampled for the determination
of [14C]-ETD activity. The rest was transferred to HPLC vials for direct
chromatographic analysis using14C activity detection. Extracts were
not purified. This set of experiments allowed the effect of water content
on ETD extraction to be studied and the nature and percentage of ETD
degradation products present in the soil before extraction (natural
degradation compounds) to be determined.

Fluidized-Bed Hot Extractions.Hot extractions were performed using
a fluidized-bed fexIKA 200 extractor (Ika-Labortechnik, Staufen,
Germany). The principle of fluidized-bed extraction was already
described elsewhere (33). With the configuration used eight extractions
could be carried out simultaneously.

Taking into account results of cold extractions, only MeOH/H2O
60:40 v/v, acetone/H2O 60:40 v/v, and ACN/H2O 87:13 v/v were
investigated as extracting systems. Seventy-five grams of soil was
accurately weighed and deposited on the frit of the column. The
extraction flask was filled with the appropriate volume of organic
solvent (90 mL of acetone or methanol, 130 mL of ACN) and connected
to the column, and the extraction program was started. When the
temperature of the heating block reached≈35 °C, water (60 or 20 mL)
was added onto the soil to wet the sample properly and help the
extraction of the more polar compounds. Eight simultaneous extractions
were performed for each solvent mixture. Six were run for three cycles
and two for four cycles in order to determine the optimal number of
cycles. After extraction, the vessels were allowed to cool to room
temperature, and solutions were transferred to a TurboVap glass. Further
treatment and characterizations were identical to those applied to cold
shaking extracts except that HPLC analysis was performed using both
UV and 14C activity detections. This allowed systems inducing ETD
thermal degradation to be identified and the best extractant for both
ETD and MBT to be found.

Preliminary experiments consisting of a three-cycle extraction of
the uncontaminated soil had been carried out for each solvent mixture
to define the best fexIKA extractor parameters. Starting parameter
settings were: a heat-up temperature of 110°C for acetone/H2O 60:40
v/v and MeOH/H2O 60:40 v/v extractions and of 90°C for ACN/H2O
87:13 v/v, selected according to the boiling points of the extractants,
and a cooling temperature of 25°C to establish the required differential
filtration pressure. The aim was to achieve a quite complete but not
total evaporation of the solvent at the end of the heating step and a
total duration per extraction cycle not exceeding 45 min. Temperatures
had to be increased to 115°C for MeOH/H2O 60:40 v/v and to 95°C
for ACN/H2O 87:13 v/v to achieve this goal. For an optimal filtration,
cooling temperature was maintained at 25°C for the first cycle and set
5 °C below for the two others.

Optimal extraction conditions were finally obtained with the fexIKA
system running for three cycles at 110°C with the acetone/water 60:
40 v/v mixture. Heating times as well as cooling temperature were 25
min, 4 min, and 25°C, respectively, for the first cycle and 35 min, 4
min, and 20°C for subsequent cycles. Extracts required for the other
parts of the work, including matrix extracts from the uncontaminated
soil, were consequently prepared in those conditions.

Cleanup Procedure.One or several 0.5 mL aliquots of the raw
extracts were evaporated and redissolved in 6 mL of toluene and 20
µL of ultrapure water for purification. Five hundred milligram silica
SPE cartridges (Macherey & Nagel, Du¨ren, Germany) were conditioned
with 5 mL of AcOEt and 10 mL of toluene by the Benchmate automate.
Each sample was vortexed in a 20 mL glass tube for 30 s and passed
through one cartridge for purification. The sample tube was then rinsed
with 3 mL of toluene that was subsequently transferred to the cartridge.
This latter was washed with 10 mL of DCM, and analytes were finally
recovered with 10 mL of AcOEt/DCM 60:40 v/v. Flow rates were 0.5
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mL s-1 for aspiration, 0.25 mL s-1 for conditioning, and 0.05 mL s-1

for column loading/rinsing/elution. The entire system was washed with
5 mL of AcOEt at the end of the procedure to prevent cross-
contaminations. The eluates were evaporated at 50°C using the
Turbovap apparatus and residues redissolved in ACN/H2O 50:50 v/v
for LSC and/or HPLC analysis.

