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Abstract: Herbicide residue analysis has gained importance worldwide, mainly for food quality
control to minimize potentially adverse impacts on human health. A Gas chromatography-tandem
mass spectrometry (GC-MS) method for quantitative analysis of acetochlor and s-metolachlor in
maize and soybean straw has been developed, validated and applied to analyze the residues of
anilide herbicides. Straw material was dried, homogenized and extracted with a mixture of n-
hexane and acetone by an accelerated solvent extraction method. Chromatographic separation
of the target analytes was performed on an Agilent 7832 GC equipped with a mass spectrometer
detector, a split-splitless injector and an HP-5 MS (5% phenylmethyl siloxane) capillary column
(30 m × 0.25 mm × 0.25 µm). Under these parameters, the limit of detection (LOD) values were
0.2 ng g−1 for acetochlor and 0.07 ng g−1 for s-metolachlor, with average recoveries between 86%
and 119.7%. The method was validated for acetochlor and s-metolachlor in maize and soybean
straw at 0.5 and 0.01 mg kg −1. Furthermore, the final residues of the two herbicides in maize and
soybean straw were below the maximum residue limit (MRL) at harvest time. The proposed method
is suitable for routine analysis.

Keywords: acetochlor; s-metolachlor; residues; plant samples; GC-MS

1. Introduction

Maize (Zea Mays L.) and soybean (Glycine hispida L.) crops are valuable resources that
meet the requirements for human consumption and animal feed as well as for energy
production [1]. To obtain the expected yield, the losses related to pests, insects and
disease are managed using chemicals pesticides, which inevitably leads to residues in
the environment [2]. Acetochlor and s-metolachlor are highly efficient and long-lasting
pre-emergent herbicides applied to maize or soybean crops to control a wide range of
annual grasses and broadleaf weeds [3,4]. Both are systemic herbicides absorbed mainly
by shoots and roots of germinating weeds and then translocated to the foliage. The mode
of action of these herbicides is via inhibition of cell division and elongation in plants
due to the interference with a number of enzymes [4]. Because of their strong herbicidal
activities, there are already 654 types of commercially available acetochlor products and
approximately 4.2% of the global s-metolachlor herbicide usage is in Europe [5,6]. The
long-term and extensive applications of these herbicide (controlled by temperature, soil
properties and application history) has resulted in nonpoint source pollution, linked
with half-lives ranging between 3 and 9 weeks for acetochlor [7] and 5 and 19 weeks
for s-metolachlor [8]. Due to its high water solubility (233 mg L−1 for acetochlor and
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530 mg L −1 for s-metolachlor) and moderate to long persistence in soil and water bodies,
these active compounds are ones of the most frequently found herbicides in European
freshwaters [9–12]. Furthermore, acetochlor and s-metolachlor are endocrine-disrupting
chemicals and potential human carcinogens, which can induce endocrine disruption,
oxidative stress, and immune-toxicity in nontarget organisms [13].

Towards food safety, the European Union (EU) has established maximum residue
limits (MRLs) for acetochlor and s-metolachlor in different products, varying from 0.02
to 0.05 mg kg−1 [12,14]. Considering the complexity of plant matrices, a sensitive, rapid
and reliable sample preparation method is required, which should accelerate extraction,
enhance enrichment of the target compound and minimize interference as much as possible.
Analytical methods for acetochlor and s-metolachlor quantification require their analysis
by efficient analytical instruments such us tandem mass spectrometry (MS) associated
with gas chromatography (GC) [15] or liquid chromatography (LC) [16,17]. Owing to low
concentrations of analytes in samples, and the complexity of matrices of real samples, an
efficient sample preparation and enrichment process is necessary [15,18].

Common sample processing methods for detecting herbicide residues in different
products currently include ultrasound-assisted extraction [19], accelerated solvent extrac-
tion [17], ultrasonic solvent extraction or pressurized liquid extraction [18], as well as
microwave-assisted [20] and hollow fiber-liquid phase microextraction [21]. However, all
these methods usually have required sample manipulation to minimize sample contamina-
tion and achieve the desired sensitivity and selectivity.

