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In this work, an ionic liquid–dispersive liquid-liquid microextraction (IL-DLLME) method combined with liquid
chromatography and diode-array detection (DAD) was used for the determination of four aryloxyphenoxy-
propionate herbicides (fenoxaprop-p-ethyl, quizalofop-p-tefuryl, propaquizafop and haloxyfop-p-methyl) in
two soy-based foods (soymilk and soy sauce)was used. For this purpose, the phosphonium-based room temper-
ature ionic liquid (trihexyl(tetradecyl)phosphonium bistriflamide) was used as the extractant. The effect of the
experimental parameters on extraction efficiency such as type of disperser solvent, disperser solvent/ ionic liquid
volumes ratio, pH, nature and concentration of salt in the aqueous phase, sample volume, and centrifugation and
extraction times were investigated and optimized. Since matrix effects were detected, the standard addition
method was used for quantification. Under the optimized conditions, the proposed sample preparation method
coupled to high performance liquid chromatography-diode array detection (HPLC-DAD) had a satisfactory
performance to determine the four herbicides in soy sauce and soy milk. The enrichment factors ranged from
18 to 43 and recovery factors from 25 to 66%. Although the recoveries were not high because of the presence
of organic solvent in the sample preparation step, the inter-day reproducibility was 8.4% or less, depending on
the analyte, the limits of detection (S/N = 3) were obtained in the range of 0.12–0.34 mg L−1, the limits of
quantification (S/N = 10) between 0.36 and 1.04 mg L−1, and linear ranges from LOQs to 9.26 mg L−1. Finally,
the IL-DLLME methodology is inexpensive, simple, fast, and environmentally friendly for the determination of
the studied herbicides in soy sauce and soy milk. This study constitutes the first application of an IL-DLLME
methodology to aryloxyphenoxy-propionate herbicides analysis in commercial soy-derived foods.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The aryloxyphenoxy-propionate herbicides (AOPPs) constitute a
kind of selective post-emergence herbicides [1], which were registered
for controlling annual and perennial grassy weeds for many crops as
soy, rice, corn or peanut. AOPPs are toxic to aquatic organisms [2],
especially fish, and could be inducers of liver toxicity and injury [3].
The widespread use of those compounds contributes to their presence
in ground water, soil and other environmental matrices [4,5]. Recently
there have been a few reported studies on the determination of some
AOPPs in water [6–11], soils [12,13], crops [12,14], fruits and vegetables
[9,15]. However, any analytical methodology to determine AOPPs in
processed foods, specifically in crops-derived ones such as soy-sauce
or soy milk, have been developed. Therefore, more sensitive and robust
methods to analyze AOPPs in those complex matrices are required.
Investigación y Desarrollo de
sidad Nacional de La Plata, 47 y

).
Conventional methods for the isolation and/or enrichment of
AOPPs-related chemicals from water involve liquid–liquid extraction
(LLE) or solid-phase extraction (SPE) [5,16]. However, SPE is a
convenient technique very recommended to pre-concentrate analytes
at trace levels and requires much less amounts of organic solvents but
it suffers from some drawbacks such as low recoveries and low batch-
to-batch reproducibility. In recent years, a lot of less solvent-
consuming microextraction techniques have been used in extraction
of AOPPs in water, such as solvent microextraction (SME) [4],
microextraction in packed syringe (MEPS) [11] and IL-DLLME [7].
Recently, a faster, sensitive and environmentally friendly method for
determination of AOPPs in environmental water samples by coupling
both the dispersive magnetic SPE (d-MSEP) with both HPLC-DAD and
ultrahigh pressure liquid chromatography with triple quadrupole
mass spectrometer (UHPLC-MS/MS) was developed [6].

The use of Room Temperature Ionic Liquids (RTILs) in different areas
of Analytical Chemistry has increased considerably in recent years due
to their advantages over conventional organic solvents such as low tox-
icity,flammability and volatility [17]. As a counterpart, due to the typical
high viscosities of the RTILs, a dilutionwith solvents such asmethanol or
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acetonitrile can be necessary before injection into the HPLC column,
which decreases the enrichment factor [18].

