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Abstract

Pressurised liquid extraction (PLE) technique was used for the simultaneous extraction of phenylureas, triazines and chloroacetanilides and
some of their metabolites from soils. Extractions were performed by mixing 15 g of dried soil with 30 mL of acetone under 100 atm at 50◦C,
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uring 3 min and with three PLE cycles. Prior to the analysis of naturally contaminated soils, each of the five representative soil ma
s blanks (of different depths) was spiked in triplicate with standards of each parent and degradation compound at about 10, 30 and�g/kg.
or each experiment, isoproturon-D6 and atrazine-D5 were used as surrogates. Analysis of phenylureas and metabolites of t
henylureas was carried out by reversed phase liquid chromatography/mass spectrometry (LC–MS) and LC–MS/MS in the pos
as chromatography (GC)/ion trap mass spectrometry was used in the MS/MS mode for the parent triazines and chloroaceta
verage extraction recoveries were above 85%, except for didesmethyl-isoproturon, and quantification limits were between 0.5 a�g/kg.
he optimised multi-residue method was applied to soils and solids below the root zone, sampled from agricultural plots of a sm
ydrogeological basin.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Herbicides are extensively used in the world for over 40
ears, with 45% of the total market value in 1993[1]. Among
he top ten herbicides atrazine is used worldwide, but there
re also differences between the US and Europe regarding

he top 10 lists. Phenylurea herbicides are on this list in
urope whereas in US they are not used at all. More than
0% of the herbicide use is concentrated in three agricul-

ural areas: North America, Western Europe and East Asia.
2% of the total herbicides are also used for non-agricultural
urposes, such as many triazines and phenylureas in Eu-
ope [1]. The use of atrazine is now strictly controlled in

∗ Corresponding author. Tel.: +33 238643742; fax: +33 238643711.
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some countries (Denmark) and completely banned in
ers (e.g., Germany, Italy, Austria, Sweden and Norway
France, atrazine was restricted to agriculture uses in F
ary 1997, with dose limitations of 1000 g ha−1. Despite this
restriction, atrazine continues to be detected in groun
ter. Consequently, authorities in some regions have de
to ban atrazine completely and have set up substitution
grams. Sales of atrazine are forbidden since June 30, 20
France.

Chloroacetanilides (e.g. alachlor, metolachlor and
tochlor) are an important class of herbicides used to co
grass weeds in various crops. Acetochlor, a herbicide
for maize, has been on the US market since 1994, follo
approval by the US Environmental Protection Agency. T
approval will be renewed only if the total quantity of oth
herbicides used on this crop, including atrazine, decre

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Acetochlor was approved in France in 2000 and is now used
in substitution programs.

Extraction of herbicides and of their main metabolites
from solid matrices is frequently done by Soxhlet extrac-
tion, which requires large volumes of solvent and is a time-
consuming process. Therefore, alternative techniques have
been developed and applied in the past 10 years, such as
supercritical fluid extraction (SFE)[2], subcritical water ex-
traction (SWE), microwave-assisted extraction (MAE) and
pressurised liquid extraction (PLE)[3]. Camel evaluated po-
tential and pitfalls of SFE, MAE and PLE from a general
point of view[4]. PLE uses organic solvents that remain in
the liquid state under pressure and relatively high temper-
atures, to sequentially extract organic pollutants from solid
matrices.

There are few applications of PLE to the simulta-
neous extraction of phenylureas, triazines and chloroac-
etanilides in soil[3,5–8], PLE being used until now mostly
for PAH and PCB extractions. Guzella and Pozzoni per-
formed one of the first successful studies on herbicides
with PLE, by comparing it with Soxhlet procedures for
triazine and chloroacetanilide extraction from agricultural
soils [7]. Recoveries were 47–99% and the detection lim-
its (LODs) were about 0.5�g/kg. Another PLE method
was developed to extract metribuzin and three metabolites
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without any buffer or acid in the mobile phase, consisting of
gradient of methanol/acetonitrile/water.

This paper addresses a new multi-residue method based
on PLE of herbicides from soils followed by GC–MS/MS,
LC–MS and/or LC–MS/MS. The method was applied to soils
and solids below the root zone, sampled from agricultural
plots of a small French hydrogeological basin, monitored as
part of the PEGASE project[39]. Although our main purpose
was the determination of acetochlor in the soil column, we
also investigated the extraction of some triazines and phenyl-
ureas and their main metabolites.

