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Abstract: N-nitrosamines are a class of carcinogenic chemical compound. Considering the large-scale
application of agrochemicals globally, the elimination of N-nitrosamines from pesticides should be a
priority for manufacturers and regulators. A set of methods was developed and validated for the
determination of the toxicologically relevant N-nitrosamine impurity of ethalfluralin (ethyl-N-(2-
methylallyl) N-nitroso amine—EMANA) in 33% w v~! emulsifiable concentrate (EC) formulations.
Solid Phase Extraction (SPE) was compared with the “dilute and shoot” approach. Gas chromatogra-
phy (GC) was combined with Flame Ionization Detection (FID) and mass spectrometry (MS). For MS,
two mass filtering modes (Selective Ion Monitoring—SIM, tandem mass spectrometry—MS/MS) and
two ionization modes (Electron Ionization—EI, Positive chemical ionization—PCI) were applied. It
was concluded that, in the case of samples with high nitrosamine concentration (>90 ug g~ 1), the
“dilute and shoot” approach can be applied without compromising the quality of the results. SPE,
however, is required to attain the LOQ (0.33 pug g~ ') with good recovery (97.4-110.67%), linearity
(R >0.99) and precision (%RSD 0.68-1.74). The LOQ supersedes the limit set by EFSA (1 ug gfl) in
the Technical Active Substance—TAS. The concentration range of the methods is 0.05-110 pg g~
The methods were applied for the official surveillance program of the Greek agrochemicals market.
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1. Introduction

N-nitrosamines are a class of chemical compounds (Figure 1), a significant number
of which are classified by the International Agency for Research on Cancer (IARC) as
Groups 1, 2A, 2B and 3 carcinogens [1]. Their mutagenic potential seems to be increased
by the number of «-hydrogens available [2]. They can be found in a variety of products,
including foods, drugs, cosmetics, toys and pesticides [2].
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Figure 1. Structure of N-nitrosamines.

Although recently there was a significant increase in concern for N-nitrosamines in phar-
maceutical products [3,4], their presence in pesticides was well-known beforehand. Ross et al.,
Fishbein and Kearney [5-7] detected them in high concentrations (up to 640 mg-L~!) and
studied the mutagenic potential of N-nitrosamines in various pesticides, with dinitroanilines
among them. These concentration levels are of high toxicological risk since they may lead
to human exposures two orders of magnitude greater than exposures from nitrite-preserved
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food or from tobacco smoke. Dinitroanilines are one of the most widely used groups of herbi-
cides (ethalfluralin, benfluralin, pendimethalin, trifluralin) [8-11]. During the manufacturing
process, depending on reaction conditions, N-nitrosamines can be formed as a by-product of
the side reaction of the nitrosating agent and secondary amines. (Figure 2). The mutagenic
potential of these compounds is significant since they have the maximum possible number of
a-hydrogens (four), except from pendimethalin (one), as can be seen in Figure 2. Studies of
drug—nitrite reaction products [4] indicate that pesticide-nitrite reaction products could also
prove intrinsically more potent as genotoxic agents than several extensively studied N-nitroso
compounds which are classified by IARC as probably carcinogenic to humans. However, no
such relevant study has been carried out for pesticides to confirm or reject this indication.

A N/C — > N—N/c
\ 7N

Ethalfluralin A:-CF; B:-H, C:-Et, D: -Me-Allyl
Benfluralin  A:-CF; B:-H, C:-Et, D:-Bu
Trifluralin ~ A:-CF; B:-H, C:-C3H,, D: -C3H,
Pendimethalin A: -Me B: -Me, C:-3-pentyl, D: -H

Figure 2. Dinitroanilines and the respective N-nitrosamine impurities.

Limits for N-nitrosamine levels in various products have been set by regulatory agen-
cies worldwide, while manufacturers have implemented measures to reduce or eliminate
these compounds from their products. The Food and Drug Administration in the United
States [12] and the European Chemicals Agency in the European Union [13] have set
limits on the levels of N-nitrosamines in various products (foods, drugs, cosmetics, chil-
dren’s toys, etc.) and require manufacturers to provide information on the presence of
N-nitrosamines and to test their products before they can be approved for sale so that
they are safe for human health and the environment. Similarly, the European Food Safety
Authority (EFSA) has set—indirectly—the limits for N-nitrosamines in pesticides, with a
maximum concentration of 1 pg g~ ! in the Technical Active Substance [14].

