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ydrogen as a carrier gas in
multiresidue pesticide analysis in fruits and
vegetables by GC-MS/MS†

V́ıctor Cutillas, Guillermo Garćıa-Gallego, Maŕıa Murcia-Morales, Carmen Ferrer
and Amadeo R. Fernández-Alba *

In this comprehensive study, we evaluated the feasibility of using hydrogen instead of helium as a carrier gas

in a GC-MS/MS system for pesticide residue analysis, spanning three matrices: pepper, tomato, and

zucchini. Initial assessments focused on the ion source's chemical inertness, employing nitrobenzene as

a benchmark to monitor the hydrogenation process. A method with a duration of less than 12 minutes

was developed, achieving good chromatographic peak resolution attributable to the enhanced

chromatographic performance of hydrogen as a carrier gas. The study emphasized the optimization of

system parameters, testing various ion source temperatures, detector voltages, and injection volumes.

Sensitivity assessments, based on the DG-SANTE criteria, indicated that the majority of compounds were

identifiable at a concentration of 5 mg kg−1 (81% in tomato, 84% in pepper and 73% in zucchini). Detailed

validation for reproducibility, matrix effects, and linearity across 150 pesticides unveiled generally

favorable outcomes, with a notable majority of compounds displaying low matrix effects, satisfactory

linearity ranges and good reproducibility with most compounds returning a relative standard deviation

(RSD) below 10%. When applied to 15 real samples, the hydrogen-based system's performance was

juxtaposed against a helium-based counterpart, revealing that results are very comparable between both

systems. This comparative approach highlights hydrogen's potential as a reliable and efficient carrier gas

in pesticide residue analysis for routine food control laboratories, overcoming difficulties resulting from

the lack of helium supplies.
1. Introduction

Gas chromatography coupled with mass spectrometry (GC-MS)
is a powerful analytical technique used for the identication
and quantication of volatile and thermostable organic
compounds, including pesticide residues. The choice of carrier
gas used in GC-MS analysis plays a critical role in the separation
of individual components of the sample. Hydrogen, helium and
nitrogen provide the same optimal plate height at substantially
different ow rates.1

Helium is the most commonly used carrier gas in GC-MS
analysis because it is inert, faster than nitrogen and due to its
compatibility withmost of detectors. Helium is an element used
in a wide range of scientic applications such as nuclear
magnetic resonance (NMR), particle accelerators, or gas chro-
matography. However, helium it is also known for not being
esticide Residues in Fruit & Vegetables,

ce (ceiA3), University of Almeria, Ctra.

bano, 04120, Almeŕıa, Spain. E-mail:
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tion (ESI) available. See DOI:

–1569
a renewable source and its limited global production capacity.
Helium cannot be manufactured as it main source in earth
comes from the radioactive decay of uranium during millions of
years.2 Only a reduced number of natural gas wells have the
enough helium concentration to perform an efficient extrac-
tion.3 In fact, some shortages have taken place in recent years
and this has a huge impact on the scientic elds using
helium.4 The shortage is the result of a combination of factors,
including the closure of some production plants and the
growing demand from the manufacturing industries. These
shortages have been solved as new gas wells are found.
However, the price of helium has skyrocketed, increasing the
overall price to conduct experiments at laboratories and
industries.

The need to nd helium alternatives made the use of
nitrogen as gas carrier something of interest. There are not
supply issues regarding nitrogen and it has not any ammable
nature like hydrogen. Nitrogen has a narrow optimum range for
linear velocity, so this is the gas which provides the lowest
efficiency if you want to perform analysis in a reasonable time.
In addition, there is a noticeable sensitivity reduction since the
ionization yield is approximately nine times higher than of
helium.5 However, it has demonstrated to be an alternative to
This journal is © The Royal Society of Chemistry 2024
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helium for the analysis of petroleum biomarkers6 and pesticides
using atmospheric pressure chemical ionization (APCI).7

Hydrogen has the higher diffusion coefficient of the carrier
gases used in GC-MS and about half the viscosity of helium and
nitrogen. These properties allow analysis to run faster than
hydrogen optimal linear velocity with little penalty in resolu-
tion. In summary, using H2 the resolution and chromatographic
performance are improved while the analysis time is
reduced.8–10 The benets of substitution of helium by hydrogen
have been demonstrated by many researchers in the last years,
for example for the analysis of steroids by GC-MS,11 the analysis
of forensic samples,12 or the analysis of dioxins and furans.13

The improvements of resolution and efficiency of hydrogen can
be observed with other detectors like Flame Ionization Detec-
tion (FID).14,15 In addition, the ready availability of H2 is a huge
advantage as it can be produce onsite through electrolysis of
water using a gas generator, making hydrogen a renewable,
more sustainable, and greener source.