Chromatographic Separation. For HPLC-DAD analysis, the
optimal separation was obtained using ACN and water at pH 2.2
(adjusted with orthophosphoric acid) as solvents for mobile phase and
the following step gradient: 5% ACN for 5 min, linear increase to
90% ACN in 26 min, 90% for 4 min, linear decrease to 5% in 7 min.
The pesticides were separated in those conditions, at 30°C and 0.8
mL min-1 if not otherwise stated. For each sample HPLC analysis was
performed at least in duplicate. The injected volume was 25µL. A
wavelength of 282 nm was chosen as recording wavelength as UV
absorbance is maximal at this value for both A-ETD and ETD and
close to the maximum for A-MBT and MBT.

These conditions were modified when OPA-MERC postcolumn
derivatization with fluorescence detection was tested. In that case, the
mobile phase was composed of methanol and water and the gradient
was as follows: 15% MeOH for 10 min, linear increase to 70% MeOH
in 50 min, 70% for 10 min, and linear decrease to 15% in 15 min.
Optimal separation and fluorescence signals were obtained at 40°C,
with flow rates of 0.3 mL min-1 for HPLC and 0.03 mL min-1 for the
OPA-MERC reagent.

HPLC-MS-MS analyses were also performed at a lower flow rate
(0.25 mL min-1) with a modified gradient: 30% ACN for 5 min, linear
increase to 100% ACN in 8 min, 100% for 10 min, linear decrease to
30% in 1 min. H2O contained 0.1% methanol and 0.1% formic acid
instead of phosphoric acid. One hundred microliters was injected.

Evaluation of Method Performance.Characteristics of the HPLC-
DAD Method.Reproducibility of retention times was calculated from
10 injections on three different days of a 25 mg L-1 aqueous standard
solution. To establish the linearity of the response and evaluate the
possible matrix effect, two calibration curves were built for each
compound from standards prepared at seven different concentration
levels (0.5, 1, 2.5, 5, 10, 25, and 50 mg L-1) in ACN/H2O (1:1) and in
matrix. Three replicate measurements were performed the same day at
each level.

Extraction RecoVeries. Extraction recoveries were determined at
different concentrations of ETD and MBT using soils A-F. Eight
extractions (respectively four extractions) were performed simulta-
neously for samples A and D-F (respectively B and C).14C activity,
issued from either ETD or MBT, was determined in each extract after
solvent evaporation and redissolution in 2 mL of ACN/H2O 50:50 v/v.
Results were compared to the nominal values for recovery calculations
and evaluation of the recovery correction coefficient. Standard devia-
tions were also determined for reproducibility assessment. Four
extractions of soils B and C were performed after a 5 months of storage
of the samples and analyzed by LSC in order to study the effect of soil
aging on extraction efficiencies.

Cleanup RecoVeries.Four solutions containing individual radiola-
beled pesticides (0.53 and 5.2 mg L-1 of [14C]-MBT, 0.77 and 6.8 mg
L-1 of [14C]-ETD) were used. About 2 mL of fortified extracts was
prepared as described previously. Two aliquots of 200µL were sampled
and analyzed by LSC to determine initial14C activity in each extract.
Three aliquots of 0.5 mL were evaporated, and each was redissolved
in 6 mL of toluene to be purified. Purified extracts were finally
recovered in 0.5 mL of ACN/H2O (1:1), and14C activity was measured,
which allowed calculation of the average cleanup recoveries and related
standard deviations.

Precision and Accuracy of the OVerall Method.The precision and
accuracy of the whole method including extraction, purification, and
HPLC-DAD determination were examined for each compound at
different concentration levels in the 40-450 µg kg-1 range. Four of
the eight extracts of soils A-F, already used to determine extraction
recoveries, and four extracts of soils G and H were used for that purpose.
Two 0.5 mL aliquots of each extract were purified and analyzed by
HPLC-DAD (two injections for three consecutive days). Average
recoveries and related standard deviations were calculated after
correction by the average extraction efficiency. Four extracts of soils

B and C were prepared after a 6 month period of storage at 4°C. They
were treated the same way and analyzed by HPLC-DAD to study the
effect of soil aging on overall method accuracy.

Limits of Detection (LOD) and Quantification (LOQ).LOD and LOQ
were calculated from the chromatograms of eight purified uncontami-
nated soil extracts, as, respectively, 3 and 10 times the standard
deviation of the background noise.

