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In the present study, six commercial pesticide formulations with antifungal activity were characterized. 

Thus, two complementary injection methods based on gas chromatography were employed: direct in- 

jection (DI) and headspace (HS), both coupled to high resolution mass spectrometry (GC-Q-Orbitrap-MS). 

The combination of both injection modes allowed the tentatively identification of potential co-formulants. 

Available analytical standards were acquired for their confirmation, and 21 compounds were successfully 

confirmed. Finally, the concentration of these co-formulants was calculated, finding the highest value in 

one of the pesticide formulation, at 218.22 g L −1 for cyclohexanone. 

Results clearly show that this methodology is suitable for the reliable identification of co-formulants 

in pesticide formulations, offering high sensitivity, and highlighting that five co-formulants were detected 

by both injection techniques (DI and HS). Moreover, one of the main advantages of the proposed methods 

was the great capacity for the elucidation of compounds with similar molecular formula, bearing in mind 

that up to 8 co-formulants with the same molecular formula C 10 H 14 , were well differentiated by retention 

times between 8.46 (1-methyl-3-propylbenzene) and 10.98 min (1,2,3,4- tetramethylbenzene) in one of 

the pesticide formulation. 

Toxicity to human health and the environment has been evidenced for the co-formulants detected, 

finding compounds with relatively high toxicity, as naphthalene and cyclohexanone. 

© 2022 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1

w

y

v

p

a  

g

u

t

t

s

c

a

e

t

h

c

d  

i

o

h

0

(

. Introduction 

An increase in the demand for pesticides is being observed 

orldwide for effective crop protection, because high agricultural 

ields is being prioritized [1] . Pesticides might be found in a 

ariety of formulations depending on the physical and chemical 

roperties of their active ingredients, intended use, ease of stor- 

ge, transport and application, or even production costs [ 2 , 3 ]. The

reatest success of pesticide formulations or plant protection prod- 

cts (PPPs) is due to their broad application spectrum against mul- 

iple pests, and thus they can be classified as: insecticides (for in- 
Abbreviations: GC, Gas chromatography; Q, Quadrupole; MS, Mass spectrometry. 
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ect control), herbicides (for weed control) or fungicides (for fungi 

ontrol), among others [ 4 , 5 ]. 

PPPs might contain one or more active substances (pesticide) 

nd other ingredients called co-formulants, which may act as carri- 

rs, emulsifiers, odorants, buffers, solvents, stabilisers or preserva- 

ives [ 2 , 6 ]. Co-formulants usually improve PPP properties, as to en- 

ance the activity, mixing, application or effectiveness of the pesti- 

ide formulations and to reduce the adverse effect of active ingre- 

ients [ 7 , 8 ]. Furthermore, PPPs may also contain safeners to elim-

nate or reduce phytotoxic effects of pesticides on certain plants, 

r synergists to give enhanced activity of the active substance in a 

PP [ 2 , 6 ]. 

All pesticide formulations should undergo an exhaustive proce- 

ure to be approved for commercial use, controlled by the updated 

egulation (EC) No 1107/2009 [6] , and Regulation (EU) 2021/383 

ets a list of co-formulants which are not accepted for inclusion in 

PPs [9] . 
under the CC BY-NC-ND license 
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As discussed previously, there is an extensive variety of formu- 

ations that differ in the composition, both active substances and 

ther ingredients. Among the most common, highlights: emulsifi- 

ble concentrate (EC), which is composed by blends of pesticide, 

mulsifiers and adjuvants dissolved in a volatile oil; emulsion in 

ater (EW), similar mixture than EC but using water instead of oil; 

ater dispersible granule (WG), which contains active ingredient 

n spray form of the constituents insoluble in water; and suspen- 

ion concentrate (SC), based on suspensions of micronized active 

esticide in water [10] . 

Several methods have been developed for the determination of 

ompounds contained in PPPs [11] , and gas-chromatography (GC) 

oupled to several detection systems were used. For instance, GC 

oupled with a flame ionization detector (GC-FID) was employed 

or the determination of fifteen co-formulants (among them 1,3,5- 

rimethyl-benzene) in EC, SC, EW and SL (soluble concentrate) for- 

ulations [12] . GC was also coupled to mass spectrometry (MS) 

ith ion trap as analyzer to monitor some organic co-formulants 

n two wettable powder (WP) pesticide technical formulations [8] . 

n the investigation carried out by Qi et al. [7] , the determination 

f different co-formulants (toluene, p-xylene, o-xylene, m-xylene, 

,N-dimethylformamide and dimethyl sulphoxide) was performed 

n different crops (lily bulb, millet, and Chinese yam) through sin- 

le quadrupole mass analyzer. 

However, high-resolution mass spectrometry (HRMS) in combi- 

ation with GC has scarcely been used for the analysis of pesti- 

ide formulations. In this context, two studies have employed Q- 

rbitrap coupled to GC. The research carried out by López-Ruiz 

t al. [13] allowed the determination of nine co-formulants (ben- 

ene or naphthalene derivates) by direct injection (DI) in three 

C PPPs. In another investigation, fourteen different types of PPPs 

ere characterized, using DI, detecting benzene and naphthalene 

erivates in co-formulants [14] . The PPPs belonged to 4 types 

f formulations (EC, DC, SC and ZC) and contained a fungicide 

difenoconazole) or an insecticide (chlorantraniliprole). Both stud- 

es demonstrated that GC-Q-Orbitrap-MS can be used to character- 

ze co-formulants in PPPs. 

Despite headspace (HS)-GC-MS is a powerful tool for the anal- 

sis of volatile and semi-volatile compounds in complex ma- 

rices [ 15 , 16 ], few studies are focused on the determination of

hese compounds in PPPs using low-resolution mass spectrome- 

ry (LRMS). In this context, a research was performed to identify 

enzene and toluene in pesticide EC formulations using a single 

uadrupole as analyzer [17] . Petha et al. developed a method for 

he quantitative determination of dimethyl sulfate in a hexacona- 

ole commercial fungicide by HS, using triple quadrupole (QqQ) as 

nalyzer [18] . 