Although phosphonium-based RTILs (PB-RTILs) have been known
and synthesized for years, they have been more or less neglected in
the literature, mainly in LLE, as compared to their imidazolium- or
pyrrolidinium-based counterparts [19,20]. PB-RTILs are made of tetra-
alkylphosphonium cations with different anions and have some addi-
tional advantages compared to the nitrogen-based RTILs (NB-RTILs),
such as very high thermal and chemical stability, higher solvation prop-
erties and they are cheaper [18]. There are about 20 different types of
PB-RTILs commercially available. Cytec Industries Inc. sells phosphoni-
um salts under the Cyphos® trade name [21].

The (IL-DLLME) has been developed as an efficient sample prepara-
tion and preconcentration method. The advantages of IL-DLLME are the
use of a small volume of ionic liquid, ease of operation, rapidity, low
cost, high recovery for several compounds, high enrichment factors
and environmentally friendly nature [22,23]. The extraction by IL-
DLLME is based on a ternary solvent system: the aqueous sample, the
dispersive solvent and the extraction solvent. An appropriate mixture
of the extraction solvent (an organic solvent or an ionic liquid) and
the dispersive solvent (a water-organic miscible solvent) is rapidly
injected into the aqueous sample with a syringe and a cloudy solution
is formed. After centrifugation, the analytes are collected into the
small volume (a single drop) of the extraction solvent while the disper-
sive solvent remains in the initial aqueous solution [22]. There has been
a large number of works that use nitrogen-based RTILs (NB-RTILs) as
the solvent extraction in LLE, especially those with the cation dialkyl-
imidazolium, while the use of phosphonium-based RTILs (PB-RTILs) is
very scarce. Recently, a flow injection system for online IL-DLLME
using the less dense than water IL tetradecyl(trihexyl)phosphonium
chloride (Cyphos 101) for preconcentration of cobalt (Co) was present-
ed [24]. Also, the use of tetradecyl(triehexyl)phosphonium bis-2,4,4-
trimethylpentylphosphinate (Cyphos 104) as an effective extractant of
lactic acid (LA) in aqueous systems by LLE have been measured [25].

In this study a simple and sensitive analytical method to determine
aryloxyphenoxy-propionate herbicide residues (AOPPs) in soy sauce
and soy milk was developed. The IL-DLLME methodology using a
PB-RTIL as extractant andfinal analysis byHPLC-DADwere used. Special
attention to the optimization of IL-DLLME parameters to maximize the
extraction efficiency and to assure ruggedness has been given. The
most important figures of merit of the analytical methodology were
obtained.

This work represents the first proposal to determine
aryloxyphenoxy-propionate herbicides residues in soy sauce and soy
milk.
Fig. 1. Chemical structures of (a) fenoxaprop-p-ethyl; (b) halox
2. Material and methods

2.1. Chemicals and materials

Trihexyl(tetradecyl)phosphonium bistriflamide, (Cyphos 109,
[(C6)3C14P][NTf2]) was purchased from Cytec (New Jersey, USA). Re-
agents were of analytical grade or better: haloxyfop-p-methyl,
quizalofop-p-tefuryl, fenoxaprop-p-ethyl y propaquizafop from
Agrofina (Bs. As., Argentina) (Fig. 1), acetic acid anhydrous (Merck,
Hohenbrunn, Germany), sodiumacetate anhydrous (J.T. Baker,México),
sodium chloride and potassium chloride (Anedra, Argentina), magne-
sium sulfate 7-hydrate (Biopack, Argentina), potassium phosphate
(Merck, Hohenbrunn, Germany), isopropanol HPLC grade (Sintorgan,
Bs. As., Argentina), phosphoric acid 85% (Merck, Hohenbrunn,
Germany), potassium dihydrogen phosphate (Merck, Hohenbrunn,
Germany), monoacid potassium phosphate (Carlo Erba, Divisione
Chimica Industriale- Milano, Italy), citric acid (Panreac, Castellar del
Vallès, Spain), formic acid (Anedra, Bs. As., Argentina), sodium hydrox-
ide (Analar, Poole, United Kingdom), sodium tartrate (J. T. Baker, Estado
de México, México), potassium hydrogen phthalate (Anedra, Bs. As.,
Argentina), tris (tris(hydroxymethyl)aminomethane) (Carlo Erba,
Divisione Chimica Industriale- Milano, Italy), chlorhidric acid 37%
(Anedra, Bs. As., Argentina), acetone (Biopack, Bs. As., Argentina),meth-
anol and acetonitrile grade HPLC (J. T. Baker, Estado deMéxico, México)
and ethanol (Carlo Erba, Divisione Chimica Industriale- Milano, Italy).
Solutions were prepared with MilliQ® water.

