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ABSTRACT

An automated procedure for the simultaneous determination of six anionic pesticides, including
glyphosate (GLY) and its transformation product aminomethylphosphonic acid (AMPA), was developed
and applied to the analysis of environmental water samples. The proposed method combines on-line
concentration of water samples (0.160 mL), with compounds separation in an anion-exchange liquid
chromatography (LC) column, followed by their selective determination by tandem mass spectrometry
(MS/MS). The global procedure was completed in 25 min, providing limits of quantification (LOQs) be-
tween 5 ng L~ and 20 ng L', with reduced effect of the surface water matrix in the efficiency of pro-
cess (SPE and ionization yields). The method was applied to the analysis of grab samples obtained from
three watersheds, in two rural and one residential area, in Galicia (Northwest Spain). Out of six investi-
gated compounds, Fosetyl, AMPA and GLY were noticed in the set of processed samples. Their detection
frequencies increased from 12% (Fosetyl) to 88% (AMPA). Median concentrations followed the same trend
varying from 9 ng L' (Fosetyl) to 44 ng L~! (AMPA). The higher levels and the large seasonal varia-
tions in the residues of the latter species were noticed in small rivers affected by discharges of municipal

sewage treatment plants (STPs).

© 2022 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Glyphosate (GLY) is a non-selective herbicide impairing the syn-
thesis of aromatic aminoacids by plants. It is widely employed to
control the development of weeds in permanent and transgenic
crops and to homogenize the harvest of GLY sensitive plants. Addi-
tionally to agriculture uses, GLY is also applied to destroy vegeta-
tion growing in the limits of roads, as well as in forestry, to control
the development of water and nutrients competing plants [1].

After application, GLY is assumed to remain bonded to cations
existing in soil, particularly to iron, copper and aluminum con-
taining minerals. This behavior, combined with an estimated soil
half-life of a few days [2], turns in a low groundwater ubiquity
score (GUS index 0.21) [3], pointing out to a reduced risk of leach-
ing to groundwater and/or surface water. Aminomethylphosphonic
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acid (AMPA) is the main transformation product of GLY in soils.
AMPA is also a Zwitterionic species, with a slightly higher half-life
in soil than the parent herbicide. Despite direct migration of both
compounds to the aquatic media is unlikely, the misuse of the par-
ent herbicide, runoff transport associated to soil particles during
heavy rain events, wind erosion and atmospheric drift might re-
sult in the contamination of surface waters with GLY and/or AMPA
[4]. Furthermore, phosphate fertilizers increase the release of GLY,
and AMPA, from soil to the water phase, due to displacement of
both compounds from their metallic quelates [5]. In line with these
comments, several studies have reported the presence of GLY and
AMPA in surface water from agriculture impacted basins [6] and,
particularly, in streams draining transgenic crops [7-9]. A national
scale survey carried out in USA (more than 3000 samples were
taken from 70 rivers and streams for two years) has reported de-
tection frequencies and median concentrations of 74% and 50 ng
L1 for GLY, with even higher figures for AMPA [9]. Residues of
these pesticides are not limited to intensive agriculture areas. In
fact, in Germany, the occurrence and the average concentrations of
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GLY and AMPA were higher for water samples obtained in the sur-
rounding of urban areas than in rural environments [6].