The novelty of this study was the application of HRMS, es- 

ecially GC-Q-Orbitrap-MS, through two complementary injection 

echniques (DI and HS) for the identification of co-formulants 

mainly volatile compounds) in six different antifungal commercial 

esticide, containing as active substance one triazole compound 

fenbuconazole, tebuconazole, penconazole, myclobutanil or flutri- 

fol). For that, a suspect screening was carried out first, and then 

n unknown analysis was performed to identify other volatile co- 

ormulants when HS injection mode was used. Both techniques 

ere complementary and they provided comprehensive informa- 

ion, increasing the feasibility and sensitivity of the proposed 

ethods for the identification and quantification of compounds 

ith toxic activity in PPPs. To our knowledge, this is the first study 

here two different injection techniques (DI and HS) were com- 

ined and coupled to HRMS to monitor volatile co-formulants, al- 

owing the confirmation of those compounds for which there were 

vailable commercial analytical standards, as well as their concen- 

rations were estimated, providing a reliable tool to identify and 

uantify co-formulants present in PPPs. 
2 
. Materials and methods 

.1. Equipment, material and reagents 

Assays were performed using six fungicide formulations in dif- 

erent forms: FLINT R © MAX (50% tebuconazole, WG); MASSOCUR 

2.5 EC (12.5% myclobutanil, EC); LATINO (formerly known as 

ITRUS, 12.5% myclobutanil, EC); IMPACT R © EVO (12.5% flutriafol, 

C); TOPAS R © (19.4% penconazole, EW); and IMPALA 

R © STAR (2.5% 

enbuconazole, EW). These pesticide formulations were acquired 

rom different vendors, and they are described in Table S1 (see 

upplementary information). 

Analytical standards of 1,3,5-trimethylbenzene, ethylbenzene, 

aphthalene, n-propylbenzene, 1,2,3,4-tetramethylbenzene, 1,2,3,5- 

etramethylbenzene, 1,2-diethylbenzene, 1,3-diethylbenzene, 

,4- diethylbenzene, 1-methyl-2-propylbenzene, 1-methyl-3- 

ropylbenzene and 3-ethyltoluene were supplied from Dr. 

hrenstorfer (Augsburg, Germany). Analytical standards of 2- 

ethylbiphenyl, 3-methylbiphenyl, 4-ethyltoluene, biphenyl, 

yclohexanone, indane, d-limonene and pentamethylbenzene were 

cquired by Sigma-Aldrich (St. Louis, MO, USA), and 2-ethyltoluene 

nd 2-ethyl-p-xylene were purchased from Tokyo Chemical Indus- 

ry (Chuo-ku, Tokyo, Japan). 

Water, LC-MS grade, was obtained from J.T. Baker (Deventer, 

he Netherlands) and acetone, HPLC grade, 99.8%, was supplied by 

igma-Aldrich. 

Perfluorotributylamine from Thermo Fisher Scientific (Waltham, 

D, USA) was employed for the mass calibration of the GC-Q- 

rbitrap analysis. 

.2. Sample treatment 

For DI analysis, individual solutions of each commercial for- 

ulation were initially prepared by dissolving 40 μL of each one 

n 40 mL of acetone (in case of MASSOCUR 12.5 EC, LATINO and 

MPALA 

R © STAR) or water (in case of FLINT R © MAX, IMPACT R © EVO 

nd TOPAS R ©). The mixture of each commercial formulation was 

ell-shaken and 100 μL was transferred to a chromatographic vial 

nd then diluted with 900 μL of acetone, obtaining a dilution 

:10,0 0 0 ( v/v ). Finally, 10 0 μL of each new individual dilution was

dded to a vial and then diluted with 900 μL of acetone, obtaining 

 final dilution 1:10 0,0 0 0 ( v/v). 

For HS procedure, a 15-mL vial was filled with 10 μL of com- 

ercial formulation and 10 mL of water and immediately sealed 

ith a PTFE-silicone septum. Finally, the mixture was shaken for 1 

in. 

.3. Direct injection (DI) analysis 

For DI, the analysis was performed using a Trace 1310 GC sys- 

em with a TriPlus RSH autosampler (Thermo Scientific TM ) coupled 

o a Q-Exactive Orbitrap mass analyzer (Thermo Fisher Scientific, 

altham, MA). 

The chromatographic and spectrometric optimization were car- 

ied out in a previous study [14] . For the chromatographic sepa- 

ation, a nonpolar column Varian VF-5ms (30 m × 0.25 mm; 0.25 

m), provided by Agilent Technologies (Santa Clara, CA, USA) was 

hosen. The parameters were as follows: the injector temperature 

as set at 280 °C, and 2 μL of the sample were introduced into 

he system in splitless mode (split flow of 50 mL min 

−1 ) using 

 splitless time of 2 min. Initially, the GC oven temperature was 

et at 40 °C, and it was held for 1 min; then it was increased to

00 °C at a rate of 15 °C min 

−1 . Finally, it was remained for 7 min

t 300 °C. The total running time was 25.3 min. Ultra-high purity 

elium (99.9999%), as a carrier gas, was set at a constant flow rate 

f 1 mL min 

−1 . 
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For the HRMS acquisition, the electron ionization (EI) was ap- 

lied at 70 eV, and data acquisition was performed at both full 

can mode and data dependent acquisition (dd-MS 2 ). Resolution 

ower was set at 60,0 0 0 full width at half-maximum (FWHM) at 

/z 200, and an AGC target value of 1e6, from m/z 50 to 500 in

he case of the full scan mode. Regarding dd-MS 2 acquisition, res- 

lution was 30,0 0 0 FWHM at m/z 200 and AGC target value was

et at 1e5. Ion source and MS transfer line temperatures were set 

t 250 °C. 