2. Experimental section

2.1. Chemicals

Acetochlor (92%), alachlor (98.5%), metolachlor
(98%), dimetachlor (10 mg/L in cyclohexane), atrazine
(99%), atrazine-D5 (99.7%), terbutylazine-D5 (98%;
100 mg/L in acetone), desethyl-atrazine (DEA) (97.5%),
desisopropyl-atrazine (DIA) (98%), isoproturon (99.5%),
monodesmethyl-isoproturon (MIPU) (99.5%), didesmethyl-
isoproturon (DIPU) (99.5%), chlortoluron (99.5%), linuron
(99%), diuron (99%) and isoproturon D6 (99%, 100 mg/L in
a Foy
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deaminometribuzin, deaminodiketometribuzin and d
ometribuzin) with methanol/water (75/25) at 60◦C. Recov
ries were about 75% with LODs of 1�g/kg, except for dike

ometribuzin with only 50% recovery and LOD higher th
0�g/kg[5]. Zhu et al. showed that water was the most ef

ive modifier of PLE for quantitative recoveries (93–103%
lachlor, metribuzin and hexazinone in four Hawaiian cla
oils[6].

Gas chromatography coupled with mass spectrom
GC–MS) is a very powerful tool to identify and quant
broad variety of thermally stable herbicides in complex
ironmental matrices, as shown by the numerous litera
ublished in recent years for water[9–15] and soil[16-18].
andem mass spectrometry (MS/MS), which offers high
itivity and selectivity, enables herbicide analysis at trace
ls even if interfering compounds, with possibly the same
nt mass, are co-eluted[19–21]. GC–MS/MS, usually with
n ion trap system, is the method of choice for identifica
nd quantitation purposes[5,22–29].

In liquid chromatography–mass spectrometry (LC–M
he major instrumental improvement arose from the im
entation of robust atmospheric ionisation interfaces
s electrospray ionisation (ESI) and atmospheric pre
hemical ionisation (APCI). ESI is more suited to polar
onic compounds whereas APCI is used for moderately
olar compounds. In the last five years, there has bee

ncrease of the scientific publications dealing with LC–
or the determination of herbicides in soil[30–32] and wa-
er [12,22,33–38]. Reversed-phase LC is the technique m
idely used. Triazines, phenylureas and their main me

ites are analysed by using an APCI-MS configuration, o
cetone), were all purchased from CIL Cluzeau (Sainte
a Grande, France).

Ethyl acetate for pesticide analysis (Carlo Erba, Va
é, France) and 2,2,4-trimethylpentane (VWR, Fonte
ous-Bois, France) were used in GC/MS/MS. Acetoni
or HPLC (J.T. Baker, Illkirch, France), methanol for HP
J.T. Baker) and water for HPLC (J.T. Baker) were use
onstituents of the mobile phases in LC–MS.

.2. Equipment

.2.1. GC–MS/MS
GC–MS/MS analyses were performed using a Ther

uest (Les Ulis, France) system consisting of a Trace
000 gas chromatograph equipped with a PTV split–spli

emperature injector, an AS 2000 autosampler and a
ARIS Q ion trap mass spectrometer (Thermofinnigan,
lis, France). For data processing, Excalibur software
hermofinnigan was used. The injector was equipped w
2 cm× 2 mm i.d. Silcoseeve liner (Thermofinnigan). 2�L
f sample were injected onto the PTV injector in the c
tant flow mode set at 1 mL/min and with an injection sp
f 1�L/s. The split flow was set at 50 mL/min. The tempe

ure of the injector was initially set at 55◦C, then increased
60◦C at a rate of 10◦C/s where it was maintained for 12 m
he PTV split/splitless valve was operated in the split
ode until the temperature of 260◦C was achieved. Onc

he temperature stabilised, it was maintained for 1.5 min,
hanged to the split mode.

Compounds were separated on a 30 m× 0.25 mm i.d. col
mn, coated with 0.25�m of 95% dimethyl–5% phen
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polysiloxane phase (BPX-5; SGE, Courtaboeuf, France). The
temperature of the column was initially set at 55◦C for 1 min,
then increased at a rate of 15◦C/min to 120◦C. Once at
120◦C, the rate was increased to 3◦C/min until it reached
its final temperature of 220◦C, which was maintained for
3 min. Helium was used as the carrier gas at a constant flow
of 1 mL/min. The transfer line was set at 280◦C with the
external ion source at 280◦C.