RESULTS AND DISCUSSION

Soil Extraction. The objective was to achieve the most
efficient extraction for the four target compounds (A-ETD, ETD,
A-MBT, and MBT) without inducing their degradation and, at
the same time, to avoid coextraction of interfering substances,
which would lead to noninterpretable HPLC chromatograms.
The traditional solid-liquid extraction techniques, Soxhlet,
sonication, and shake-flask extraction, are widely used to analyze
pesticides and their degradation products in soils. Nevertheless,
they are generally time-consuming and require large volumes
of organic solvents. Recently, a new FBE procedure has been
proposed as an alternative to Soxhlet, with the advantage of
lower solvent consumption, faster extraction, and full automation
(34, 35). Its efficiency was shown to be comparable to that of
other enhanced methods (microwave-assisted and accelerated
solvent extractions) for the extraction of organochlorine com-
pounds from sediments (35). It was then decided to evaluate
this technique, in addition to flask-shaking extraction at room
temperature (cold shaking extraction) for the extraction of ETD,
MBT, and their two derivatives. Acetone, acetonitrile, and
methanol were tested as organic extractants. As it is known that
water may have a positive effect on extraction (32, 36), several
mixtures with water were also investigated (azeotropic ACN/
H2O 87:13 v/v, MeOH/H2O 80:20 v/v, and 60:40 v/v; acetone/
H2O 80:20 v/v, 60:40 v/v, and 40:60 v/v). Experiments were
carried out using a 20-30 cm soil layer collected in small plots
some weeks after the application of [14C]-ETD and nonlabeled
MBT for environmental behavior studies. There were several
advantages to the use of this kind of sample: (i) it contained
naturally aged residues of both pesticides; (ii) a large quantity
of soil containing both compounds was directly available, which
avoided fastidious and long spiking procedures; (iii) the
determination of total14C activity in the extracts by LSC allowed
information to be obtained very rapidly about the extractability
of ETD and the choice of the best extraction conditions; (iv)
HPLC chromatograms of the extracts, recorded using14C
radioactivity detection, allowed visualization of, very specifically
and with lower detection limits than UV, ETD degradation
products. Instrumental fexIKA parameters were set, for each
extracting mixture, at the optimal values determined from
preliminary experiments described under Materials and Methods.
It was assessed that a fourth extraction cycle did not increase
[14C]-ETD recoveries in the naturally aged sample used.

As shown inTable 1, extracted14C activity increased by
increasing water content of methanol or acetonitrile. For acetone,
a slight decrease was observed when the amount of water
reached 60%. This effect had been already reported for the
extraction of some pesticides from soils (32, 36). ACN/H2O
87:13 v/v and acetone/H2O 60:40 v/v were found to be the more
efficient mixtures for cold shaking extraction. In the corre-
sponding HPLC-14C chromatograms (Figure 2), part of the
applied ETD has been transformed into A-ETD and two other
unknown compounds (Y, Z). This transformation did not occur
during the extraction procedure as controls (ETD solutions
prepared in uncontaminated soil extract) were found to be stable
for more than one night at room temperature. It was conse-
quently attributed to natural degradation in soil before sample
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collection. About 70% of extracted activity was recovered as
ETD, 25% as A-ETD, and 5% as Y+Z by extraction at room
temperature. No A-MBT was detected by HPLC using UV
detection, indicating that no significant degradation of MBT
occurred, either naturally in the plot or during the extraction.

