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a  b  s  t  r  a  c  t

Analysis  of  the  broad-spectrum  herbicide  glyphosate  and  its  related  compounds  is  quite  challenging.
Tedious  and  time-consuming  derivatization  is  often  required  for these  substances  due  to  their high
polarity,  high  water  solubility,  low  volatility  and  molecular  structure  which  lacks  either  a  chromophore
or  fluorophore.  A  novel  liquid  chromatography/tandem  mass  spectrometry  (LC/MS–MS)  method  has
been developed  for the  determination  of  glyphosate,  aminomethylphosphonic  acid  (AMPA)  and  glufosi-
nate  using  a  reversed-phase  and  weak  anion-exchange  mixed-mode  Acclaim® WAX-1  column.  Aqueous
environmental  samples  are  directly  injected  and  analyzed  in  12  min  with  no  sample  concentration  or
derivatization  steps.  Two  multiple  reaction  monitoring  (MRM)  channels  are  monitored  in  the  method  for
each target  compound  to  achieve  true  positive  identification,  and 13C,15N-glyphosate  is  used  as  an  inter-
nal  standard  to  carry  out  isotope  dilution  mass  spectrometric  (IDMS)  measurement  for  glyphosate.  The
instrument  detection  limits  (IDLs)  for glyphosate,  AMPA  and  glufosinate  are  1, 2  and  0.9  �g/L, respectively.

2 2
ixed-mode column Linearity  of the  detector  response  with  a  minimum  coefficient  of  determination  (R )  value  (R > 0.995)  was
demonstrated  in  the  range  of  ∼10 to  103 �g/L  for  each  analytes.  Spiked  drinking  water,  surface  water  and
groundwater  samples  were  analyzed  using  this  method  and  the  average  recoveries  of  analytes  in  three
matrices  ranged  from  77.0  to  102%,  62.1  to 101%,  66.1 to  93.7%  while  relative  standard  deviation  ranged
from  6.3  to  10.2%,  2.7  to  14.8%,  2.9  to  10.7%,  respectively.  Factors  that may  affect  method  performance,
such  as  metal  ions,  sample  preservation,  and  storage  time,  are  also  discussed.
. Introduction

Glyphosate is a non-selective, broad-spectrum herbicide used
or control of annual and perennial plants including grasses, sedges,
road-leaved weeds, and woody plants [1,2]. It is used primar-

ly in corn, soybean production and landscaping in urban areas.
everal different forms of glyphosate are in widespread use includ-
ng isopropylamine (e.g., Roundup Original®), potassium salt (e.g.,
oundup WeatherMAX®) and the trimethylsulfonium salt (e.g.,
ouchdown®). Aminomethylphosphonic acid (AMPA) is a major
etabolite of glyphosate and is often monitored due to its occur-

ence in environmental samples. Glufosinate or its ammonium salt
e.g., Basta, Rely, Finale, Challenge and Liberty) is also a broad-
pectrum, non-selective herbicide [3] used in nurseries, vineyards,

nd orchards. As shown in Fig. 1, glyphosate and glufosinate
re similar in structure. However, they exhibit completely differ-
nt modes-of-action. Glyphosate works by inhibiting an enzyme
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involved in the synthesis of the aromatic amino acids (tyrosine,
tryptophan and phenylalanine) while glufosinate works by block-
ing the enzyme glutamine synthase, a central enzyme in plant
metabolism. Glyphosate resistance encountered in problematic
weeds, such as rye grass, can be overcome by applying glufosinate.
The recent development of crop plants that have been genetically
modified to tolerate glufosinate is expected to increase its usage in
the future [4].