Accelerated solvent extraction is a reliable extraction technique where different condi-
tions are used to increase the extraction performance. Various parameters and extraction
conditions (high temperature and/or pressure) increase the solvent solubilizing capacity
and penetration power to enter into sample matrix and increase the contact time for solvent
and sample [17]. In addition, the cycle time of Accelerated Solvent extraction (ASE) ensures
the possibility of equilibrium time for intra- and extracellular solutions. The end result is a
smaller solvent quantity with more contact time and more effective solubilization in a short
period of time under high pressure. As it has different advantages, ASE offers the versatility
of extracting a wide range of compounds from different chemical families [22]. Integrated
ASE/GC-MS has been successfully used for the analysis of various pesticide residues
in food, soil, sediments and water [23]. ASE/GC-MS, characterized by its low solvent
consumption, shorter extraction time and high analyte recovery, has been recommended as
the standard USEPA Method SW-8463545A [21].

The continued increased global inquiry has raised concerns about agricultural prod-
ucts safety because pesticide residues in maize, soybean and other cereals could present a
significant risk to human health [1,14]. Maximum Residues Limits (MRLs) are typically
enforced at European Union or international levels to avoid health hazards and excessive
exposure [11]. In the conditions where MRLs are exceeded, the consumers can be at risk.
Currently, health risk assessment of human pesticide exposure through dietary intake is
widely used as a valuable tool for food quality and safety monitoring [11,16].

With this background, the aim of this work is to develop and validate an analytical
method for quantitative analysis of acetochlor and s-metolachlor in soybean and maize
plants. The method presents a short analytical run time and produces accurate and repeat-
able results as confirmed through validation. Moreover, the developed method was applied
to real samples collected from Experimental Farm of Agriculture University, Romania, in
order to monitor the environmental state in these regions.

2. Materials and Methods
2.1. Chemicals and Materials

Acetochlor (95% purity) and s-metolachlor (97% purity) reference standard was pro-
vided by Dr. Ehrenstorfer Chemical Industries (Augsburg, Germany). Their molecu-
lar structures are shown in Figure 1. Chromatography grade acetone, n-hexane and
dichloromethane were purchased from Merck, Germany. Stock solution of the individ-
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ual standards (1000 mg L−1) were dissolved in acetone and stored at 4 ◦C. Working
standard solutions were prepared by diluting the stock solution with n-hexane to the
required concentrations.
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2.2. Instrumental

GC-MS analysis was carried out using an Agilent 7832 GC instrument equipped with
an Agilent 5977B mass spectrometer detector (Agilent Technologies, Santa Clara, CA, USA)
in electron ionization and scan modes. Chromatographic separation was performed using
a HP-5MS (5% phenylmethyl siloxane) capillary column (30 m × 0.25 mm × 0.25 µm).
The GC oven temperature was programed as follows: 50 ◦C (1 min), 50–200 ◦C at 30 ◦C
min−1, 200–280 ◦C at 10 ◦C min−1, (1 min), 280–310 ◦C and finally held for 3 min [20,22]. A
constant flow rate of the helium carrier gas was 0.8 mL min−1. The injection was performed
in splitless mode with an injection volume of 1 µL and a temperature of 250 ◦C. The mass
spectrometer detector was operated in scan mode and the temperatures of the transfer line
and the ion source were set at 300 and 280 ◦C, respectively [23]. The MS parameters and
representative chromatograms of acetochlor and s-metolachlor are shown in Table 1 and
Figure 2.

Table 1. Gas chromatography–tandem mass spectrometry (GC-MS) parameters of acetochlor and
s-metolachlor.

Analyte Retention Time Qualifying Ions
(m/z)

Quantifying Ions
(m/z)

Acetochlor 8.10 162.0, 146.0, 174.0 146.0

s-metolachlor 8.78 162.0, 238.0, 211.0 162.0
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Figure 2. The GC-MS chromatograms of acetochlor and s-metolachlor in scan mode.
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2.3. Sample Collection and Preparation

Maize (variety DKC 4943) and soybean straw plants (Condor C1) were obtained
from the Research Farm of the Agricultural University Iasi-Romania (47◦07′ N latitude,
27◦30′ E longitude). One treatment with Guardian (820—860 g L−1 a.i. acetochlor) and
Dual Gold (86.5% a.i. s-metolachlor) was conducted in a plot with an area of 126 m2. The
control (blank sprayed with clear water) was performed synchronously with a surface area
of 126 m2. The good agricultural practice details given by the manufacturer was as follows:
recommended dosages were 2.5 L ha−1 for Guardian and 1.5 L ha−1 for Dual Gold, while
the application method was before and after sowing.

The straw samples (at least 50 for each plant sample) were collected at crop harvest
time. After collection, the straw samples were washed, air dried and passed through a
2 mm sieve and stored in sterile glass bottles in the dark at 4 ◦C until analysis.