Fluidized-bed hot extraction improved total extracted activity
by a factor of 1.2-1.6 (Table 1). Mean values obtained for
[14C]-ETD activity and MBT concentration did not significantly
vary with solvent composition but were clearly more reproduc-
ible with acetone/H2O 60:40 v/v. No thermal degradation of
MBT was observed with this mixture by HPLC-UV. Moreover,
as seen in HPLC-14C chromatograms (Figure 3), only A-ETD,
ETD, Y, and Z were detected in acetone/H2O 60:40 hot solvent
extracts, with proportions identical to those found in cold
shaking extracts. ETD was consequently stable in those condi-
tions. On the contrary, a decrease of A-ETD and ETD,
concomitant with the appearance of an unknown compound
(called X), was observed in ACN/H2O and MeOH/H2O extracts,
indicating that a thermal degradation of ETD and A-ETD had
occurred. As shown inFigure 3, UV spectra of X and ETD
exhibit similar trends but significantly different maxima. X was
not further characterized as it was never observed in real samples
collected in the field. Nevertheless, urea herbicides, such as
phenylureas or MBT, are known to be thermally unstable: in a
gas chromatograph, cleavage of the carbonyl group of MBT
and A-MBT produces 2-(methylamino)benthiazole (formula I
in Figure 1) (9, 37), and at elevated temperature diuron degrades
into 3,4-dichloroaaniline (38). Rouchaud et al. (9) showed that
2-(methylamino)benthiazole exhibits a retention factor (Rf) of
0.16, very close to that of A-MBT (0.17), on TLC silica plates
(eluent: chloroform). The Rf values of the two compounds
issued from demethylation of MBT and A-MBT in the 3-posi-
tion of the urea group (formulas II and III inFigure 1) were
very similar to one another but much lower (0.05 and 0.03). It
is consequently probable, by analogy, that X is 1-(5-ethylsul-
fonyl-1,3,4-thiadiazol-2-yl)methylamine (formula IV), whereas
Y and Z, produced from ETD in natural conditions, are 1-
(5-ethylsulfonyl-1,3,4-thiadiazol-2-yl)-1-methylurea and 1-(5-
ethylsulfonyl-1,3,4-thiadiazol-2-yl)urea (formulas V and VI).

The rate of A-ETD and ETD degradation was irreproducible,
especially in ACN/H2O medium (Table 2). HPLC-UV chro-
matograms were also more complex in that case, which made
the integration of the MBT peak very difficult and explained
the irreproducibility of MBT concentrations. It was then chosen
to carry out further extractions using the fexIKA system and
acetone/H2O 60:40 v/v as extractant.

HPLC Separation. An extract of the uncontaminated soil
sample spiked with a mixture of A-ETD, ETD, A-MBT, and

MBT at relatively high level (24 mg L-1) was used to define
the most appropriate conditions to resolve the pesticides and
their metabolites from interferences. In preliminary experiments,
acetonitrile and methanol were considered as possible organic
solvents for elution. Several gradients starting from 5 and 10%
ACN or MeOH, with progressively decreasing slopes, were
tested on a Purosphere column at different flow rates (0.8-1.4
mL min-1) and temperatures (20-50 °C). The best result was
achieved using ACN/H2O as eluent at 0.8 mL min-1 and 30°C
with a 37 min linear step gradient starting with 5% ACN.
Nevertheless, peaks of interest were not totally separated from
their interferences in those conditions. A first 5 min isocratic
step (ACN/H2O 5:95) before gradient elution helped to resolve
the A-ETD peak. Moreover, acidification of the aqueous mobile
phase by adding phosphoric acid (pH 2.2) allowed improved
peak profiles (broadening and symmetry) and, consequently,
resolution in the A-ETD and ETD region. Chromatogram 1 of
Figure 4A was obtained for an extract spiked at low concentra-
tion level with the four compounds (0.45 mg L-1) in the optimal
elution conditions. Even in those conditions, A-MBT and MBT
peaks were not totally resolved from their nearest peaks.
Moreover, the existence of a tremendous baseline at these
retention times prevented an excellent integration of the peaks.
To improve selectivity, two possibilities were evaluated: the
use of a more selective detection (fluorescence) and a purifica-
tion of the extract before analysis.

Improvement of Selectivity.Use of a Fluorescence Detector.
UV degradation of phenylurea herbicides produces dimethyl-
amine as one of the products of photolysis (33). This amine
reacts with orthophthalaldehyde-mercaptoethanol reagent to
give a fluorophore that can be detected spectrofluorometrically.
Fourteen phenylureas have been separated and detected in this
way with a much better selectivity than UV detection systems
and an adequate sensitivity for use as a residue method (39).

