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Polar pesticides such as anionic or ionisable compounds have always provided a challenge for analytical
chemists. Methods of analysis have been developed using a range of techniques including normal phase
chromatography, ion-pairing, derivatisation and HILIC or multi-mode chromatography. These work well
with some of these compounds but, except for HILIC, all of them have their limitations and none of
them cover the range required by legislation. Some of these compounds, glyphosate, chlorate and
phosphonic acid, are found regularly in a range of food matrices, and therefore reliable methods of
analysis are essential. This study describes an ion chromatography method with tandem mass
spectrometry detection which not only covers the full range of compounds required by legislation but
also can be expanded to include other anionic or ionisable pesticides and metabolites. These include

glyphosate and its metabolites, glufosinate and its metabolites, ethephon and its metabolites as well as

Received 31st January 2024 o . . .
Accepted 20th May 2024 fosetyl aluminium, chlorate and perchlorate. The method is fully validated according to the performance
criteria from the SANTE guidelines for the analysis of pesticides in food and feed over a wide range of
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1. Introduction

In general, methods for the analysis of pesticide residues in
food commodities tend to be multi-residue methods because
they are the most efficient use of resources. They also allow for
the analysis of a large number of pesticides in one analytical
run. These methods usually involve a combination of Gas
chromatography (GC) and liquid chromatography (LC) or ultra-
high performance liquid chromatography (UHPLC) combined
with mass spectrometry (MS) in tandem mode. They can cover
more than 90% of the scope required for pesticide residue
analysis. There are a small number of compounds which do not
fit well into multi-residue methods either because they do not
extract under the method conditions, or they are not amenable
to reverse phase chromatography normally used. These pesti-
cide residues require specific methods for their accurate iden-
tification and quantification. One such group of pesticides is
the highly polar pesticides which exist as anions or can be
ionised to give anions.
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analysed as part of our routine monitoring program.

There are a number of important compounds in this group
of highly polar anionic pesticides. The most well-known of these
is glyphosate which has become the most used herbicide in the
world due to its effectiveness in clearing vegetation to allow for
planting of a new crop.* It is also the most well-known among
the group due to the controversy over its toxicity.”* A recent
review of this toxicity by the European Food Safety Authority
(EFSA) suggests that there are no areas of concern for this
pesticide allowing its continued use within the European
Union.” There are other important pesticides in this group such
as the herbicides glufosinate and fosetyl aluminium, which are
used on a wide range of leafy vegetables and brassicas and the
growth regulator ethephon, which is used on a range of cereals
and soft fruit. Also included in the scope is the disinfectant
chlorate and the food contaminant perchlorate. These pesti-
cides have traditionally been considered difficult to analyse and
single residue methods or methods for a small group of
compounds have been applied to their analysis. Also included
are a range of metabolites of glyphosate, glufosinate and ethe-
phon. Currently these are not part of the residue definitions of
these compounds for maximum residue level (MRL) assign-
ment, but they are useful as confirmatory tools for inferring the
use of these molecules. These molecules tend to be small,
highly polar and in some cases acidic. They are difficult to
extract and analyse by more conventional methods such as
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normal-phase or reverse phase chromatography where many of
the compounds are not retained on the column.®

Methods used for their analysis include activated carbon
black columns, ion-pairing, derivatisation or HILIC methods.”®
All of these methods have major disadvantages: the use of
activated carbon columns requires a great deal of deactivation
of active sites and can only handle a relatively small number of
samples before the deactivation process needs to be repeated.
Derivatisation works well with glyphosate and AMPA but is
untested over the scope we require.”** The use of ion-pairing
reagents has been used successfully for the analysis of fosetyl
aluminium which allowed this pesticide to be retained on a C18
reversed phase column.* The most successful of these methods
so far has been HILIC but again these methods require frequent
passivation, the use of a chelating agent to remove metals and
the columns require significant conditioning. HILIC methods
are also prone to very pronounced matrix effects."**® and
chlorate and perchlorate do not work well with this method. Ion
chromatography with various detectors has been used to
determine active substances in formulated products.'”'® Rajski
et al. developed an ion chromatography method for some of
these pesticides and metabolites in fruit and vegetables using
a high-resolution accurate mass system for detection." Because
a lot of these compounds fragment to give common ions, PO;
(78.9) and PO, (62.9) the use of a triple quadrupole mass
spectrometry system seemed to us to be a more appropriate
detection system and such a method has been used to analyse
fruits and vegetables including grapes and cereals.>*>*