Glyphosate and related herbicide glufosinate are considered
moderately toxic to animals and humans, and have therefore been
used extensively worldwide [5,6]. The frequent applications of
these compounds generate concerns about their long-term influ-
ence and necessitate their monitoring. Since the 1980s, a wide
range of analytical techniques have been employed for the deter-
mination of glyphosate and related compounds [7],  including
gas chromatography (GC) [8–10], high-performance liquid chro-
matography (HPLC) [11–13],  capillary electrophoresis (CE) [14–16]

coupled with, most commonly, fluorescence or mass spectrom-
etry (MS) detection. The high polarity, high water solubility,
low volatility, and the lack of chromophore or fluorophore in
the molecular structure of these compounds made derivatization

ghts reserved.
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Fig. 1. Structures of glyphosate, AMPA and glufosinate.

 standard procedure employed for their determination to
mprove volatility, enable chromatographic separation, and/or
o increase detection sensitivity. Commonly used derivatization
gents include trifluoroacetic anhydride (TFAA)/trifluoroethanol
TFE) [17,18],  chloroformates/diazomethane [19], 9-fluorenyl

ethoxycarbonyl chloride (FMOC-Cl) [20,21], and orthophthalde-
yde (OPA)/mercaptoethanol [22,13].

A few attempts to eliminate the tedious and time-consuming
erivatization step have been reported by using ion chromatogra-
hy (IC) technology [23–25].  Though IC is a very powerful tool for

onic substance separation, co-elution of the target compounds has
een reported previously, which indicates that IC also had diffi-
ulties in separating these high polarity hydrophilic organic acids.
n addition, the non-volatile buffers or the 100% aqueous mobile
hases used in standard IC procedures are not favourable for mass
pectrometric detection. Post-column organic solvent addition was
sed to help the electrospray ionization process by Dahlmann et al.

Taking advantage of the unique multimode (reversed-phase and
eak anion-exchange combined) separation mechanism offered by

he Acclaim® Mixed-Mode WAX-1 column, a novel (LC/MS–MS)
ethod to determine glyphosate, AMPA and glufosinate in aqueous

nvironmental matrices by direct injection with no sample concen-
ration or derivatization is presented here. The analysis is carried
ut by using an electrospray ionization source (ESI) in negative ion-
zation and multiple reaction monitoring (MRM)  scan mode. The

RM channel of the molecular ion and the most abundant product
on is chosen for target compound identification and quantification,

hile a second MRM  channel is employed for further confirmation.

. Experimental

.1. Chemicals and reagents

Custom-made standard stock solutions of glyphosate, AMPA
nd glufosinate ammonium were purchased from Accustandard
nc. and Absolute Standards Inc. The standards from independent
ources were used to monitor calibration accuracy to meet an
ccreditation requirement of the Canadian Association for Lab-
ratory Accreditation Inc. (CALA). Custom-made solutions with
ertificates of analysis were chosen so no further verification for
oncentrations needed. A weight factor of 0.914 was  used to convert
he concentration of glufosinate ammonium to the concentration
f glufosinate. A stock solution (>96% purity) of 13C,15N-glyphosate
as obtained from Cambridge Isotope Chemicals (Andover, MA,
SA) and used as an internal standard (all standards and sam-
les ready for analysis contained 100 �g/L of 13C,15N-glyphosate)
o carry out isotope dilution mass spectrometric (IDMS) analy-
is for glyphosate. Intermediate standard solutions from separate
ources were prepared by mixing the corresponding stock solu-
ions. Then one intermediate standard solution was used to prepare
alibration standard solutions and spiking solution while the other
ntermediate standard solution from a different source was  used

o prepare control standard solutions by serial dilution with high
urity water. Due to the high capacity of the target compounds to
orm a coordination complex with metal ions, plastic labwares or
ilanized glasswares were used to avoid their adsorption onto the
218 (2011) 5638– 5643 5639

glass surfaces. Clean glassware was silanized first by rinsing/filling
with Sylon CT silanizing solution (Supelco, Mississauga, Ontario) for
1 min, then rinsed twice with toluene, three times with methanol
and finally with NANOpureTM water. The silanized glassware was
air-dried in a fumehood overnight.

Methanol, ammonium acetate (>99%), and ethylenediaminete-
traacetic acid disodium salt (EDTANa2, ACS reagent grade) were
purchased from Sigma Aldrich (Oakville, ON, Canada). 10-mL 25%
w/v  sodium thiosulphate solution dropper bottles were purchased
from ACP Chemicals Inc. (Montreal, QC, Canada).