Due to the presence of urea groups in ETD and MBT as well
as in their metabolites, UV degradation of these compounds
produces also amines, which may react with OPA-MERC.
Postcolumn photolysis and chemical derivatization were con-
sequently envisaged for the determination of the four com-
pounds. Reactors for UV degradation and postcolumn deriva-
tization were homemade knitted coils in Teflon FEP and PTFE,
respectively. Acetonitrile was replaced by methanol for chro-
matographic elution as it was formerly noticed that Teflon tubes
become rapidly porous upon light exposure in the presence of
ACN (40). HPLC gradient was adapted and the flow rate
decreased to improve reaction yields. We studied the influence
of the length and wall thickness of photolysis reactor on the
intensities of chromatographic peaks. Different lengths for PTFE

Table 1. Influence of Extractant Composition and Extraction Method on [14C]-ETD Activity and HPLC-UV Concentration of the Pesticides in the
Extracts

[14C]-ETD activity (Bq/g of dry wt) HPLC-UV concentrations (fexIKA) (mg L-1)

shaking extraction fluidized-bed hot extraction ETD MBT

MeOH 97.7 ± 7.3 (7.5%)a npb np np
MeOH/H2O 80:20 v/v 98.5 ± 6.2 (6.3%) np np np
MeOH/H2O 60:40 v/v 102.2 ± 8.0 (7.8%) 162.0 ± 18.8 (11.6%) 4.5 ± 0.6 (11.7%) 1.0 ± 0.2 (22.9%)

ACN 128.1 ± 6.8 (5.3%) np np np
ACN/H2O 87:13 v/v 133.7 ± 1.6 (1.2%) 166.1 ± 9.8 (5.9%) 3.7 ± 1.4 (36.5%) 0.60 ± 0.33 (55.0%)

acetone 92.4 ± 6.0 (6.5%) np np np
acetone/H2O 80:20 v/v 100.5 ± 7.6 (7.6%) np np np
acetone/H2O 60:40 v/v 132.4 ± 1.7 (1.3%) 170.4 ± 5.0 (2.9%) 4.99 ± 0.29 (5.8%) 0.80 ± 0.07 (8.5%)
acetone/H2O 40:60 v/v 128.7 ± 15.7 (12.2%) np np np

a Relative standard deviations are given in parentheses. b Not performed.
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reactor as well as several flow rates for HPLC and OPA-MERC
were also tested for postcolumn derivatization. In the optimal
conditions, given under Materials and Methods, ETD and MBT
produced higher signals than A-ETD and A-MBT, which was
attributed to their ability to degrade into monomethylamine,
whereas their two demethylated derivatives produce mainly a
less reactive secondary amine (formulas I and IV inFigure 1).
Detection limits, calculated in matrix (soil extract) as 3 times
the standard deviation of the background noise, were 20, 6, 70,
and 14 µg kg-1 for A-ETD, ETD, A-MBT, and MBT,
respectively. ETD and MBT values were comparable to that
reported for some phenylureas in food samples (1-6 µg kg-1)
(33). Nevertheless UV detection allowed much lower results
for the other compounds to be obtained. It was then decided to
abandon postcolumn derivatization.

SPE Purification.First experiments were carried out on
standard solutions containing the four compounds of interest
in order to choose the best solvent to be used for sample dilution.
n-Hexane, cyclohexane, toluene, dichloromethane, and ethyl
acetate were tested. It appeared that the pesticides are only
slightly soluble in cyclohexane orn-hexane and are not
completely retained on the SPE column when they are dissolved
in ethyl acetate. As a consequence, in the second series of
experiments aiming to optimize the elution step, two standard
solutions (25 mg L-1) were prepared by diluting a 1 g L-1

aqueous mixture of the compounds in DCM and toluene,
respectively. Five milliliters of each was passed in duplicate
through SPE cartridges and elution performed using EtOAc/

Figure 2. HPLC-14C chromatograms of acetone/H2O 60:40, MeOH/H2O
60:40, and ACN/H2O 87:13 extracts of a soil sample containing naturally
aged residues of 14C-labeled ETD. Extraction conditions: shaking at room
temperature for one night; sample mass, 25 g; solvent volume, 150 mL;
column, Purosphere RP18 100 5 µm; T ) 30 °C ; flow rate, 0.6 mL
min-1; linear ACN/H2O step gradient, 5% ACN for 5 min, 90% from 21
to 25 min, and 5% at 32 min.