Conical graduated polypropylene light-blue screw-capped test tubes
(17 × 120 mm, 15 mL) for the IL-DLLME experiments and sample con-
ditioning were used. The samples were filtered through a Micro-Mate
TM interchangeable syringe (Popper & Sons Inc., New Hyde Park, NY,
USA) containing a 0.22 mm cellulose–nitrate membrane.

2.2. Instrumentation and chromatographic conditions

All chromatographic studies were performed on an HP 1100 liquid
chromatograph (Agilent Technologies, Palo Alto, CA) equipped with
vacuum degasser, binary pump, autosampler, thermostatted column
device, and photodiode array detector (DAD). The column was a Sym-
metry C-18 (3.9 × 150 mm; 5 μm) from Waters (Milford, USA). Opti-
mum separation was achieved with a water-methanol mobile phase
at a flow rate of 1 mL min−1 and temperature of 25 °C. The gradient
elution program was (solvent A: water; solvent B: methanol): 70% B,
0 min; 76% B, 15 min; 100% B, 20 min; 70% B, 28 min. The sample
injection volume was 20 μL. All mobile phases were filtered through
0.22-μm nylon membranes (Osmonics-Magna) for organic solvents
yfop-p-methyl; (c) quizalofop-p-tefuryl; (d) propaquizafop.
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and 0.45-μm cellulose-nitrate filters (Micron Separations) for aqueous
phases. The detector was set at 230 nm for all analytes. At this wave-
length the RTIL absorb radiation but the elution of all analytes occurs
at longer retention times.

A LUGUIMAC LC-20 centrifuge operating at 4000 rpm with 15 mL
polypropylene tubes for the optimization experiments was used. A
combined glass Metrohm electrode in a commercial Accument
AR25pH/mV/Ion/Meter (Fisher Scientific) pH meter for the pH
measurements was used. Water was purified with a Milli-Q system
(Millipore Co.).

2.3. Extraction method for the optimization experiments

Stock solutions of fenoxaprop-p-ethyl, quizalofop-p-tefuryl,
propaquizafop and haloxyfop-p-methyl were prepared by dissolving
the compounds in methanol at concentrations of 480, 520, 500 and
500 mg mL−1, respectively. The solutions were sonicated for a few
minutes. These stock solutions were stored in the refrigerator for
up to 1 month and their preservation status was checked daily by
comparing the peak areas with the corresponding values obtained
immediately after the solutions were prepared. From these solu-
tions, a standard solution in acetic acid/acetate buffer (pH = 4.63,
0.1 mol L−1), was prepared to reach a final concentration of
0.5 mg L−1.

The IL-DLLME was performed as follows: 300 μL of a mixture
containing [(C6)3C14P][NTf2] and isopropanol in a ratio 1:5 were
added to 9.00 mL of standard solution and a cloudy solution was
Fig. 2. Effects on extraction efficiency of: a) disperser solvent (filled bars, haloxyfop-p-met
propaquizafop) (working conditions in Section 3.1.2.); b) disperser solvent/ionic liquid
Section 3.1.4.); d) sample volume (working conditions in Section 3.1.5) (● propaquizafop; ■ f
formed. To maximize the extraction efficiency, the emulsion formed
was sonicated for 3 min and then centrifugated for 15 min to separate
the phases. After removing the upper phase, 20 μL of the resulting
sedimented RTIL was injected into the HPLC column and analyzed
under the aforementioned chromatographic conditions.

2.4. Extraction method for soy milk

A conditioning process adapted from the literature [26] previous to
the IL-DLLME method was as follows: 3.00 mL of soy milk were spiked
with the analytes standard mixture and 3.00 mL of acetone/acetonitrile
(5:1) were added to remove the suspended material. To accelerate the
proteins coagulation, the mixture was sonicated for 10 min and then
centrifugated 30 min. The supernatant phase was transferred to a
15 mL centrifuge tube and 3.50 mL of an acetic/acetate buffer (pH =
4.63, 0.1 mol L−1) were added to reach a total volume of 9.00 mL.
Then, 300 μL of a mixture containing [(C6)3C14P][NTf2] and isopropanol
(1:5) were added and a cloudy solution was formed. To maximize the
extraction efficiency, the emulsion formed was sonicated for 3 min
and then centrifugated for 15 min to separate the phases. After remov-
ing the upper phase, 20 μL of the resulting sedimented RTIL phase was
injected into the HPLC column.