.4. Headspace (HS-GC-MS) analysis 

Additionally, HS was employed with the same equipment, 

olumn and spectrometric conditions reported above (see 

ection 2.3 ), but with different injection and chromatographic 

onditions. Regarding injection’s system, optimum parameters 

ere set as follows in splitless mode: incubation time 20 min, 

gitator temperature 60 °C each 10 s, and injection volume was set 

t 100 μL. Inlet temperature was set at 250 °C and split injection 

ode (split flow of 50 mL min 

−1 ) was applied at 33:3 ratio for the

rst minute. For chromatographic conditions, oven temperature 

tarted at 60 °C, and it was kept for 2 min, then it was increased

t 6 °C min 

−1 rate to 220 °C, held there for 20 min, and finally

ncreased with a 20 °C min 

−1 rate to 280 °C, and it was kept for 4

in. Helium, which was used as carrier gas, was set at a constant 

ow rate of 1 mL min 

−1 . The total running time was 60.0 min. 

.5. Data treatment and processing 

The acquired chromatograms, from external calibration mode, 

ere processed using Xcalibur version 4.3.73, with Quan Browser 

nd Qual Browser (Thermo Fisher Scientific, Les Ulis, France). NIST 

S spectral library - 2014, Search 2.2 library (National Institute of 

tandards and Technology, MS, USA) was used for the identification 

f compounds. 

The raw files obtained from each analysis by DI were processed 

ith an in-house database built by Maldonado et al. [14] . This 

atabase involved the name of the compounds and their molec- 

lar formula, theoretical exact mass of the characteristic ion and 

heoretical exact mass of two fragments. Moreover, full-scan data 

f each PPP was carefully studied with Xcalibur Qual Browser to 

onitor the spectra of the detected compounds. 

An unknown analysis was carried out to identify other com- 

ounds. Raw files obtained by HS were processed with Xcalibur 

ual Browser and NIST library. The identification criteria were de- 

ned according to SANTE guidance [19] , including: suitable peak 

haped signals; in case noise was absent, a signal should be 

resent in at least 5 subsequent scans per peak of each ion; 

ass error ≤ 5 ppm; and at least two fragment ions of each co- 

ormulant were selected. 

The data of toxicity of some co-formulants were performed by 

he T.E.S.T (Toxicity Estimation Software Tool) software [20] . 

. Results and discussion 

For the identification of potentially expected compounds in the 

tudied pesticide formulations, a non-targeted approach (suspect 

creening and unknown analysis) was performed. For that purpose, 

he diluted PPPs were injected into the GC-Q-Orbitrap-MS system 

y DI for suspect screening, and by HS for unknown analysis. Sus- 

ect screening was achieved using a database by DI [14] . Never- 

heless, due to HS has not been carried out previously, an un- 

nown analysis was considered appropriate to detect further co- 

ormulants and volatile-compounds. 
3 
.1. Tentative identification of co-formulants by suspect screening 

Firstly, for DI analysis, a suspect screening was carried out us- 

ng an in-house database. [14] . This tool allowed the search of all 

ompounds included in the database in the studied samples, se- 

ecting a mass tolerance of 5 ppm. In this sense, nine benzene 

nd naphthalene derivatives ( Table 1 ) were tentatively identified in 

he samples as potential co-formulants (1,3,5-trimethylbenzene, 2- 

ethylbiphenyl, 3-methylbiphenyl, 4-ethyltoluene, biphenyl, ethyl- 

enzene, naphthalene, n-propylbenzene and pentamethylbenzene) 

nd a cyclic ketone, cyclohexanone. Thus, ten compounds were 

entatively identified by DI. 

The most recurrent co-formulant was 2-methylbiphenyl, 

hich was detected in four different PPPs (in all 

ut MASSOCUR 12.5 and LATINO). Naphthalene, 1,3,5- 

rimethylbenzene and biphenyl were found in three samples. 

n two out of six PPPs, 3-methylbiphenyl, 4-ethyltoluene, cyclo- 

exanone and pentamethylbenzene were detected, and finally 

thylbenzene and n-propylbenzene in only one, FLINT R © MAX. The 

etention times of the compounds ranged from 5.04 (cyclohex- 

none) to 10.54 min (3-methylbiphenyl), as it can be observed in 

able 1 . In all cases, the mass error was lower than 5 ppm for

haracteristic ions. 

Two fragment ions were acquired for each one of the tentatively 

etected co-formulants, with mass error ≤ 5 ppm and matching 

ith those provided by NIST database ( Table 1 ) . Moreover, NIST 

atabase allowed to compare the ratios among molecular and frag- 

ent ions to suitably select the most similar ones. According to 

he results, it has been highlighted that 4-ethyltoluene, ethylben- 

ene and n-propylbenzene compounds had similar fragment ions: 

/z 91.05422, which corresponded to the loss of the ethyl group 

onded to the benzene, and m/z 105.06983, which corresponded 

o the loss of the methyl group of the ethylene. The fragment m/z 

05.06983 was also found in 1,3,5-trimethylbenzene, with a mass 

rror of -3.21 ppm ( Table 1 ). 

Due to some of the candidates had the same formula, it might 

e fully considered the presence of isomers in the samples, which 

eans similar characteristics: theoretical mass and peaks, but dif- 

erent retention time, thus involving one of the biggest challenges 

f this study. This was particularly the case for the 4-ethyltoluene 

nd 1,3,5-trimethylbenzene co-formulants, whose molecular for- 

ula was C 9 H 12 (theoretical mass m/z 120.09335), with retention 

imes of 5.89 and 6.21 min, respectively. The same situation was 

bserved for the 2-methylbiphenyl and 3-methylbiphenyl (C 13 H 12 ) 

ompounds with retention times of 10.25 and 10.54 min, respec- 

ively ( Table 1 ). Furthermore, it should be emphasized that the 

air of isomers of 2-methylbiphenyl and 3-methylbiphenyl was ob- 

erved in the same PPP (IMPALA 

R © STAR). The fragmentation pat- 

ern of these both co-formulants was similar, detecting common 

ragment ions at m/z values 152.06205 and 167.08552, with mass 

rror ranging from -4.37 to -0.54 ppm. The first fragment ion cor- 

esponded to the loss of the methyl group in the two benzenes 

inked in position 1,1, and the second one has changed the methyl 

osition from 3 to 2 in the two benzenes, which were linked in 

osition 1,1. 

