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Abstract Sunflower agriculture is an important subsector
that plays a key role in the economy of Turkey, contributing
1.38 million tonnes. The aim of this study is to investigate
the levels of imidazolinone (IMI) group herbicides in Thrace
Region, Turkey. In particular, we aimed to determine the
residue levels of imazamox, a herbicide used in sunflower
production in Thrace Region, in soil, different parts of plant,
and seed. Five herbicides were identified in sunflower sam-
ples using solid-liquid extraction with gas chromatography—
electrospray ionization mass spectrometry (GC-EI-MS) on
single-quadruple instruments in selected ion monitoring
(SIM) mode. The optimized conditions were found to be
mobile-phase flow rate of 1 mL min~! and injection volume
of 3 nL in programmed temperature vaporization (PTV)
solvent vent mode. The recovery of imazamox, imazaquin,
imazethapyr, imazapyr, and imazapic from sunflower plant
and soil was 89 and 99, 104 and 105, 92 and 93, 96 and 92,
and 99 and 96%, respectively.

Keywords GC-MS - IMI herbicides - Extraction -
Sunflower - Soil
Introduction

The number of live macro and micro pests that dam-
age agricultural products is currently estimated to be
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approximately 65,000-70,000, resulting in product loss
of between 15 and 30%. Use of pesticides is considered
an essential input in modern agriculture, having both dis-
advantages and advantages in terms of human health and
environmental pollution [1]. Imidazolinone (IMI) herbi-
cides have low toxicity to humans, representing an alterna-
tive to phenoxy herbicides (such as atrazine group herbi-
cides, especially triazine herbicide) [2—4].

Herbicides of the IMI group are generally ampho-
teric chemically. Their structure comprises the pyridine
group with carboxylic acid and basic functionality. They
are weakly acidic compounds that may occur in cationic,
neutral, or anionic form [5, 6]. At pH above 6, these com-
pounds are weakly adsorbed in soil [5], whereas at low soil
pH, they are strongly adsorbed due to their lack of strong
ionic nature [6].

IMIs represent a relatively new class of herbicides that
can be used either pre- or postemergence to control a wide
range of weeds in broadleaf and cereal crops, as well as in
noncrop situations. In addition, IMI herbicides can be used
with IMI-tolerant crops (e.g., the Clearfield® system) [7, 8].
The herbicide-tolerant Clearfield® system has been applied
for sunflower in the USA, Argentina, and Turkey since
2003 and is drawing increasing attention.

Briefly, as modern crop protection compounds, IMI
group herbicides are only used in agriculture. Imazamox,
imazaquin, imazethapyr, imazapic, and imazapyr are rep-
resentative members of the IMI family of herbicides; their
structural formulas are shown in Fig. 1. IMI herbicides
are used to inhibit weed growth in total vegetation control
areas such as legume, cereal, corn, rice, sunflower, and
peanut crops [7, 9-15]. Approximately 1.38 million tonnes
of sunflower are produced on more than 600,000 hectares
of land in Turkey, including 650,000 tonnes on more than
281,000 hectares in Thrace Region [16]. According to the
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Fig. 1 Structural formulas and chromatogram of IMI herbicides