2.5. Extraction method for soy sauce

A conditioning step adapted from the literature [26] was as follows:
3.00 mL of the sample were spiked with the analytes standard mixture
hyl; empty bars, fenoxaprop-p-ethyl; striped bars, quizalofop-p-tefuryl; squared bars,
volumes ratio (working conditions in Section 3.1.3.); c) pH (working conditions in
enoxaprop-p-ethyl;○ haloxyfop-p-methyl; □ quizalofop-p-tefuryl).



66 E. Lubomirsky et al. / Microchemical Journal 129 (2016) 63–70
and 4.50 mL of acetone were added to eliminate the suspendedmateri-
al. The two phase systemwas sonicated for 10min to promote the con-
tact between them and then, it was centrifugated for 10 min. Then,
3.00mL of the upper phasewere taken and placed in a 15mL centrifuge
tube. Finally, 6.00 mL of an acetic/acetate buffer (pH = 4.63,
0.1 mol L−1) were added and the IL-DLLME methodology was
performed as described before.

3. Results and discussions

3.1. Optimization of IL-DLLME

In order to find the best experimental conditions for the IL-DLLME
method, a step-by-step optimization was developed. Some variables
that affect the performance of the experimental procedure were stud-
ied, such as, type of disperser solvent, disperser solvent to ionic liquid
volumes ratio, sample volume, pH, type and salt concentration, extrac-
tion and centrifugation times. All experiments were performed by
triplicate.

3.1.1. Type of extraction solvent
The convenience of working with denser-than-water RTILs is that it

is easy to take the extractant from the bottom of a conical tube, which
can be simply pulled with a syringe and directly be injected into the
HPLC column. However, it is necessary the addition of an organic
Fig. 3. Effect of the type and concentration of different salts on extraction efficiency (● propaq
conditions in Section 3.1.6.).
solvent to decrease the viscosity and allow theHPLC injector to take cor-
rectly the injection volume. The low viscosity, very low water solubility
and higher density than water of [(C6)3C14P][NTf2] makes this RTIL a
good candidate for the DLLME. Thus, this ionic liquid was selected in
this work.

3.1.2. Type of dispersive solvent
Dispersive solvents need to be soluble in both phases, in this case

water and the selected PB-RTIL. Thus, to the water solution containing
the herbicides, a mixture of the selected ionic liquid [(C6)3C14P][NTf2]
and different organic solvents in a ratio of 1:5 were rapidly injected. Ac-
etone, methanol, ethanol, isopropanol and acetonitrile as the dispersive
solvents were tested. Chromatographic peak areas corresponding to the
IL phase were used as a parameter proportional to the extraction
efficiency for each solvent, since in all cases the same starting AOPPs
standard solution was used. It can be seen from Fig. 2.a that acetone
and isopropanol as dispersive solvents allowed to obtain the greatest
peak areas. However, for acetone some peaks showed shoulders. Thus,
isopropanol has been chosen as the dispersive solvent in the following
experiments.

3.1.3. Disperser solvent/ionic liquid volumes ratio
The dispersive solvent/IL ratio is very important on the IL-DLLME

process because a high proportion of IL increase (up to reach a plateau)
the amount of analytes extracted. However, a high volume of dispersive
uizafop; ■ fenoxaprop-p-ethyl;○ haloxyfop-p-methyl; □ quizalofop-p-tefuryl) (working



Fig. 4. Effect of centrifugation and extraction times on extraction efficiency (● propaquizafop;■ fenoxaprop-p-ethyl;○ haloxyfop-p-methyl;□ quizalofop-p-tefuryl) (working conditions
in Section 3.1.7.).
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solvent will affect or even avoid the formation of the emulsion into the
aqueous sample, decreasing the extraction performance. Due to the
high viscosity of the RTILs, it is preferred to calculate the volume by
using the density instead of measuring it. A constant volume of 50 ±
1 μL of IL (density = 1.0652 g mL−1 at 25 °C from the CYTEC product
data sheet) was used and different amounts of isopropanol were
added in order to have volume ratios from 2 to 10. In Fig. 2.b an opti-
mum value is observed at 1:5 ratio. Thus, this composition was used
in further experiments.
3.1.4. pH of the aqueous sample
It can be seen from Fig. 1 that the studied analytes have ionizable ni-