H2 requires special precautions because of its ammable
nature,16,17 and this is the main reason is not used more oen as
carrier gas despite its benets. Concentrations higher than
4 vol% in air are explosive, however, the actual electrolytic
generators produce high purity H2 in a safer way with internal
leak detections and automatic shutdown features. Nonetheless,
current GC ovens have a capacity around 20 L and hence it
requires a considerable time to reach the 4% using typical 1.5–2
mL min−1

ow rates used for multiresidue analysis of pesti-
cides. Furthermore, nowadays GC usually are equipped with
built-in H2 sensors, these detect the concentration of H2 inside
the GC oven and when it reaches levels near 1–2% they stop the
ow and automatically shut down the system. In short, the
instruments developed in the last years have the capability to
overcome the H2 safety issues without interfering with the
analysis quality.

The main disadvantage using H2 is the sensitivity drop. H2 is
less inert than Helium and reacts in the ion source. These
chemical interactions can decrease the response of some ana-
lytes and there is a general increase of the background noise.
The main reactivity produced by H2 is the hydrogenation of
unsaturated compounds. Smith (1982) reported one of the rst
described hydrogenation and isomerization of alkene bonds in
a fatty acid moiety using this type of carrier gas.18 The effect of
the hydrogenation reaction has been found to be present even
during the pyrolysis of polymer samples using H2.19 The diffi-
culties using library search were negligible for most polymer
samples, but caution must be taken as libraries usually are He
based. In addition, due to its small molecular size and low
viscosity, H2 can penetrate through certain materials like
vacuum seals leading to a reduction of the vacuum integrity.
The use of specialized materials for hydrogen as well as
employing reduced carrier gas ow rates and narrow-bore
columns is important to avoid any decrease in the instrument
performance.20 Also, it's important to take into account that
transforming an existing helium-based instrument to
a hydrogen one requires increased vigilance, not just regarding
safety but also because we are introducing a less inert gas into
the system. Moving the existing heliummultiresidue method to
This journal is © The Royal Society of Chemistry 2024
hydrogen, on the other hand, is quite straightforward since
there are many method translation soware available.

In this work, we evaluated a GC-MS/MS method with 150
pesticides using H2 as carrier gas. The optimization of the
different parameters to overcome the sensitivity issues are dis-
cussed along with the evaluation of the identied compounds,
matrix effects, linearity, and reproducibility in different
matrices. With this study, it can be tested whether using H2 in
a multiresidue method of pesticides is able to reach the
threshold of maximum residue levels required by routine
laboratories.
2. Material and methods
2.1 Reagents and materials

The standards of pesticides included in the multiresidue
method of study were provided by LGC (Teddington, United
Kingdom) and Dr Ehrenstorfer (Augsburg, Germany). The
analytical standards were stored at −30 °C. The standard-mix
solution was prepared using individual stock solutions. Indi-
vidual stock solutions (800–1000 mg L−1) were prepared from
each standard and stored in the dark at −40 °C in amber glass
vials.

Acetone and ethyl acetate were obtained from Fluka Analyt-
ical (Steinheim, Germany). The salts employed in the QuECh-
ERS extraction (anhydrous magnesium sulphate, sodium
chloride, sodium hydrogenocitrate sesquihydrate, and sodium
citrate tribasic dihydrate) were supplied by Sigma-Aldrich,
(Steinheim, Germany) except for PSA that was obtained from
Supelco (Bellefonte, PA, USA). Ultra-gradient HPLC-grade
acetonitrile was obtained from Honeywell (Charlotte, NC, USA).
2.2 Sample preparation