EU, the European Food Safety Authority (EFSA), Turk-  identification and quantification of a compound, as well
ish Food codex, and Health Canada, the maximum residue as providing its identity, molecular structure, molecu-
limit (MRL) of imazamox in sunflower seeds is accepted  lar weight, and fragmentation pattern [28, 35, 36]. The
as 0.05, 0.05, 0.05, and 0.3 mg kg~!, respectively [17, 18]. most widely used extraction techniques for pesticides in
Furthermore, the effect of clay content on herbicide bio-  plants are solid-phase extraction [26], microwave extrac-
availability is similar to the effect of organic matter, as the tion [37], sonication [38], Soxhlet [39], supercritical fluid
high surface area of clay can increase herbicide sorption  extraction [40], and the QUEChERS extraction method
and may further reduce herbicide bioavailability [15, 19]. [41].
Cationic species adsorb on soil by electrostatic attraction, Unprocessed and processed agricultural products such
while anionic molecules can adsorb on positively charged  as sunflower and sunflower oil play an important role as
soil colloids, even if adsorption of negative species is less  exports from Turkey. Therefore, the aim of this study is to
strong than on negatively charged clay surfaces [20]. pH  determine the residue of IMI herbicides in plant products
and soil type also affect the bioavailability and degradation ~ and products obtained from them. The aim of this study
of imazamox [21, 22]. Therefore, two soils with different is to determine the concentrations of imidazolinone pesti-
pH and clay content were studied. cides (imazamox, imazapyr, imazapic, imazethapyr, and
Widely used and highly sensitive analytical techniques  imazaquin) in sunflower by GC-MS, focusing on sunflower
for determination and quantification of these pesticides  cultivated in Thrace Region (Turkey) and related prod-
at low concentrations in food samples are liquid chroma-  ucts. In the determination step, conditions such as injec-
tography (LC)-MS [3, 4, 23, 24], high-performance (HP)  tion volume, flow rate, and injection mode were optimized
LC-diode array detection (DAD) [16, 25], capillary elec-  to determine the concentration of IMI group pesticides by
trophoresis (CE)-MS [26, 27], GC-MS, and GC-electron GC-MS. The optimized conditions were then applied to
capture detector (ECD) [28-34]. GC-MS analysis enables identify their residue in soil.
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Materials and Methods
Materials

The IMI pesticides were analyzed by GC-MS using an
Agilent 7890A model and Agilent 5975C MSD sys-
tem at Kirklareli University. HP-5 MS IU column
(30 m x 250 wm x 0.25 pm) was used with pure
(99.999%) helium as carrier gas.

Samples were prepared by solid-liquid and liquid-liquid
extraction under gentle nitrogen stream (TAB-40 WEL).
Standards and samples were prepared using a shaking
water bath (model JEOTECH-BS-21).

Standards and Reagents

Standards of imazamox, imazaquin, imazapyr, imazethapyr,
and imazapic (99% purity) were purchased from Sigma—
Aldrich. All solvents were of HPLC grade (Merck and
Sigma-Aldrich), while other chemicals were of analyti-
cal reagent grade. Double-distilled water (HPLC grade,
18.2 MS2) obtained using a purification system (ELGA)
was used for all preparations.

Procedures modified from those of Lao and Gan [37]
and Anisuzzaman et al. [28] were used for preparation of
dimethyl derivatives of standard stock solutions. Stand-
ards of imazamox, imazaquin, imazapyr, imazethapyr, and
imazapic were subjected to derivatization by dissolving
approximately 5 mg in 2 mL acetone solution in a vortex
in 50-mL screw-capped falcon centrifuge tubes, adding
tetrabutylammonium hydroxide (200 pL, 1 M solution in
methanol) and iodomethane (400 pL), followed by heating
at 40 °C for 90 min in a shaking water bath at stirring speed
of 90 rpm. The mixture was evaporated to dryness at 40 °C
under a gentle nitrogen stream. The residue was then added
to a mixture of 2 mL ultrapure water and 15 mL diethyl
ether:n-hexane (1:2 v:v), and stirred by vortex for 2 min.
Water in the standards was removed using 12 g anhydrous
sodium sulfate. Pesticide standards were concentrated to
dryness using a gentle nitrogen stream, then dissolved in
10 mL hexane and filtered through a 0.45-um polytetra-
fluoroethylene (PTFE) syringe filter. The derivatization
process obtained yield of 80-95%. Stock standards were