trogen atoms. The only pKa value available in the literature was found
for : fenoxaprop-p-ethyl, which is 4.60 [27]. Buffers with a constant
ionic strength of 0.1 mol L−1 and different pHs close to their maximum
buffer capacity were prepared (fosforic acid/diacidic phosphate, pH =
1.91; citric acid/citrate, pH = 2.83; formic acid/formate, pH = 3.57;
tartaric acid/tartrate, pH= 4.07; acetic acid/acetate, pH= 4.44; hydro-
gen phthalate/phthalate, pH = 5.63; dihydrogen phosphate/ hydrogen
phosphate, pH = 7.00 and tris(hydoxymethyl)aminomethane/tris hy-
drochloride, pH = 8.25) and then spiked with the analytes. The
resulting solution was used as the sample for the IL-DLLME. The extrac-
tion efficiency for all the analytes showed a maximum at a pH of 4.44
(with an acetic acid/acetate buffer) (Fig. 2.c). Thus, this buffer and pH
were used for the next experiments.
Table 1
Calibration curves of the AOPPs in the different studied matrixes and the calculated t-values fo

Matrix Analyte Linear regresion⁎

Soy sauce Haloxyfop-p-methyl y = 0.44(±0.01) × −0.03(±0.07)
Quizalofop-p-tefuryl y = 0.33(±0.01) × +0.04(±0.08)
Fenoxaprop-p-ethyl y = 0.276(±0.007) × −0.05(±0.04)
Propaquizafop y = 0.71(±0.03) × −0.1(±0.2)

Soy milk Haloxyfop-p-methyl y = 0.44(±0.02) × −0.1(±0.1)
Quizalofop-p-tefuryl y = 0.32(±0.01) × +0.004(±0.06)
Fenoxaprop-p-ethyl y = 0.285(±0.006) × −0.04(±0.04)
Propaquizafop y = 0.66(±0.02) × +0.02(±0.1)

Water Haloxyfop-p-methyl y = 0.41(±0.01) × −0.01(±0.06)
Quizalofop-p-tefuryl y = 0.36(±0.02) × −0.04(±0.09)
Fenoxaprop-p-ethyl y = 0.306(±0.007) × −0.04(±0.04)
Propaquizafop y = 0.75(±0.05) × −0.04(±0.3)

SD = standard deviation; N = number of points; t′-values: calculated from tabulated t-values c
⁎ In parenthesis (sa. tcrit and sb. tcrit , with N-2 degrees of freedom).
⁎⁎ R = regression coefficient.
3.1.5. Volume of aqueous sample
Although it is convenient to use a high aqueous/IL volume ratio to

accomplish a better enrichment factor, a high aqueous volume can
cause a partial dissolution of the IL. For these experiments a constant
amount of IL was used (50 μL) and increasing volumes of aqueous sam-
ples were tested. The better extraction efficiency was reached with
9.00 mL of aqueous sample (Fig. 2.d).

3.1.6. Salt effect
The effect of four types of salts and their concentrations on the ex-

traction efficiency were tested: NaCl, KCl, MgSO4 and K3PO4. Salt addi-
tion to the aqueous phase can concentrate the analytes in the IL phase
because of the well-known salting-out effect. However, increasing the
ionic strength may cause a partial solubilization of the IL, which is pro-
moted by coulombic interactions [20]. Fig. 3 shows that extraction effi-
ciency decreased with the presence of the studied salts, which can be
attributed to the solubilization of the RTIL into the aqueous phase.
Thus, any salt was used in the developed IL-DLLME method.

3.1.7. Extraction and centrifugation times
Extraction time is defined as the interval between the addition of the

RTIL to the sample solution until the time in which the samples were
put in the centrifuge. Extraction times between 3 and 15minwere test-
ed, obtaining a maximum at 3min (Fig. 4.a), showing that the equilibri-
um is fast.
r the statistical comparison of the slopes (see Section 3.2).