For the work described here the extraction and clean-up for
this method is based on a modification of the QUEChERS for
polar pesticides method (QuPPE) developed by the European
Union Reference Laboratory in Stuttgart and published on their
website.® Depending on the matrix the extraction is carried out
with methanol or methanol-water, in some cases acidified. The
samples are then cleaned-up by solid phase extraction (SPE)
prior to analysis by ion chromatography with tandem MS
detection. The use of ion chromatography has a number of
advantages over all previous methods in that we use dedicated
systems which are metal free. This means a chelating agent is
not required and there is also no requirement to passivate the
systems. The columns used are robust and require minimal
conditioning and only need to be reactivated after thousands of
injections. Matrix effects*'® are still a major issue and need to
be dealt with by one of a number of techniques available to us.
Another problem reported with ion chromatography has been
retention time drift which has been attributed to the matrix
type.*>* In the work described here the sensitivity of the mass
spectrometer allows for dilution of the samples to levels where
the matrix effects are greatly reduced, although we cannot
eliminate them entirely. This also results in much improved
retention time stability.

2. Experimental
2.1 Chemicals and reagents

Wheat and infant formula for this study were obtained from
local producers. Organic tomatoes, oranges and carrots were
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obtained from local supermarkets. Only polypropylene vials and
volumetric flasks were used for the preparation of standards
and samples as some of these compounds are known to be
adsorbed onto glass surfaces.” High purity water with a resis-
tivity of 18 MQ was produced in the laboratory from deionised
water using an Adrona water polisher. Methanol, formic acid
and acetic acid (LC/MS grade) were purchased from Fisher
Scientific, Ireland. Centrifuge tubes (50 mL) were purchased
from Fisher Scientific, Ireland. Titan 3 0.2 pm pesticide
membrane filters were purchased from Fisher Scientific, Ire-
land. Dionex OnGuard II RP ICC cartridges were purchased
from ThermoFisher Scientific. Analytical standards were
purchased from LGC, U.K. For all 16 analytes tested, pure
standards were made up in either methanol-water (50: 50) or
pure water at a concentration of 300-600 mg L '. A spiking
mixture containing all 16 pesticides and metabolites at a final
concentration of ~3 mg L~ was made up in water. This mixture
was used to spike the blank samples for recovery studies and to
make up a range of calibration standards at twice the required
concentration. For recovery studies these standards were matrix
matched with the commodity being studied to give an eight-
point calibration curve between 0.1 and 250 pg L~'. The
matrix was diluted to give the same final concentration in the
standards and samples. During each run samples were brack-
eted by two sets of calibration standards and a calibration curve
was constructed from both sets of standards.

2.2 Sample preparation and extraction

Wheat samples were milled prior to analysis. Infant formula
samples were prepared by adding water according to the
manufacturer's instructions. Fruit and vegetable samples were
first chopped and then frozen at —80 °C. The frozen samples
were then comminuted®**” using a Stephan industrial blender.
Samples were stored in a freezer at —20 °C prior to extraction.
Validation was carried out according to the SANTE document*®
“Guidance document on analytical quality control and method
validation procedures for pesticides residues analysis in food
and feed”.