2.2.2. LC–MS
A Varian 9100 autosampler and a Varian 9012 HPLC

pump (Les Ulis, France) composed the chromatographic sys-
tem. LC/MS analysis were performed by using a SSQ 7000
Thermo-Finnigan instrument equipped with an atmospheric
pressure chemical ionisation source, APCI. The analytes
were detected in the positive ion mode as their protonated
molecular ions (M + H)+, with CID offset (15 V) in the API
source. The reversed phase column chosen for all experi-
ments was an Omnispher C-18 150 mm× 3 mm i.d. and 3�m
particle size (Varian-Chrompack, Les Ulis, France). A gra-
dient of mobile phases constituted of acetonitrile and water
at 0.4 mL/min was used in order to separate phenylureas and
triazines by injecting 20�L of sample. Acetonitrile initially
set to 85% was decreased to 40% and water initially set to
15% was increased to 100% in 32 min.
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2.2.4. General conditions
In GC–MS/MS, the concentrations were calculated us-

ing the calibration curves established for each compound
in internal standardisation mode with terbutylazine-D5 and
dimetachlor as internal standards.

In LC–MS, external calibrations were used but matrix ef-
fects were assessed by using the method of standard additions
on extracts of “blank” soil samples.

2.3. Soil sampling

The study took place in a small hydrogeological basin
of some 3 km2. It lies within the Paris Basin (70 km west of
Paris). Soil cores were collected (at a maximum depth of 1 m)
from two different soils before the herbicide was applied and
six times over a 1-year monitoring period after the acetochlor
application. This sampling scheme followed guidelines im-
plemented in the frame of the PEGASE European project
[39]. The cores were sent to the laboratory and cut, after the
outer layer had been removed, into segments corresponding
to depth intervals of 0–5, 5–10, 10–20, 20–30 cm, etc. Each
sample was dried at 40◦C for 3 days then ground to 2 mm
[40].

2.4. Characterisation of the soils studied
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.2.3. LC–MS/MS
A Thermo Finnigan autosampler (ASE 2000) and a T

ofinnigan HPLC pump (Surveyor MS) composed the c
atographic system. LC–MS/MS analysis were perfor
y using a DECA XP + Thermo-Finnigan ion trap instrum
quipped with an atmospheric pressure chemical ionis
ource or an electro spray ionisation source. The ana
ere first detected in the positive ion mode as their pr
ated molecular ions (M + H)+ (or sodium induct)+ and the
ppropriate precursor ion was chosen to be isolated and
ented in the MS/MS mode.
The reversed phase column chosen for all experim

as the same as for LC–MS analyses previously descr
owever, the operating conditions were modified and a
ient of mobile phases constituted of methanol and wa
.4 mL/min was used in order to separate phenylureas

riazines by injecting 20�L of sample. Methanol initially se
o 85% was decreased to 40% and water initially set to
as increased to 100% in 32 min.

able 1
rain size distribution and characterisation of the soils studied

oil
eference

Depth (cm) Clay (%) Silt (%) Sand

A-1 0–30 15.3 64.7 18.4
A-2 30–60 20.5 64.7 14.1
A-3 60–90 25.8 61.7 12
A-4 90–110 30.0 54.6 14.9
A-5 110–130 6.13 5.5 18.9
B-1 0–25 22.7 19.6 10.8
B-2 25–50 22.8 18.2 10.4
The two soils studied are a deep silty soil (P
uvisol—FAO classification) and a shallower, more peb

ore calcareous soil (PB, calcisol—FAO classification)
s also slightly more clayey in the surface layers (Table 1).
ive soil matrices (in bold inTable 1) chosen as “blank” wer
ampled before acetochlor was applied. These soils we
ected to cover the range of values of the parameters ana
o characterise the soil physico-chemical properties.