The three matrices (tomato, pepper, and zucchini) used in this
study were sourced from a local market in Almeŕıa, Spain. These
samples were analyzed to ensure that these matrices were free
from detectable pesticide residues that could interfere with the
study, a citrate-buffered QuEChERS extraction method with
dispersive solid-phase extraction (dSPE)21 clean-up was
employed. The resulting extracts, containing 1 g of matrix per
mL, were analyzed. Matrix-matched vials were prepared by
evaporating 50 mL of each blank extract under a gentle stream of
nitrogen and reconstituting them with an equal volume of ethyl
acetate containing the desired concentration of the pesticide
mixture.
2.3 Matrix effects evaluation

To evaluate the matrix effects, the slopes of the calibration
curves derived from the extracts of each matrix were compared
to those from calibration curves prepared in solvent. The latter
serves as a reference for no suppression.

MEð%Þ ¼
�
slope of calibration curve in matrix

slope of calibration curve in solvent
� 1

�
� 100
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A positive matrix effect value indicates a stronger signal in
the matrix compared to the solvent, signifying signal enhance-
ment. Conversely, a negative value indicates signal suppression.
A zero matrix effect occurs when the slopes of the calibration
curves in both the solvent and the matrix are identical.

2.4 Gas chromatography coupled with mass spectrometry

The analysis were performed using a GCMS-TQ8050 NX (Shi-
madzu Corporation, Kyoto, Japan) equipped with an AOC 30i
autosampler and a 2030 PTV injector. The data acquisition was
developed by GCMS Real Time Analysis and the data were
processed in Labsolution Insight soware version 4.0. Samples
were injected using a Shimadzu inlet liner siltek deactivated
with wool. The injection volume was 1 mL. During the solvent
evaporation stage (0.1 min), the injector temperature was
maintained at 70 °C. Subsequently, it was increased to 280 °C at
a rate of 350 °C min−1 and held for 5 min. A Shimadzu column
with the following specications was utilized: SH-I-5 MS, 20 m
length, 0.18 mm inner diameter, and 0.15 mm lm thickness.
Five different glass liners were acquired from two different
manufacturers. Topaz liners, both with and without wool, were
acquired from Restek (Bellefonte, PA, USA). Another three liners
with different deactivations (Siltek, IP, Base) were acquired from
Shimadzu.

The oven temperature program was as follows: 60 °C for
0.5 min, increased to 170 °C at 60 °C min−1 and nally up to
280 °C at 15 °C min−1. The total run time was 11.8 min with
additional 3 min for cleaning. The solvent cut time was 2 min.
The instrument worked at a constant linear velocity of 70 cm
s−1. The system worked inMRM acquisitonmode, acquiring the
transitions in a ±0.25 min window from the retention time of
each analyte. Hydrogen (99.99999% purity) was generated using
a Trace 250 GC Carrier gas generator (Peak Scientic Instru-
ments, Inchinnan, Reino Unido), and Argon (99.999% purity) as
the collision gas. The system operated using electron ionization
(EI). Both the ion source and the interface were maintained at
280 °C. The detector was set at 1.6 kV.

2.5 Optimization of the MS/MS parameters

The Shimadzu Smart Pesticides Database version 2.0 was used
for the development of the multiresidue method. Only the top
three transitions per pesticide were chosen from the numerous
transitions available based on their sensitivity ranking. To
conrm the selected transitions, individual standard solutions
of the pesticides were injected. The transition with the highest
signal (quantier) and the second most sensitive transition
(qualier) were selected for each pesticide.

For accurate identication, the guidelines established by the
SANTE Document No. 11312/2021 (ref. 22) were employed: two
transitions must be detected with an ion ratio difference less
than 30% and a retention time dri below ±0.1 min from the
average of the calibration standards. Acquisition windows of
±0.25 min were established for each pesticide. The 150 pesti-
cides of the multiresidue method and their MS parameters
appear on the ESI Table.† The retention times are also
described in the table.
1566 | Anal. Methods, 2024, 16, 1564–1569
3. Results and discussion
3.1 Ion source chemical inertness check