The high purity water used to prepare standard solutions and
mobile phases was produced by passing reverse osmosis water
through a Barnstead NANOpureTM water purification system (Mis-
sissauga, ON).

2.2. Sample analysis

All standards and samples were stored in polypropylene or
polyethylene bottles at 5 ± 3 ◦C. Samples were allowed to condition
to room temperature before processing. Each sample was homog-
enized by manual shaking before transferring 1 mL of sample to a
1.8 mL  plastic HPLC vial. Then 10 �L of a 10 �g/mL internal standard
solution was  added into each vial. The LC/MS–MS determination
was  achieved using a Shimadzu Prominence/20 series (Columbia,
MD)  HPLC system coupled to an Applied Biosystems (Foster
City, CA) 4000 Q-trap mass spectrometer. Aqueous samples were
injected into an Acclaim® Mix-mode WAX-1 (reversed-phase/weak
anion-exchange) 3 �m 50 mm × 3 mm LC column (Dionex, Sunny-
vale, CA, USA) for separation. Column temperature used was  30 ◦C
and the injection volume was  70 �L. Mobile phases were 50:50
methanol:water (A) and 300 mM ammonium acetate in 50:50
methanol:water (B). The total flow rate was  0.4 mL/min. The ini-
tial gradient was  40% B, increased to 100% B at 4 min, maintained
at 100% B for another 2 min, and then returned to 40% B at 6.5 min.
The LC column was  then conditioned for another 5.5 min resulting
in a total run time of 12 min. Multiple reaction monitoring (MRM)
data were acquired and processed in negative ESI mode. Table 1
listed the two MRM  transitions and collision energies used for each
target compound during the analysis. Isotope dilution was used
for the quantitation of glyphosate, while external standard quan-
titation [26] was used for glufosinate and AMPA. Curtain, collision,
nebulizer, and auxiliary gases of the MS–MS  were set at 15, 6, 45
and 55 psi, respectively. Source temperature and entrance poten-
tial were kept at 600 ◦C and 10 V, respectively. Ion spray voltage,
declustering potential, and collision cell exit potential used were
−4500, −50 and −5 V, respectively.

3. Results and discussion

3.1. Column selectivity and mass spectrometric identification
points

As demonstrated by the total MRM  chromatogram (top plot)
and reconstructed individual MRM  chromatograms in Fig. 2, the
novel column chemistry of the Acclaim® WAX-1 column, which
combined reversed-phase and weak anion-exchange properties
on one column, provided excellent retention and selectivity for
glyphosate and related compounds without derivatization. How-
ever, it was  observed that after running several batches of samples,
the peaks for target compounds, especially for glyphosate, became
broader, with excessive tailing, which indicated stronger retention

of target compounds. The broader MRM  chromatography peaks
for glyphosate and 13C,15N-glyphosate were shown in the smaller
inserted plots in the figure. Possible reasons that might cause peak
broadening had been investigated, and it was believed that the
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Table 1
MRM  schemes for the target compounds are listed in the table below.

Compound name Formula CAS # Q1 Mass Q3 Mass Quantification/confirmation Collision energy (eV)

Glyphosate C3H8NO5P 1071-83-6 168 63 Quantification −30
168 81 Confirmatiom −20

AMPA CH6NO3P 1066-51-9 110 63 Quantification −35
110 81 Confirmatiom −20

Glufosinate C5H12NO4P 51276-47-2 180 63 Quantification −50
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180 

13C,15N-glyphosate – – 170 

170 

ccumulation of ubiquitous metal ions on the column during sam-
le analysis was the source of peak degradation. To remove metal
ctivity, the column was conditioned with a 50 mM disodium EDTA
olution in NANOpure water followed by a 50:50 methanol:water

olution offline for about 3 h at a flow rate of 0.4 mL/min (∼200
olumn volume of solvent). This flush was done when broader
eaks were observed or after 80–100 samples were analyzed as

ig. 2. The total MRM chromatogram (top) and reconstructed individual MRM  chro-
atogram of a standard solution with preservative added NANOpure water at a

oncentration of 20 �g/L for glyphosate, 40 �g/L for AMPA, 18.3 �g/L for glufosinate
nd 100 �g/L for 13C,15N-glyphosate.
85 Confirmatiom −30
63 Internal standard −30
81 Confirmatiom −20

a column maintenance procedure. Retention time (RT) shift might
be observed for target compounds after EDTA reconditioning. The
RT shift maintained consistent for each analyte between column
flushes so it would not affect the analysis. Chromatography res-
olution could be fully returned within 6-month of column usage
even though baseline separation was  not necessary for the mass
spectrometry detector.