.5. Extraction procedure

PLE was optimised to perform the extraction of chloro
tanilides, phenylureas, triazines and some of their me

ites from the soils and solids sampled as previously desc
see Section2.3). Extractions were carried out by mixi
5 g of dried soil with 30 mL of acetone under 101,300
t temperature lower than 80◦C. Acetone, methanol or w

er/methanol mixtures are usually used as extracting so

Total
calcareous (%)

Organic
matter (%)

CEC
(meq./100 g)

Organic
carbon (%)

0 1.51 10.4 0.878
0 0.74 10.9 0.43
0 0.55 13.1 0.32
0 0.52 15.0 0.302

69.0 0.47 2.83 0.273
3.69 2.81 17.4 1.63
7.03 2.27 15.4 1.32
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in PLE. Acetone was best suited to the extraction of the three
herbicide families and reduced the sampling preparation time
after PLE.

Each of the five representative soil matrices used as blanks
was spiked in triplicate with standards of each parent and
degradation compound at three concentrations levels (about
10, 30 and 90�g/kg). For each experiment, isoproturon-D6
and atrazine-D5 were used as surrogates for the three pes-
ticide families of concern. Two hundred to 500�L of the
spiking standard mixture (in methanol) were added to about
7 g of soil and the cell vessels were filled with the remaining
8 g of soil and then homogenised with Fontainebleau sand.
The soil sample and the spiking mixture were left in contact
for one hour before starting the PLE procedure. The oper-
ating conditions will be given in the part related to the PLE
optimisation. After PLE, acetone extracts were evaporated at
40◦C to 1 mL and divided up between two sub-extracts of
500�L. These extracts were then evaporated to dryness (un-
der nitrogen flow) and reconstituted in methanol and ethyl
acetate (or 2,2,4-trimethylpentane), the former being anal-
ysed by LC–MS and the latter by GC–MS/MS.

3. Results and discussion

3

nd
a , in
o 3 or
5 e

extraction yields. Preliminary experiments showed that high
recoveries could be achieved with only three PLE cycles.

Polynomial models can be fitted from the matrix of exper-
imental data to describe the variation of the herbicide recov-
eries. They showed that the optimum location always corre-
sponded to an extraction time included between 2 and 3 min.
Fig. 1 contains examples of modelling curves for the herbi-
cide recoveries in a “blank” Calcisol, as a function of the tem-
perature, setting the extraction time at 3 min. Recoveries in-
crease with the temperature for triazines and acetochlor, with
maxima values between 60 and 70◦C. In contrast, phenylurea
recoveries decrease with the temperature increase, with a dra-
matic effect for isoproturon. Therefore, performing PLE at
50◦C for 3 min (with three cycles), provided extraction yields
above 85% for all compounds of interest.

3.2. Mass spectrometry

The precursor ions were selected among the most intense
characteristic ions of the MS spectrum, giving rise to the
most efficient MS/MS transitions in the ion trap. Whenever
possible, two or three product ions were monitored in full
scan mode for unambiguous identification of the analytes
(Tables 2–4).

Fig. 2 show typical GC–MS/MS chromatograms for
t uvi-
s ace-
t ro-
m he
p sam-
p

eries a .
.1. Optimization of the PLE

A Doehlert design was applied in a “blank” Luvisol a
“blank” Calcisol (PA-1, 0–30 cm and PB-1, 0–25 cm)

rder to assess the influence of the exposure time (1,
min) and the PLE temperature (40–80◦C) on the herbicid

Fig. 1. Models fitted by a Doehlert design for herbicide recov
he herbicide analysis in extract samples from a l
ol collected between 5 and 10 cm, 26 days after
ochlor application. The reconstructed ion MS/MS ch
atograms atm/z 146, 200 and 172 clearly confirm t
resence of acetochlor, atrazine and DEA in these soil
les.

fter PLE in a Luvisol sample collected between 0 and 30 cm of depth
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Table 2
GC-MS/MS parameters for the quantification of triazines and chloroacetanilides

Compounds Precursor ions (m/z)a Product ions (m/z) Retention time (min)

DIA 145+ 158 + 173 68 + 110 20.5
DEA 172 79 + 105 + 130 20.8
Atrazine 200+ 215 94 + 122 + 132 23.8
Acetochlor 146+ 162 + 174 131 27.6
Alachlor 160 +188 160 28
Metolachlor 162 +238 162 29.2

Surrogate
Atrazine-D5 205+ 220 105 + 127 + 137 23.7

Internal standards
Dimetachlor 134+ 148 + 197 79 + 105 27.4
Terbuthylazine-D5 178 +219 137 + 141 + 178 24.4

a In italics, precursor ion chosen for the MS/MS transitions in full scan mode.q, 0.3, CID, 1 V, 2�scan and maximum ion time: 20 ms.

