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A method was developed to determine glyphosate and their metabolites in water. The widespread use of this herbicide in agricultural
activities worldwide, despite the reported adverse effects on both the environment and health, is a cause for concern and makes
it necessary to monitor its presence through a method that guarantees the determination at trace levels. A direct extraction of the
analytes with phosphate buffer was performed with subsequent derivatization with 9-fluorenylmethyl chloroformate. The quantifica-
tion was determined by Ultra Performance Liquid Chromatography-tandem mass spectrometer. The method was validated through
the following parameters: selectivity, detection and quantification limits, linearity, accuracy, precision and uncertainty. The average
recoveries ranged between 94.08 and 103.31%. Additionally, detection limits from 0.396 to 0.433 ..g/L, and the quantification limit was
5.0 ug/L for all the analytes evaluated. In terms of linearity and precision, the results obtained were in the ranges considered adequate
(R%>0.99 and CV <20%), the estimated expanded uncertainty was 12.95, 11.15 and 13.83% for glyphosate, aminomethylphosphonic
acid and glufosinate, respectively. This method was successfully applied for the determination of the target analytes in irrigation water

samples, detecting concentrations of aminomethylphosphonic acid over limit detection for some sampling sites.

Introduction

Air, soil or water pollution is an undesirable alteration process
that can be derived from anthropogenic activities. Agrochem-
icals used in the agricultural sector can generate environ-
mental pollution, with water being one of the main com-
ponents expected to be contaminated (1). Glyphosate is the
most widely used agrochemical in extensive farming systems
around the world, including Mexico (2, 3). Its behavior and
fate in the environment depend on the physicochemical char-
acteristics of the formulation, the properties of the soil and
the amount of product applied, being the interaction between
glyphosate and the constituents of the soil of top importance
in determining its mobility and potentiality contamination of
aquifers and surface water bodies (4).

Glyphosate, due to its high solubility in water, it is very
frequently found as a contaminant of this vital resource,
which confirms that this compound has a great capacity for
infiltration and groundwater contamination. As is evident, we
are exposed to glyphosate through water and food for human
consumption. In addition, its presence in various matrices
has been associated with serious health and environmental
problems (5-7).

The glyphosate molecule is relatively simple: it consists of
the union of the amino acid glycine with a phosphonomethyl
group. It is low molecular weight, high polarity that does
not have chromophore groups, low volatility, and with low
solubility in organic solvents (5).

Due to these peculiar physicochemical characteristics, it is
not possible to analyze it using a multi-residue methodol-
ogy, that is, simultaneously with other pesticides. The most
widely used methodologies for its analysis consist of the
derivatization of the glyphosate molecule, for example, with
the reagent 9-Fluorenylmethyl chloroformate (FMOC-CI), in
order to increase its mass and make it more nonpolar for its
subsequent determination by gas or liquid chromatography
with conventional detectors and/or mass spectrometry (3, 6).

Some of the methods reported for its determination in
water are as follows: Enzyme-Linked Immunosorbent Assay
(ELISA) (4, 8-11), high performance liquid chromatogra-
phy coupled with diode array detector (HPLC-DAD) (12)
or fluorescence detector (HPLC-FLD) (13, 14), dispersive
liquid-liquid extraction (DLLME) combined with ultraper-
formance liquid chromatography tandem mass spectrometry
(UPLC-MS/MS) (15), a UV-Vis spectrophotometry (16), ion
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chromatography with conductivity detection (17) or coupled
with tandem mass spectrometry (18).

The difference between the latter and the method developed
and validated in the present work performs the direct derivati-
zation, with a minimum extraction process and without evap-
oration and/or reconcentration step, for the determination at
trace levels of glyphosate and its metabolites and at the same
time a saving of resources invested in the reagents and supplies
normally used in the extraction process as well as a shorter
time in the execution of the method.

Therefore, the objective of this study was to validate a fast,
sensible, and simple analytical method for the determination
of glyphosate, aminomethylphosphonic acid (AMPA) and glu-
fosinate in water that involves derivatization with FMOC-CI
and subsequent quantification by UPLC-MS/MS.

