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In this work, the direct determination methodology of glyphosate and aminomethylphosphonic
acid (AMPA) by high performance liquid chromatography (HPLC) using inductively coupled
plasma with triple quadrupole mass spectrometer (ICP-MS/MS) was compared with the
conventional method using diode array detector (HPLC-DAD). Both methods were selective,
but the chromatographic analysis using ICP-MS/MS as detector was four times faster than DAD.
The methodology using ICP-MS/MS as detector was linear from 27 to 218 pg L', while by
the conventional method it was 1 to 8 mg L. Detection limits of the glyphosate achieved with
the HPLC-ICP-MS/MS and HPLC-DAD methods were 8.2 and 300 ug L', respectively. The
direct determination using ICP-MS/MS as detector showed a lower number of stages in sample
preparation because it did not need the derivatization step. Seven real samples were analyzed by
HPLC-ICP-MS/MS and the results showed that these analytes were not detected.
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Introduction

Glyphosate (N-(phosphonomethyl)glycine) is an
herbicide of great agronomic expression due to wide
applicability and efficiency in controlling weeds in many
crops. In addition, it was considered toxicologically and
environmentally safe for many years, which resulted
in a considerable increase in agricultural applications,
becoming the most widely adopted herbicide in the world.!?
However, in recent years, this increase has raised doubts
and concerns about its increasing use, which in the long
run may lead to undesirable impacts on the environment
and human health. In 2015, the International Agency for
Research on Cancer (IARC) classified glyphosate as a
probable carcinogen to humans.?

Therefore, many studies with glyphosate and its
main metabolite, aminomethylphosphonic acid (AMPA),
have been conducted to investigate and develop simple,
sensitive and efficient methods for extraction and detection
of these compounds in several matrices such as water,*’
s0il,3? fruits'®!> and vegetables.'*"'> However, chemical
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properties of glyphosate and AMPA such as high polarity,
low solubility in organic solvents, absence of chromophore
groups and low volatility make their separation and
detection processes laborious.'>!?

These characteristics make an additional derivatization
step necessary to detect these compounds through
spectroscopic techniques (conventional methods),
which may promote an increase in their selectivity and
sensitivity. Derivatization is still considered the main
sample preparation disadvantage, since this procedure
increases the number of sample preparation steps, requires
expensive reagent use, and may cause analyte loss when
there is not reaction efficiency. In addition, all these factors
may contribute to an increase in standard deviation and
process cost.!'¢

For toxicological and environmental monitoring, several
countries and organizations have established significantly
different maximum residue limits (MRLs) for glyphosate
in drinking water such as 700 pug L' by the US EPA,"”
and less than 0.1 pg L' by European legislation'® for this
matrix. Therefore, several analytical methods have been
developed to determine glyphosate at concentrations below
these limits.
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Gas chromatography (GC) and high performance liquid
chromatography (HPLC) have been the most commonly
used techniques for glyphosate and AMPA quantification,'
and the derivatization step has been necessary in both
techniques. In this context, direct determination using
inductively coupled plasma with triple quadrupole mass
spectrometer (ICP-MS/MS) as a detector for HPLC may
be more advantageous, because it does not require the
derivatization step. The ICP-MS/MS has been used to
determine the heteroatoms instead of compounds, i.e.,
to determine phosphorus in the glyphosate and AMPA
molecules.?® Moreover, the use of the MS/MS mode
eliminates interferences from the matrix, thereby increasing
the technique’s sensitivity.!

The aim of the present work was to compare two
detection systems coupled to HPLC in quantifying
glyphosate and AMPA, evaluating analytical performance
through selectivity, linearity, limit of detection, analysis
and sample preparation time. The evaluated systems were
diode array detector HPLC-DAD (conventional method)
through the molecular detection of derivatized glyphosate
and AMPA, and HPLC-ICP-MS/MS by specific detection
of 3'P isotope present in these compounds.

Experimental
Reagents and solutions

Glyphosate (99.2% m/m) and aminomethylphosphonic
acid (99.0% m/m) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Glyphosate and aminomethylphosphonic
acid solutions were prepared at 500 mg L (stock solution)
separately in ultrapure water (18 M2 cm resistivity) obtained
by the Milli-Q system (Merck Millipore, Darmstadt,
Germany). A solution for each compound was prepared
from stock solution at 25 and 5 mg L' in the same solvent
(working solution). Next, dilutions were made from these
solutions to obtain the analytical curves. All solutions were
stored at 4 °C in the refrigerator in plastic bottles to avoid
the complexation of metal ion standards in glass vials.> Also,
acetonitrile, methanol, 9-fluorenylmethyl chloroformate
(FMOC-CI), phosphoric acid, acetic acid solution (49% m/v),
tetrabutylammonium hydroxide, and ammonium acetate
(65%) were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and sodium borate from QM (Sao Paulo, Brazil).