Table 3
APCI-MS/MS optimised parameters for the herbicide analysis

Compound Ionisation
mode

Retention
time (min)

Molecular
mass (g/mol)

Precursor ions (m/z)a Product ions (m/z) Normalised
collision energy (%)

Activationq

Atrazine D5 + 16.7 220.5 221 179 + 221 33 0.35
Atrazine + 16.8 215.5 216 174 + 216 34 0.35
DIA + 7.4 173.5 174 132 + 146 + 174 35 0.40
DEA + 10.8 187.5 188 146 + 188 32 0.35
Acetochlor + 21.3 269.5 224+ 256 + 270 148 + 206 + 224 26 0.25
Metolachlor + 21.3 283.5 252 +284 252 + 284 23 0.25
Alachlor + 21.3 269.5 162 +238+ 270 162 + 220 + 238 29 0.30
DIPU + 16.3 179 136 +179 136 + 179 25 0.32
MIPU + 17.2 193 136 +193 136 + 151 + 193 30 0.35
Isoproturon + 17.5 207 136 +207 72 + 165 + 207 30 0.25
Chlortoluron + 16.9 212.5 142 +213 72 + 213 26 0.26
Diuron + 18.0 233 162 +233 72 + 215 + 233 26 0.26
Linuron + 19.4 249 162 +249 160 + 182 + 249 27 0.25

a In italics, precursor ion chosen for the MS/MS transitions in full scan mode; 2�scan and maximum ion time: 400 ms to isolate the selected precursor ions.

With the aim of extending the application field of the
method, alachlor, metolachlor, linuron and diuron were
added to the list of the herbicides to be determined by
LC–MS/MS. They were not submitted to the previous PLE
experiments. LC–MS/MS analyses for chloroacetanilides

show that the acetochlor and alachlor are coeluted in our
chromatographic conditions. Both chloroacetanilides hav-
ing the same precursor ions in ESI mode, tandem mass
spectrometry is mandatory to isolate each compound. APCI
mechanism does not involve the same molecular ion as

Table 4
ESI-MS/MS optimised parameters for the herbicide analysis

Compound Ionisation
mode

Retention
time (min))

Molecular
mass (g/mol)

Precursor ions (m/z)a Product ions (m/z) Normalised
Collision energy (%)

Activationq

Atrazine D5 + 16.7 220.5 221+ 223 179 + 221 32 0.30
Atrazine + 16.8 215.5 216 174 + 216 33 0.30
DIA + 7.4 173.5 174 132 + 146 + 174 34 0.30
DEA + 10.8 187.5 188 146 + 188 32 0.30
Acetochlor + 21.0 269.5 256 +270+ 292 224 30 0.25
Metolachlor + 21.3 283.5 284+ 306 252 + 284 25 0.25
Alachlor + 20.9 269.5 270+ 292 238 25 0.25
DIPU + 16.3 179 179+ 201 + 379 137 + 179 25 0.25
MIPU + 17.2 193 193+ 215 + 407 136 + 151 + 193 30 0.35
Isoproturon + 17.5 207 207+ 229 + 435 165 + 207 31 0.30
Chlortoluron + 16.8 212.5 213+ 235 + 447 72 + 213 28 0.27
Diuron + 18.0 233 233 72 + 233 28 0.25
Linuron + 19.4 249 249 160 + 182 + 249 27 0.30

a In italics, precursor ion chosen for the MS/MS transitions in full scan mode; 2�scan and maximum ion time: 400 ms to isolate the selected precursor ions.
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Fig. 2. (a) Full scan MS chromatogram for a GC–MS/MS analysis of an extract sample from a luvisol collected between 5 and 10 cm, 27 days after acetochlor
application. (b) Reconstructed ion chromatogram for acetochlor atm/z146→ 131. (c) Reconstructed ion chromatogram for atrazine atm/z200→ 94 + 122 + 132.
(d) Reconstructed ion chromatogram for desethyl-atrazine atm/z172→ 79 + 105 + 130. (e) Reconstructed ion chromatogram for the surrogate, atrazine-D5 at
m/z205→ 105 + 127 + 137.

precursor, since acetochlor precursor ion is formed after
loss of the methoxyethyl group, whereas alachlor precur-
sor ion is produced after loss of the methoxymethyl group
(Table 3).