Once the tentative identification of possible co-formulants 

as achieved, commercially available analytical standards of co- 

ormulants were acquired to confirm their presence in the sam- 

les. The reliable confirmation was carried out by comparing ex- 

erimental MS spectra (obtained in the step of tentative identi- 

cation) and retention times with MS spectra of each analytical 

tandard. For that purpose, the ten proposed compounds were pur- 

hased and injected by DI. Finally, it was observed that all possible 

o-formulants were satisfactory confirmed in the analyzed PPPs at 

he retention time indicated in Table 1 . 
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Table 1 

Characteristic parameters for tentatively identified compounds by suspect screening (DI-GC-MS) 

Compound RT (min) Molecular 

formula 

Theoretical 

mass ( m/z ) 

Mass error 

(ppm) 

Fragment ions Commercial formulation 

Molecular 

formula 

Theoretical 

mass ( m/z ) 

Mass error 

(ppm) 

1,3,5-Trimethylbenzene 

(mesitylene) a 
6.21 C 9 H 12 120.09335 -2.77 C 8 H 9 105.06983 -3.21 MASSOCUR 12.5 EC, TOPAS R © and 

C 9 H 11 119.08552 -1.92 

2-Methylbiphenyl 10.25 C 13 H 12 168.09335 -3.82 C 12 H 8 152.06205 0.32 FLINT R © MAX, IMPACT R © EVO, 

TOPAS R © and IMPALA R © STAR C 13 H 11 167.08552 -4.37 

3-Methylbiphenyl 10.54 C 13 H 12 168.09335 -3.66 C 12 H 8 152.06205 0.54 LATINO and IMPALA R © STAR 

C 13 H 11 167.08552 -4.16 

4-Ethyltoluene a 5.89 C 9 H 12 120.09335 -3.58 C 7 H 7 91.05422 -4.53 FLINT R © MAX and IMPACT R © EVO 

C 8 H 9 105.06983 -4.26 

Biphenyl 10.11 C 12 H 10 154.07770 -2.98 C 12 H 8 152.06205 -3.41 TOPAS R © , LATINO and IMPALA R © STAR 

C 12 H 9 153.06987 -4.15 

Cyclohexanone a 5.04 C 6 H 10 O 98.07262 -0.81 C 3 H 3 O 55.01784 0.36 MASSOCUR 12.5 EC and LATINO 

C 6 H 6 O 72.05697 0.98 

Ethylbenzene 5.17 C 8 H 10 106.07770 -3.66 C 7 H 7 91.05422 -3.81 FLINT R © MAX 

C 8 H 9 105.06983 -4.46 

Naphthalene a 8.30 C 10 H 8 128.06205 -3.95 C 8 H 6 102.04640 -3.91 TOPAS R © , LATINO and IMPALA R © STAR 

C 10 H 5 125.03857 -3.47 

n-Propylbenzene a 5.78 C 9 H 12 120.09335 -4.18 C 7 H 7 91.05422 -2.01 FLINT R © MAX 

C 8 H 9 105.06983 -4.53 

Pentamethylbenzene 9.19 C 11 H 16 148.12465 -4.11 C 10 H 13 133.10117 -3.24 LATINO and IMPALA R © STAR 

C 11 H 15 147.11682 -3.41 

a Compounds also detected by unknown analysis. 

Fig. 1. Extracted Ion Chromatograms of biphenyl: a) IMPALA R © STAR commercial product and b) analytical standard (at 25 μg L −1 ); c) full Scan MS experimental spectrum of 

IMPALA R © STAR commercial product at 10.11 min; d) theoretical spectrum obtained from the NIST database. 
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One of the confirmed co-formulants was biphenyl, and Fig. 1 a 

hows its Extracted Ion Chromatogram (EIC) in one commercial 

roduct IMPALA 

R © STAR, detected at 10.11 min. The confirmation of 

his compound was carried out by comparing this retention time 

ith the EIC of the analytical standard ( Fig. 1 b), and by matching

he full Scan MS experimental spectrum acquired ( Fig. 1 c) with the 

heoretical one obtained from the NIST database ( Fig. 1 d), show- 

ng in both cases the m/z 154.07779 and the fragment ions ( m/z 
4 
52.06205 and 153.06987) and suitable mass errors (lower than 5 

pm). 

.2. Tentative identification of co-formulants by unknown analysis 

So far, ten co-formulants have been identified during suspect 

creening and suitably confirmed by DI in the studied pesticide 

ormulations. Therefore, in order to identify further compounds, 
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Table 2 

Characteristic parameters for tentatively identified compounds ( in bold confirmed by analytical standards ) by unknown analysis (HS-GC-MS) a 

Compound RT (min) Molecular 

formula 

Theoretical 

mass ( m/z ) 

Mass error 

(ppm) 

Fragment ions Commercial formulation 

Molecular 

formula 

Theoretical 

mass ( m/z ) 

Mass error 

(ppm) 

1,2,3,4- tetramethylbenzene 10.98 C 10 H 14 134.10900 0.37 C 7 H 7 91.05422 0.65 MASSOCUR 12.5, LATINO and 

IMPALA R © STAR C 9 H 11 119.08552 -4.19 

1,2,3,5-Tetramethylbenzene 10.24 C 10 H 14 134.10900 -0.29 C 7 H 7 91.05422 0.54 MASSOCUR 12.5, IMPACT R © EVO, 