Instrumentations
HPLC-DAD

The analysis was performed on an Agilent 1290
system (Agilent Technologies, Germany) consisting of a
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quaternary pump, an autosampler, a degasser and a diode
array detector. ZORBAX SB-C8 (4.6 x 150 mm, 5 um)
was employed for separating glyphosate and AMPA
derivatized with FMOC-CI. The mobile phase composition
was 0.2% (v/v) phosphoric acid in water (solvent A) and
acetonitrile (solvent B) at a flow rate of 1 mL min~'. The
column compartment temperature was set to 25 °C and
the injection volume was 20 pL. The program was set
for a linear gradient starting from 10% of solvent B to
reach 45% of the solvent at 18 min. After that time, there
was a decrease of solvent B from 45 to 10% in 2 min,
reestablishing the initial conditions for the next run.
Detection of FMOC-CI derivatives of each herbicide was
performed at A = 250, 260 and 264 nm.®

Derivatization

Glyphosate and AMPA standards were previously
derivatized to provide chromophore groups to the
compounds. Aqueous standard solutions (1, 2, 4, 6
and 8 mg L") were prepared for calibration curves,
where 100 uL of these solutions were transferred to a
derivatization vial (0.3 mL capacity) and then derivatized by
adding 100 pL of 1.25 mM borate bufter (pH 9) followed by
100 uL of 10 mM FMOC-Cl1 reagent, and the reaction was
allowed to take place for 30 min at 25 °C temperature.?? The
derivatized extracts were filtered through a 0.45 um syringe
filter and finally was directly injected into the HPLC-DAD.

HPLC-ICP-MS/MS

The high-performance liquid chromatography module
(Model 1260 Infinity Series, Agilent Technologies,
Waldbronn, Germany) was equipped with a quaternary
pump, autosampler, degasser and thermostatic column
compartment.

A ICP-MS/MS model Agilent 8800® (Agilent
Technologies, Hachioji, Japan) was used, equipped with a
3-channel low pressure peristaltic pump (sample, internal
standard and drain) and sample introduction system
consisting of a concentric nebulizer, double pass spray
chamber surrounded by a temperature control system, a
quartz torch with 2.5 mm diameter injector tube, sampling
and skimmer platinum cones with orifices of 1 and 0.4 mm
in diameter, respectively. A solid state 27.12 MHz radio
frequency generator with helical coils operating between
500 and 1600 Watts of power, fed with argon 99.998% was
used for plasma sustaining. The 8800® has a quadrupole
for ion selection that will enter in the third generation
octopolar reaction system (Octopole Reaction System -
ORS3®) pressurized with 99.999% helium or 99.999% O,
to remove the isobaric interferences through discrimination
kinetic energy or reaction. After the ORS3®, there is another
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quadrupole mass spectrometer with hyperbolic bars with
a dual stage electron multiplier detection system (pulsed
and analog) at the end, which covers the mass spectrum
between 2-260 Da.

The first quadrupole was adjusted to detect m/z 31 *'P),
as this is the mass of the phosphorus isotope (*'P 100%). In
addition, ICP-MS/MS enables using a second analysis mass
in MS/MS mode due the reaction with O, in the collision
and reaction cell (CRC), which is positioned between two
quadrupole analyzers and was used for removing isobaric
interferents.

The O, was introduced as reaction gas in the CRC, and
the second quadrupole was adjusted to monitor the reaction
product m/z 47 (*'P'*O"), so that these ions were detected
with minimal interference:%
3P4+ 150, 5 PO + 0 AH,ion=-3-17eV (1)

The analytical conditions were: ZORBAX SB-C8
(4.6 x 150 mm, 5 pum), injection volume 50 pL, mobile
phase composed of 50 mM acetic acid/ammonium acetate
solution: 5 mM tetrabutylammonium: 1% methanol with
pH = 4.7, isocratic elution with 1.0 mL min™".?* The
HPLC-ICP-MS/MS analysis conditions are summarized
in Table 1.