In recent years, control of relevant impurities such as N-nitrosamines has had an
increasing importance in the analysis of plant protection products. It is one of the main
concerns for illegal, counterfeit or poor-quality pesticides that make up an estimated 7% of
the European pesticide market [15]. Faced with this challenge, regulatory authorities are
obliged to apply specific, sensitive and robust methods for the fast and efficient monitoring
of these compounds [16-21].

In this study, we present a set of methods for the determination of the nitrosamine ethyl-
N-(2-methylallyl) N-nitroso amine (EMANA) in emulsifiable concentrate (EC) formulations
of ethalfluralin. EMANA, as shown in Figure 2, is the by-product of the manufacturing
process of ethalfluralin. The proposed approach (a) uses the “dilute and shoot” approach
with GC-SIM in the case of high concentrations (>90 ug g~ ') and low interference samples;
(b) combines SPE with the robustness of an FID detector and the sensitivity and selectivity of
an MS/MS detector for high interference samples. Solid Phase Extraction (SPE) is required to
reach an LOQ lower than the EFSA acceptable maximum concentration (1 pg g’l).

2. Materials and Methods

Analytical standard of N-nitrosoethylmethylallyl-amine (99%) was donated by Dow
Agrosciences (King’s Lynn, UK). HPLC-grade methanol, acetone, 1-chlorobutane and
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hexane were obtained from Fischer Scientific (Fisher Scientific, Waltham, MA, USA). Stock
and working standard solutions for method validation were prepared in acetone in the
corresponding concentrations for each analysis (Table 1). Twenty-five (51-525) ethalfluralin
commercial emulsifiable concentrate (EC) formulations were collected from the Greek
market. The formulations contained 333 g L~! of ethalfluralin.

Table 1. Validation parameters of the methods.

GC-SIM GC-EI-MS/MS GC-PCI-MS/MS GC-FID
Concentration range * 10-300 pg g! 1-10 pg g* 0.05-180 pg g ! 1-110 pg g+
Linearity of Correlation coefficient 0.9979 0.9999 0.9998 0.9997
response * Slope 7.6943 x 10° 1356.4 1.8895 x 10° 6653.9
Intercept —2.2331 x 10* —5455.36 1.4769 x 10* —2971.52
Sensitivity Limit o(fL%Sygﬁcahon 9N pgg ! 1ugg ' 033 ugg ' Tugg '
—1 -1 —1 —1
RSD of Peak Area 8@0.1 ug mL 29 @0.1 pg mL 13.78@0.1 pg mL 0.21@10 pg mL
System (n=5) (n=3) (n=3) (n=95)
Precision Horwitz RSDr 10.7@ 0.1 pug mL~! 10.7 @0.1 pug mL~! 10.7@ pig mL~! 7.48 @10 ug mL~!
(HorRat 0.75) (HorRat 0.27) (HorRat 1.29) (HorRat 0.03)
RSD 489 @03 ugg~! 27.6 @10 pg/g 0.68@0.33 g g~ 8@20 ug g~
Method (n=5) (n=5) (n=10) (n=3)
recision - - _
P Horwitz RSDr 9.086@0.3 pg g 30.321@10 pg/g 12.66@0.33 pg g~! 0.14@20 pg g!
(HorRat 0.54) (HorRat 0.91) (HorRat 0.05) (HorRat 0.91)
@0 pugg ' (n=3) @lpgg ! (n=3) @0.33 pgg~! (n=10) @0ugg ' (n=3)
. recovery:91.75% recovery:121.2% recovery:110.67% recovery:101.49%
Low concentration
RSD 2.88 RSD 44.56 RSD 0.68 RSD 0.14
Accuracy Horwitz 1.88 Horwitz 30.32 Horwitz 12.66 Horwitz 6.83

High concentration

@300 ug g~ (n=3)

@0 pugg ! n=3)

@180 g g n=3)

@0 pgg ! (n=3)

recovery:103.01% recovery: 95.21% recovery:97.44 recovery:100.54%
RSD 2.35 RSD 17.21 RSD 1.74 RSD 1.13
Horwitz 1.60 Horwitz 21.44 Horwitz 4.906 Horwitz 6.15

All the concentration in the table refer to EMANA concentration w.w ! in the Technical Active Substance (TAS)
for facile comparison with the regulatory maximum permitted concentration of 1 ug g~!. * Linearity and system
precision were estimated using working standard solutions since blanks of Plant Protection Products are not
available. ** LOQ was estimated by standard addition tests on real samples. *** SPE cleanup required to achieve
required LOQ.