The concept of identification points was  introduced for LC/MS
based residue identification to eliminate false positive results [27].
The two  MRM  channels used for each target in this method provide
four identification points (1 point from the molecular ion plus 1.5
point from each product ion) that were enough to ensure the unam-
biguous identification of a compound. The usage of more MRM
channels than just the most abundant one usually sacrifices the
sensitivity of the method. Fortunately, the impact on the sensitivity
was  not great in this method since the intensities of the two MRM
chromatograms for each target were not too far apart, as shown in
Fig. 2.

3.2. Sensitivity, linearity, accuracy and precision

Using diluted standard solutions it was  determined from chro-
matograms that the instrument detection limits for glyphosate,
AMPA and glufosinate were 1.0, 2.0 and 0.9 �g/L, respectively, with
signal-to-noise ratios ≥5. Quantitation limits were then set at 10
times instrument detection limits, therefore 10, 20 and 9 �g/L for
glyphosate, AMPA and glufosinate, respectively. Calibration stan-
dard solutions were prepared by serial dilution with preservative
added Nanopure water (details and reasons for preservative would
be explained later) at seven concentration levels (L1 to L7): 10, 20,
50, 100, 200, 500 and 1000 �g/L for glyphosate, 20, 40, 100, 200,
400, 1000 and 2000 �g/L for AMPA and 9.14, 18.28, 45.7, 91.4, 182.8,
457 and 914 �g/L for glufosinate. The set of calibration standard
solutions were analyzed in replicate (N = 6). Average accuracy (Avg.
Acc.% = calculated concentration/theoretical concentration × 100%,
an accuracy of 100% means that the calculated value is exactly the
same as the theoretical value), relative standard deviation of accu-
racy (Acc. RSD), average peak area (Avg. Area), and relative standard
deviation of peak area (Area RSD) were determined and are listed in
Table 2. The correlation coefficient (R) and the coefficient of deter-
mination (R2) values derived from the six replicate results with
linear fit and 1/x  weighting were also summarized for each MRM
channel in the table.

As listed in Table 2, the calculated results for all target com-
pounds had an average accuracy of 100 ± 10% with less than 10%
relative standard deviation, and a good linear regression as demon-
strated by R2 value > 0.995. It was  noticed that the relative standard
deviation of chromatographic peak areas for glyphosate was much
higher than those for AMPA and glufosinate. As glyphosate has
a stronger retention on the column, it was  eluted much later

with a higher ammonium acetate concentration. This high salt
concentration impacted the ionization process of glyphosate and
caused inconsistency of its signal, hence the high deviation of
peak areas. The use of 13C,15N-glyphosate as an internal standard
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Table  2
Instrument performance data for accuracy, precision and linearity.

N = 6 Glyphosate a Glyphosate b AMPA a AMPA b Glufosinate a Glufosinate b Int. std

168/63 168/81 110/81 110/83 180/63 180/85 170/63

L 1
Avg. Acc.% 96.3 100 102 101 94.0 95.8 –
Acc  RSD 3.86% 3.66% 5.02% 4.53% 5.06% 5.36% –
Avg.  Area 3.32E + 04 1.67E + 04 3.25E + 04 3.80E + 04 1.70E + 04 1.55E + 04 2.32E + 05
Area  RSD 12.2% 9.91% 6.61% 5.11% 4.55% 5.01% 10.6%

L  2
Avg. Acc.% 96.5 98.5 99.2 98.6 96.3 96.9 –
Acc  RSD 4.91% 3.12% 5.23% 5.68% 4.76% 4.23% –
Avg.  Area 4.64E + 04 2.54E + 04 5.30E + 04 6.04E + 04 2.55E + 04 2.30E + 04 2.39E + 05
Area  RSD 15.5% 12.8% 7.96% 7.90% 6.18% 5.60% 10.1%