R⁎⁎ SD⁎⁎ N⁎⁎ t-Values t′-Values

0.9958 5.78 25 4.158 2.064
0.9894 4.37 25 2.345 2.064
0.9965 3.63 25 30.381 2.064
0.9963 9.05 24 7.289 2.069
0.983 5.82 25 3.040 2.064
0.9936 3.60 31 18.690 2.058
0.9972 3.52 27 5.798 2.056
0.9927 7.83 31 16.915 2.139
0.9963 5.34 25 – –
0.9881 4.67 25 – –
0.997 4.03 25 – –
0.9803 9.83 25 – –

onsidering the different variances of the slopes.



Table 2
Figures of merit of the IL-DLLME coupled to HPLC-DAD methodology for the studied compounds in the two studied samples.

Matrix Analyte LODa (mg mL−1) LOQa (mg mL−1) LODb (mg mL−1) LOQc (mg mL−1) LR (mg mL−1)

Soy sauce Haloxyfop-p-methyl 0.55 1.67 0.12 0.36 LOQ – 9.26
Quizalofop-p-tefuryl 0.79 2.40 0.29 0.87 LOQ – 9.26
Fenoxaprop-p-ethyl 0.42 1.28 0.34 1.04 LOQ – 9.26
Propaquizafop 0.45 1.37 0.13 0.41 LOQ – 9.26

Soy milk Haloxyfop-p-methyl 0.97 2.95 0.13 0.40 LOQ – 9.26
Quizalofop-p-tefuryl 0.55 1.67 0.29 0.87 LOQ – 9.26
Fenoxaprop-p-ethyl 0.38 1.16 0.32 0.98 LOQ – 9.26
Propaquizafop 0.59 1.78 0.14 0.42 LOQ – 9.26

a From calibration curve (IUPAC definition).
b S/N = 3.
c S/N = 10.
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Centrifugation speed up phase separation at the end of the
IL-DLLME. The centrifugation time in the range of 5 to 20 min and a
constant speed of 4000 rpm (the maximum speed of the
centrifuge) was studied. As observed in Fig. 4.b, peak areas
decrease after 15 min. Thus, this time was selected as optimal for
centrifugation.
Table 3
Enrichment (EF) and recovery (R%) factors for different spiked amounts of AOPPs after the
IL-DLLME.

Matrix Analyte Spiked amount (mg mL−1) EF R% RSD%a

Soy sauce Haloxyfop-p-methyl 5.24 31 45.7 5.5
7.94 31 39.9 6.4

Quizalofop-p-tefuril 5.24 24 35.6 4.9
7.94 18 25.4 6.6

Fenoxaprop-p-ethyl 5.24 33 48.9 3.1
7.94 25 34.2 3.8

Propaquizafop 5.24 31 46.2 6.9
7.94 22 30.1 5.8

Soy milk Haloxyfop-p-methyl 3.38 34 52.9 7.9
5.24 33 43 5.3

Quizalofop-p-tefuril 3.38 28 42.9 5.0
5.24 27 41.3 2.2

Fenoxaprop-p-ethyl 3.38 43 65 4.6
5.24 43 66.8 1.8

Propaquizafop 3.38 40 60.2 8.4
5.24 36 56.8 2.5

a Relative standard deviation of the recovery.
3.2. Evaluation of method performance

The IL-DLLME method was then applied to the determination of
AOPPs herbicides in soy sauce and soy milk. The following
figures of merit were evaluated under the optimized conditions:
linear range (LR), reproducibility (RSD%), limits of detection
(LODs), limits of quantification (LOQs), enrichment factor (EF) and
recovery (R%).

Any herbicidewas detected in the two studiedmatrices with the de-
veloped IL-DLLME method. Thus, all experiments have been made by
spiking with standards. Calibration curves shown in Table 1 were
made by using the internal standard (IS) method. Since the two more
retained chromatographic peaks were not completely resolved, peak
heights instead of peak areas were selected as signals in both matrices.
Thus, calibration curvesweremade as peakheight of the spiked analyte/
peak height of the IS vs. the analyte concentration spiked in the sample
(7 levels, each one by triplicate). We have used haloxyfop-p-methyl as
IS to perform the calibration curve of the other three herbicides, and
propaquizafop as IS to calibrate haloxyfop-p-methyl. In order to investi-
gate if matrix effects were present in the quantitative determinations a
t-test for comparison of the calibration curves slopes obtained in water
with those obtained in the soy sauce and the soy milk samples was
used [28,29]. In Table 1 the obtained t-values are compared with the
theoretical ones, t’-values, according to a Cochran test for slopes with
unequal variances.