GC-SIM and GC-MS/MS analyses were performed on a Varian CP-3800 gas chromato-
graph with electronic flow control and were interfaced to a 1200 L mass selective triple
quadrupole mass spectrometer system (Varian, Palo Alto, CA, USA). Chromatographic
separation was achieved using a VF-1 MS (30 m x 0.25 mm x 0.25 pm film thickness,
Varian, Palo Alto, CA, USA) capillary column along with a programmable temperature
vaporization (PTV-1079) injector. The autosampler was a CTC Combi-Pal (CTC Analytics
AG, Zwingen, Switzerland). Instrument control and results” processing were carried out
using Varian MS Workstation version 9.6 software (Varian, Palo Alto, CA, USA).

GC-FID analysis was carried out on a Thermo Finnigan Trace GC (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a split/splitless injector, operated in splitless
mode, a Flame Ionization Detector and an autosampler (Thermo Finnigan AS 2000). The
chromatographic column was a DB-1 (30 m x 0.53 mm X 1.5 um film thickness, J&W
Scientific, Folsom, CA, USA). Instrument control and results’” processing were carried out
using ChromCard v2.10 software (Thermo Fisher Scientific).

“Dilute and shoot” samples for GC-SIM and GC-MS/MS were prepared by weighing
the appropriate amount of the plant protection product (PPP) formulation and dilution
with acetone to the appropriate volume to attain a final concentration of ~1000 ytg mL~".

The optimized sample preparation process with Solid Phase Extraction (SPE) was
performed using Silica gel cartridges (ISOLUTE®, Biotage, Uppsala, Sweden). The cartridge
was adapted to the vacuum apparatus (Vac Master, Overland Park, KS, USA). The bed was
preconditioned with methanol (MeOH, 5 mL) and hexane (5 mL), and a thin layer of basic
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alumina (1 g) and dry sodium sulfate (2 g) was added on top. The SPE column bed was
air-dried under vacuum and wetted with 1-chlrorobutane. An accurately weighed amount
of the sample (~0.5 mg) was loaded on top of the silica, followed by the addition of 4 mL
1-chlrorobutane in portions (~1 mL). The column was again air-dried under vacuum. The
basic alumina and dry sodium sulfate layers together with the cartridge frit were removed
and the silica was transferred to an 8 mL glass vial. A mixture of 1-chlorobutane/MeOH
(90:10) was added and the resulting slurry was vortexed and finally filtered through a
0.45 um filter in an amber sample vial. The filtrate was evaporated under a gentle stream
of nitrogen to a final volume of 0.5-0.25 mL for further analysis.

“Dilute and shoot” GC-SIM approach was applied (Figure 3A) in the case of ethalflu-
ralin formulations with low interference from the co-formulants and relatively high content
of the impurity (>90 ug g~ !). The detailed analytical conditions are listed in Table 2 and
validation parameters in Table 1.
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Figure 3. Overlaid chromatograms of samples with low background interference (RED: containing
EMANA, BLUE: without EMANA) and high background interference (PURPLE) analyzed by the
three mass filtering modes: (A): GC-SIM (m/z 111); (B): GC-EI-MS/MS (transition 128 > 83); and
(C): GC-PCI-MS/MS (transition 129 > 84). EMANA retention time: ~6 min. Interfering peaks from
co-formulants in SIM (A) “disappear” with the MS/MS mode (B,C). Enhancement of the detection
signal achieved with PCI (C) is also significant.

“Dilute and shoot” was also tested for lower concentration levels using gas chro-
matographic separation and tandem mass spectrometry with Electron Impact ionization
[GC-MS/MS-(EI), Figure 3B]. The conditions used are presented in Table 2 and the corre-
sponding validation parameters in Table 1.
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Table 2. Method instrumental parameters.