prepared at 5000 mg L~'. From these derivatized standards,
intermediate stocks of 25 mg L~! were prepared separately.
Then, a mixture of 5 mg L™! of intermediate stocks was
prepared (the chromatogram of the mix is shown in Fig. 1).
The GC column was connected without splitting to the ion
source of an Agilent 5975C mass spectrometer operating in
scan mode in the m/z range of 40 to 400. Standard solu-
tions were prepared by dilution of stock standard solutions
to concentration of 500, 250, 100, 50, 25, 10, 5, 1, 0.5,
0.1, and 0.05 ug L™! for soil and plant in hexane. Standard
identification, retention time, quantification, and analysis
of each compound were carried out by GC-EI-MS using
single-quadrupole instruments in SIM mode. Detection of
IMI pesticides was based on retention time and fragmenta-
tion products (Table 1).

Optimization of GC-MS for IMI Pesticides

The injector temperature, split flow, and injection vol-
ume were examined. To study each parameter, the others
were chosen at the optimum value using IMI solutions of
0.1 mg L~!. Standard solutions were studied using frag-
mentor potential of 70 V for optimization. For optimization
of injection volume, volumes in the range from 0.5 to 1 pL
were studied in splitless mode, but smooth chromatograms
were not obtained. Therefore, we applied large volume
injection in programmed temperature vaporization (PTV)
solvent vent mode to eliminate excess solvent by vapori-
zation without analyte loss [41]. The target ions and reten-
tion time of the standards were determined by one-by-one
injection. The best result was obtained at 1.0 mL min~".
All injection parameters were investigated in duplicate dur-
ing 1 week, using different days for validation. Calibra-
tion curves were constructed and analyzed at the start and
end of the validation process to ensure that no significant
changes had occurred.

The temperature program of the GC oven was as fol-
lows: initial temperature of 70 °C with 1-min hold time,
then increasing at rate of 10 °C min~! to 150 °C with 5-min
hold time, then increasing at rate of 10 °C min~"! to 280 °C
with 2-min hold time. The m/z scan range of 40-400 was
used. The maximum oven temperature was set to 300 °C.
The front inlet temperature, pressure, and septum purge

Table 1 Retention time (RT, min) and fragment ions of IMIs, linear regression (y = ax + b), correlation coefficient (R%), LOD, LOQ, and %

RSD in pesticide standard solution range at different levels

Pesticide Target ion Ton 1 Ion 2 RT (min) y=ax+b R? LOD (ug LY LOQ (ugL™h % RSD
Imazapyr 247 215 177 22.349 68.92x — 773.6 0.996 0.14 0.46 35
Imazapic 261 229 191 23.581 284.87x + 2137 0.996 0.01 0.03 2.5
Imazethapyr 275 243 205 24.331 120.67x 4 623.47 0.997 0.01 0.03 2.2
Imazamox 291 259 221 25.279 242.28x — 496.07 0.999 0.01 0.03 1.7
Imazaquin 297 265 227 27.057 277.07x — 175.55 0.996 0.02 0.06 0.5
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flow were set to 250 °C, 8.8085 psi, and 3 mL min!,
respectively. Tonization was performed by electron impact
at 70 eV, and calibration was performed by autotuning. Sol-
vent delay and all analysis times were set to 20 and 29 min,
respectively. The mass selector detector was operated in
EI-SIM mode to determine the presence of each analyte
(Table 1).

Sample Preparation for Analysis of IMI Herbicides

Sunflowers and corresponding soils from Thrace Region
were used as samples in this study. Soils with two differ-
ent pH/texture features (I and II) were studied, having the
following characteristics: pH of 4.74 and 7.28, clay content
of 8.33 and 22.92%, silt content of 12.50 and 31.25%, and
sand content of 79.17 and 45.83%, respectively. The texture
class for soil I and I was Loam and Loam—Sand, respec-
tively [42]. Soil samples were collected at depth of 0-30
and 30-60 cm. For sunflower, we studied leaves, body, and
head. Plant samples were transferred to the laboratory in
plastic bags, washed with tap water, and rinsed with dis-
tilled water. After drying at 35 °C, the samples (plants and
soils) were ground using an agate mortar and mixed until
homogeneous. Each sample was analyzed at least in quad-
ruplicate, and the mean is reported.