It can be observed that the slopes are significantly different
(t-values N t′-values) and thus, matrix effects are therefore present. As
a consequence, for the quantitative determinations of the four
aryloxyphenoxy-propionate herbicides in the two studied soy-derived
food samples, the standard addition method was used.

The LODs in soy sauce and soy milk were calculated by two
procedures in order to make comparisons with other studies in the
literature: the signal to noise ratio (S/N) of 3.0 and by using the
IUPAC definition of LOD = 3.29 s0 [28] based on the standard
deflection of the concentration predicted for a blank sample, s0.
Also, the lower LOQ (the beginning of the linear range) was
evaluated by the S/N of 10, and by the IUPAC definition of LOQ =
10 s0 [28].

The upper point of the LR, was determined by the lack-of-fit test
(eliminating the highest value and applying the statistical test again
with the remaining points) [28]. This process was repeated until the
data could be adjusted to a straight line. The results for the LODs,
LOQs and LRs are shown in Table 2.
The enrichment factors (EFs) and recoveries (R%)were calculated by
means of Eqs. (1) and (2), respectively:

EF ¼ CIL

Cw
ð1Þ

CIL and Cw are the analyte concentrations in the IL phase and the ini-
tial aqueous solution, respectively.

R% ¼ 100
CILVIL

CwVw
¼ 100EFφ ð2Þ

VIL and Vw are the volumes of the IL phase and the sample solution,
respectively, and φ is the phase ratio. The EFs (Table 3) were obtained
by spiking the soy-derived foods and then comparing the resulting
chromatographic peak heights from the solutions obtained before and
after the IL-DLLME method. The analyte was left in contact with the
samplematrix for 1 h before extraction. The concentrations of the target
analytes in the extracts werewithin the LR of the calibration curves. The
obtained EFswere between 18 and 43, which reflects a very satisfactory
preconcentration capacity of the analytical methodology. Fig. 5 shows
typical chromatograms of the four aryloxyphenoxy-propionate herbi-
cides in spiked samples of soy milk and soy sauce before and after the
IL-DLLME method.

The R% values were determined by measuring the initial volume of
spiked soy sauce or soy milk and the final volume of RTIL phase and
using the corresponding EFs values according to Eq. (2). As can be ob-
served in Table 3, R% values are not very high because of the presence
of organic solvent in the aqueousmatrix, necessary in the sample condi-
tioning step to precipitate the suspendedmaterial (see Sections 2.4 and
2.5), which consequently increase the LOD and LOQ values. In spite of



Fig. 5. Chromatograms for spiked (5.24mgmL−1) samples before (grey line) and after (black line) the IL-DLLMEmethod. a) Soy sauce, b) soymilk. 1: Haloxyfop-p-methyl; 2: quizalofop-
p-tefuryl; 3: fenoxaprop-p-ethyl; 4: propaquizafop.
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this, the obtained results for these two figures of merit are low. The pre-
cision of the determinations was evaluated by the inter-day reproduc-
ibility and expressed as the percent relative standard deviation
(RSD%) with respect to measurements made in quintuplicate and over
three consecutive days. For that purpose, each sample was spiked
with the target herbicide at two different concentrations levels within
the LR. In Table 3 the RSD% values are shown.

3.3. Comparison of the proposed methodology with some existing in the
literature

The comparison made in this Section between the proposed analyt-
ical method with others from the scientific literature is quite limited
since the four AOPPs studied in this work have never been analyzed in
soy-derived foods. Thus, the conclusions from this Section will have a
Table 4
Comparison of the proposed IL-DLLMEmethod coupled with HPLC-DADwith other procedures

Analyte Matrix Extraction procedure Det

Fenoxaprop-p-ethyl Soil Extraction with organic solvent and
purification with alumina or florisil

HPL

Soil and wheat Extraction with acetonitrile and
solvent evaporation

HPL

Soil and wheat Soxhlet HPL
Rice plants, paddy
water and soil

QuEChERS HPL

Water Sequential DLLME HPL
Soy sauce Our method HPL
Soy milk Our method HPL

Quizalofop-p-ethyl Peanut Modified QuEChERS HPL
Wheat, spinach,
carrot, apple, citrus,
peanut