Experimental
Chemicals and reagents

Analytical standard for Glyphosate (purity 98.2%) was
supplied by Accustandard Inc. (Connecticut, USA), Glufos-
inate (purity 98%) and AMPA (purity 99%) were purchased
Sigma Aldrich (Toluca, Mexico). The solvents acetonitrile and
methanol (MS Grade), acetonitrile, and water (HPLC grade)
and dichloromethane (pesticide grade) were provided by
Technical Control and Representations, S.A. of C.V. (Nuevo
Léon, Mexico). Ammonium formate, sodium dihydrogen
phosphate (NaH;POy4), sodium tetraborate decahydrate
(Na;B4O7%10H;,0), phosphoric acid, formic acid and 9-
fluorenylmethyl chloroformate (FMOC-CI), all ACS grade,
was obtained from Sigma Aldrich (Toluca, Mexico).

Equipment

The equipment used are as follows: Dry bath (JR brand,
Model L12), centrifuge (Hettich brand, Model EBA21),
Ultra Performance Liquid Chromatograph (Waters Brand,
UPLC Acquity model serie H), vortex (Thermo Brand, Model
M16715), pomegranate (Mark Sartorius, Model Practum
2102-1S) and analytical balances (Brand Sartorius, Model
AX224).

Instrumental details and analytical conditions

Each sample was automatically injected through a Sample-
Manager system — FTN Acquity of Waters to an equipment of
Ultra Performance Liquid Chromatography (UPLC Acquity
serie H) equipped with a column Brand Waters Acquity
UPLC BEH C18 1.7 um, 2.1 mm x 50 mm, in a volume
of 5.0 uL. Conditions employed were established by the
laboratory during the development of the chromatographic
method, with mobile phase A (ammonium formate 5 mM,
pH 3.0) and mobile phase B (acetonitrile +-0.1% formic acid),
with the following gradient (Table I). With a total running
time of 8.0 min, the target compounds were then detected by
tandem mass spectrometry (MS/MS) using triple quadrupole
mass spectrometry (Xevo TQD, Waters, Manchester, UK)
with an orthogonal Z-spray-electrospray interface. The mass
spectrometer was operated in positive electrospray ionization
mode (ESIT) and data were acquired and evaluated with
workstation MassLynx 4.1 (Waters, Manchester, UK) using
multiple reaction monitoring (MRM) for at least two tran-
sitions, which were used as quantitative and confirmation
transition pairs, under the following conditions of tandem
mass (Table II) (Figures 1S, 2S and 3S) (19).
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Table I. Gradient of the Chromatographic Method UPLC/MS-MS

Gradient Time (min) Flow (mL/min) % A %B
0 Inicial 0.3 90 10
1 5 0.3 10 90
2 51 0.3 90 10
3 8 0.3 90 10

The optimized ionization source parameters were: source
temperature, 150°C; ionization voltage, 3.21 kV; desolvation
temperature, 400°C; desolvation gas flow, 650 L/h; cone gas
flow, 300 L/h; collision gas flow, 0.15 mL/min. Nitrogen
was used as desolvation gas and extracted from room air
by a nitrogen generator MM32LA Model (Peak Scientific
Instrument Limited, Inchinnan, Scotland, UK).

Preparation of stock solutions

Stock solution of glyphosate, AMPA and glufosinate stan-
dards were prepared using a 50:50 (v/v) water/acetonitrile
mixture acidified 1% with formic acid as solvent separately at
a concentration of 1.0 mg/mL, subsequently an intermediate
dilution of 10 ug/mL was prepared, the latter was a mixture
of the three analytes that was used for the fortification of the
control samples (matrix blank) and to prepare the working
solutions (5, 10, 25, 50, 250 and 500 ug/L) for a standard
curve, which was carried out by derivatizing the standards
diluted in 2 mL of the KH,PO4/Na;B4O~ buffer (0.1 M,
pH=9).