The ion source employed in this system is equipped with
a specialized amorphous silicon coating that enhances inert-
ness during the ionization process. Nevertheless, it is essential
to assess the hydrogenation status prior to analysis. To
accomplish this, a standard solution of nitrobenzene at
a concentration of 1 mg L−1 in ethyl acetate was injected. The
mass spectra for single ion monitoring (SIM) of nitrobenzene
and its commonly observed fragments are presented in Fig. 1.
The hydrogenation process of nitrobenzene results in the
reduction of the nitro functional group (–NO2) to an amino
group (–NH2). Consequently, the ratios of nitrobenzene (123 m/
z) and aniline (93 m/z) can be compared to evaluate the inert-
ness of the ion source. The nitrobenzene 1 : 1 aniline ratio is
considered an optimal situation; any higher predominance of
the 93 m/z means there is an excess of the hydrogenation
reaction. The daily check is of great signicance due to the
system's capacity to enhance the hydrogenation process in
situations where it has not been used for several days.

3.2 Optimization of system parameters

It's widely recognized that hydrogen offers slightly reduced
sensitivity compared to helium. Consequently, precise optimi-
zation of instrument parameters is necessary to achieve
maximum sensitivity. In this regard, three different tempera-
tures (250 °C, 280 °C, and 300 °C) were tested for the ion source.
The variation between them was found to be within 3%, so 280 °
C was established as the denitive ion source temperature. The
detector voltage plays a critical role in the process. Several
voltages (1.1 kV, 1.3 kV, 1.5 kV, 1.6 kV, and 1.7 kV) were evalu-
ated, alongside three injection volumes, as part of the experi-
ment. Increasing the detector voltage beyond 1.3 kV and
injecting 1.5–2 mL of the sample resulted in detector saturation
at 100 mg kg−1 for approximately 30% of the pesticides in the
multiresidue method. To avoid saturation while achieving
maximum sensitivity, it was decided to reduce the injected
sample volume to 1 mL and employ a detector voltage of 1.6 kV.
It should be noted that excessively high voltage can lead to
a decrease in the detector's lifespan. However, themanufacturer
assures that MRM experiments can be conducted using detector
voltages of up to 2 kV. In addition, 5 different glass liners were
evaluated (experimental subsection 2.3). Those equipped with
wool provided similar results; the different deactivation does
not have a signicant impact on peak shape or sensitivity.
However, if the liner does not have wool, there is a signicant
decrease in the peak performance for a large number of
pesticides.

3.3 Sensitivity

To assess the system's sensitivity, the mixture of 150
compounds was fortied in three different matrices at varying
concentrations (2, 5, 10, 20, 50, 100 and 200 mg kg−1). Sensitivity
evaluation was conducted based on the number of identied
compounds, adhering to the DG-SANTE criteria.22 The number
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Mass spectrum of a 1 mg kg−1 nitrobenzene vial injection. The left spectrum indicates hydrogenation in the ion source, with the
predominant presence of the anilinemass (93m/z). In contrast, the right spectrum represents the optimal condition, with the nitrobenzenemass
(123 m/z) equaling or exceeding that of aniline.
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of compounds identied in pepper, tomato, and zucchini is
presented in Fig. 2. While the majority of compounds were
identiable at 10 mg kg−1, certain compounds, such as chlor-
fenapyr and phenothrin, weren't identied at this concentra-
tion in the studied matrices due to their limited sensitivity. In
tomato and pepper, more than 80% of the compounds were
identied at 5 mg kg−1, and the rate was 73% for zucchini.
Additionally, around half of the method's compounds were
detectable at 2 mg kg−1. The individual instrumental limits of
Fig. 2 Percentage of identified compounds in the three matrices studie

This journal is © The Royal Society of Chemistry 2024
quantication can be observed on the ESI Table.† This data
emphasizes that the multiresidue method meets the sensitivity
benchmarks of current analytical standards.
3.4 Reproducibility, matrix effects and linearity

These validation parameters were evaluated for the 150 pesti-
cides across the three matrices previously mentioned. Repro-
ducibility was assessed by injecting each vial ve times at
d: tomato, pepper, and zucchini.