GC-SIM GC-MS/MS (EI) GC;II}’?I?MS GC-FID
Column VE-5MS 30 m x 0.25 mm, 0.25 um film thickness DB1 30 m x 0.53 mm, 1.5 um film thick
Injection Port 250 °C split 100 250 °C, split 30
Temp Rate Hold Temp Rate Hold Temp Rate Hold
O (°C/min) (min) 0 (°C/min) (min) O (°C/min) (min)
Oven Program 80 0.00 50 0.50 60 5
220 12 0.00 135 10 0.00 180 5 10
290 25 30.00 290 70 30.00 270 70 20

Detector Temperatures

Transfer Line/Source: 280 °C/200 °C Detector (FID): 250 °C

Q2 pressure (Argon) 1.5 mTorr
Source pressures 47 mTorr 5 Torr CHy (ion source)
Electron multiplier (V) 1300

* Proposed fragmentation pattern Supplementary Materials Figure S1. ** Proposed fragmentation pattern
Supplementary Materials Figure S2. *** Proposed fragmentation pattern Supplementary Materials Figure S3.

For samples with low content of the impurity (<90 ug g ') and/or high interference
from co-formulants, GC-MS/MS (PCI) was performed after SPE cleanup of small quantities
of the sample (0.5 g). The final extract was condensed via evaporation to 0.5 mL. The sample
was analyzed under the condition described in Table 2. The LOQ achieved (0.33 ug g~ ')
was well below the regulatory limit (1 ug g~ 1), and other validation parameters were also
within the acceptable tolerances (Table 1).

The cleaned-up SPE samples also underwent GC-FID analysis using a different column
(DB-1) and different chromatographic conditions (Table 2) for confirmation purposes.
Samples were concentrated under a gentle stream of nitrogen to a final volume of 0.25 mL.
The method was validated (Table 1), and the results confirmed the results from GC-MS/MS
(PCI) method. See Figure 4.
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Figure 4. GC-FID chromatogram of real sample with high background interference after SPE cleanup.
Retention time of EMANA: 10.15 min.
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3. Results
Quality Assurance/Quality Control—Method Validation (Table 1)

Internal validation of analytical methods was carried out via the determination of the
analytical quality parameters: precision, linearity, limits of detection and quantification,
working range, accuracy, selectivity and sensitivity according to official EU guidelines [22]
(Table 1). Linearity was established in all methods using excellent correlation coefficients
(R > 0.99). Sensitivity in terms of LOQ was determined in two ways: from recovery
experiments and from the standard error of the intercept and slope of the linearity curves.
Instrument precision was tested with multiple injections of standard solutions. Method
precision was confirmed by testing multiple preparations of the same sample. The modified
Horwitz equation was compared with the %RSD of the method using the HorRat ratio.
HorRat values for all methods were found below the critical value of two. However, only
the GC-PCI-MS/MS and GC-FID methods met the criteria for the HorRat value Hr (Hr < 1)
set by EU guidelines [22].

Accuracy was estimated with recovery experiments at two levels. Recovery values
and %RSD were satisfactory, ranging from 97.44 to 100.67% for GC-PCI-MS/MS and
100.54 to 101.49% for GC-FID. Selectivity and specificity indicate the degree to which an
individual analyte can be determined in a complicate mixture with no interference from the
co-formulants or degradation products of the PPP. Lack of interference was demonstrated
by a comparison of retention times and mass spectra of the EMANA in the analytical
standard and the sample solution, and was confirmed using MS/MS fragmentation and
analysis in columns of different polarity. CI-GC-MS/MS and GC-FID analyses were carried
out on a DB-1 column, and EI-GC-MS (SIM) and EI-GC-MS/MS analyses were carried
out on a DB-5 column. Comparison of the results from all methods indicated that GC-CI-
MS/MS is required for the determination of very low concentrations of EMANA. However,
in the case of higher concentrations, the application of the less sensitive (higher LOQ)
GC-MS and SPE/GC-FID methods can be applied.

The validation results demonstrated the consistency and accuracy of the measurement
of EMANA in commercial pesticide formulations and pointed out an absence of systematic
error in the developed method.

4. Discussion

The authorization procedure of PPPs includes the identification of impurities and
relevant impurities. Specific limits are defined and amended in the Commission Implement-
ing Regulation No. 540/2011 [23] and FAO/WHO specifications [24]. The products are
considered safe if these limits are not exceeded. However, relevant impurities are deemed
as crucial quality attributes and should be identified when exceeding the threshold defined
by the legislation or international specifications.