2.4. Accelerated Solvent Extraction Procedure

A Dionex Accelerated Solvent Extraction system (ASE—300, Thermo Scientific, Waltham,
MA, USA) was used to extract acetochlor and s-metolachlor from straw samples. Cellulose
extraction filters were placed on the bottom of the stainless-steel extraction cells (35 mL) to
avoid the fine particles from going into the collection bottle and ensure consistent extraction
volumes. Then, 10 g of maize and soybean straw plants was mixed with 3 g Diatomaceous
earth and the mixture was added in the ASE cells.

The ASE system was operated under the following conditions: 1500 psi pressure,
80–150 ◦C temperature, 3–5 min heat-up time, 40–70% flush volume, and 2–5 extraction
cycles. Several solvents were tested, including acetone, n-hexane, dichlormethane and
n-hexane and acetone (1:1 v/v) mixture. After static extraction, the extraction cell was
purged with nitrogen for 1 min [24]. The extracts were collected in 240 mL collection bottles
and concentrated to about 5 mL with a rotary evaporator, then evaporated at 50 ◦C to dry.
The residue was then reconstituted to 1 mL with dichlormethane for subsequent clean-up.

2.5. Method Validation

The validation of the developed method was carried out according to the European
guideline SANTE/12682/2019 with the following analytical parameters: selectivity, ac-
curacy, linearity, precision and trueness, matrix effect, limit of detection (LOD), limit of
quantification (LOQ). At five concentration levels ranging from 0.001 to 0.05 mg L−1, sol-
vent and matrix effect standard calibration curves were built and injected into the GC-MS
system. The linearity study was calculated by the correlation coefficient (R2) of the matrix
matched calibration curves. The slope ratio between the calibration curves obtained in
matrix and in solvent was tested for matrix effects. Recovery tests were carried out for
each matrix at two spiked concentrations (0.05 and 0.1 mg kg−1) with five replicates at
each stage to test the accuracy of the method. By using the relative standard deviation
(RSD), the precision in terms of repeatability intraday and interday were evaluated. Spiked
samples at two concentrations with five replications were injected in the same day to assess
the intraday precision and the RSD was measured. The interday precision was assessed on
two different days with five replications and calculation of the RSD. The limit of detection
(LOD) of the proposed method was estimated on a signal-to noise ratios (S/N) of 3. The
limit of quantification (LOQ) was defined as the lowest spiked level of the validation
meeting the method performance acceptability criteria.

3. Results
3.1. Optimization of the ASE Procedure
3.1.1. Solvent Selection

Drying and homogenization followed by accelerate solvent extraction using a low
polarity solvent has proven to be an efficient, reproducible and simple extractive method
for acetochlor and s-metolachlor. Various solvents such as pure n-hexane, acetonitrile and a
mixture of acetone and DCM, DCM and ethylacetate have been used for the ASE of anilide
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herbicides [17,24,25]. The best extraction efficiency requires selection of an appropriate
solvent which has similar polarity with target analytes [26,27]. The proper solvents should
have high solubility towards the target compounds, selective towards coextractors and
cause little or no interference with the determination [20]. Dichlormethane failed to be
considered as an effective extraction solvent as it had the lowest recoveries (37–42%)
compared to the other three solvents combinations. The pure solvents acetone and n-
hexane exhibited smaller recoveries (79–87%) of acetochlor and s-metolachlor compared to
solvent mixtures whose recovery values were increased. Acetochlor and s-metolachlor are
low polarity compounds with octanol–water partition coefficients, KOW, between 3.05 and
4.14 [5,9]. Considering the physical-chemical properties of the herbicides, the appropriate
solvent that exhibited a high recovery (114%) was a mixture of n-hexane and acetone
(1:1 v/v) (Figure 3). The n-hexane and acetone mixture is a kind of low polar solvent
which dissolved the target compounds better than other solvents. Figure 3 shows that the
highest extraction efficiency (recovery from 37% to 114%) for the two active ingredients
was obtained when n-hexane and acetone were used as extraction solvents.
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Figure 3. Influence of solvent type on the acetochlor and s-metolachlor extraction procedure.