Anal. Methods, 2024, 16, 1564–1569 | 1567
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Table 1 Pesticide residues identified in real samples using two different GC-MS/MS systems with distinct carrier gases

Conc. (mg kg−1) GC-MS/MS system Potato Spinach Lemon Peach Pear Grape Orange Nectarine Tomato

Boscalid Hydrogen 0.036
Helium 0.046

Cypermethrin Hydrogen 0.008
Helium 0.011

Cyprodinil Hydrogen 0.015 0.058 0.232 0.106
Helium 0.017 0.07 0.289 0.137

Flutolanil Hydrogen 0.024
Helium 0.031

Lambda-cyhalothrin Hydrogen 0.109
Helium 0.111

Pyrimethanil Hydrogen 0.009
Helium 0.011

Pyriproxyfen Hydrogen 0.014 0.009
Helium 0.018 0.014
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a concentration of 10 mg kg−1 in each matrix over three
consecutive days. We calculated the relative standard deviation
(RSD). Most of the results were below 20%. Only 1% of
compounds exceeded this threshold in tomato and pepper, and
3% in zucchini. These compounds that showed low area values
due to sensitivity include phorate, propaphos, folpet, and sul-
profos. More than half of the compounds exhibited RSDs below
10%: 63% for tomato, 59% for pepper, and 68% for zucchini.
Regarding matrix effects, the tomato calibration curve was used
as a reference. A modication of the signal between 0 and 20%
is considered a low or non-existent matrix effect. However,
alterations between 20 and 50% and those greater than 50% are
deemed medium and strong matrix effects, respectively. In
pepper, 86% of the compounds showed no matrix effects, 8%
displayed medium matrix effects, and 4% indicated strong
matrix effects. For zucchini, 72% showed no matrix effects, 19%
medium effects, and 7% strong effects. Finally, linearity was
examined in the range of 2–200 mg kg−1. In most instances, the
response was linear throughout the entire range. For those
pesticides which remained unidentied at 2, 5, or 10 mg kg−1,
the linearity corresponds to a more narrow range (see ESI
Table†).
3.5 Real samples

To complete the study, 15 real samples were analyzed using this
system and compared with the results obtained by a GC-MS/MS
system using helium as a carrier gas. The parameters of the
system available in the laboratory used for the comparison can
be found elsewhere.23,24 The results of the nine sample that
presented pesticides can be observed in Table 1. Quantication
was conducted using two different matrix-matched calibration
curves in tomato and orange matrices. Nine samples tested
positive, and they were from various matrices. The outcomes
between the two systems were comparable; however, the
hydrogen GC-MS/MS typically quantied slightly lower than the
helium system. In all instances, the differences were below 30%,
typically around 20% or less, with the exception of pyriproxyfen
in the orange sample, where the difference reached 36%.
Additionally, the latest prociency test sample from EURL-FV,
1568 | Anal. Methods, 2024, 16, 1564–1569
which had a melon matrix, was analyzed, and the results fell
within the acceptable Z-score range (chlorpyrifos: −1.1,
chlorpyrifos-methyl: −0.8, diazinon: −0.7, fenazaquin: −0.5,
fenitothrion: −0.4, utriafol: 0.0, mepanipyrim: −0.3, profeno-
fos: −0.6 and pyriproxyfen: −0.2). This data demonstrates that
using hydrogen as a carrier gas does not adversely impact the
sample quantication.

4. Conclusion

Our comprehensive evaluation of the GC-MS/MS system
utilizing hydrogen as the carrier gas has underscored its
potential in pesticide residue analysis. Utilizing the chromato-
graphic enhancements provided by hydrogen, a rapid method
was established, capable of analyzing 150 pesticides within a 12
minute timeframe. The ion source inertness check revealed the
necessity of regular monitoring, particularly if the system has
been dormant. Through system optimization, we determined
the optimal parameters for injection volume, ion source
temperatures, and detector voltage. The sensitivity analysis,
based on the DG-SANTE criteria, found that most compounds
were identiable at 5 mg kg−1 across the matrices examined. The
reproducibility, matrix effects, and linearity assessments reaf-
rm the system's prociency in achieving reliable and consis-
tent results. Comparison of real sample analyses between the
hydrogen and helium GC-MS/MS systems indicated similar
outcomes. This evaluation demonstrates that using hydrogen as
a carrier gas remains a valid alternative without compromising
the quantication quality.
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