Figure 3. HPLC-14C chromatograms of acetone/H2O 60:40, MeOH/H2O
60:40, and ACN/H2O 87:13 extracts of a soil sample containing naturally
aged residues of 14C-labeled ETD. Extraction conditions: hot solvent
extraction with fexIKA system; sample mass, 75 g; solvent volume, 150
mL. Chromatographic conditions are identical to those of Figure 2 .
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DCM and EtOAc/toluene. Different solvent ratios (80:20, 60:
40, 40:60, and 20:80 v/v) were tested in both cases. The best
recoveries were obtained for an elution by EtOAc/DCM 60:40
(standards prepared in DCM) or EtOAc/toluene 80:20 (standards
prepared in toluene). Nevertheless, only 10 mL is required in
the first case and 20 mL in the second one. Toluene was then
chosen to dissolve sample extracts. Washing of the column was
achieved using DCM and elution using EtOAc/DCM 60:40.
However, in the first experiments carried out under those
conditions, some solutions obtained after dissolution of the
extracts in pure toluene were cloudy due to the incomplete
dissolution of ETD or MBT in the presence of matrix compo-
nents. It was shown that the addition of a small volume of water
(20 µL) was able to clarify the solutions.

Figure 4A shows that SPE purification considerably improves
the baseline trend of the chromatogram. The baseline is roughly
flat and does not disturb integration anymore. In those condi-
tions, no significant peak was detected in the purified matrix at
retention times corresponding to A-ETD, ETD, A-MBT, and
MBT, and the four peaks were well separated in the chromato-
gram corresponding to the fortified extract (Figure 4B).

Method Performance. Tables 3and4 summarize the main
analytical figures of merit of the method, determined in the
optimal conditions previously defined.

Characteristics of the HPLC-DAD Method.As seen inTable
3, relative standard deviations of retention times are always
<0.6%, demonstrating the excellent reproducibility of the
chromatographic separation.The slopes of the calibration curves
built from seven standards (0.5-50 mg L-1) prepared in ACN/
H2O 50:50 or in matrix are not significantly different at the
95% confidence level, proving the absence of matrix effect.
Intercepts are also not significantly different from 0. Curves
are linear as regression coefficientsr2 are always>0.999, and
theF test for lack of fit (ANOVA) is not significant at the 5%
level (F1 always found to be lower thanF(0.05; 5,14)) 2.96).

Extraction RecoVeries.ETD and MBT extraction recoveries
were calculated in the optimal conditions using surface soil
samples A-F fortified with individual 14C-radiolabeled com-
pounds in the 15-450µg kg-1 concentration range. Recoveries
were always found to be slightly lower for MBT than for ETD
but were >90% and reproducible and did not significantly
depend on concentration level (data not shown). They were
consequently pooled for each compound to give the mean values
and related standard deviations presented inTable 4. The
influence of soil aging was studied on soils B and C spiked at
medium concentration levels (80-100 µg kg-1). Mean 14C
activities recovered at the end of the 6 month storage period
represented 102 and 94% of added values, respectively. Thus,
soil aging did not influence ETD or MBT extractability in a
significant way.

In order to control that extraction recoveries not be overes-
timated due to the spiking mode chosen (32), two soil samples
fortified at the 40µg kg-1 level according to a batch equilibrium
method (procedure 2) were extracted. Values were 96% for ETD
and 88% for MBT, comparable to recoveries found for soils A
and E, fortified at the same concentration level but following
procedure 1 (98( 5 and 90( 7%, n ) 8).

Comparison of those results with literature data must be
carried out very carefully, because the composition of the soil,
which differs from one work to another, may affect in a very
significant way its binding capacity and therefore the extract-
ability of the compounds. Jarczyk et al. reported ETD recoveries
of 80-99% for a soil of similar properties (clay content, 15.3%;
organic content, 1.36%; pH 6.1), spiked at four different
concentrations (50-1000µg kg-1) and extracted by mechanical
shaking with acetone/water and chloroform. For MBT, which
binds very tightly with the organic components of the soil,
recoveries between 80 and 100% were obtained by microwave-
assisted solvent extraction of freshly spiked soils (450-1800
µg kg-1), the lowest values being obtained for samples of high
organic matter contents (32). Soil aging only slightly influenced
recovery results. For a sample with characteristics close to that
of the Merzenhausen soil (organic matter, 1.4%; pH 7.2; CEC,
18 mequiv 100 g-1; Kf,MBT ) 5.3 cm3 g-1) and spiked at a 150
µg kg-1 level, MBT recovery was 104% without aging and 93%
after a storage period of 150 days at 4°C.