3.1.2. Effect of Temperature

It is known that increasing temperature improves the penetrability and solubility
of the solvent, thus enhancing extraction efficiencies. Increased extraction efficiency is
linked with reduction in solvent viscosity and surface tension, which enhance exposure of
analytes to solvent [26,27]. Different temperatures affect the ASE procedure by improving
the extraction of acetochlor and s-metolachlor when the temperature increases from 80
to 140 ◦C (Figure 4) [28]. At high temperatures (160 ◦C), the stability of acetochlor and
s-metolachlor decreases while the coextractors start to increase [23]. The highest recovery
values were obtained at 140 ◦C—97% for s-metolachlor and 105% for acetochlor.
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3.1.3. Effect of Exposure and Number of Extraction Cycles

In order to diffuse the target compound into the extraction solvent, the static extraction
time can be increased. However, our results showed that the static time increased from
3 to 5 min and one cycle gave the maximum extraction efficiency. Data indicate that
the recoveries were lower after two extraction cycles. The recoveries of acetochlor and
s-metolachlor in the second cycle were 1.3% and 1.05% and those in the third cycle were
below the limits of detection. Therefore, the optimal number of extraction cycles was one
in order to save solvent and time and increase analytical time. To provide the quantities
of acetochlor and s-metolachlor elutes, the rinse volume was also optimized and it was
associated with the final volume. Different flushing solvent volumes (40%, 50%, 60% and
70%) were investigated, and the 60% cell volume was enough to eluate the analytes from
the extraction cell.

3.2. Method Validation

Good regression equations and correlation coefficients (R2) were achieved for both
tested herbicides (Tables 2 and 3). The linear concentrations of an individual pesticide,
such as 0.001, 0.005, 0.01 and 0.05 mg L−1, established a linear correspondence among
detector response and herbicide concentrations. The selected chromatographic parameters
for acetochlor and s-metolachlor have obtained the correlation coefficients (R2) in the range
of 0.991 to 0.998.

Table 2. Analytical characteristics of the optimized Accelerated Solvent extraction (ASE)/GC-MS
method for the two herbicides.

Analyte Correlation
Coefficient (R2)

Linear Range
(mg L−1)

LOD
(ng g−1)

LOQ
(ng g−1)

RSD
(%)

Acetochlor 0.993 0.001–0.05 0.2 0.67 1.7
s-metolachlor 0.997 0.001–0.05 0.07 0.19 6.9

LOD—limit of detection, LOQ—limit of quantification, RSD—relative standar deviation.

Table 3. The mean recovery, matrix effect (Me) and relative standard deviations (RSDs) of acetochlor
and s-metolachlor.

Analyte
Straw

Sample
n = 5

R2 Me

Mean Recovery
(%)

Intraday
RSD (%) Interday

RSD (%)0.05 mg
kg−1

0.1 mg
kg−1

Acetochlor Maize 0.996 0.87 85.5 104.7 1.2–3.4 2.6

s-metolachlor Soybean 0.998 0.92 83.4 112.9 2.4–4.8 1.5

The LODs were ranged between 0.07 and 0.2 ng/g [29]. The LOQ for acetochlor and
s-metolachlor was 0.19 to 0.67 ng g based on a good recovery within the range 95–102%.
The obtained LOD and LOQ values highlight the sensitivity of the method, as the pesticide
could be analyzed below the MRLs set by the EU (0.01 mg kg−1).

Maize and soybean straw were spiked at 0.1 and 0.05 mg kg−1 level using individual
working standard and registered 83.4 to 119.3% and 85.5 to 112.7% of the recoveries, with
RSD less than 20% at all spiked levels (Table 3 and Figure 5). The accuracy of the method
was assessed for each herbicide by comparing the measured true values with spiked values,
which is acceptable based on the SANTE guideline.
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The recovery range of 81.20% to 112.9% was shown by repeatability estimation with
relative standard deviation in the range of 3.2% to 6.8%. Under optimal conditions, the
precision with intra- and interday tests registered recoveries of 82.3% to 105.3% and 83.6%
to 104.8%, with the RSD in the range of 1.2% to 4.8%, respectively. The system validation
results in maize and soybean straw showed that the modified accelerate solvent extraction
with GC-MS detection was accurate and sensitive when detecting the two herbicides that
are members of anilide family.