Methods

Analysis materials

As there was no reference material or matrix blank avail-
able, water HPLC grade was used as a control material and
analyzed by the method submitted for validation both in its
original state (blank) and after addition (fortification) of a
known mass of the analytes to the test portion. Through these
preliminary tests, the probable interferences of the derivatiza-
tion reagents that may interfere with the determination of the
analytes of interest (selectivity) were established.

Analytical sample preparation

The control sample was diluted in a 1:1 (v/v) ratio with the
KH,PO4/Nay;B4O7 buffer (0.1 M, pH=9) and 2 mL were
fortified at the concentration levels mentioned above with the
analytes to evaluate (glyphosate, AMPA and glufosinate).

Derivatization

2.0 mL of the fortified sample were transferred into a 10 mL
glass tube or vial with screw cap. Subsequently, 2 mL of
FMOC-CI reagent in acetonitrile (1 mg/mL) were added. The
tube is sealed, shaken vigorously, and incubated at 60°C for
1 h. At the end of the incubation time, it is left to cool, and
the reaction was stopped by adding 130 uL of 2% phosphoric
acid.

Clean-up procedure

To remove excess FMOC-CI, a liquid-liquid extraction was
performed with 5 mL of dichloromethane and centrifugation
at 3500 rpm for 10 min. Finally, 1 mL of the aqueous phase
was filtered through a nylon syringe filter (13 mm, 0.22 pm)
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Table Il. MS Tandem Conditions for the Analytes under the Scope

Analite Parent m/z Daughter m/z Dwell (s) Cone (V) Collision (eV)
Glyphosate 392 170 0.032 20 15

214 0.032 20 10
Glufosinate 404 136 0.032 15 15

182 0.032 15 10
AMPA 334 111.8 0.032 20 20

156 0.032 20 15

and 5.0 uL of the final extract was injected into the UPLC-
MS/MS chromatographic system.

Quantifications

Pesticide concentrations were calculated by the external stan-
dard method (20):

R
Concentration (ppb or ug/L) = % (1)
v

where

R = Response (area) of the sample peak.

Cs = Concentration (ng) of the injected standard.

Rs =Response (area) of the standard peak.

Eqy = Equivalent volume (mL/pL) of injected sample of
sample.

Validation study

Method validation was carried out as per the ICH guideline
(21) and following the protocol previously established inter-
nally by the working group in the laboratory (22), where
parameters selectivity, limit of detection (LOD), limit of quan-
tification (LOQ), linearity, accuracy, precision and uncertainty
were evaluated. All experiments were performed in triplicate
and the quality criteria described in these documents were
used to judge whether the validation was successful or not
(21, 22).

Method application to water analysis

The validated methodology was applied to monitor the three
analytes in wastewater (treated and untreated), canal and river
waters from the Atotonilco de Tula Wastewater Treatment
Plant (WTP) and the Irrigation District (ID) 003: Tula, located
in Hidalgo, Mexico. The water samples were collected in
January 2022, on a single occasion, at eight different sites
distributed as follows:

1) Wastewater: before the effluent enters the Atotonilco
de Tula WPT (latitude: N”923.21”; longitude: W
99°14'2.70").

2) Treated water: the Atotonilco de Tula WPT efflu-
ent outlet (latitude: N 20°11’31.10”; longitude: W
99°14'35.22").

3) Intermediate point of the Tula River: Canal Progreso,
Hidalgo (latitude: N 20°14'19.14”; longitude: W
99°10'48.47").

4) Point on the Tula River: Mixquiahuala, Hidalgo (lati-
tude: N 20°14'8.49”; longitude: W 99°13/38.54").

5) End point 1 of the Tula River: Ixmiquilpan, Hidalgo
(latitude: N 20°28'46.37"; longitude: W 99°13/25.08").

6) End point 2 of the Tula River: Ixmiquilpan, Hidalgo
(latitude: N 20°28’58.82"; longitude: W 99°12’58.96").

7) ID 003 Tula: Canal La Lagunilla, Hidalgo (latitude: N
20°222.40": longitude: W 99°2/55.12”).