2.2.1 Extraction of fruit and vegetable samples. The sample
(10 g) was weighed and added to a 50 mL centrifuge tube,
methanol (10 mL) was added, and the sample was shaken for 4
minutes. The sample was cooled to —80 °C for 10 minutes and
centrifuged at 4000 rpm for 8 minutes. The supernatant was
collected in a 5 mL syringe and passed through a 0.2 um filter.
The first two mL was passed to waste and the remaining sample
was collected in a volumetric flask. Prior to analysis 200 pL of
sample was added to 800 pL of high purity water in a sample vial
to give an overall dilution of 1/10. 30 pL of this sample is
injected onto the ion chromatograph.

2.2.2 Extraction of cereal samples. For wheat, the sample
(2 g) was added to a 50 mL centrifuge tube and 10 mL of high
purity water was added and the sample was allowed to soak for
10 minutes. Methanol (10 mL) was added, and the sample was
shaken for 4 minutes and then cooled in a —80 °C freezer for 10
minutes. The sample was centrifuged at 4000 rpm for 8
minutes. The sample was then passed through a 50 mL syringe
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with a Dionex OnGuard™ II Reverse Phase ICC cartridge and
a 0.2 pm filter attached. This removes inorganic anions and
strong organic acids and neutralises the sample in preparation
for ion chromatography. The first 2 mL was passed to waste and
the remainder was collected in a volumetric flask. For analysis
100 pL of this sample was added to 900 pL of high purity water
in a sample vial to give an overall dilution of 1/100. 30 pL of this
sample is injected onto the ion chromatograph.

2.2.3 Extraction of infant formula samples. For infant
formula the sample was made up for consumption according to
the manufacturer's instructions. The prepared sample (4 g) was
added to a centrifuge tube and methanol (3.6 mL) was added.
The extract was acidified with 3% acetic acid (0.4 mL) to
precipitate out casein and other proteins prior to centrifuga-
tion. The sample was shaken and centrifuged for 4 minutes at
4000 rpm. Clean up was as described for wheat samples. For
analysis 100 mL of this sample was added to 100 mL of high
purity water in a sample vial to give an overall dilution of 1/20.
30 pL of this sample was injected onto the Ion Chromatograph.

2.2.4 Extraction of liver and meat samples. A portion of the
sample (10 g) was chopped and added to a centrifuge tube.
Water (2 mL) and methanol (10 mL) acidified with formic acid
(1%) was added to the sample and the sample was shaken.
EDTA solution (1 mL; 10%) was added to remove trace metals
which can interfere with the analysis by binding with the ana-
lytes and the sample shaken again. The sample was stored at
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—80 °C for 30 minutes to freeze out excess fat and then centri-
fuged at 4000 rpm. The supernatant was transferred to a 15 mL
centrifuge tube and centrifuged again at 4000 rpm for 8
minutes. The supernatant (3-5mL) was then added to a Viva-
spin filter centrifuge with a molecular weight cut-off of 5 kDa to
remove large molecular weight biomolecules and centrifuged at
4000 rpm for 8 minutes. The filtrate (100 pL) was added to water
(900 pL), and 30 pL injected onto the Ion Chromatograph.

The variations in the extraction procedure for each matrix is
summarised in Table S1.t

2.3 Ion chromatography method

The samples were analysed using a Dionex ICS 5000+ Ion
Chromatograph with a dual pump system. One pump delivers
high purity water to the eluent generator and the second pump
delivers high purity water to the CTC regeneration cartridge. A
dynamically regenerated suppressor is placed between the
analytical column and the conductivity detector, and this
removes potassium hydroxide from the mobile phase and
replaced it with water to protect the ion source. A third, auxiliary
pump, delivers acetonitrile post column and before the eluent
gets to the mass spectrometer. The organic solvent helps with
the desolvation of the sample in the ion source of the Mass
Spectrometer. Rajski et al' have shown that acetonitrile is
better than methanol for this purpose with an average increase
in signal intensity of 300% with acetonitrile. The signal increase
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was more moderate with methanol with most compounds
giving an improvement of 120-160%. Fosetyl was higher at
242%. Separation was achieved using a Thermo Scientific™
Dionex™ IonPac™ AS19-4 um analytical column, 2 x 250 mm,
held at 40 °C with elution of the polar anionic analytes using
a potassium hydroxide gradient at a flow rate of 0.35 mL min .
The gradient was optimised to give the best chromatographic
separation of the analytes. The gradient is given in Fig. 1. The

current of the in-line AERS suppressor was set to 52 maA.