The most often employed methodology to determine GLY and
AMPA in aqueous matrices involves compounds derivatization us-
ing 9-fluorenylmethylchloroformate (FMOC-ClI) before extraction
and liquid chromatography (LC) determination [10-12]. FMOC
derivatization decreases the polarity of both compounds allow-
ing their effective extraction and concentration using reversed-
phase sorbents (or liquid-liquid extraction) and their further anal-
ysis by LC under the same separation mode. However, the reac-
tion of these compounds with FMOC-Cl shows a slow kinetics,
it requires removing the excess of derivatization reagent and/or
the reaction by-products before LC analysis. Thus, other analyti-
cal methods have been proposed. Although some of them have
explored alternative derivatization reactions, in some cases com-
bined with gas chromatography-based techniques [13,14], the ma-
jor stream considers direct analysis of native compounds, explor-
ing different LC stationary phases. Among them, hydrophilic inter-
action, mixed-mode and anionic exchange columns have been al-
ready tested for the separation of both species, and other anionic
and/or Zwitterion pesticides, either in food or in water samples
[15-22]. Other compounds with similar features (anionic charac-
ter and high polarity) to GLY include the fungicide Fosetyl-Al [23],
the herbicide glufosinate (GLU) and the environmental transforma-
tion products of the latter compound N-acetyl glufosinate (NAG)
and 3-(methylphosphinic) propionic acid (MPPA) [24]. It is worth
noting that neither Fosetyl, nor MPPA can be determined using the
FMOC-CI derivatization approach. Advances in the determination
of these anionic, metal complexing compounds are not only re-
lated with evaluation of new stationary phases, but also with the
testing of different additives (i.e. medronic acid) [25] and/or PEEK
lined columns preventing non-reversible interactions between ana-
lytes and metal cations, either coming from samples, column walls
and/or the LC instrument itself [17].

Another limitation for direct analysis of Zwitterionic species is
the difficulty to extract and concentrate these compounds from
water samples. Direct injection of large sample volumes, use of
anion-exchange solid-phase extraction (SPE) sorbents, or selective
concentration of pre-defined compounds (i.e. GLY) with molecu-
larly imprinted polymers (MIP), are some of the solutions reported
in the literature [18,21,26]. To the best of our knowledge, neither
these extraction procedures have been on-line combined with LC
and tandem mass spectrometry (MS/MS) detection, nor they have
reached similar LOQs to those reported for the FMOC-CIl protocol
[11,12].

This manuscript pursuits two aims. The first was assessing the
performance of an automated, direct LC-MS/MS methodology for
the simultaneous determination of GLY, AMPA and two additional
anionic pesticides (Fosetyl-aluminum; GLU) and also the environ-
mental transformation products of the later: NAG and MPPA in en-
vironmental water samples. The second aim was to evaluate their
occurrence and possible seasonal variations, in samples obtained
from three different watersheds in Galicia (Northwest Spain).

2. Material and methods
2.1. Standards, solvents and sorbents

The standards of GLY, AMPA, Fosetyl-aluminum, GLU and MPPA
were acquired from Sigma-Aldrich (St. Louis, MO, USA). NAG was
provided by LGC standards (London, UK). Native parent pesti-
cides and their transformation products were analytical grade qual-
ity, with a purity above 98%. Their chemical structures are given
as supplementary information, Fig. S1. Isotopically labelled ana-
logues of GLY (1,2-13C,, °N; 99%), AMPA (13C,I5N, 97%), Fosetyl-
aluminum-dq5 (95%) and GLU-d; (98%) were provided by Toronto
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Research Chemicals (North York, Canada). Individual solutions of
each compound were prepared in ultrapure water, containing 0.1%
of formic acid. Further dilutions were made in ultrapure water. Cal-
ibration standards containing increasing concentrations of native
compounds (from 5 ng L~! to 5000 ng L~1), and a constant level of
labelled species (500 ng L~1), were also prepared in ultrapure wa-
ter. All the standard solutions were stored in polypropylene tubes
to prevent sorption of analytes on the surface of glass vials.

Acetonitrile (ACN) and methanol (MeOH), both LC-MS grade,
were purchased from Merck (Darmstadt, Germany). Ultrapure wa-
ter was obtained from a Genie U system (Rephile, Shanghai, China).
Ammonium bicarbonate and formic acid, both LC-MS purity, were
supplied by Honeywell Fluka (Seelz, Germany) and Fisher scientific
(Portsmouth, NH, USA), respectively.