8) ID 003 Tula: Canal Ejido El Mezquital, Hidalgo (latitude:
N 20°21'10.40": longitude: W 98°55’38.91").

The about 1-L surface water samples were transferred to
amber glass bottles and kept on ice for later transport to the
laboratory, where they were kept at —20°C until analysis.

Results

Analytical method validation

Selectivity

In chromatographic determination, the presence of interfer-
ents in the sample can be confirmed when injecting a matrix
target using mass spectrometry as an analytical tool and
applying MRM acquisition allows us to confirm the iden-
tity of the analyte with the monitoring of specific ions that
are generated by fragmenting the molecule. There were no
considerable chromatographic signals or interferences for the
injected water blanks; this indicates that the method was
specific or selective for the compounds of interest (Figures 1, 2
and 3).

Limits of detection and limits of quantification

The developed method exhibited high sensitivity, which can
be clearly guaranteed from the LOD values of 0.433, 0.396
and 0.396 ug/L and LOQ values of 5.0 ug/L for all analytes
evaluated (glyphosate, AMPA and glufosinate) (Table III).

Linearity

The developed method exhibited the linearity of the analytes
ranging from 5 to 500 ug/L, which was confirmed by lin-
ear regression analysis of the data with a plot between the
pesticide concentrations versus peak area. The data showed
a coefficient of determination for the developed method as
>0.99 in all cases (Table III, Supplementary Figures 4S, 5S
and 6S).

Accuracy and precision

The method was accurate and precise for all compounds
evaluated, with recoveries between 94.08 and 103.31% and
Coefficients of Variation (CV) between 5.40 and 6.70%. In
all these cases, the acceptance criteria for the recovery per-
centage (70-130%), and CV (<20%) were covered (Table III,
Supplementary Table IS).

Uncertainty

The uncertainty measure was calculated at a confidence level
of 95%, using the following equation:

U =k «RSD (2)
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Figure 1. MRM acquisition chromatogram for glyphosate (blank reagents vs fortified samples).

Table lIl. Limits of Detection (LOD), Limits of Quantification (LOQ), Linearity (Criterion A2 > 0.99), Accuracy (Criterion: Recovery Percentage between 70
and 120%), Precision (Criterion Coefficient of Variation (CV) < 20%) and Expanded Uncertainty (%) for the Evaluated Pesticides

PESTICIDES LOD LOQ Linearity (R?) Equation Accuracy (average Precision Expanded
recovery %) (%CV) uncertainty (%)

Glyphosate 0.433 N 0.9994 y=1.1269x — 6.2996 103.31+6.56 6.35 12.95

AMPA 0.396 5 0.9996 y=0.9818x — 2.2748 96.07£5.18 5.4 11.15

Glufosinate 0.396 5 0.9995 y=1.0307x — 4.4822 94.08 £6.31 6.7 13.83

where:
U = Expanded uncertainty (expressed as a percentage).
RSD: Relative standard deviation.
k = Coverage factor (for 95% =2).

The calculated expanded uncertainty was 12.95,11.15 and
13.83% for glyphosate, AMPA, and glufosinate, respectively
(Table III). If we want to calculate the measurement interval
of the uncertainty of a real sample, the expanded uncer-
tainty will have to be multiplied by the analyte concentra-
tion found (23). For example, if a water sample contains a
glyphosate concentration of 1.1 ug/L, the interval will be
equal to (12.95/100) x 1.1 ==40.14 ug/L and the result will
be reported as glyphosate =1.10 £ 0.14 ug/L.

Method application

The analysis of the water samples showed trace values, that
is, below the detection limits, for the three analytes of interest.
Only the sites 4 and 5 presented residues of AMPA above the
LOD with 0.413 £0.04 and 0.472 £0.05 ug/L, respectively
(Table IV).