L  3
Avg. Acc.% 101 98.0 97.8 98.6 102 101 –
Acc  RSD 4.76% 5.48% 5.12% 6.20% 5.49% 6.05% –
Avg.  Area 1.45E + 05 9.00E + 04 1.91E + 05 2.07E + 05 8.68E + 04 7.65E + 04 2.57E + 05
Area  RSD 11.2% 11.9% 5.35% 6.36% 5.38% 5.96% 11.5%

L  4
Avg. Acc.% 103 103 101 102 104 102 –
Acc  RSD 4.31% 4.44% 6.46% 6.05% 4.94% 6.16% –
Avg.  Area 2.99E + 05 1.99E + 05 4.07E + 05 4.32E + 05 1.76E + 05 1.53E + 05 2.71E + 05
Area  RSD 9.03% 7.47% 6.51% 6.18% 5.02% 5.96% 10.0%

L  5
Avg. Acc.% 104 101 100 101 104 103 –
Acc  RSD 3.62% 3.65% 5.32% 5.48% 4.88% 4.98% –
Avg.  Area 6.31E + 05 4.19E + 05 8.13E + 05 8.63E + 05 3.50E + 05 3.10E + 05 2.89E + 05
Area  RSD 7.41% 8.83% 5.29% 5.49% 4.86% 4.93% 8.49%

L  6
Avg. Acc.% 100 98.7 98.9 99.8 102 105 –
Acc  RSD 2.27% 3.54% 5.84% 4.98% 4.16% 4.19% –
Avg.  Area 1.74E + 06 1.18E + 06 2.03E + 06 2.15E + 06 8.58E + 05 7.90E + 05 3.33E + 05
Area  RSD 11.7% 9.67% 5.96% 5.08% 4.14% 4.30% 12.4%

L  7
Avg. Acc.% 98.9 100 100 99.8 97.8 96.5 –
Acc  RSD 2.11% 2.93% 5.51% 6.59% 5.17% 5.50% –
Avg.  Area 3.49E + 06 2.45E + 06 4.12E + 06 4.30E + 06 1.65E + 06 1.45E + 06 3.41E + 05
Area  RSD 9.34% 8.27% 5.57% 6.61% 5.28% 5.50% 8.10%
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R  0.999 0.999 0.998 

R2 0.999 0.999 0.997 

or glyphosate measurement compensated for the variation hence
mproved accuracy of calculated results for glyphosate. It was  also
oticed that the peak area of 13C,15N-glyphosate increased with
lyphosate concentration in the solution due to the contribution
f the [M+2] isotope in the glyphosate molecule. As demonstrated
y the results, this increase did not affect measurement accuracy
ithin the selected concentration range.

.3. Sample analysis for environmental water and
nter-laboratory study

During our study, it was found that AMPA and glufosinate were
ore sensitive to chlorine residues in tap water. Their signals

otally disappeared seven days after being spiked into drinking
ater without adding preservative while glyphosate held its level
ell. To quench the chlorine residue in treated water, 50 �L of 25%
/v sodium thiosulphate solution was added to 50 mL  tap water as

 preservative before the target compounds were spiked. It was  also
ound that the sodium thiosulphate solution added would suppress
he signal intensity of glufosinate to about 50%. To compensate for
his signal suppression, sodium thiosulphate solution was added
o Nanopure water which was used to prepare standard solutions.
odium thiosulphate was  also added to composite surface and com-
osite groundwater before the target compounds were spiked.