Analytical curves

Aqueous standard solutions (5, 10, 20, 30 and 40 ug L"!
of total phosphorus) were prepared in triplicate for
HPLC-ICP-MS/MS analyzes. The analytical curves were
obtained by placing the concentration values of glyphosate
and AMPA on the abscissa axis and the areas were obtained
on the ordinate axes using OriginPro 8 software,* which
provided the determination (R?), angular (a) and linear (b)
coefficients of the analytical curves. Extreme values were
investigated and excluded by the Jackknife residual test,
with a maximum exclusion of 22.2% of the original number
of results, and the ordinary least squares method (OLSM)
was again applied to the data for each exclusion.

The assumptions related to regression residuals and
linear model adjustment were verified to validate the
OLSM: (i) normality of residuals by the Ryan-Joiner test;
(i) homoscedasticity of residuals by the Brown-Forsythe
test; (iif) independence of residuals by the Durbin-Watson
test; and (iv) the F-test to verify the regression significance
and linear model adjustment.

Limit of detection

The limit of detection (LOD) should be the lowest
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Table 1. HPLC-ICP-MS/MS operation conditions

ICP-MS/MS parameters*

RF power / W 1600
Plasma gas flow / (L min™") 15
Carrier gas flow / (L min™") 1.0
Makeup gas flow / (L min™') 2.0
Sample depth / mm 3
Nebulizer concentric

Nebulization chamber double-pass
Sampling and skimmer cones platinum

Q1 (m/z *'P) and
Q2 (m/z 47 'P'50%)

Mass monitored

Dwell time / (s per isotope) 0.1

Reaction gas 0O,

Reaction gas flow / (L min™) 1.5
HPLC parameters

ZORBAX SB-C8
(4.6 x 150 mm, 5 um)

Separation column

Temperature / °C 30

buffer: 50 mM acetic acid/ammonium
acetate + 5 mM tetrabutylammonium
+ 1% methanol, pH = 4.7

Flow / (mL min") 1

Mobile phase composition

Injection volume / uL 50

“Adapted from Nelson et al.;*® RF: radio frequency; ICP-MS/MS:
inductively coupled plasma with triple quadrupole mass spectrometer;
HPLC: high performance liquid chromatography.

concentration detected in the added samples, but not
necessarily quantified. The LOD in this study was obtained
by signal-to-noise ratio (S/N) and determined as three times
this relation.

Real sample preparation

The HPLC-ICP-MS/MS methodology was applied to
determine glyphosate and AMPA in water samples from
Turmalina city, Minas Gerais, Brazil. This city was chosen
for presenting large eucalyptus plantations in its region.
We collected water samples from artesian wells, dams,
water springs and cisterns. Therefore, these samples had
high potential to be contaminated by this herbicide as
they were collected near eucalyptus plantation areas. All
water samples were collected in 1000 mL polypropylene
bottles. Water aliquots were stored at 4 °C immediately
after sampling. The water samples were filtered through
0.45 um pore sized membrane filters (Millipore, Bedford,
MA, USA) before analysis. The manipulation and analysis
were developed immediately after sampling.
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Figure 1. Chromatograms obtained from glyphosate (GLY) and AMPA
derivatized standards at 6 mg L' by HPLC-DAD.

The main wavelengths used in determining glyphosate
and AMPA were 260,% 240,'>254, 206, 210 and 360 nm.?¢*
The choice of each wavelength was mainly associated to
the derivatizing agent used. In this study, the wavelengths
250, 260 and 264 nm were simultaneously evaluated by
comparing the slope of the analytical curves (Table S1,
Supplementary Information (SI) section). The angular
coefficients in each analytical curves were statistically
different when evaluated by the 7-test (0. = 5%), indicating
higher sensitivity of the detector to determine these
target analytes in 264 nm, which obtained higher angular
coefficient. Therefore, this wavelength was adopted for the
comparison analyzes with HPLC-ICP-MS/MS.

The chromatogram obtained from the direct determination
of glyphosate and AMPA by HPLC-ICP-MS/MS
showed only two chromatographic signals assigned to the
two target analytes. This result confirmed the selectivity of
the method and the compounds eluted in less than 5 min,
as shown in Figure 2.

Figure 2. Chromatogram obtained from the direct determination of
glyphosate (GLY) and AMPA at the concentration of 50 ug L' of total
phosphorus (corresponding to 273 pg L' of glyphosate and 179 ug L' of
AMPA) by HPLC-ICP-MS/MS.