Sample (1.0 g) of soil, leaves, seeds, header, and body
of sunflower was mixed by vortex in 2 mL acetone solu-
tion. After addition of tetrabutylammonium hydroxide (200
pL, 1 M solution in methanol) and iodomethane (400 pL),
heating was applied for 90 min in a 50-mL screw-capped
falcon centrifuge tube using a shaking water bath at 40 °C
with stirring speed of 90 rpm. The mixture was evapo-
rated to dryness at 40 °C using a gentle nitrogen stream.
The residue was then added to a mixture of 2 mL ultrapure
water 4+ 15 mL diethyl ether:n-hexane (1:2 v:v) and stirred
by vortex for 2 min. Water was removed from the samples
using 12 g anhydrous sodium sulfate. Supernatant was con-
centrated to dryness using a gentle nitrogen stream, then
dissolved in 1 mL hexane and filtered using a 0.45-um
PTFE syringe filter. Afterwards, the extractant (3 wL injec-
tion volume) was injected for GC-MS.

Quantitation

The method was validated by determining herbicide recov-
eries from soil and plant samples using the procedure indi-
cated above to determine the precision from a minimum
of five replicates and five parallel measurements (i.e., five
measurements on each of five extractants prepared from
the same sample with the same characteristics) in terms
of interday reproducibility. Linearity, precision, accuracy,
limit of detection (LOD), limit of quantitation (LOQ), and
recovery parameters were determined for each herbicide.
The precision of the method is expressed as the stand-
ard deviation and % relative standard deviation (RSD) of
standard measurements. Precision was measured using a
minimum of five determinations (replicates) per concentra-
tion. Concentration levels (ranging from low to medium to
high) in the expected range were investigated to confirm
the accuracy of the measurements. Linearity was evalu-
ated using calibration curves at 0.1, 0.5, 1, 5, 10, 25, 50,
100, 250, and 500 pg L' in hexane. The matrix effect
was estimated by comparing the slope of curves for matrix
blank extract with those obtained from solvent (hexane)
curves. An 11-level (1-500 ug L~! for soil, plant, and parts
thereof) calibration series was established, with three anal-
yses at each concentration level to determine linearity. The
calibration curve was plotted automatically. The LOD and
LOQ were determined as the concentrations resulting in
signal-to-noise (S/N) ratio of 3 and 10, respectively, where
the signal was taken as the peak weight and the noise cor-
responds to the baseline near the chromatographic peak
of each studied compound [43-45]. Recovery rates were
determined by adding 50-100-200 ug L~! concentration
standards for soil and plant. The matrices used for recov-
ery studies were locally grown sunflower and soil samples,
respectively (Table 2).

Results and Discussion
Calibration graphs were established for each herbi-

cide in the range of 1-500 ug L~!, exhibiting correla-
tion coefficient of 0.996 to 0.999 for all analytes. The

Table 2 Addition/recovery (%)