2.2. Samples

Samples employed during method development and validation
include ultrapure water, surface water obtained from streams and
rivers, mineral water (commercially available bottled water), tap
water and well water. Regarding environmental studies, 17 sam-
pling points were selected from three areas in Galicia (Norwest
Spain), Fig. 1A. Points S1 to S13 correspond to a hilly rural area,
with a low population density distributed in tiny villages and dis-
persed farms, devoted to vineyard production. In this region, sam-
ples were obtained from the two main rivers draining vineyards:
Avia (S2, S3, S4) and Mifio (S5, S6, S9 and S11), as well as some
tributary streams and groundwater springs, Fig. 1B. Points S14 and
S15 correspond to a small river (Tinto), flowing through a residen-
tial, peri-urban area, with a low impact of agriculture activities.
Sampling sites were placed upstream (S14) and downstream (S15)
the discharge point of a STP serving a population of 13,000 inhabi-
tants, Fig. 1C. In both areas, four sampling campaigns were carried
out from the beginning of spring to summer.

Points S16 and S17 were placed in a medium size river (Limia)
flowing through a rural flat area of arable fields, devoted to pro-
duction of cereals (maize and wheat) and potatoes, Fig. 1D. The
river also receives the discharge of treated water from a STP serv-
ing a population of 12,000 inhabitants. In this area, both sampling
points were placed after the municipal STP. Three sampling cam-
paigns were carried out to detect potential agriculture uses of her-
bicides before tillage of agriculture fields (spring), and as driers of
wheat and potato crops, in the middle of summer and the begin-
ning of autumn, respectively.

Table S1 summarizes the exact position of each point and the
sampling dates. With the exception of the surface water reservoir
in Mifio river, significant variations in the flow of the rest of rivers
and streams were noticed during the sampling period. Particularly,
low flows were observed in the latter campaign in the three con-
sidered areas. Available data for major rivers, obtained from re-
gional water management authorities, are compiled in Table S2.

Samples were taken in polypropylene flasks and transported to
the laboratory at room temperature, within 4 h. Thereafter, they
were either analyzed in the next 24 h, or stored at —20 °C until
analysis. Tap water was collected in the laboratory when needed
and mineral water was purchased in local markets.

2.3. Sample preparation

Sample preparation involved filtration (case of environmental
water samples), using 0.22 pm hydrophilic polytetrafluoroethy-
lene (PTFE) syringe filters acquired from Phenomenex (Torrance,
CA, USA), addition of the mixture of surrogate standards (SSs) at
500 ng L', and analysis by SPE on-line connected with the LC-
MS/MS system under conditions reported in the next section.
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Fig. 1. Map of sampling points (S1-S17) in the three different areas in Galicia (Northwest Spain).

2.4. LC-MS/MS equipment and determination conditions

The LC-MS/MS system was an Agilent 1290 Infinity II liquid
chromatograph connected to an Agilent 6495, triple quadrupole
(QgQ) mass spectrometer, equipped with a jet stream ESI ioniza-
tion source. In addition to the binary analytical pump, the LC-MS
platform included an auxiliary pump to deliver calibration stan-
dards and samples through the SPE cartridge, on-line coupled to
the analytical column. Both, cartridge and column, were connected
using a 10-port, 2-possition valve. Fig. S2 shows a scheme of the
valve during on-line SPE concentration and desorption steps. The
LC instrument included an autosampler, with a 100 pL needle loop,
and an extended injector seat permitting to accommodate up to
0.5 mL samples before being transferred to the SPE cartridge.

Compounds were separated using a Metrosep A Supp 6, strong
anionic exchange column (150 mm X 2 mm, 5 um), acquired from
Metrohm (Herisau, Switzerland). The mobile phase used in the an-
alytical column consisted of a mixture of ACN:ultrapure water (1:1)
with a 45 mM concentration of bicarbonate ammonium (phase
A); and ultrapure water, 50 mM in bicarbonate ammonium (phase
B). Its composition was programmed as follows: 0-3 min, 0% B;
7.5 min, 35% B; 10 min, 60% B; 11-18 min, 100% B; 18.1-25 min,
0% B. The flowrate of mobile phase and the column temperature
were 0.3 mL min~—! and 30 oC, respectively. In the auxiliary pump,
ultrapure water (phase C) and MeOH (phase D) were used. As SPE
sorbent, we employed an anionic exchange pre-column (5 mm x
4 mm, 5 pm) from Metrohm, with the same stationary phase as
the analytical column, and a larger internal diameter.