TOPAS R © , LATINO and IMPALA R © STAR C 9 H 11 119.08552 -3.70 

1,2-Diethylbenzene 8.75 C 10 H 14 134.10900 0.69 C 7 H 7 91.05422 0.33 MASSOCUR 12.5, IMPACT R © EVO, 

LATINO and IMPALA R © STAR C 9 H 11 119.08552 -3.89 

1,3-Diethylbenzene 8.48 C 10 H 14 134.10900 -0.14 C 8 H 9 105.06983 -5.61 MASSOCUR 12.5, TOPAS R © , LATINO 

and IMPALA R © STAR C 9 H 11 119.08552 -4.78 

1,4- Diethylbenzene 8.63 C 10 H 14 134.10900 0.22 C 8 H 9 105.06983 -4.66 MASSOCUR 12.5, LATINO and 

IMPALA R © STAR C 9 H 11 119.08552 -4.11 

1-Methyl-2-propylbenzene 8.90 C 10 H 14 134.10900 0.39 C 7 H 7 91.05422 3.62 MASSOCUR 12.5, LATINO and 

IMPALA R © STAR C 8 H 9 105.06983 -4.32 

C 9 H 11 119.08552 -4.56 

1-Methyl-3-propylbenzene 8.46 C 10 H 14 134.10900 0.22 C 7 H 7 91.05422 -4.05 MASSOCUR 12.5, TOPAS R © , LATINO 

and IMPALA R © STAR C 8 H 9 105.06983 -4.04 

C 9 H 11 119.08552 -4.13 

1-Methyl-4-propylbenzene 

(4-n-propyltoluene) 

7.75 C 10 H 14 134.10900 0.29 C 7 H 7 91.05422 0.10 TOPAS R © and IMPALA R © STAR 

C 8 H 9 105.06983 -4.75 

C 9 H 11 119.08552 -4.03 

2-Ethyl-p-xylene (1,4- 

dimethyl-2-ethylbenzene) 

9.17 C 10 H 14 134.10900 -0.29 C 7 H 7 91.05422 -0.54 MASSOCUR 12.5, IMPACT R © EVO, 

LATINO and IMPALA R © STAR C 9 H 11 119.08552 -4.53 

2-Ethyltoluene 

(1-ethyl-2-methylbenzene) 

6.75 C 9 H 12 120.09335 0.58 C 8 H 7 103.05422 -3.23 MASSOCUR 12.5, IMPACT R © EVO, 

LATINO and IMPALA R © STAR C 8 H 9 105.06983 -4.85 

2,4-Diethyltoluene 9.40 C 11 H 16 148.12465 0.20 C 9 H 7 115.05422 -1.25 IMPALA R © STAR 

C 10 H 13 133.10117 0.22 

3-Ethyltoluene 6.40 C 9 H 12 120.09335 1.57 C 8 H 7 103.05422 -2.13 MASSOCUR 12.5, IMPACT R © EVO, 

TOPAS R © , LATINO and IMPALA R © STAR C 8 H 9 105.06983 -4.21 

4-Ethenyl-1,2- 

dimethylbenzene 

10.74 C 10 H 12 132.09335 -3.25 C 9 H 7 115.05422 0.94 TOPAS R ©

C 9 H 9 117.06987 0.25 

d-Limonene 8.05 C 10 H 16 136.12465 0.88 C 6 H 7 79.05422 0.12 IMPACT R © EVO and LATINO 

C 7 H 9 93.06987 0.21 

Indane 8.13 C 9 H 10 118.07770 -0.08 C 9 H 7 115.05422 -0.26 MASSOCUR 12.5, TOPAS R © and 

IMPALA R © STAR C 9 H 9 117.06987 0.17 

Abbreviations: HS-GC-MS: headspace-gas chromatography-mass spectrometry RT: Retention time. 
a Compounds also detected by suspect screening: n-propylbenzene, 1,3,5-trimethylbenzene (mesitylene), 4-ethyltoluene and naphthalene. 
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aying special attention to volatile co-formulants, which could be 

ost during the DI analysis, an unknown approach was performed 

y HS using the experimental conditions described in Section 2.4 . 

aw files obtained for each PPP were manually studied using Xcal- 

bur Qual Browser, and features were identified as candidates by 

atching their corresponding MS spectra (processed with Qual 

rowser) with those provided by the NIST spectral library. There- 

ore, the following criteria were considered to identify potential co- 

ormulants: appropriate peak shaped signals, R Match value higher 

han 700, 10% probability threshold, a signal present in at least 5 

ubsequent scans per peak of each ion, and mass error ≤ 5 ppm 

or characteristic ions. 

Finally, fifteen compounds were selected as potential co- 

ormulants and their characteristic parameters were described in 

able 2 . Furthermore, these compounds were included in our in- 

ouse database. 

According to the results, similar characteristics were achieved 

etween the 2-ethyltoluene and 3-ethyltoluene co-formulants, 

hose molecular formula was C 9 H 12 ( m/z 120.09335) and retention 

imes were 6.75 and 6.40 min, respectively ( Table 2 ), assuming ad- 

quate mass errors below 2 ppm. 

For each one of the fifteen co-formulants, at least two frag- 

ent ions were monitored ( Table 2 ) . The fragment ions were 

orted according to the following criteria: most abundant ion; re- 

ention time, which had to be equal to the corresponding precur- 

or ion; and mass error (lower than 5 ppm). Considering the re- 

ults, the common fragments found in the ten co-formulants with 

 10 H 14 as molecular formula were the following: m/z 91.05422 

C 7 H 7 ), m/z 105.06983 (C 8 H 9 ) and m/z 119.08552 (C 9 H 11 ), notic-

ng that at least two out of three fragment ions were found 
5 
n all this group of compounds ( Table 2 ). Therefore, for the 

on m/z 134.10900, whose molecular formula was C 10 H 14 , vari- 

us peaks were detected. This could correspond to the presence 

f different isomers, due to they were identified at different re- 

ention times, as it can be observed in Fig. 2 , where that ion 

as monitored in MASSOCUR 12.5 commercial product. These co- 

ormulants were: 1-methyl-3-propylbenzene (retention time was 

.46 min), 1,3-diethylbenzene (8.48 min), 1,4-diethylbenzene (8.63 

in), 1, 2-diethylbenzene (8.75 min), 1-methyl-2-propylbenzene 

8.90 min), 2-ethyl-p-xylene (9.17 min), 1,2,3,5-tetramethylbenzene 

10.24 min) and 1,2,3,4 tetramethylbenzene (10.98 min) ( Fig. 2 ). 

urthermore, suitable mass error was detected between -0.29 (2- 

thyl-p-xylene) and 0.69 ppm (1, 2-diethylbenzene), as displayed 

n Table 2 . 