ESI mechanism gives rise to sodium inducts (m/z,
M + 23) for chloroacetanilides and some phenylureas, ex-
cept for diuron, linuron and triazines (Table 4). Further-
more, phenylureas also produce bimolecular sodium in-
ducts (m/z, M + M + 23). The ions corresponding to these
inducts cannot be quantitatively isolated into the ion trap
and give low MS/MS responses. In APCI mode, sodium
inducts are not produced for any herbicide of inter-
est.

3.3. Quantitative results

The combined influence of the LC conditions on the her-
bicide response and the ion suppression by matrix effect into
the API interface, make the quantification procedure quite
tricky. Therefore, all quantitations in LC–MS were performed
by using standard addition methods (in-matrix calibrations)
on each of the five “blank” soil samples.

3.3.1. Herbicide recoveries
The limited availability of certified reference materials for

herbicides in soils is detrimental to the development of ro-
bust extraction methods. In many works, soils are therefore
spiked with known quantities of herbicides and recoveries
are calculated to check the applicability of the extraction
method.

The five “blank” soil matrices were then spiked in trip-
licates with standard solutions of phenylureas, chloroac-
etanilides and triazines, at three concentration levels ranging
from 10 to 120�g/kg, likely to be found in agricultural con-
taminated soils. Nominal phenylurea and triazine concentra-
tions were measured before spiking experiments, to correct
the recovery values.Figs. 3 and 4contain charts related to
the herbicide recoveries at 30�g/kg. The whole set of results
show that average recoveries for phenylureas are between 60
and 120% at the lowest spiking level. They range from 100
to 120% at the medium and high spiking levels, with relative
standard deviations lower than 15%. Triazine and chloroac-
etanilide average recoveries are never below 85%, regardless
of the spiking concentration level. None systematic matrix
effect on the triazine and chloroacetanilide recoveries could
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Fig. 3. PLE extraction recoveries (mean± standard deviation,n= 3) for
phenylureas after reconstitution in methanol, after spiking five soil matrices
at 30�g/kg.

be observed among the five soil matrices studied. In contrast,
phenylurea recoveries are systematically lower in the deeper
solid (high calcareous content, seeTable 1) from parcel PA
sampled between 110 and 130 cm. Actually, recoveries could
not be measured at the lower spiking level (close to 10�g/kg)
in PA 110–130 cm for phenylureas. This highlighted a likely
influence of the carbonate contents on the PLE efficiency.

The recoveries of the surrogates atrazine-D5 and iso-
proturon D6 are systematically above 90%, as shown in
Figs. 1 and 2, except for isoproturon D6 in PA 110–130 cm
(70%).

Fig. 5shows the herbicide recoveries (30�g/kg) after ex-
tract reconstitution in 2,2,4-trimethylpentane. These recov-
eries are very low for atrazine metabolites and hardly reach
80% for acetochlor and atrazine. This solvent has then been
discarded for the forthcoming experiments.

F
a piking
fi

Fig. 5. PLE extraction recoveries (mean± standard deviation,n= 3) for tri-
azines and chloracetanilides after reconstitution in 2,2,4-trimethylpentane,
after spiking five soil matrices at 30�g/kg.

3.3.2. Evaluation of method performance
The limits of quantification (LOQ) and detection have

been assessed for the five soil matrices after performing the
extraction on 15 g of soil. In order to be quantified, a chro-
matographic peak area must exhibit a signal to noise ratio,
at least of 9.Table 5contains the limits of quantification for
GC–MS/MS, LC–MS and LC–MS/MS measurements. For
triazines and chloroacetanilides, performance are much better
in GC–MS/MS than in LC–APCI/MS, with LOQs between 1
and 3�g/kg. Acetochlor LOQ is significantly improved using
GC–MS/MS or LC–MS/MS, this herbicide being very poorly
detected in LC–APCI/MS (with the single quadrupole sys-
tem). LOQs are around 3�g/kg for phenylureas in LC–MS,
except for DIPU with a LOQ close to 20�g/kg.