Under final working conditions, 0.160 mL samples were loaded
in the pre-column using ultrapure water (phase C), as carrier at
0.5 mL min~! for 1 min, then the flowrate of ultrapure was in-
creased to 1 mL min~!, and maintained until 2.5 min. In this step,
anionic species were retained in the on-line connected pre-column,
whilst other components flowed to waste. After 2.5 min, the 10-
port valve switched to elution position, with compounds being
transferred from the pre-column to the analytical column. The
valve returned to its initial position (loading mode) after 15 min,

and the SPE sorbent was conditioned using MeOH (15-18 min,
1 mL min~!) followed by ultrapure water (18.1-25 min, 0.5 mL
min—1).

Nitrogen was employed as drying (11 L min—!, 150 oC), sheath
(12 L min~1, 400 °C) and nebulizing gas (55 psi) in the ESI source.
The needle voltages were 3000 V and 1500 V for ESI (+) and ESI
(-) modes, respectively. The fragmentor voltage was 166 V. Table 1
gathers the my/z values for precursor and product ions for native
pesticides and SSs. Retention times and ratios between qualifica-
tion (Q2 and Q3) and quantification (Q1) transitions of each com-
pound are also given in Table 1.

2.5. Extraction efficiency and samples quantification

The efficiency of the SPE on-line process was assessed compar-
ing the slope of calibration curves obtained for spiked aliquots of
river and mineral water (50 ng L~! to 2000 ng L', n = 6 differ-
ent concentration levels) with those corresponding to standards in
ultrapure water with same concentration levels. Responses (peak
areas) obtained for the Q1 transition of each compound, without
any correction with SSs, were plotted against added concentra-
tions. Slope ratios above the unit correspond to increased appar-
ent extraction efficiencies for real samples compared to standards
in ultrapure water, while values below the unit have the opposite
meaning. Changes in the slopes of calibration curves can be related
to variations in the efficiency of the SPE process itself, and/or to
variable yields of ESI ionization depending on the sample matrix.

The accuracy of the method was estimated as the difference
between concentrations measured for spiked and non-spiked frac-
tions of different water samples divided by the added value and
multiplied by 100. Experimental concentrations were determined
against calibration standards prepared in ultrapure water (5 ng L~!
to 5000 ng L~!), containing same level of SSs as water samples.
Peak areas for each compound were corrected with that measured
for the corresponding SS, Table 1.

With each set of environmental water samples (15 to 20 sam-
ples, plus calibration standards were analyzed in duplicate per
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Table 1

Summary of retention times, precursor and product ions for each compound using SPE on-line connected to LC-QqQ-MS.
Compound Retention time (min) ESI mode Precursor ion (m/z) Q1 (CE, eV) Q2 (CE, eV) Q3 (CE, eV) Q2/Q1 ratio Q3/Q1 ratio
aFosetyl 5.14 - 109 81 (12) 79 (28) 63 (36) 0.33 0.70
bAMPA 5.64 - 110 63 (20) 79 (36) 1.09
¢GLU 5.95 + 182 56 (28) 136 (12) 0.91
dGLY 8.23 + 170 88 (8) 60 (18) 42 (32) 0.33 0.60
INAG 8.21 + 224 56 (44) 164 (10) 136 (20) 0.29 0.51
4MPPA 8.61 + 153 135 (8) 79 (24) 0.79
aFosetyl-ds 5.13 - 114 83 (12) 81 (28) 63 (36)
bAMPA-13C,15N 5.52 - 112 63 (20) 79 (36)
¢GLU-ds 5.94 + 185 56 (28)
dGLY-13Cy, N 8.22 + 173 91 (8) 62 (17)

a to d, denote the surrogate standard assigned to each pesticide.
CE, collision energy (eV).