2.4 Mass Spectrometry method

The Mass Spectrometer used for this method was the Thermo-
fisher TSQ Altis+ and the ion source parameters are given in
Table S2.1 Each of the analytes in the method were optimised
and the transitions used in the method are given in Table S3
and Fig. Siat for wheat and Fig. S1b7 for infant formula.

The Mass Spectrometer was operated in selected reaction
monitoring mode (SRM) and each compound was optimised

Table 1 Comparison on recoveries at 100 mg kgt with and without
the use of internal standard

No ILIS ILIS
Maleic hydrazide 81.8 85.3
Glufosinate 120.3 70.7
Glyphosate 85.3 61.8
Compound Details
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Fig. 2 Example chromatograms for glyphosate in wheat.
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individually. In most cases the most abundant transition was
chosen for quantitation and at least two other transitions were
used for confirmation of identity.

3. Results and discussion
3.1 Quantification

One transition was used for quantitation and further transitions
were used for conformation of structure. An eight-point calibration
curve was constructed using the two sets of bracketing standards
included in each run. The standards were matrix matched so that
the matrix concentration was the same as the samples when the
appropriate dilution was taken into account. In the initial work
a comparison was done between the quantifications with and
without isotopically labelled internal standards (ILIS's). The results
are given in Table 1 for some of the analytes. Based on of these
results there was no advantage to using ILIS's so all subsequent
work was done with external, matrix matched, standards.

Very good accuracy (trueness) was obtained without the use
of isotopically labelled internal standards and quantifications
from this method also compared very well with other methods
as evaluated by the performance in proficiency tests.

3.2 Linearity

Linearity was assessed using matrix matched external stan-
dards. A weighting of 1/x was used. The calibration range was
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Linearity data
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Fig. 3 Summary of the linearity data.

between 0.5 pg L™* (0.1 pg L™* for cereals) and 250 pg L™
Taking the dilution into account this is equivalent to 10 ug L™"
to 5 mg L' in the samples. The co-efficient of variation (R*) was
used to evaluate the linearity with a value of 0.95 or better
considered acceptable. Fig. 2 shows an example of transition
data and a calibration curve for glyphosate in wheat at 10 pg
kg '. The data is summarised in Fig. 3, and from this figure it
can be seen that the linearity criteria are met for all analytes,
except for perchlorate in wheat The difference between the
actual standard concentration and the back calculated standard
concentrations are all less than 20% which means the linearity
is acceptable - Table S4.1 All the analytes gave acceptable line-
arity in all matrices except for perchlorate in wheat. Cyanuric
acid was not evaluated for wheat and infant formula so no data
is available for these matrices.

3.3 Recovery data

The recovery data is used to estimate accuracy and precision.
Acceptable accuracy is defined as average recovery for a repeat-
ability experiment between 70% and 120%. Precision or repeat-
ability is defined as a % CV of 20% or less. Acceptable accuracy for
reproducibility data is defined as % recovery between 60% and
140% and acceptable precision is defined as a % CV of 30% or less.

Repeatability studies were carried out at four concentration
levels between 10 mg L™ and 250 mg L~ " by spiking blank

3696 | Anal Methodss, 2024, 16, 3692-3700

m Carrot

Orange ™ Tomato

samples with a mix containing all the compounds in the
method. Six replicates were carried out at each concentration
level by two different analysts to give 60 different recovery
experiments per commodity. The average recovery standard
deviation and relative standard deviation were calculated for
each set of repeatability experiments. The means from each
repeatability study were then combined to calculate the within
laboratory reproducibility.