In this method, the first quadrupole was programmed to
detect P m/z = 31 and the second was adjusted to monitor
the reaction product *'P'®*O* m/z = 47. The reaction of *'P
with O, in CRC was explored with the aim to avoid isobaric
interferents (polyatomic ions)* such as “N'H!¢O*, SN'¢OQ*
and "“C'H,'*O* formed from argon gas plasma, which
contribute with the signal intensity of m/z = 31."

Different gases such as helium, hydrogen, oxygen and
ammonia could be used in CRC,’' but O, was chosen in
this study because it was verified in some studies that the
reaction with oxygen is thermodynamically favorable and
there is a significant increase of sensitivity in detecting
phosphorous compounds in food matrices and water.**
A recent study also obtained better results using oxygen
gas for detecting organophosphorus pollutants in water.*

The comparison of these analytical parameters showed
that both methods were selective, but the method using
ICP-MS/MS as the detector presented a four times shorter
analysis time and a cleaner chromatogram.

Linearity

The second analyte parameter evaluated after
demonstrating that both methods were selective was
linearity. Thus, all outliers were determined and confirmed
by the Jackknife residual test. The residual plots and outliers
removed for each curve are shown in Figure S1 (SI section).
The maximum number of outliers removed was three,
corresponding to a limit of 22.2% of the 15 original data.
This step allowed for deleting some points that could have
an influence on the fitted regression equation. The results
obtained for the tests of normality, homoscedasticity and
independency of residuals indicated that the use of OLSM
were appropriate. Table S2 (SI section) shows the tabulated
critical values and the statistics from the normality,
homoscedasticity and independency tests.
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Also, high significance of the regression was observed
for all curves (Table 2), indicating adjustment to the linear
model at the concentration levels studied for each analyte
in both detection systems.

Table 2. Statistics of variance regression analysis for glyphosate and
AMPA curves in the investigated detection systems

Analyte Statistic © HPLC-DAD HPLC-ICP-MS/MS

F 1.83 x 10 1.71 x 10*
Glyphosate

Foi 1.16 x 1072 2.63x 107

F 221 x 10" 3.57 x 107
AMPA

F, 459 x 1073 3.17x 107

crit

F: statistic test; F,;: tabulated value. HPLC-DAD: high performance

liquid chromatography with diode array detector; HPLC-ICP-MS/MS:
HPLC using inductively coupled plasma with triple quadrupole mass
spectrometer; AMPA: aminomethylphosphonic acid.

Figure 3 presents the x-y plots and the respective OLSM
statistics. These plots demonstrate linearity in the ranges
from 1 to 8 mg L' for derivatized glyphosate and AMPA
by the HPLC-DAD determination, and from 5 to 40 ug L"!
of total phosphorus corresponding from 27 to 218 pg L
of glyphosate and from 18 to 143 ug L' of AMPA by
HPLC-ICP-MS/MS.

; HPLC-DAD
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The comparison of these analytical parameters showed
that both methods were linear for the two target analytes.
However, the methodology using the ICP-MS/MS as
detector was linear from 27 to 218 pg L', while it was 1 to
8 mg L' by the conventional method, showing superiority
for the HPLC-ICP-MS/MS in relation to HPLC-DAD.

Limit of detection

In this study, the detection limit achieved for these
analytes by HPLC-ICP-MS/MS was 36.5 times lower than
HPLC-DAD, as shown in Table 3. These values found in
our study were much lower than the MRL established by
the US EPA in drinking water (700 pg L), but higher than
that determined by the European Union (0.1 pug L.

A recent study using a similar methodology reached
a total phosphorous detection limit of 0.02 to 0.69 ug L',
corresponding to 0.11 to 3.76 pug L' of the glyphosate.
These values were lower to those achieved in our study.®
However, optional gas (1% CO, in argon) was used in this
study for a carbon enhancement effect of up to 3-fold in
the limit of detection. This effect has generally been used
for determination of arsenic, selenium and phosphorous.*

Similarly, the detection limit obtained in determining
glyphosate and AMPA by HPLC-DAD was higher than