The target compounds and/or internal standard 13C,15N-

lyphosate were spiked into tap water, composite surface water
nd composite groundwater from various locations in Ontario to
valuate matrix effects on method performance. Samples were
piked with target compounds (concentration of each target was
0.998 0.999 0.998 –
0.996 0.997 0.996 –

described in Table 3) and 100 �g/L of 13C,15N-glyphosate. Blanks
were spiked only with 100 �g/L of 13C,15N-glyphosate. No target
compounds were detected in any blank, and analytical results for
these freshly spiked environmental water samples were summa-
rized in Table 3. As can be seen from the table, glyphosate had the
best results overall in all matrices. Ion suppression was observed for
glyphosate in the three matrices in an increasing order: groundwa-
ter < drinking water < surface water. Because of the isotope-labelled
internal standard used, the matrix effects were compensated. How-
ever, the results of AMPA and glufosinate did show matrix effects.
Signals for AMPA and glufosinate were suppressed in environ-
mental water comparing with the ones in Nanopure water. Their
average recoveries (Avg. R%) in environmental water ranged from
63 to 82% and relative standard deviation (RSD%) ranged from 9
to 15%. The presence of matrix effects was an expected trade-
off for the elimination of sample preparation work. Data quality
would be improved for AMPA and glufosinate by the use of isotope-
labelled standards as well. 13C,15N-AMPA has been purchased from
Cambridge Isotope Chemicals and will be used in the method for
this purpose. Unfortunately, isotope-labelled glufosinate is still
not available yet. “Standard addition is the most suitable method
for compensating matrix effects” in this case [28]. Recoveries of
13C,15N-glyphosate and 13C,15N-AMPA will be used as an indicator
for standard addition in the future. When recovery of any isotope-
labelled compound in a sample is outside of the acceptable range

of 50–150%, standard addition is mandatory to ensure accurate
results.

This method was developed mainly for monitoring drinking
water quality in Ontario. The method detection limit (MDL) for each
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Fig. 3. The recoveries of spiked target compounds and 13C,15N-glyphosate in drinking water (WD), surface water (WS) and groundwater (WG) from week 0 to 4. Samples
were  stored in the dark at 5 ± 3 ◦C.

Table 3
Results for freshly spiked tap water, surface and groundwater samples.

Compound name Spiked
level (�g/L)

Tap water N = 9 Composite surface water N = 10 Composite groundwater N = 9

Avg. R% Std dev (�g/L) RSD% Avg. R% Std dev (�g/L) RSD% Avg. R% Std dev (�g/L) RSD%

Glyphosate (a) 100 101 6.39 6.32 97.9 2.69 2.75 93.7 4.07 4.34
Glyphosate (b) 100 102 6.40 6.30 101 3.52 3.50 94.3 2.73 2.89
AMPA (a) 200 81.9 14.5 8.86 75.7 15.6 10.3 71.1 14.5 10.2
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AMPA  (b) 200 78.3 13.9 8.86 

Glufosinate (a) 91.4 77.0 7.27 10.3 

Glufosinate (b) 91.4 79.5 7.44 10.2 

arget compound in drinking water was calculated according to the
.S. Environmental Protection Agency (EPA) protocol [29] with 10

eplicates of freshly spiked tap water samples and listed in Table 4.
he method quantification limit (MQL) in the table was defined as
QL  = 3 MDL. To evaluate method performance over time, aver-

ge inter-day accuracy of calculated results for freshly spiked tap
ater samples and RSD% was monitored for ∼6 months and the

esults were summarized in Table 4. As can be seen from the table,
lyphosate had the lowest MDL  at 1.5 �g/L and the best average
ccuracy of 102% with 4% RSD during 6 months period. Lower inter-
ay accuracy of ∼80% and ∼70% with higher RSD of ∼13% and ∼19%
ere observed for AMPA and glufosinate.
Dr. Hanke et al. reported an ultratrace-level method that offered
imits of detection in ng/L range to assess fate and behavior of these
ompounds in groundwater and surface water. This direct injection
ethod was less sensitive compared to these methods with enrich-

able 4
DL, MQL, inter-day accuracy (N = 33) and RSD of the accuracy for freshly spiked

ap  water samples.