QuEChERS and multi-plug filtration
cleanup

HPL

Environmental water Dispersive magnetic SPE UPL

Quizalofop-p-tefuryl Soy sauce Our method HPL
Soy milk Our method HPL

Haloxyfop-p-methyl Water Sequential DLLME HPL
Environmental water Dispersive magnetic SPE UPL

Soy sauce Our method HPL
Soy milk Our method HPL

Propaquizafop Soy sauce Our method HPL
Soy milk Our method HPL

a Calculated with a S/N ratio of 2.
b Expressed as mg kg−1.
general character. The comparisonsweremademostly with other tech-
niques in other samples such aswater, crops and environmentalmatrix-
es analyzed by HPLC with MS/MS or DAD detection. The LOD, LOQ, LR,
RSD%, amount and kind of sample necessary for the analysis, type and
amount of solvent, and R% are gathered in Table 4. Looking at the results,
we could conclude that with the IL-DLLME coupled to HPLC-DADmeth-
od developed in this work, very low limits of detection and quantifica-
tion, and very good inter-day reproducibility can be achieved.
Additionally, the procedure is fast, requires small amounts of extraction
solvent (here a few microliters of a cheap ionic liquid) and exhibits a
wide range of linearity.

As expected, lower limits of detection and quantification than the
ones obtained here can be achieved, but with very specific, expensive
and sensitive detectors such as HPLC-MS/MS, which are not available
in common laboratories.
described in the literature for the determination of AOPPs herbicides in different matrixes.

ection LOD
(mg
L−1)

LOQ (mg
L−1)

R% RSD% LR (mg L−1) Ref.

C-DAD 0.02a,b – 81.6–95.1 1.61–11.72 – [30]

C-MS/MS 0.005 0.01b (soil)
0.02–0.05b
(wheat)

75.36–112.34 – – [31]

C-DAD 0.1 50–82.4 – LOQ-10 [32]
C-MS/MS 0.0031 0.01b 79.2–102.8 1.8–6.7 – [12]

C-DAD 0.00150 0.010 82.2 4.23 0.010–0.300 [7]
C-DAD 0.34 1.04 34.2–48.9 3.1–3.8 LOQ-9.26 –
C-DAD 0.32 0.98 65.0–66.8 1.8–4.6 LOQ-9.26 –
C-MS/MS – 0.005b 81.3–88.0 2.9–16.6 0.001–0.050 [33]
C-MS/MS – 0.002–0.005b 15–88 – – [34]

C-MS/MS 2.3 ×
10−6

5.9 × 10−6 62.5–65.6 5.8 – [6]

C-DAD 0.29 0.87 30.1–46.2 5.8–6.9 LOQ-9.26 –
C-DAD 0.29 0.87 41.3–42.9 2.2–5.0 LOQ-9.26 –
C-DAD 0.00435 0.015 78.4 3.12 0.015–0.300 [7]
C-MS/MS 1.9 ×

10−6

4.3 × 10−6 72.1–85.3 6.1–7.5 [6]

C-DAD 0.12 0.36 39.9–45.7 5.5–6.4 LOQ-9.26 –
C-DAD 0.13 0.40 43–52.9 5.3–7.9 LOQ-9.26 –
C-DAD 0.13 0.41 25.4–35.6 4.9–6.6 LOQ-9.26 –
C-DAD 0.14 0.42 56.8–60.2 2.5–8.4 LOQ-9.26 –
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3.4. Conclusions

A one-step IL-DLLME method followed by HPLC-DAD analysis have
been developed and successfully applied to the determination of four
aryloxyphenoxy-propionate herbicides in soy milk and soy sauce This
study constitutes the first application of the developed methodology
to the analysis of those compounds in commercial soy-derived foods.
Optimization was carried out by using a step-by-step experimental
design. The figures of merit for the proposed methodology were very
satisfactory although, recovery factors were not high enough because
the presence of an organic solvent in the sample preparation step, nec-
essary to precipitate proteins and cleaning the sample. However, LODs
and LOQs were between 0.1 and 0.3 mg L−1 and 0.4–1 mg L−1, respec-
tively. The reproducibility of the methodology was less than 8.4%, and
the linear rangeswere very broad. Additionally, the developedmethod-
ology easily implementable in any laboratory, it is fast and the
consumption of reagents and materials is low, which make the method
more environmentally friendly. These characteristics make the pro-
posed methodology feasible in the food industrial control.
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