1 ox10° HPLC-DAD
y = 11264133.82x + 8325673.55
s R =0.9950
8.0x10"
6.0x10’ -
4.0x10’ -
7
20x10'4 4
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Figure 3. Calibration curves of glyphosate (GLY) and AMPA by HPLC-ICP-MS/MS and HPLC-DAD in the studied concentration ranges, with respective

equations and determination coefficients (R?).
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Table 3. Comparison of the parameters of the chromatographic systems
studied in the determination of glyphosate and AMPA in aqueous samples

Parameter HPLC-DAD  HPLC-ICP-MS/MS
Analysis time / min 20 <5
Derivatization step yes no
Sample preparation time / min 200 30
Selectivity yes yes
Linearity yes yes
Limit of detection / (ug L") 300 8.2
Price +++ +

Performance scale: + = moderate, ++ = good, +++ = very good,
++++ =excellent. HPLC-DAD: high performance liquid chromatography
with diode array detector; HPLC-ICP-MS/MS: HPLC using inductively
coupled plasma with triple quadrupole mass spectrometer.

that reached for aqueous samples (9 ug L')* and in apples
(10 g kg'),* but other derivatizing agents were employed
in these studies such as 4-chloro-3,5-dinitrobenzotrifluoride.
However, the limits of detection achieved in our study were
lower than the MRLs established by the US EPA.

Sample preparation time

The sample preparation includes all the time required
for preparing the derivatization reagent solutions such as
borate buffer at pH 9 and FMOC-CI reagent, the time for
the derivatization reaction to occur, and the preparation of
the analytical curve with five concentrations in triplicate for
both detection systems. In addition, the samples were not
simultaneously derivatized to avoid different waiting times
after derivatization. Thus, the mean sample preparation
time for the HPLC-DAD analysis was 200 min due to the
derivatization step (Table 3). On the other hand, the mean
sample preparation time for determining these analytes
by HPLC-ICP-MS/MS was 30 min, because this step was
not necessary.

The derivatization step was indispensable in determining
glyphosate and AMPA by HPLC-DAD (conventional
method), because there is no chromophore group in
glyphosate or AMPA molecules. Derivatization is not a
simple process, even though it confers higher sensitivity and
selectivity to the studied compounds.' Several factors could
affect the efficiency of the reaction, hindering the analysis
of complex matrices because interferents present in these
matrices could decrease the reaction performance and the
compound quantification. In addition, the applicability of
derivatization agents should be evaluated for each matrix,
because the reaction developed for one matrix may not
work in another with different characteristics, which
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contributes to the increased cost, sample preparation and
analysis time."

The results in this study have shown significant
superiority of the HPLC-ICP-MS/MS method for
determining glyphosate and AMPA in water, as this
method presented a shorter analysis time and absence
of the derivatization step. In addition, the specificity of
this detector and the shorter number of stages in sample
preparation are considerable advantages for using this
technique, because it confers reliability to a method. The
detection by 3'P atom also confers more sensitivity and
selectivity at the elemental analysis level, making it possible
to obtain smaller LODs than in HPLC-DAD.

Although HPLC-ICP-MS/MS was superior to
HPLC-DAD in almost all analytical parameters evaluated
in this study, it is important to highlight that the acquisition
and maintenance value of HPLC-ICP-MS/MS was much
higher than HPLC-DAD, mainly in the consumption of
argon gas. Therefore, the choice of the analytical strategy to
quantify these compounds should also take this parameter
into account.

Real samples

After comparing the two methodologies,
HPLC-ICP-MS/MS was used to analyze seven different
water samples. All selected samples were collected near
eucalyptus plantations. However, the results showed
that glyphosate and AMPA were not detected in any
of the analyzed samples. Similar results were found in
applying HPLC-ICP-MS to water samples from the Ohio
River near downtown? in a polluted water sample by ion
chromatography (IC) using inductively coupled plasma
mass spectrometry (IC-ICP-MS),?! and in real river water
samples using capillary electrophoresis (CE) coupled to
ICP-MS.%

Conclusions

In this paper, the strategy of directly determining
glyphosate and AMPA in aqueous samples by
HPLC-ICP-MS/MS was compared to the conventional
method by HPLC-DAD. The method using
HPLC-ICP-MS/MS was faster than the conventional
method because it does not require the derivatization
step of the target analytes before instrumental analysis.
In addition, the limit of instrumental detection was about
36.5 times lower than the limit reached by the diode array
detector without previous derivatization with FMOC-CI.
The results for real samples did not detect those analytes
in the studied water samples.
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Supplementary Information

Supplementary data are available free of charge at
http://jbcs.sbq.org.br as a PDF file.
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