batch), one procedural blank and one spiked sample (addition level
100 ng L) were processed. Acceptable data correspond to con-
centration levels below method LOQs (from 5 to 20 ng LI, de-
pending on the compound) in procedural blanks, and recoveries in
the range from 80% to 120%. LOQs were calculated as the concen-
tration of each compound providing a signal to noise (S/N) ratio of
10 for the Q1 transition while ratios between qualification transi-
tions (Q2 and Q3 when available) and Q1 remain with + 30% of
average values obtained within the calibration range of the proce-
dure, Table 1. Compounds identification in non-spiked samples was
based on retention time match with calibration standards (max-
imum variation + 0.1 min) and qualification (Q2, and Q3 when
available) to quantification (Q1) ions response ratios showing dif-
ferences lower than 4+ 30% compared to those obtained for calibra-
tion standards, Table 1.

3. Results and discussion
3.1. Optimization of SPE on-line connected to LC-QqQ-MS

Table 1 summarizes retention times, ionization mode, and m/z
values for precursor and product ions of target compounds and SSs.
Although both ionization modes were evaluated, ESI (+) produced
higher signal to noise (S/N) response ratios for all compounds ex-
cept in case of Fosetyl and AMPA.

At least two MRM transitions were selected per compound. The
dwell time per transition was set at 100 ms for AMPA and GLY
(to enhance the detectability of both pesticides) and 20 ms for
the rest of compounds. The gradient of mobile phase was adapted
from our previous study dealing with the determination of AMPA,
GLY and Fosetyl in vegetal origin samples [17], considering the
delay of retention times induced by the on-line SPE extraction-
desorption steps. Although alternative gradients to that reported
in Section 2.4 can be considered, baseline separation between the
peaks of AMPA and Fosetyl is mandatory since both compounds
share several product ions and the my/z of their precursors ([M-H]~
ions) differ only in 1 unit, Table 1. So, the cluster of signals as-
sociated to the [M-H]~ ion of Fosetyl (m/z values 109 and 110, the
latter due to the natural abundance of 3C) might lead to false pos-
itives for AMPA, whose precursor ion ([M-H]~) has a m/z ratio of
110, unless both compounds are baseline separated.

As regards the on-line SPE concentration step, the flowrate of
water (phase C, from 0.5 to 2 mL min~!, during 2.5 min) employed
to load standards and/or samples (up to 0.45 mL aliquots) in the
on-line connected SPE sorbent showed a little effect in their MRM
responses. Values below 0.5 mL min~! turned in a poor repeatabil-
ity; whilst compound losses can occur at loading flowrates above
2 mL min~! as a result of too low equilibration times. Eventually,
flowrates of 0.5 mL min~! (0-1 min) and 1 mL min~! (1-2.5 min)
were employed. During this step, target compounds are retained by

the anionic-exchange sorbent, whilst neutrals and cationic species
flow through to waste. The above flowrates led to pressure values
of 30 and 60 PSI in the on-line cartridge.

For standards prepared in ultrapure water, responses of all the
compounds (peak areas without SS corrections) increased steady
for volumes of sample from 0.05 mL to 0.45 mL (data not shown);
however, a different behavior was noticed for environmental sam-
ples. Fig. 2 shows the slopes of calibration curves obtained for
spiked aliquots of river and a commercial, bottled mineral wa-
ter normalized to those measured for ultrapure water. These two
matrices were selected as representative of soft (river water, Ca%+
5 mg L-1, Mg2* 3 mg L) and hard (mineral water, Ca* 86 mg
L-1, Mg+ 30 mg L~') waters. For sample volumes of 0.080 and
0.160 mL, determination coefficients (R?) above 0.999 were ob-
tained for the plots of response versus concentration, with similar
slopes for the 3 types of water. However, when 0.240 mL of sam-
ple are loaded in the on-line cartridge, significant reductions in the
normalized slopes of several compounds, except NAG and MPPA,
were found, Fig. 2. Direct injection (0.05 mL volume aliquots) of
same spiked samples in the anionic exchange column, avoiding the
SPE step, reflected important variations in the slopes of calibration
curves corresponding to the river and the mineral water matrix
compared to those obtained for ultrapure water. Particularly, the
responses of GLU were enhanced significantly in both water ma-
trices compared to ultrapure water; moreover, GLY could not be
detected in hard mineral water and the efficiencies of MPPA and
AMPA detection were reduced in more than 90%, Fig. S3. This in-
formation, in combination with data shown in Fig. 2, supports the
fact that the on-line SPE step, contributes to reduce the complex-
ity of the sample and to improve the performance of compounds
determination, avoiding the entrance of neutrals and basic species
in the chromatographic column.