Regarding the confirmation of co-formulants, indane was con- 

rmed in MASSOCUR 12.5 commercial product at 8.13 min 

 Fig. 3 a), by matching the EIC with that from the purchased an- 

lytical standard ( Fig. 3 b) at the same retention time. Moreover, 

ull Scan MS experimental spectrum acquired ( Fig. 3 c ) was com- 

ared with the theoretical one obtained from the NIST database 

 Fig. 3 d) , where it was shown the similarities between both spec- 

ra ( m/z 115.05422 and 117.06987, which corresponded to C 9 H 7 and 

 9 H 9 , respectively). Thus, it was confirmed the presence of indane 

n one of the analyzed samples (MASSOCUR 12.5). 

Among the PPPs, the highest number of co-formulants was ob- 

erved in MASSOCUR 12.5, achieving thirteen, followed by LATINO 

nd IMPALA 

R © STAR, with eleven compounds each one. 

Once the tentative identification of co-formulants was achieved, 

ommercially available analytical standards of co-formulants 

 Table 2 ) were acquired to confirm their presence in the samples. 
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Fig. 2. Extracted Ion Chromatogram of compounds with molecular formula C 10 H 14 (theoretical mass m/z 134.10900) in MASSOCUR 12.5 commercial product. 

Fig. 3. Extracted Ion Chromatograms of indane: a) MASSOCUR 12.5 commercial product and b) analytical standard (at 25 μg L −1 ); c) full Scan MS experimental spectrum of 

MASSOCUR 12.5 commercial product at 8.13 min; d) theoretical spectrum obtained from the NIST database. 
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onfirmation was carried out by comparing experimental MS spec- 

ra (obtained in the step of tentative identification) to MS spectra 

f each analytical standard. For that purpose, twelve of the fifteen 

roposed compounds were purchased and injected ( Table 2 ) . The 

ther compounds (1-methyl-4-propylbenzene, 2,4-diethyltoluene 

nd 4-ethenyl-1,2-dimethylbenzene), whose standards could not be 

btained, were only tentatively identified (level 2) [21] in the ana- 

yzed samples. 

Finally, it was noticed that by unknown analysis (HS-GC-MS) 

leven candidate co-formulants were satisfactory confirmed in the 

ested PPPs, but d-limonene, which was a false positive ( Table 2 ). 

oreover, five of these confirmed co-formulants (n-propylbenzene, 

,3,5-trimethylbenzene, 4-ethyltoluene, cyclohexanone and naph- 

halene) were also detected and confirmed by suspect analysis (DI- 

C-MS), empathizing the capability of the proposed methods to 
onitor co-formulants. L

6 
As an example, Fig. 4 shows the chromatograms and spectra of 

he compound 1,2,3,5-tetramethylbenzene. This co-formulant was 

entatively identified in the LATINO commercial product by HS at 

0.24 min ( Fig. 4 a ) and confirmed by injection of analytical stan-

ard at 250 μg L −1 ( Fig. 4 b). The confirmation of this compound

as performed by matching the full Scan MS experimental spec- 

rum acquired ( Fig. 4 c) with the spectrum of analytical standard 

 Fig. 4 d) and with the theoretical spectrum obtained from the 

IST database ( Fig. 4 e), showing a similar fragmentation pattern 

f 1,2,3,5-tetramethylbenzene in each case. Consequently, it could 

e confirmed that the compound was contained in LATINO com- 

ercial product. 

Nevertheless, some false positives were considered after an- 

lytical standard injection. This was particularly the case of d- 

imonene, which was tentatively identified by HS in TOPAS R © and 

ATINO. However, when the EIC was compared with the corre- 
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Fig. 4. Extracted Ion Chromatograms of 1,2,3,5-tetramethylbenzene: a) LATINO commercial product identified by headspace and b) analytical standard (at 25 μg L −1 ); c) full 

Scan MS experimental spectrum of LATINO commercial product by headspace; d) full Scan MS experimental spectrum at 10.24 min of analytical standard; and e) theoretical 

spectrum obtained from the NIST database. 
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ponding analytical standard, no signals appeared at that retention 

ime (8.13 min). Therefore, d-limonene was not detected in any of 

hese samples. 

.3. Quantification of co-formulants in the commercial samples 

The concentration of the twenty-one confirmed compounds, 

oth by suspect screening (ten) and unknown (eleven) analyses, 

as calculated by preparing calibration curves (ranged from 1 to 

00 μg L −1 ) of standard solutions, which contained all the studied 

ompounds ( Table S2 ). The results in the analyzed PPPs, expressed 

n g L −1 , are shown in Table 3 . 

The most recurrent compounds were 1,2,3,5- 

etramethylbenzene and 3-ethyltoluene, because they were 

etected in five PPPs at concentration range between 0.02 and 

.02 g L −1 for 1,2,3,5-tetramethylbenzene, and 0.05-13.52 g L −1 for 

-ethyltoluene. The 1,2-diethylbenzene, 1-methyl-3-propylbenzene 

nd 1,3-diethylbenzene compounds were detected in all pesticide 

ormulations except in one, as shown in Table 3 . 