Discussion

Our method’s LOQ are lower than that reported by Hao et
al. (24) who validated a method for direct aqueous determina-
tion of glyphosate, AMPA and glufosinate by UPLC-MS/MS
establishing LOQs of 10,20 and 9 pg/L for glyphosate, AMPA
and glufosinate, respectively. Giang et al. (25) determined
glyphosate, AMPA and glufosinate in drinking water by solid
phase extraction (SPE) and reconcentration of the extract with
nitrogen and subsequent quantification for UPLC-MS/MS
reporting LODs of 2.0, 3.0 and 1.0 pg/L and LOQs of
10.0, 15.0 and 10.0 ug/L for glyphosate, AMPA and glufosi-
nate, respectively. When compared with these direct injection
methods that do not involve a derivatization step, the main
advantage of the present method is its simplicity and high
sensitivity.

Also, the proposed method presented a higher sensitiv-
ity when compared to other analytical methods. For exam-
ple, Dovidauskas et al. (17) performed the validation of a
method for the determination of glyphosate and AMPA in

€20z AInp 0 uo 1s8nB Aq | 1 ZS0Z.2/SHOPBWA/IOSWOIY/S60 L "0 /I0P/a0IIB-80UBAPE/IOSWOIYD/WOoo dno olwapese//:sdiy woll papeojumod



Analysis of Glyphosate and its Metabolites in Water

20220126_19 Sm (Mn, 2x2)

1: MRM of 2 Channels ES+

372 334 > 156 (AMPA)
957 334 2.26e4
LS
Water Sample (Matrix spike)
Quantification Trace
-5_""1""|""| B A EE TSR LG L I L L UL L O ML S R UL NG S W AT I TR N T TR R NG Y, T |
-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
20220126_19 Sm (Mn, 2x2) 1: MRM of 2 Channels ES+
334 > 111.8 (AMPA)
957 2.26e4
S
Water Sample (Matrix spike)
4 e Target lon Trace
_5""1""|""l LG WA R SRR RLRL SR TR LT L LY. N L LA S TR LRI RS TR TN B |
-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
20220126_19 Sm (Mn, 2x2) 1: MRM of 2 Channels ES+
372_ TIC (AMPA)
957 334 2.26e4
Sy
Water sample (Matrix spike)
n Total lon Currant (TIC) adquisition
-5""1""|""| LT Vil LR TRl BT R B Tuidtial TRl diC i Wil £ IR LT SR LR T aE SR N |
-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
20220126_11 Sm (Mn, 2x2) 1: MRM of 2 Channels ES+
TIC (AMPA)
957 2.26e4
=
33:?40 Water sample (Matrix blank.). )
n N g it as Total lon Currant (TIC) adquisition
5Tt Time
-0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
Figure 2. MRM acquisition chromatogram for AMPA (blank reagents vs fortified samples).
Table IV. Concentrations of Pesticides Detected in Water Samples from the Tula, Hidalgo, Mexico
Sample site Identification Pesticides Concentration (ug/L)
Site 1 Entrance to WPT Glyphosate Traces < LOD
AMPA Traces < LOD
Glufosinate Not detected
Site 2 Outlet to WPT Glyphosate Traces < LOD
AMPA Traces < LOD
Glufosinate Not detected
Site 3 Tula River, Canal Progreso Glyphosate Traces < LOD
AMPA Traces < LOD
Glufosinate Not detected
Site 4 Tula River, Canal Mixquiahuala Glyphosate Traces < LOD
AMPA 0.472
Glufosinate Not detected
Site § Tula River, end point 1 Glyphosate Traces < LOD
AMPA 0.413
Glufosinate Not detected
Site 6 Tula River, end point 2 Glyphosate Traces < LOD
AMPA Traces < LOD
Glufosinate Not detected
Site 7 ID 003 Tula: Canal La Lagunilla, Hidalgo Glyphosate Not detected
AMPA Traces < LOD
Glufosinate Not detected
Site 8 ID 003 Tula: Canal Ejido El Mezquital, Hidalgo. Glyphosate Not detected
AMPA Traces < LOD
Glufosinate Not detected

water using ion chromatography with conductivity detection,  glyphosate determinations in water reporting an LOD of
obtained LODs, for glyphosate and AMPA, of 15 and 80 ug/L, 0.6 ug/L, however ELISA tends to overestimate the concen-
respectively, which are well above those established in this  tration of glyphosate in water samples due to the presence
work. Rubio et al. (8) established a method by ELISA for of matrix interferences (10). Pimenta et al. (12) used the
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Figure 3. MRM acquisition chromatogram for glufosinate (blank reagents vs fortified samples).