3.2. Performance of SPE on-line combined with LC-MS/MS

The linearity of the method was assessed with calibration stan-
dards prepared in the range from 5 ng L~! to 5000 ng L~!, at nine
different concentration levels (5, 10, 20, 50, 100, 250, 500, 2000
and 5000 ng L1, injected in duplicate). After correction of MRM
responses with those of isotopically labelled standards, R? values
above 0.998 were obtained, Table 2. Despite NAG and MPPA are
structurally related to GLU, their retention times were closer to
that of GLY; thus, the labelled analogue of GLY was used as SS
of these two compounds. The reproducibility of responses (peak
area without SSs correction) for a 40 ng L~! standard in ultrapure
water varied from 2% for NAG to 8% for AMPA (n = 9 extraction-
determination cycles within a 24-h sequence). Fig. 3 shows the
chromatogram for a low-level calibration standard (20 ng L~! per
compound).
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Fig. 2. Slopes of calibration curves obtained for spiked aliquots of two different water samples normalized to those corresponding to ultrapure water. Calibration range:
50 ng L' to 2000 ng L. Error bars reflect standard deviations for the slope of calibration curves corresponding to each matrix.

Table 2

Linearity, accuracy (recoveries for spiked samples, 80, 200 and 500 ng L~!, with SD,%) and LOQs of the SPE on-line LC-QqQ-MS direct analysis method.

Recovery (average with SD, n = 3 replicates)

Compound R? (5-5000 ng L-!) Ground water River water Tap water LOQs (ng L 1)
80ng L' 200ngL' 500ngL' 80nglL' 200ngL' 500ngL! 80ngL' 200ngL! 500ngL!

Fosetyl 0.9994 71 (4) 77 (7) 122 (6) 115(2) 91 (5) 95 (7) 118 (2) 92 (3) 126 (1) 5