- Sample Added (ug L) Imazapyr Imazapic Imazethapyr Imazamox Imazaquin

test results for IMI pesticides
in grown sunflower and soil Plant 50 81.2+59 80.1+43 758+67 88.9+25 101 +8
samples (n = 25) 100 90.6+3.4 884+42 846+35  965+18 104+2
200 963+19 992425 92.1+1.2 9844+ 1.1 10441
Soil 50 892+6.1 86.0+79 889+68 958+73 100%5
100 91.94+48 963+33 93.0£29 9944+ 1.1 10443
200 923+23 964427 932418 984+24  104+2
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retention time (RT, min), linear regression (y = ax + b),
coefficient of determination (r2), LOD, LOQ, and %
RSD values are presented in Table 1. The linear regres-
sion equation obtained from the GC-MS results was
applied and used for quantification. The method was
validated by determining herbicide recoveries from soil
and plant samples using the procedure described above.
The LOD for the studied IMI group pesticides ranged
from 0.01 to 0.14 pg L~', while the LOQ ranged from
0.03 to 0.46 ug L~'. The RSD of the migration time of
the analytes ranged from 0.5 to 3.5%, indicating good
repeatability of the method. The minimum concentra-
tion values were determined to be 1 ug L™! for imazapyr,
imazamox, and imazaquin and 5 pg L™! for imazapic and
imazethapyr. The chromatogram, mass spectrum, and
calibration graph for each pesticide are shown in Figs. 1,
2, 3, 4 and 5. The minimum concentration for GC-MS
analysis of the IMI herbicides in this study reached 40%
of that (7 ug L™!) reported by Lao and Gan [37]. The ana-
lytes in Table 1 were monitored to determine the most
suitable PTV conditions by injecting 1, 2, 3, and 4 pnL
in PTV solvent vent mode. According to this optimiza-
tion exercise, the best result was obtained with injection
volume of 3 wL. For optimization of the flow rate, the He
rate was changed to 0.5, 0.8, 1.0, and 1.5 mL min~ !,

The optimized conditions were found to be flow rate of
1 mL min~—', injection volume of 3 pL, and fragmentation
potential of 70 V. The initial temperature of the GC oven
program was chosen as the boiling temperature (70 °C) of

Abundance

Scan 406 (22342 min): 100pp

hexane. The method was then applied for determination of
IMI pesticides in sunflower and soil samples. For valida-
tion purposes, a blank soil sample was selected and vari-
ous validation parameters evaluated, including linear range
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[43—45]. The limits of detection (LOQ) and quantitation
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sented in Table 1. The linear dynamic range for imazapyr
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for imazamox and imazaquin in the IMI mix standards
extended from 1 to 500 pg L™' using the optimized con-
ditions, with correlation coefficient of 0.999 and 0.996,
respectively.
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Fig. 2 Mass spectrum and calibration curve for derivatized imazapyr
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concentration standards to soil and plant samples. The
recovery and precision were studied for five replicates of
each spiked concentration. In total, 25 individual recoveries
were measured; the results are summarized in Table 2. The
obtained recoveries of the IMI herbicides ranged from 76
to 105% of the theoretical concentration for the evaluated
compounds. RSD % values of less than 3.5% for replicates
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were obtained for intraday (repeatability) and interday
(intermediate) precision. Imazethapyr and imazaquin were
not detected in seeds, soil, or sunflower parts, whereas
imazapyr, imazapic, and imazamox were detected. The
concentrations of imazapyr, imazapic, and imazamox
found in sunflower seed were 2.76, 5.42, and 15.2 pg kg™!,
respectively. The maximum concentration of imazapyr and
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Fig. 5 Mass spectrum and calibration curve for derivatized imazamox

imazapic in leaf of sunflower grown in soil I was found
to be 25.5 and 29.3 pg kg™, respectively, versus 21.2 and
38.2 ug kg™ ! for soil II. The maximum concentrations of
imazamox in body, leaf, and header of sunflower grown
in soil I were found to be 74.2, 105, and 151 pg kg~!,
respectively, versus 70.4, 51.9, and 169 ug kg’l for soil II
(Table 3).

The concentration of imazamox in acidic soil was
found to range from 29.8 to 58.0 ug kg~ . In general, the
imazamox residue was about 1.5 times lower in neutral
compared with acidic soil. The concentration of imazamox
decreased about 0.7-fold with increasing soil depth
(Table 3). The imazamox concentration accumulated in
header of sunflower grown in acidic soil was higher than
when grown in neutral soil. It is believed that the cause is
related to the clay content of the soil [16, 41].

As for any organic molecule released into the environ-
ment, transport of herbicides is determined by their chemi-
cal-physical characteristics. Adsorption on clays or organic
matter may occur via the following interactions: hydrogen
bonding, van der Waals forces, dipole—dipole interactions,
ionic exchange, covalent bonding, protonation, ligand
exchange, H,0O effect, and hydrophobic interactions [20].
However, Lagana et al. indicated that the organic matter
content does not have a major influence on the determina-
tion of IMIs [46].