HPLC-DAD method for the determination of glyphosate and
AMPA in water with LODs of 8.2 and 300 ug/L, respectively;
and Abdullah et al. (26) developed a method for the determi-
nation of glyphosate and AMPA that involves SPE in an anion
exchange cartridge and subsequent elution with citrate buffer
and determination by HPLC-FL reporting LODs of 2.0 ug/L,
for both analytes.

On the other hand, some authors have reported LOQs
similar to those of the present study. For example, Pinto et
al. (15) reported a LOQ of 1.0 pg/L for glyphosate, AMPA
and glufosinate in water by in-situ derivatization and disper-
sive liquid-liquid extraction (DLLME) combined with UPLC-
MS/MS.

Although there are methods that have been reported for
the determination of the analytes evaluated here with lower
LODs than those of the proposed method. These imply
a greater effort since to increase sensitivity they subject
the sample to lyophilization and reconcentrate the extract
using nitrogen (14) or sample acidification with increased
derivatization time (27) or with limitation in the maximum
detectable concentration (9-11). For example, Vu et al. (28)
implemented a method for the determination of glyphosate,
AMPA and glufosinate in water without derivatization
employing SPE followed by UPLC-MS/MS fixing LOQs
of 0.5 ug/L for glyphosate and AMPA, and 1.0 ug/L for
glufosinate.

Furthermore, even though in Mexico there are no reg-
ulations that establish the maximum limits allowed for

glyphosate and its metabolites in water (3), the developed
method could be proposed as an alternative for its deter-
mination since the LODs and LOQs are lower than those
established in the regulations of countries such as United
States of America (700 ug/L), Canada (280 ug/L), Australia
(1000 ug/L), New Zealand (1000 ug/L), Brazil (500 ug/L)
and China (700 ug/L) (29).

Finally, in Mexico, there are few reports of the presence
of glyphosate in water. Ruiz-Toledo et al. (9) evaluated the
presence of glyphosate in different water bodies (surface and
underground) from Chiapas, Mexico reporting a maximum
concentration of 36.71 and 1.33 ug/L for the dry and rainy
seasons, respectively.

Rendén-Von Osten and Dzul-Caamal (10) analyzed
samples of groundwater and bottled drinking water from
Campeche, Mexico, to determine glyphosate residues, the
maximum concentrations observed were 1.41 and 0.65 ug/L
for groundwater and bottled drinking water, respectively.

Reynoso et al. (11) quantified the presence of glyphosate
in different water bodies (groundwater, surface and drinking
water) from the Tenampulco, Puebla, Mexico the maximum
concentrations observed corresponded to 0.81,4.36,3.11 and
4.33 pg/L for sampling seasons spring, summer, winter and
autumn, respectively.

In all cases, the concentrations observed in the aforemen-
tioned studies were higher than those found in the irriga-
tion water of Tula, Hidalgo sampled in the present study
(Table IV).
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Conclusions

This study presents an analytical method to determinate
glyphosate, AMPA and glufosinate in water by derivatization
with  FMOC-Cl and UPLC-MS/MS quantification. The
performance parameters obtained in the validation of the
analysis method guarantee that it is suitable for the proposed
purpose because the parameters are among the recommended
values for an analytical method.

In addition, the method proposed here involves fewer sam-
ple processing steps, which reduces the possibility of errors
due to loss of analyte or sample contamination. This method
is also cheaper, which is an important factor in routine work.

Finally, the method to irrigation water samples showed that
it can be a good option for the quantification of the analytes
evaluated in this type of samples.

Supplementary data

Supplementary data are available at Journal of Chromatographic
Science online.
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