For nitrosamine analysis, gas chromatography (GC) with a special chemiluminescence
detector (also called thermal energy analyzer (TEA)) was the method of choice for about
three decades [2]. However, this type of detector is not available in many laboratories
since it does not meet wide acceptance for the analysis of other compounds. Today, for
many laboratories, the FID detector is a cheap, robust and reliable solution since cost and
availability are always weighed when selecting a detector. However, the main criterion
for selecting a definitive method is the analytical quality of measurements. For this reason,
MS-based techniques are predominantly employed for the identification and quantification
of relevant impurities in TAS or formulations. Therefore, most laboratories in research
and governmental institutions operate mass selective detectors (MSD) combined with gas
chromatographs (GC-MS, GC-MS/MS).

Impurities” determination can be harder in the case of some formulations than in TAS.
The presence of co-formulants results in a more complex matrix that can impede detection
of an impurity that might be present. In those cases, sample preparation approaches (SPE,
LLE) can be optimized to remove co-formulants prior to analysis. In the case that this
removal is not feasible, more elaborate separation and/or detection strategies need to be
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established. A problem that is often encountered is that sensitive and selective detectors
such as MSDs may be susceptible to contamination by the exceptionally high concentrations
of the analyzed compounds. Another case is when the increased concentration of the active
substance constitutes a chromatographic interference (e.g., by giving a very broad peak, by
increased tailing or fronting).

Validation of analytical methods is the only way to verify that a method is fit-for-
purpose [25]. Performance characteristics and constraints of a method are established to
confirm that it is adequate for resolving a certain analytical problem.

The analysis of real ethalfluralin samples under the frame of the annual market
control of plant protection products conducted by the Ministry of Rural Development and
Food in cooperation with the Laboratory of Chemical Control of Pesticides of the Benaki
Phytopathological Institute was carried out.

As mentioned above in Section 2, the GC-SIM method was used for the analysis of
samples with increased content in EMANA and insignificant chromatographic interference
from the co-formulants. It was fully validated and applied to readily analyze the first
non-compliant samples that were intercepted in the Greek market. As a provision of the
national legislation, the method was also inspected during the audit of an independent
expert appointed by the manufacturer of the non-compliant PPP.

To achieve an LOQ below the regulatory limit (1 pg g~!), tandem mass spectrometry
was tested. With GC-MS/MS-(EI), the LOQ achieved was significantly lower (10 ug g~ 1),
but was still not below the regulatory limit. Performance parameters using standard so-
lutions were very good. However, during the analysis of real samples, method precision
at lower concentrations was poor. This is indicative of a strong matrix effect due to inter-
ference from the co-formulants. A possible explanation is that Electron Impact ionization
(EI), which is considered “hard” and non-selective, provides an inadequate amount of
parent ions to break down in the second quadrupole and gives a more intense signal for
the corresponding MS/MS transition of EMANA.

Overcoming a strong matrix effect is exceptionally challenging in the case of formula-
tions with strongly interfering co-formulants (Figure 3A—purple-colored chromatogram).
To enhance the selectivity and specificity of the MS/MS detector, the application of more
“soft” and selective ionization modes than EI were tested. Preliminary Electro Spray Ion-
ization (ESI)-LC-MS/MS experiments indicated very poor ionization of EMANA under
ESI conditions. On the other hand, Positive Chemical Ionization (PCI) combined with
GC-MS/MS gave very good results (Figure 3C). Chemical Ionization is widely used for
various analytes, mostly in the negative mode [26]. However, in the case of nitrosamines
and EMANA, the presence of protonation sites on the molecule (nitrogen atoms) favors the
use of positive chemical ionization (PCI).

“Dilute and shoot” of high concentration samples (~3300 ug/mL in a.i.) with GC-
MS/MS (PCI) was tested to achieve the desired LOQ (<1 ug g_l). However, this approach
proved impractical. Sensitivity deteriorated after only a few injections due to overloading
of the chromatographic system by the very high concentration of active ingredient and
co-formulants. A time-consuming procedure of cleaning the injector port and the ionization
source was required. Therefore, it was decided to use SPE cleanup of the sample. In that
way, enriched EMANA samples, almost free from the active ingredient and co-formulants,
were injected in the chromatographic system and fouling of the system was avoided. The
SPE-cleaned samples were further concentrated and analyzed with GC-FID on a column of
different polarity for confirmation purposes.