3.3. Application to Real Samples

The developed GC-MS method was applied through the quantitation of acetochlor
and s-metolachlor of 50 maize and soybean straw samples after application in an experi-
mental field. Under optimized conditions, a straw chromatogram of the real and spiked
samples was obtained (Figure 5). Each analyte had the same retention time as the standard
compound in straw samples and spiked straw samples, respectively. At the retention time
of acetochlor and s-metolachlor, no interference peaks were observed. Acetochlor was
detected at concentrations at or above the LOQ in 85% of the samples with mean levels
of 0.73 ng g−1 and maximum concentration of 0.97 ng g−1 For s-metolachlor 73% of the
samples were over the LOQ, with a mean level of 0.21 ng g−1 and a maximum of 1.4 ng
g−1. The current approach yields good recoveries in the range of 81.9%–103.1% as well
as adequate precision with an RSD less than 5%. Owing to the enhanced sensitivity, the
scale of quantifiable data increased, obtaining more environmental knowledge regarding
acetochlor and s-metolachlor.

4. Discussion

In this study, acetochlor and s-metolachlor identification and quantification were based
on GC-MS according to their retention times using scan mode. Therefore, distinct condi-
tions were optimized to achieve an admissible resolution between the components and a
reasonable run time with agreeable recoveries that meet the suitability requirements [27,28].
Good separation was obtained under the optimized chromatographic conditions and the
retention times of acetochlor and s-metolachlor were 8.11 and 8.78 min, respectively.

The combined ASE/GC-MS method was successfully used for the analysis of ace-
tochlor and s-metolachlor, exhibiting good linearity, reproducibility and recovery.
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Optimization of the ASE parameters, for prudent selection of solvents, temperature,
static period and static cycles, can influence the extraction procedure [29]. Since extraction
solvent temperature, static extraction time and cycle were among the favorable ranges, the
extraction process was achieved with a frequently used low polar solvent mixture. The
highest chromatographic peak areas for the tested acetochlor and s-metolachlor compounds
were obtained using n-hexane and acetone. Based on the relative polarities of the solvents
and taking into account that the anilide herbicides are low polar compounds, the best
extraction was expected with low polar solvents [30,31].

It is generally known that increasing temperature affect extraction kinetics. To obtain
an efficient extraction on accelerate solvent extraction, slight modification of the temper-
ature was carried out [32]. To ensure the stability of acetochlor and s-metolachlor, the
extraction temperature was set to 140 ◦C.

In an accelerated solvent extraction procedure, the static extraction time and cycles are
additional elementary experimental parameters. Extraction times establish an equilibrium
beyond which an increase in time should not have consequence on extraction performance.
However, our results reveal that solvents with extraction times longer than 5 min offer
reduced recoveries with increasing volumes of the extraction solution and extend the
extraction time [23,27,30]. The highest recovery values, 95.6% and 102.2% for acetochlor
and s-metolachlor, were obtained within 5 min. The number of extraction cycles based on
average recoveries indicate that only one cycle operation was efficient in terms of saving
solvent and increasing analytical rate.

The suggested ASE sample processing coupled with a GC-MS approach was com-
pared to other chromatographic analysis techniques from the literature used to determine
acetochlor and s-metolachlor [33,34]. Certainly, the proposed approach has a larger linear
range and lower LOD and RSD than the other methods, which makes it significantly
better. Additionally, the advantages of this technique include simplicity of use, maximum
efficiency, low solvent consumption, and environmental conservation. Furthermore, this
method has significant labor-saving and budget benefits. Overall, this approach is highly
selective, sensitive, and precise, and it has the potential to be used in everyday research.

Real samples collected from the Research Farm of the Agricultural University Iasi-
Romania were extracted according to the ASE procedure established. The obtained re-
sults show that the concentration of acetochlor and s-metolachlor were under limitation
values [14]. Major breakdown processes under natural conditions depend on physical-
chemical properties of the herbicides and soil pH and properties, moisture and microorgan-
isms. The maize and soybean crops were grown in Romania under temperate conditions,
and the straws were allowed to dry in the field after reaching maturity, which may be the
reason for low residues [4,35]. The concentrations of anilide herbicides in plant samples
were comparable to those of other field studies [20,28]. In a comparable study on acetochlor
residues, no residues were quantified in real samples using HPLC–MS/MS and GC-MS.
This type of herbicide belongs to the category of low residue pesticides and, taking into
account other factors such as soil pH and properties as well as environmental conditions,
almost 90% of the residues were degraded.

5. Conclusions

In this study, a simple and efficient method for the extraction and quantitation of
acetochlor and s-metolachlor in maize and soybean plants was reported. The optimized
ASE procedure ensures less solvent consumption and lower sample preparation time with
reduced operational labor. The suggested method introduces varied benefits in terms of
sensitivity, accuracy and selectivity, and it is possible that it can be used in other matrices.
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