Compound name MDL  (�g/L) MQL  (�g/L) Inter-day
accuracy%

RSD%

Glyphosate (a) 1.51 4.53 102 4.05
Glyphosate (b) 1.52 4.56 102 4.28
AMPA (a) 3.85 11.5 80.2 13.1
AMPA (b) 3.91 11.7 77.7 14.1
Glufosinate (a) 1.85 5.55 70.4 19.4
Glufosinate (b) 1.68 5.04 70.6 20.7
3.7 16.9 11.5 70.4 14.8 10.5
2.5 8.34 14.6 66.8 6.23 10.2
2.1 8.39 14.8 66.1 6.46 10.7

ment and derivatization steps. Also due to the higher sample load
on column for detection, the dynamic range is only 102 instead of
103. The lower sensitivity with narrower linear range was again an
expected trade-off for the elimination of sample preparation work.
This method provides a quick, easy and reliable approach to sat-
isfy the needs for emergency response, water quality monitoring
and regulation enforcement in North America, where Maximum
Contaminant Level (MCL) in drinking water for glyphosate is set at
700 �g/L in the United States (280 �g/L in Ontario) and the Water
Quality Guideline for the protection of aquatic life is set at 65 �g/L
in Canada (no limits are set for glufosinate and AMPA).

A storage study was also carried out for the target compounds
in environmental water matrices. Spiked samples and blanks were
refrigerated (5 ± 3 ◦C) and stored in the dark for a month. 1 mL
of the spiked samples and blanks was taken out every week for
analysis. The average recoveries of target compounds in spiked
drinking water (WD), surface water (WS) and groundwater (WG)
samples and the recovery of 13C,15N-glyphosate in WD,  WS  and
WG blanks from week 0 to 4 were plotted in Fig. 3. The results
showed that recoveries for 13C,15N-glyphosate in WD  and WS  were
fairly steady, but decreased significantly with time in WG.  By week
four, only less than 50% of spiked 13C,15N-glyphosate were detected
in WG.  Similar phenomena were also observed for glyphosate by
Ibáñez et al. [30] and Freuze et al. [31] due to slow complexation

with cations in WG.  Our storage study indicated that the measured
results for glyphosate should be acceptable if analysis was  com-
pleted within 3 weeks of the environmental occurrence. It was also
noticed from Fig. 3 that recoveries for AMPA and glufosinate were
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uite stable for the first two weeks, and started to drop from week
hree in all matrices. This also required that samples should be
ollected in a timely manner and analyses should be completed
ithin 14–21 days after the collection date to ensure the best data

uality.
Since native and isotope-labelled glyphosate went through the

ame change in the storage study, the internal standard corrected
ecoveries for native glyphosate in spiked samples were very con-
istent over the four week period in all three matrices. Although
mpossible to add 13C,15N-glyphosate in real samples at the same
ime as glyphosate occurs, it is still better to do the addition as early
s possible so the isotope-labelled standard can behave as closely as
ossible to the native compound. Therefore, another good practice
or sample analysis is to add 13C,15N-glyphosate as soon as sam-
les are received, especially for WG samples. To reduce possible
hanges during storage, it is also better to store all samples frozen
rom the time they are collected until they are analyzed.

CALA completed on-site assessment on the method in Octo-
er 2010. As one CALA accreditation requirement, this method
articipated in two inter-laboratory studies for glyphosate admin-

stered by Environmental Resource Associates (ERA) in August 2010
WS-169) and April 2011 (WS-177). The reported result for sample

S-169 using this method was 715 �g/L, which was 103% of the
grand mean Target” at 692 �g/L (RSD 5.18%) from seven partici-
ated laboratories. The reported result for sample WS-177 using
his method was 380 �g/L, which was 99.2% of the “grand mean
arget” at 383 �g/L (RSD 6.23%) from ten participated laboratories.
ethod performance will be continuously monitored in the future

y regularly participating in such inter-laboratory studies.

. Conclusion

This paper describes a quick, easy and reliable 12-min
C/MS–MS method for the measurement of glyphosate, AMPA
nd glufosinate in environmental water with IDLs of 1.0, 2.0

nd 0.9 �g/L, respectively. Aqueous environmental samples were
irectly injected and analyzed without going through tedious
nd time-consuming derivatization and concentration steps. The
ethod reported here performed well in two inter-laboratory stud-

[

[
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ies and was accredited by CALA for the analysis of drinking water,
surface water and groundwater samples.
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