In Australian barley trials, residues of imazamox in
grain were <0.01 mg kg~' (n = 4) after application at
25-50 g ai ha~' (1-2-fold the proposed maximum rate).

Residues in wheat grain in Australia after imazamox appli-
cations of 25-50 g ai ha™' (1-2x) were <0.01 mg kg™!
(n = 6). Residues in wheat grain in Canada after
imazamox applications of 20-41 g ai ha™' (0.8-1.7x) were
<0.05 mg kg~! (n = 10). An MRL of 0.05 mg kg~ is rec-
ommended for imazamox in barley, in line with that previ-
ously recommended for wheat [18, 47].

Moreover, the Codex Alimentarius and legislation of dif-
ferent countries (e.g., USA, China, and India) have com-
monly set maximum residue limits (MRLs) for cereal prod-
ucts, while European Union (EU) countries have recently
harmonized their MRLs on food and feed, including cere-
als [30]. Turkey has also begun to implement new poli-
cies. Pesticide-residue monitoring programs, which often
emphasize raw agricultural products, are the only tool
to control the type and quantity of herbicides in food and
apply limits.

Conclusions

We describe the development and validation of a more
sensitive and reliable method for identification and quan-
titation of IMI herbicides in sunflower plant and seeds
and corresponding soil using GC-MS. The linearity, pre-
cision, accuracy, and repeatability of the method were
validated by studying recoveries. The LOD and LOQ
were found to be 0.01-0.14 and 0.03-0.46 ug L~'. The
optimized conditions were found to be He flow rate of
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Table 3 Determination of IMI

e s Pesticide Seed Concentration range Sunflower
pesticides in sunflower (seeds,
bé)rdie\::/,eile';tl\t/es, hlfa(_i?r) alrjld4sgi51 Soil Body Leaf  Header
EI) ir 7‘2g8 (’If;;g gt 0-30cm  30-60 cm
Imazapyr
1 2.76 +0.33 Min ND ND ND ND ND
Max ND ND ND 25.5 ND
SD ND ND ND 33 ND
I Min ND ND ND ND ND
Max ND ND ND 212 ND
SD ND ND ND 4.9 ND
Imazapic
1 5.42 +0.21 Min ND ND ND ND ND
Max ND ND 23.6 29.3 ND
SD ND ND 2.6 9.6 ND
I Min ND ND ND ND ND
Max ND ND 46.5 382 ND
SD ND ND 4.9 3.8 ND
Imazamox
1 1524+22 Min 24.4 18.9 ND ND 15.1
Max 355 27.7 74.2 105 151
SD 4.7 5.8 10.2 13 4.7
I Min 29.8 20.0 ND ND 15.8
Max 58.0 46.2 70.4 51.9 169
SD 11.1 8.2 11.5 5.0 11.3

1 mL min~! and injection volume of 3 WL in PTV split-
less mode. Field samples of soil, plants, and sunflower
seeds were analyzed for imazamox and its derivatives.
In a second field experiment, the residues of imazamox
and its derivatives in soil, plants, and seeds were inves-
tigated. The results showed that residual herbicides were
present in cultivated seeds. Furthermore, the soil with
almost neutral pH and high clay content showed higher
imazamox residue than the soil with acidic pH. Conse-
quently, we conclude that the residual imazamox con-
centration in sunflower depends on soil properties. The
results obtained are lower than those in literature. Moreo-
ver, this is the first detailed study of imazamox accumu-
lation in sunflower samples from Thrace Region. These
results will contribute to food safety regarding herbi-
cide application and may demonstrate the need to estab-
lish pesticide-residue monitoring programs for analysis
of sunflowers for human consumption to improve food
safety and decrease exposure risks to consumers.
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