A total number of 25 real samples of PPPs from the Greek market were analyzed to
investigate the presence of EMANA and to assess the method’s applicability (see Table 3).
Most of the samples tested were found to be compliant with the specification of 1 pug/g
EMANA in the TAS (0.33 pg/g in formulation). However, in some cases the content of
EMANA exceeded the regulatory limits by more than 400%. This was attributed to the
omission of a purification step for the removal of EMANA during the manufacturing
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procedure. The developed method was successfully utilized for the assessment of EMANA
content in ethalfluralin EC formulations.

Table 3. Results from the analysis of commercially available formulation samples from the Greek market.

Sample Code Cor}centration of EMANA EMANA in the Technical Sample Code Cox}centration of EMANA EMANA in the Technical
in the PPP (ugg=1) Active Substance (ug g—1) in the PPP (ugg—1) Active Substance (ug g—1)
S1 <LOQ <LOQ S14 <LOQ <LOQ
S2 <LOQ <LOQ S15 <LOQ <LOQ
S3 <LOQ <LOQ S16 <LOQ <LOQ
S4 68.4 203.1 S17 <LOQ <LOQ
S5 <LOQ <LOQ S18 <LOQ <LOQ
S6 <LOQ <LOQ S19 <LOQ <LOQ
S7 <LOQ <LOQ 520 <LOQ <LOQ
S8 72.8 216.3 S21 <LOQ <LOQ
S9 <LOQ <LOQ S22 <LOQ <LOQ
S10 72.1 214.2 523 137.2 406.9
S11 <LOQ <LOQ 524 136.1 403.9
S12 <LOQ <LOQ 525 <LOQ <LOQ
S13 <LOQ <LOQ

5. Conclusions

As discussed in the introduction, N-nitrosamines are associated with carcinogenicity [27].
Since pesticides are applied in bulk quantities, high concentrations of N-nitrosamines in
pesticide formulations pose a risk mainly for humans and non-target species, but also for the
environment. According to the “WHO Guidelines for Water” [28], N-nitrosodimethylamine
(NDMA), a compound very similar to EMANA (Supplementary Materials Figure S4), has a
guideline value of <0.1 ug/L. The guideline also refers to pesticides as one of the sources of
contamination of water by NDMA. Therefore, formulations with concentrations of EMANA
as high as ~200 pg g~ ! (200 times above the regulatory limit of 1 jig g~ ) in the technical active
substance pose a high risk for water contamination and other environmental compartments as
well as humans (especially farmers) and other non-target species. No extensive risk assessment
of EMANA has been conducted since the registration data for ethalfluralin guaranteed that
its concentration would be below 0.05 pg g~!. Today, illegal, low quality and counterfeit
pesticides have become increasingly abundant in the international market. This is a new
source of impurities, such as EMANA, for the environment.

A set of methods for the determination of the relevant impurity ethyl-N-(2-methylallyl)
N-nitroso amine (EMANA) in a wide range of concentrations in emulsifiable concentrate
formulations (EC) of ethalfluralin was developed. “Dilute and Shoot” in combination with
GC-SIM was used for samples with exceptionally high concentrations. Solid Phase Extrac-
tion (SPE) and Positive Chemical Ionization GC-MS/MS was applied for the determination
of formulations with low concentrations of the impurity in matrices with high interference
from pesticide co-formulants. GC-FID was used for confirmation. Methods were validated
for all the parameters required by the EU Guidelines [22].

The method was applied in routine analysis for post-registration control of plant
protection products in the Greek market. The results for non-compliant samples were
confirmed following the provisions of national legislation. Re-analyses of the respective
counter-samples were carried out under the audit of an independent expert appointed by
the manufacturer of the respective PPP.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agriculture13051104/s1, Figure S1: EMANA EI-MS (SIM) proposed fragmen-
tation mechanism, Figure S2: EMANA EI-MS/MS proposed fragmentation mechanism, Figure S3: EM-
ANA PCI-MS/MS proposed fragmentation mechanism, Figure S4: Structural resemblance of EMANA,
NDMA and NDEA (IARC 2A classification—Probably carcinogenic to humans) and NDPA (IARC 2B
classification—Possibly carcinogenic to humans). Figure S5: Target Compound Report from real sample
with high interference. Figure S6: GC-PCI-MS/MS chromatograms of solutions of standard EMANA
and non-compliant samples.
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