IMPALA 

R © STAR was the pesticide formulation which showed 

he greatest number of co-formulants, especially seventeen out 

wenty-one compounds, whose concentration was ranged from 

.03 (1,2,3,4-tetramethylbenzene) and 3.53 g L −1 (pentamethylben- 

ene). As those values were not relatively high, it can be assumed 

hat there is not a significant relationship between the number of 

ompounds detected in the PPPs with their corresponding concen- 

rations. 

It should be noted that the highest concentration of all co- 

ormulants was detected in the LATINO commercial product, es- 

ecially in the cyclohexanone compound (at 218.22 g L −1 ). More- 

ver, MASOCCUR 12.5 showed the highest value on cyclohex- 

none (at 134.09 g L −1 ). Followed by 1,3,5-trimethylbenzene and 
7 
-ethyltoluene, with values of 28.30 g L −1 and 13.52 g L −1 , respec- 

ively. Nevertheless, the majority of co-formulant concentrations 

ere found below 1 g L −1 ( Table 3 ). 

In terms of type of formulation, differences among WG, EC, SC 

nd EW could be observed, being EW (IMPALA 

R © STAR) and EC 

LATINO) the formulations that contained a greater number of co- 

ormulants, especially seventeen and fifteen, respectively. EC for- 

ulation (MASSOCUR 12.5) and EW (TOPAS R ©) were composed by 

hirteen and nine different com pounds each one, respectively. As 

isplayed in Table 3 , WG commercial formula (FLINT R © MAX) was 

he one with the lowest number of co-formulants, only four. In 

pite of EW formulations contained the greater number of co- 

ormulants in comparison with other types of PPPs, higher con- 

entration levels were found in the EC formulation (LATINO). 

Among EC formulations, thirteen and fifteen compounds 

ere found in MASSOCUR 12.5 and LATINO, respectively. In 

elation to MASSOCUR 12.5, this formulation showed values 

anged between 0.14 (1,2,3,4-tetramethylbenzene) and 134.09 

 L −1 (cyclohexanone), while LATINO achieved concentrations 

etween 0.04 (1,2,3,4-tetramethylbenzene) and 218.22 g L −1 

cyclohexanone). Nevertheless, as it is shown in Table 3 , 

he concentrations of these co-formulants were rather un- 

ven. It can be observed that both compounds were the co- 

ormulants with the highest and lowest concentrations in both 

ormulations. 

Furthermore, significant differences were noted between EW 

ormulations in relation to concentrations, due to indane achieved 

he maximum value in TOPAS R © at 9.73 g L −1 , whereas the higher 

alue in IMPALA 

R © STAR was 3.53 g L −1 , corresponding to pen- 

amethylbenzene. These differences could be associated with the 

anufacturer of each pesticide formulation, as it was previously 

entioned. 
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Table 3 

Concentration of co-formulants in the tested plant protection products (g compound L −1 formulation) 

Compound FLINT R © MAX (WG) MASSOCUR 12.5 (EC) LATINO (MITRUS, EC) IMPACT R © EVO (SC) TOPAS R © (EW) IMPALA R © STAR (EW) 

1,2,3,4-Tetramethylbenzene NQ 0.14 0.04 ND ND 0.03 

1,2,3,5-Tetramethylbenzene NQ 1.02 0.06 0.02 0.07 0.08 

1,3,5-Trimethylbenzene ND 28.30 ND ND 1.91 2.56 

1,2-Diethylbenzene NQ 1.18 0.11 0.03 ND 0.06 

1,3-Diethylbenzene NQ 1.41 0.12 ND 9.52 0.16 

1,4- Diethylbenzene NQ 4.17 0.05 ND ND 0.06 

1-Methyl-2-propylbenzene NQ 0.43 0.05 ND ND 0.06 

1-Methyl-3-propylbenzene NQ 1.50 0.06 ND 0.01 0.08 

2-Ethyl-p-xylene NQ 1.10 0.11 0.02 ND 0.06 

2-Ethyltoluene NQ 8.43 0.08 0.06 ND 0.24 

2-Methylbiphenyl 0.06 ND ND 0.21 0.01 0.48 

3-Ethyltoluene NQ 13.52 0.09 0.12 0.05 0.65 

3-Methylbiphenyl ND ND 2.91 ND ND 0.90 

4-Ethyltoluene 0.08 ND ND 0.01 ND ND 

Biphenyl ND ND 2.23 ND 0.01 0.94 

Cyclohexanone ND 134.09 218.22 ND ND ND 

Ethylbenzene 0.64 ND ND ND ND ND 

Indane NQ 4.86 ND ND 9.73 0.24 

Naphthalene ND ND 0.25 ND 0.53 1.95 

n-Propylbenzene 0.11 ND ND ND ND ND 

Pentamethylbenzene ND ND 7.67 ND ND 3.53 
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In relation to the investigation carried out by Maldonado et al. 

14] , in which co-formulants were studied in eleven PPPs (seven 

C and four SC), the highest concentrations were achieved for pen- 

amethylbenzene (at 9.63 g L −1 ) and ethylbenzene (at 4.81 g L −1 ) 

n EC and SC formulations, respectively. Nevertheless, in the cur- 

ent research, 1,3,5-trimethylbenzene was found at 28.30 g L −1 , 

nd 2-methylbiphenyl at 0.21 g L −1 , in EC and SC formulations, re- 

pectively, which means a difference of more than 3 times in EC 

ormulations, and almost 4 times in SC formulations. Despite these 

alues, the majority of the other co-formulants were detected be- 

ow 0.94 g L −1 in both studies. These results revealed that there 

as a clear difference between the amount of co-formulants and 

he number of them found in each formulation, what allows to be 

onsidered as a result of the difference of suppliers used in each 

tudy. 