The repeatability data is summarised in Table S5a and
Fig. S5b.1 For cereals, the criteria were not met at the lowest
levels for glufosinate or at any level for fosetyl aluminium or
phosphonic acid. The data meets the validation criteria for all
other analytes. All analytes met the validation criteria for infant
formula. In fruit and vegetables cyanuric acid and dicamba were
problematic at low levels in carrots. All other fruit and vegetable
data met the validation criteria.

Fig. 4a and b shows a summary of the reproducibility data
and from this it is evident that all the compounds meet the
criteria for accuracy with the exception of fosetyl aluminium
and phosphonic acid in wheat.

3.4 Ion ratio data

Normal practice in pesticide residue analysis is to use one
transition for quantification and a second transition for
confirmation of identity. The ratio of the area of the

This journal is © The Royal Society of Chemistry 2024
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Method accuracy data from the reproducibility data
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Fig. 4 Summary of the within lab reproducibility data (a) accuracy and (b) precision.

confirmation transition to the quantification transition
(referred to as ion ratio) is then used as a criterion for confir-
mation of the identity of the analyte. A value of 30% or less is

This journal is © The Royal Society of Chemistry 2024

considered acceptable. The ion ratio data is summarised in
Fig. S2.7 From this data it is clear that dicamba and maleic
hydrazide failed to meet the criteria for all matrices, except for
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Table 2 European Union Reference Laboratory PT results

Scheme Year  Matrix Pesticide z-score
EUPT SRM 16 2021  Sesame seeds  Ethephon —0.3
Glufosinate —0.1
Glyphosate 0.0
Phosphonic acid  —0.7
Chlorate 0.2
EUPT SRM 17 2022  Tomato Maleic hydrazide 0.8
EUPT SRM 18 2023  Honey Chlorate —0.4
Glyphosate -1.0
Phosphonic acid 0.3
Perchlorate -0.3

infant formula in the case of dicamba. HEPA and N-acetyl
glyphosate dd not meet the criteria in oranges while phos-
phonic acid failed for carrots. For all other analytes the criteria
are met for all matrices and concentration levels. Where the ion
ratio criteria are not met screening of the samples for these
analytes is still possible however reliable confirmation of the
analyte identity requires the use of another analytical method or
the presence of metabolites.

3.5 Matrix effect data

To ensure accurate quantification matrix effects are important
to understand and control. These effects can result in very
significant suppression or enhancement of the signal in the
mass spectrometer, and this can lead to poor quantification
accuracy. The matrix effect is defined as the slope of the cali-
bration curve measured with matrix matched standards
compared to the slope measured with solvent standards. It can
be quantified using the equation:

View Article Online
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Matrix effects = ((Slopematrix — Slopesotvent)/Slopesotvent) X 100

A negative matrix effect occurs with suppression of the
analyte signal compared to solvent standards and a positive
matrix effect occurs when enhancement of the signal occurs.
Matrix effects within the range +20% are considered manage-
able and anything outside this range is considered significant.
The easiest way to deal with significant matrix effects is dilution
of the sample which often reduces the effects to a manageable
level. If this doesn't work, then matrix matching of the stan-
dards or the use of isotopically labelled internal standards
should be considered.