AMPA 0.9993 102(2) 88 (5) 112 (3) 83 (3) 80 (3) 86 (6) 101 (2) 89 (4) 106 (8) 5

GLU 0.9997 99 (3) 85 (3) 111 (1) 98 (1) 84 (5) 95 (8) 104 (3) 87 (1) 105 (5) 20

GLY 0.9999 93 (1) 85 (4) 106 (2) 103 (4) 87 (4) 88 (9) 101 (4) 86 (3) 114 (4) 10

NAG 0.998 87 (3) 99 (6) 101 (27) 79 (1) 92 (4) 97 (8) 83 (3) 93 (4) 141 (3) 5

MPPA 0.999 90 (2) 102 (6) 102 (14) 88 (3) 97 (5) 101 (9) 91 (2) 99 (4) 111 (2) 5

The accuracy of the method was investigated considering three Table 3

water matrices and three addition levels (80 ng L-!, 200 ng L!
and 500 ng L~'). Obtained data are summarized in Table 2. In
general, recoveries varied in the range from 80% to 105%, with
associated standard deviations (SDs) below 8%. In the particular
case of Fosetyl, recoveries for the different matrices showed aver-
age percentages between 71% and 126%, with similar SDs to those
reported for the rest of compounds, Table 2. Finally, a recovery
around 140% was observed for NAG in one of the samples spiked
at 500 ng L~1. The LOQs of the procedure, calculated as described
in Section 2.5, varied between 5 and 20 ng L~1. GLY and GLU were
the species displaying the higher LOQs (10 and 20 ng L', respec-
tively), due to the relatively low intensity of the qualification tran-
sitions (Q2 and Q3) for the first pesticide (Fig. 3D), and the pres-
ence of an interfering peak in the Q2 transition of GLU (Fig. 3C). In
order to get these values, the LC instrument was daily conditioned
using a solution of citric acid (5 mM) at a flow of 1 mL min~!, for
20 min, before installing the anionic exchange column. No mod-
ifications were made in the hardware of the LC-QqQ-MS system
apart from (1) using an extended injector seat (0.5 mL volume,
made of PEEK) to accommodate the sample before being loaded
in the SPE cartridge and (2) connecting the outlet of the column
directly to the ESI source (avoiding the six-port valve of the MS
spectrometer). The analytical column was used for more than 1000
injections without losses of performance, and the on-line cartridge
was replaced when increased pressure values were noticed (c.a. ev-
ery 300 extraction-desorption cycles).

The previous application of anionic exchange chromatography,
considering similar LC-MS/MS conditions to those applied in the
current research, achieved LOQs of 100 ng L~! for AMPA, GLY and
GLU for direct injection of 0.05 mL samples [18]. Thus, the on-
line SPE step shows a significant impact in the sensitivity of the
analytical procedure, maintaining the simplicity of the direct in-
jection method, at the expense of a little increase in the dura-
tion of the concentration-determination step. LOQs attained in this
research are also lower than those attained for GLY and AMPA
considering SPE on-line connected to cationic exchange LC, post-
column derivatization and fluorescence detection [21]. To the best

Summary of concentrations (ng L~') for compounds above method
LOQs in the set of 66 water samples.

Value AMPA GLY Fosetyl
Maximum 1505.6  3027.5 141.1
Median 44.2 26.9 8.8
Average 110.7 204.7 26.3
Positive samples (%) 88 38 12
Samples above 100 ng L-! (%) 20 6 2

of our knowledge, the lowest LOQs achieved for GLY, AMPA and
GLU in surface water corresponded to the combination of FMOC-Cl
compounds derivatization followed by concentration of samples in
reversed-phase type sorbents, either in the off-line [11], or on-line
modes [10,12]. The above approaches reported LOQs in the range
between 0.7 to 5 ng L~!. On the other hand, compounds deriva-
tization was time-consuming and these methods do not cover the
determination of Fosetyl and MPPA, since they do not react with
FMOC-CL.

3.3. Occurrence of pesticides in surface water samples

Levels of target compounds in processed samples are given
as supplementary information, Table S3. Out of six investigated
species, only AMPA, GLY and Fosetyl were noticed. Table 3 sum-
marizes their maximum, median and average concentrations, to-
gether with the percentage of positive samples and those above
the environmental threshold of 100 ng L~!. Fig. S4 shows the chro-
matograms corresponding to quantification and qualification tran-
sitions of Fosetyl, AMPA and GLY for a non-spiked sample (sam-
pling point S9, 2nd campaign, Table S2) containing concentrations
of these compounds in the range from 8.6 ng L' (Fosetyl) to
61.1 ng L~! (AMPA). AMPA was the compound showing the highest
prevalence, with a detection frequency of 88% and a median con-
centration of 44.2 ng L~!. Although relatively low, this value is sim-
ilar to those affecting the embryogenic development of amphib-
ians [27]. GLY showed the highest maximum concentration, with a
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Fig. 4. Seasonal variations in the concentrations of AMPA in sampling points affected (S1, S15) and not affected (S14 and average of S5, S6, S9 and S11) by municipal STPs

discharges of treated wastewater.

level above 3000 ng L~! in one of the streams draining the hilly
vineyard area; however, the median value (26.9 ng L~!) and the
percentage of positive samples for this compound (38%) remained
below those obtained for AMPA. This trend is coherent with the
higher environmental stability of the later species versus the par-
ent herbicide [7], and potential formation of AMPA from addi-
tional precursor molecules. Finally, Fosetyl was the pesticide show-
ing the lowest median concentration (8.8 ng L~1) as well as the
smaller percentage of samples above method$ LOQs (12%). Glob-
ally, residues of AMPA and GLY found in the set of processed sam-
ples stay 1-2 orders of magnitude below those reported in geo-
graphic areas, such as USA and South America, where GLY resistant
crops are authorized [8,9]. On the other hand, the detection fre-
quencies and average concentrations of both compounds are higher
than those corresponding to time-average samples of surface water
from agriculture and residential areas in Germany [6].