In another study, nine co-formulants (benzene or naphthalene 

erivates) were detected in three EC pesticide formulations, achiev- 

ng a wide range of concentration for 1,3,5-trimethylbenzene, 

rom 0.01 to 56.31 g L −1 , and for 4-ethyltoluene, from 0.01 

o 82.75 g L −1 [13] . In contrast, in the current research, 1,3,5- 

rimethylbenzene was only detected in one of the two EC PPPs at 

8.30 g L −1 , and 4-ethyltoluene was not found in none of EC for- 

ulations. As it was reported previously, differences could be ex- 

lained because PPPs were produced by diverse manufacturers us- 

ng different conditions, materials and range of quality of the raw 

aterials [22] . 

Other studies focused on analysis of benzene and toluene 

resent in PPPs revealed toluene residue levels of 0.015-0.035 mg 

g −1 [7] and concentrations of benzene and toluene in pesticide 

C achieved the levels 3.20-16.0 g L −1 [17] , while in the present 

tudy the concentration range of toluene was between 0.01 (in 4- 

thyltoluene in IMPACT R © EVO) and 13.52 g L −1 (in 2-ethyltoluene 

n MASSOCUR 12.5), and benzene was found at 0.02 (in 2-ethyl-p- 

ylene in IMPACT R © EVO) and 4.17 g L −1 (in 1,4-diethylbenzene in 

ASSOCUR 12.5), observing clear differences between both studies. 

Finally, and bearing in mind the information indicated at the 

aterial Safety Data Sheet (MSDS) of the PPPs, a specific analy- 

is of total aromatic hydrocarbons (C8-C13) was also performed 

o determine this fraction, using a DB-624 column [23] .The re- 

ults are shown in Table S3 and it can be observed that the ex- 

erimental concentrations are similar to those indicated in the 

SDS. 
n

8 
.4. Toxicity of co-formulants 

Toxicity of active substances in PPPs has been investigated for 

any decades, although it was also reported that co-formulants 

an be hazardous and cause risks to human health and environ- 

ent. Furthermore, some volatile co-formulants might contribute 

o ground-level ozone pollution, which means that adverse effects 

n environment could be increased [24] . 

The data of Reference Dose for Oral Exposure (RfDs) in rats 

as been found for some of the studied co-formulants: for 

,3,5-trimethylbenzene, it was set at 0.01 mg kg −1 per day, for 

aphthalene at 0.02 mg kg -1 per day, for ethylbenzene and n- 

ropylbenzene at 0.1 mg kg −1 per day, for biphenyl at 0.5 mg kg −1 

nd cyclohexanone at 5 mg kg −1 per day [25] . 

For other compounds, oral rats LD 50 (Lethal Dose, 50%) was 

ound at 4850 mg kg −1 for 4-ethyltoluene, at 5157 mg kg −1 for 

,2,3,5-tetramethylbenzene, at 5628 mg kg −1 for pentamethylben- 

ene and at 6408 mg kg −1 for 1, 2, 3, 4-tetramethylbenzene. Re- 

arding LD Lo (lethal dose low) in rats, it was established at 5 g 

g −1 for 2-ethyltoluene, indane and 1,3-diethylbenzene, and the 

C 50 (Concentration Dose, 50%) at 1.5 mg L −1 in fat-head minnows 

or 2-methylbiphenyl [26] . 

Despite the toxicity data of some co-formulants are still lack- 

ng in literature [27] , their corresponding oral rats LD 50 was 

redicted using the T.E.S.T (Toxicity Estimation Software Tool) 

oftware for the following compounds: 3-methylbiphenyl (2653 

g kg −1 ), 1,2-diethylbenzene (4790 mg kg −1 ), 1,4-diethylbenzene 

4462 mg kg −1 ), 1-methyl-2-propylbenzene (4812 mg kg −1 ), 1- 

ethyl-3-propylbenzene (4716 mg kg −1 ), 2-ethyl-p-xylene (4356 

g kg −1 ) and 3-ethyltoluene (3868 mg kg −1 ). 

Among co-formulants detected in the analyzed PPP, naphtha- 

ene is classified as the most toxic, due to it is a volatile organic 

ompound and exits in the atmosphere in both vapor and particu- 

ate phases [28] . 

Therefore, there is an urgent need to assess environmental and 

uman health risks presented by co-formulants in pesticide formu- 

ations. 

. Conclusions 

The results of the presented approach indicate that the tech- 

ique used (based on GC-Q-Orbitrap-MS) is a useful tool to mon- 



M.E. Hergueta-Castillo, R. López-Ruiz, R. Romero-González et al. Journal of Chromatography A 1685 (2022) 463588 

i

b

o

c

a

l

b

e

w

e

1

h

d

f

l

2

m

r

a

f

r

D

c

i

C

V

R

v

M

v

s

a

D

A

A

2

T

s

d

S

f

R

 

[

 

[

[

[

[

[

[

tor co-formulants contained in PPPs. The suitable combination of 

oth injection methods (DI and HS) allowed the wide identification 

f volatile compounds in the samples, and 21 compounds were 

onfirmed injecting analytical standards. Suspect and unknown 

nalysis provided enough information to emphasize the high re- 

iability and sensitivity of the proposed methodology. It should 

e highlighted that five co-formulants (1,3,5-trimethylbenzene, 4- 

thyltoluene, cyclohexanone, naphthalene and n-propylbenzene) 

ere common in both techniques (DI and HS). 

One of the main challenges was the identification of isomers, 

specially C 10 H 14 that involved eight co-formulants in MASSOCUR 

2.5 commercial product. In spite of the fact that same compounds 

ave been analyzed in the same type of formulation, remarkable 

ifferences were observed, and this can be explained because dif- 

erent manufacturers were considered. 

Finally, the concentration of these co-formulants was calcu- 

ated, finding values between 0.01 (1-methyl-3-propylbenzene) and 

18.22 g L −1 (cyclohexanone) in MASSOCUR 12.5 and LATINO com- 

ercial products, respectively. 

Moreover, the toxicity of each one was studied, finding values 

elatively high that produce negative impacts on the environment 

nd human health. Thus, further toxicological evaluation of co- 

ormulants is essential for proper environmental and human health 

isk assessment of pesticide formulations used in agriculture. 
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