From this study, it may be concluded that FBE is a very
capable method for MBT and ETD extraction, comparable to

Table 2. HPLC-UV Concentrations of ETD, MBT, and Their
Degradation Products in ACN/H2O 87:13 v/v FexIKA Extracts

extract
X

(mg L-1)
A-ETD

(mg L-1)
ETD

(mg L-1)
A-MBT

(mg L-1)
MBT

(mg L-1)

1 <LOD 1.5 4.8 <LOD 0.93
2 <LOD 1.5 4.5 <LOD 1.1
3 <LOD 1.2 4.5 <LOD 0.5
4 0.61 1.1 4.5 <LOD 0.7
5 1.6 <LOD 3.3 <LOD 0.5
6 1.1 <LOD 4.6 <LOD 0.5
7 3.2 <LOD 2.1 <LOD 0.6
8 3.66 <LOD 0.91 <LOD <LOQ

Figure 4. Effect of SPE purification on the overall trend of HPLC-UV
chromatogram (A) and on the resolution of A-ETD, ETD, A-MBT, and
MBT peaks (B). Sample: surface soil extract spiked with the four
compounds (0.45 mg L-1 corresponding to 12 µg kg-1 of soil) without
(1) or with (2) purification. (3) is the chromatogram of the purified raw
extract. HPLC conditions are given under Materials and Methods.
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microwave-assisted solvent extraction. A statistical test showed
that extraction recoveries are close to but significantly different
from 100% at the 95% confidence level. It was then decided to
apply correction factors of 0.964 and 0.900 to ETD and MBT
HPLC concentrations in further calculations. As no14C-labeled
A-ETD and A-MBT were available, it was not possible to
calculate extraction yields for those compounds. They were
assumed to be identical to that of ETD and MBT, respectively.
This assumption was verified during the validation process, as
the overall recovery of the method (including extraction but
also purification and determination) was close to 100% for both
metabolites after correction by extraction efficiencies (see overall
method performance part).

Cleanup RecoVeries.Cleanup recoveries were evaluated using
extracts spiked with radiolabeled ETD or MBT at two concen-
tration levels (corresponding to about 2 and 20 times the
quantification limit) and purified in triplicate. As for extraction
recoveries, values did not significantly depend on concentration
level and were pooled to give the average figures and related
standard deviations given inTable 4. As they were not found
to be significantly different from 100% at the 95% confidence
level, no additional correction factor was applied to HPLC
results.

Accuracy and Precision of the OVerall Method.As presented
in Table 4, overall recoveries from freshly spiked samples do
not significantly depend on concentration level and are close

Table 3. Characteristics of the HPLC-DAD Method

compound

A-ETD ETD A-MBT MBT

retention timea (min) 16.5 ± 0.1 (n ) 30) 18.4 ± 0.1 (n ) 30) 22.0 ± 0.1 (n ) 30) 24.5 ± 0.1 (n )30)
regression lines

slope (b ± t(0.05,5)sb)
matrix 1.092 ± 0.015 1.209 ± 0.015 0.923 ± 0.008 1.326 ± 0.010
ACN/H2O (1:1) 1.088 ± 0.018 1.213 ± 0.008 0.919 ± 0.011 1.318 ± 0.028

intercept (a ± t(0.05,5)sa)
matrix −0.029 ± 0.226 0.025 ± 0.090 0.060 ± 0.139 0.095 ± 0.391
ACN/H2O (1:1) −0.044 ± 0.322 −0.023 ± 0.318 0.041 ± 0.148 −0.028 ± 0.190

a From 10 injections on three different days of a 25 mg L-1 standard solution.