As regards their geographic distribution, AMPA and GLY were
ubiquitous in samples obtained from Limia river (sampling points
S$16 and S17), whereas Fosetyl remained below method LOQs in
this area. Concentrations of the parent pesticide and its degrada-
tion product decreased from points S16 to S17 (Table S3), likely
due to dilution with the tributary channel joining the main river
downstream point S16, Fig. 1. AMPA was also noticed in most sam-
ples from the two other investigated areas, except in those ob-
tained from a ground water spring (S10), where all compounds re-
mained undetected. GLY was measured in some surface water sam-
ples from the vineyard and the residential areas, with the higher
concentrations found in small streams.

The residues of AMPA quantified in sampling points affected by
discharges of treated wastewater (codes S1 and S15) were higher
than in the rest of surface and spring water from the vineyard
and the residential areas, Table S2. Moreover, they increased from
spring (1st sampling campaign) to summer (4th campaign), as the
flow of streams receiving the discharges from STP decreased signif-
icantly, Fig. 4. On the other hand, the average residues of AMPA at
sampling points S5, S6, S9 and S11, placed in a large dam contain-
ing a practically constant volume of 52 cubic hectometers of water,
remained constant during the four sampling campaigns, Fig. 4. This
temporal profile of concentrations is coherent with the formation
of AMPA not only from GLY, but also from phosphate compounds
used in the formulation of detergents during treatment of munic-
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Fig. 5. A, mass flows (g day™') of GLY and AMPA in sampling point S17 (Limia river).
B, mass flow of AMPA (g day™!) in sampling points S2 and S4 (Avia river).

ipal wastewater, as it has been already pointed out by other au-
thors [11]. Comparison of AMPA levels in samples from the same
river (Tinto river), downstream and upstream the discharge of the
municipal STP (sampling points S15 and S14), in a residential area,
point out again to the contribution of these facilities to the release
of AMPA in the aquatic environment, Fig. 4.

Fig. 5A shows the mass flow (g day~!) of AMPA and GLY at
point S17, during the three sampling campaigns. Those for AMPA in
points S2 and S4, during four campaigns, are presented in Fig. 5B.
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Depicted data reflect the total release of compounds in the aquatic
environment, independently of the flow of water courses. In Limia
river (point S17), draining the flat, intensive agriculture production
area, the release of GLY and AMPA clearly decreased from spring
to autumn. On the other hand, the mass flows of AMPA in Avia
river (sampling points S2 and S4) were more homogeneous, with
the highest value observed in June.

4. Conclusions

The on-line combination of SPE, using a PEEK-lined strong an-
ionic exchange cartridge, with an analytical column containing
same stationary phase permitted the sensitive, automated determi-
nation of six Zwitterionic pesticides in environmental water sam-
ples, without any previous sample pretreatment, except filtration.
The procedure achieved LOQs between 5 and 20 ng L~!, with ac-
ceptable accuracy values (calculated recoveries from 71% to 126%
in all samples, but one), and limited effect of the sample matrix in
the responses of target compounds. Thus, it represents a significant
improvement compared to direct injection methods using same LC
separation mechanism, and a much faster option than FMOC-CI
based derivatization approaches. Analysis of surface water sam-
ples, obtained in a residential area and two agriculture basins with
different types of crops, showed the presence of AMPA, GLY and,
less often, Fosetyl in this environmental compartment. The lower
levels of AMPA and GLY were noticed in springs of groundwater,
whilst the higher concentrations of AMPA were associated to STPs
affected streams and rivers. Further studies should assess the ori-
gin of AMPA noticed in this kind of water courses, including the
search of additional precursors to GLY.
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