For wheat, the matrix effects were only significant for AMPA,
fosetyl aluminum and ethephon at a dilution level of 1/100. For
infant formula, the matrix effects were significant for AMPA,
fosetyl aluminum ethephon, and glufosinate at a dilution level of
1/20. In these cases, the use of matrix matched standards with the
matrix diluted to the same level as the samples was used for
quantification. The situation was not so straightforward for fruit
and vegetables. In this case dilution reduced the matrix effect but
for more than half the compounds the effect is still significant.
This is a problem for routine work where batches of mixed
matrices are run, and an exact matrix match is rarely possible.
Additional dilution does not bring down the matrix effect any
further. However, for each analyte which displayed a significant
matrix effect the effect did not seem to be dependent on the
matrix e.g. for ethephon 80% suppression was obtained regard-
less of the matrix. Similar effects were observed for other analytes
such as cyanuric acid, dicamba and fosetyl aluminium. This
suggests that matrix matching with any matrix should be used for
quantitation. The matrix effect data is summarized in Fig. S37 for
wheat and infant formula and Fig. S47 for fruit and vegetables.

Distribution of positive samples

12

Meat / Fat / Liver
Milk / Infant Formula
Cereals
Fruit and Vegetables

Fig. 5 Summary of positive results from routine monitoring samples using this method.
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3.6 Proficiency test and real sample data

This method has been used to analyse proficiency tests from the
European Union Reference Laboratory for the last three years
and the results are given in Table 2. Acceptable z-scores have
been achieved for all analytes found and no false positives or
false negatives were reported.

This method, or a slight variation of it was used to analyse
300 routine samples in our laboratory. Of the 16 pesticides
and metabolites covered by the scope nine were found in real
samples. The most detected was the fosetyl aluminium
metabolite, phosphonic acid. There is some debate as to
whether this is from the use of fosetyl aluminium or whether it
is coming from the type of fertiliser used.> This metabolite
was found 49 times in total, fruit and vegetables - 34, Cereals/
feed - 11, milk/baby food - 2 and Meat/fat 2. The disinfectant
chlorate was found 15 times, milk/baby food - 7, meat/fat - 4,
fruit and veg - 3, and cereals/feed 1. The ethephon metabolite
HEPA was found 14 times, 12 in bovine liver and 2 in cereals.
Glyphosate was found 13 times, 9 in fruit and vegetables and 4
in cereals. Of the others maleic hydrazide was found 4 times in
fruit and vegetables, perchlorate was found 3 times (cereals/
feed - 1 and milk/babyfood 2), cyanuric acid was found
twice (fruit and veg. - 2 and cereals - 2), glyphosate metabo-
lites were found twice AMPA once in fruit and vegetables and
N-acetyl AMPA was detected once in cereals. The data is
summarised in Fig. 5.

Conclusions

The method described in this study allows for the analysis of
fruit and vegetables, infant formula/milk and cereals with
a minor modification of the extraction procedure, for a range of
16 polar pesticides and metabolites. Validation has been carried
out according to the EU SANTE guidance document and has
been verified by using the method to analyse over 300 routine
samples in the laboratory. Robustness has been demonstrated
by also being used to analyse samples of liver and chicken meat
though not yet fully validated for these matrices.

Good precision and accuracy was achieved without the need
to use isotopically labelled internal standards which makes the
analysis straightforward and cost effective. The use of sup-
pressed ion chromatography provides us with a stable chro-
matographic system with minimal need for conditioning and
no requirement for passivation in the system. The sensitivity of
the mass spectrometer used allows the use of dilution to solve
some of the problems experienced with other methods such as
severe matrix effects and unstable retention times in different
commodities.

The analytes which proved problematic were AMPA which
gave poor data generally in cereals and Infant Formula. Reliable
confirmatory data could not be obtained for dicamba and
maleic hydrazide. Matrix effects were high in fruit and vegeta-
bles, but these were controlled by matrix matching without the
need to use isotopically labelled internal standards as demon-
strated by comparison with other methods through the profi-
ciency testing program.
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This study demonstrates that ion chromatography with
tandem mass spectrometry provides a stable and robust
method for the analysis of polar pesticides in a wide range of
matrices which meets the legislative requirements within the
EU and has proven its value with the analysis of a large number
of routine samples. These analytes have always proven difficult
to analyse however we are satisfied that this method provides us
with a reliable and robust means of analysing polar pesticides
in a wide variety of matrices.
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