Table 4. Performance of the Whole Method

compound

A-ETD ETD A-MBT MBT

extraction recoverya (%) 96.4 ± 4.4 (n ) 16) 90.0 ±6.4 (n ) 32)
cleanup recoveryb (%) 102.0 ± 4.0 (n ) 6) 99.0 ± 4.0 (n ) 6)
overall method recoveries (n ) 48)

concentration range (µg kg-1 of dry wt) 32−158 19−103 35−171 15−453
mean recoveryc (%) 96.3−98.5 97.0−103.3 95.5−96.9 93.3−103.7
RSDc (%) 3.8−6.3 3.9−5.5 2.7−5.9 3.2−5.1

LOD (µg kg-1 of dry wt) 2.4 2.1 1.9 2.9
LOQ (µg kg-1 of dry wt) 8.5 8.0 8.0 9.6

a Calculated as mean 14C-activity recovery from eight extracts of soil samples A and B (ETD) or C−F (MBT). b Calculated as mean 14C-activity recovery from extracts
fortified with radiolabeled compounds at two concentration levels (0.77 and 6.8 mg L-1 for ETD; 0.51 and 5.2 mg L-1 for MBT) and purified in triplicate. c From four extracts
of freshly spiked soil samples; two aliquots purified for each extract and analyzed in duplicate by HPLC-DAD for three consecutive days

Figure 5. Evolution of the concentration profiles in the first 30 cm. Soil samples were collected in the field after application of both ETD (1.4 kg ha-1)
and MBT (1.6 kg ha-1).
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to 100% after correction by extraction efficiencies. Mean
recoveries of aged residues of MBT and ETD were also close
to 100%: 102% (soil B) and 95.7% (soil C). Moreover, RSD
values were found to lie between 2.7 and 6.3%, showing that
spiking is homogeneous and demonstrating the excellent ac-
curacy and precision of the method.

Limits of Detection (LOD) and Quantification (LOQ).LOD
and LOQ were found to be quite identical for the four analytes
(2-3 µg kg-1 for LOD and 8-9 µg kg-1 for LOQ). These
values are comparable to that obtained for linuron and other
phenylureas (41) or for sulfonylureas (42) extracted by micro-
wave-assisted solvent extraction and determined by HPLC-
DAD. Baez et al. reported a much higher value for MBT (47
µg kg-1), but it was obtained without purification for a higher
ratio between final volume and sample mass. Quite lower limits
of quantification (0.7-4.5 µg kg-1) were also reported for
phenylureas by LC-APCI/MS/MS following pressurized liquid
extraction (43). No cleanup was required and MS, contrary to
UV, allowed a confirmation of the residues. Nevertheless,
extraction and quantification techniques are far more costly.

Application to Soils Treated with ETD and MBT. Soil
samples were collected from the field at several depths (0-
120 cm) and at different times (35, 90, 145, 218, 341, 532, and
699 days) after application of both ETD (1.4 kg ha-1) and MBT
(1.6 kg ha-1). They were analyzed following the overall
methodology developed above. HPLC-ES-MS/MS analysis of
some samples containing low concentrations of the pesticides
or their metabolites (typically 10-30 g kg-1), collected att )
90 days, allowed confirmation of the residues at low levels.

Pesticides and their metabolites were mainly found in the
first 30 cm.Figure 5 shows, as an illustration, the corresponding
concentration profiles 35, 90, and 699 days after treatment (mean
of 21-33 samples collected at each soil layer). A significant
(but relatively low) demethylation of both pesticides is observed
as of the first sampling day. Contrary to A-ETD, A-MBT
remains mainly in the top layer (0-5 cm) and its concentration
is quite constant with time (≈10 µg kg-1). ETD and MBT
concentrations decrease with time, more rapidly for ETD than
MBT, but are still high (>100 µg kg-1) even after 699 days.
Contrary to MBT, ETD is also observed in the 10-20 cm after
2 years. These results confirm that both pesticides are relatively
stable and persistent in soil, but MBT and ETD behaviors
(sorption and degradation) are different, in agreement with
literature data.

Conclusions. FBE is an efficient and fully automated
technique for the extraction for the four compounds of interest,
more rapid than classical Soxhlet and shaking methods. Using
the protocol developed in this work, it was possible to determine
the four compounds at a low concentration level (10µg kg-1)
in a relatively short time. Soil samples containing aged residues
were also extracted very efficiently with an excellent precision,
and the methodology was successfully applied to the determi-
nation of the analytes in real samples. In the future, it will
nevertheless be interesting to reduce the relatively high volumes
of solvent needed for extraction. This will be possible by
developing a miniaturized apparatus, which will allow extrac-
tions with 10-20 mL of solvent. This equipment is not yet
commercially available but is necessary to make the technique
more competitive with other enhanced techniques such as
microwave-assisted or high-pressure solvent extraction.
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