All performances are improved with tandem LC–MS/MS,
as pointed out for the determination of pesticides in water
[28,29]. As regards phenylureas, the comparison of the two
API sources shows that LOQs are lower by using APCI and
even 10 times enhanced for linuron. In contrast, LOQs are

Table 5
Limits of quantification (�g/kg) for herbicide determination by GC–MS/MS
and LC–MS(/MS)

Herbicide GC–
MS/MS

LC–
APCI/MS

LC–ESI/
MS/MS

LC–APCI/
MS/MS

A
D
D
M
A
A
D
M
I
C
L
D

ig. 4. PLE extraction recoveries (mean± standard deviation,n= 3) for tri-
zines and chloracetanilides after reconstitution in ethylacetate, after s
ve soil matrices at 30�g/kg.
trazine 1.9 5.4 0.15 0.3
IA 1.6 22 4.5 11
EA 2.5 13 0.7 1.2
etolachlor 0.3 6.3 0.3 0.3
cetochlor 0.9 22 0.7 1.5
lachlor 2.2 1.5 1.5
IPU 22 6 1.5
IPU 11 0.7 0.7

soproturon 4.8 0.7 3
hlortoluron 10 7.5 3
inuron 7.5 0.7
iuron 4.5 4.5
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Fig. 6. Concentration profiles in a luvisol for acetochlor and triazines, 12
days after acetochlor application (2001) and 6 years after the last atrazine
application.

slightly higher for triazines and chloroacetanilides with APCI
than with ESI.

3.3.3. Application to soils treated with acetochlor
The overall methodology optimised on spiked soils was

applied to soil samples collected from agricultural parcels.
These samples were extracted using PLE and all herbicides of
interest were quantified by GC–MS/MS and LC–APCI/MS.
The need of using standard addition method for phenylureas
in LC–MS implied that each soil extract had to be quantified
by means of the “blank” soil better matching the contami-
nated soil, in terms of physico-chemical characteristics and
depth.

Fig. 6contains examples of profiles of acetochlor and tri-
azine concentrations as a function of depth, in cores of a luvi-
sol 26 days after acetochlor application. Since the chloroac-
etanilide concentration is close to 300�g/kg between 0 and
5 cm, log scale was chosen to give a better overview of
the deepest soil layers. Acetochlor was quantified around
15�g/kg at the deepest level, close to the concentration ob-
served between 10 and 20 cm and proof that this molecule was
quickly leached. This behaviour could not be observed in re-
cent surveys[41,42], probably because of much higher LOQ
(close to 40�g/kg). Besides, our previous studies showed that
acetochlor was quickly degraded in oxanilic and sulfonic acid
m th at
s

e of
i ntra-
t f
3 ied to
t

4. Conclusions

PLE was optimised to perform the simultaneous extrac-
tion of three herbicide families in soils (0–5 cm) and solids
sampled below the root zone (down to 1 m). Our main target
was the accurate extraction of acetochlor, but the determi-
nation of triazines and phenylureas and of their metabolites
was also studied. Extraction recoveries were 80–120% in five
soil matrices when applying PLE at 50◦C and for 3 min (three
cycles).

Chloroacetanilide and triazine herbicides were analysed
by either GC–MS/MS or LC–MS; phenylureas could only
be analysed by LC–MS. Performance of both methods al-
lowed the accurate monitoring of two contrasted agricultural
soils, with the quantification of triazines down to 20 cm and
acetochlor down to 1 m. The excellent LOQs provided new
relevant information on the risk of acetochlor leaching in the
soil column below the first layer.

In the case of phenylureas, this study could be extended
with the benefit of the LC–MS/MS performance (down to
several�g/kg), to obtain additional data on their transport
and fate in soils. Nevertheless, the need of standard addi-
tion methods should be stressed to ensure the accuracy of the
concentrations determined in extracts from naturally contam-
inated soils.
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etabolites which were detected down to 50 cm of dep
everal�g/kg, regardless of the soil type[30,40,43].

This monitoring also highlighted that atrazine and on
ts main metabolites (DEA) can be quantified at conce
ions included between 2 and 5�g/kg down to the depth o
0 cm, even though atrazine has not been recently appl

hese fields.
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