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2,4-Dichlorophenoxyacetic acid (2,4-D) has been one of the main herbicides used to control
weeds, however, due to its high use it can promote episodes of environmental contamination.
Therefore, this study aimed to optimize and validate the liquid-liquid extraction with
low-temperature partition (LLE-LTP) and the quick, easy, cheap, effective, rugged, and safe
(QUECHERS) methods for determining 2,4-D in water samples by high performance liquid
chromatography with diode array detector. The recovery percentages of the two methodologies
were close to 100 + 3%, and the limits of quantification were 2.0 and 3.1 pg L' for LLE-LTP and
QuEChERS, respectively. The methodologies were selective and presented linearity from 2.0-26.0
and 3.1-40.6 ug L' for LLE-LTP and QUEChERS, respectively. The LLE-LTP was better than
QuEChERS due to a smaller number of steps, lower reagent consumption, higher concentration
factor and a lower limit of quantification. The real samples did not reveal any environmental

contamination episodes by 2,4-D.
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Introduction

2,4-Dichlorophenoxyacetic acid (2,4-D) is one of the
most widely used herbicides in the world due to its low
cost, selectivity, easy availability and broad spectrum of
weed control.'? 2,4-D has been widely used as a pre- and
post-emergence systemic herbicide to control broadleaf
weeds.? This herbicide is registered by the National Health
Surveillance Agency (ANVISA)*in Brazil for agricultural
use on several crops and also for non-agricultural activity,
as well as chemical weeding in non-agricultural areas.*
It is poorly retained by most soils and has high water
solubility.> Several studies”® have shown the presence of
2,4-D in water resources, which may pose risks to human
health and the environment.’

The national and international regulatory agencies have
established the maximum residue limit (MRL) allowed for
2,4-D in drinking water. The Ministry of Health in Brazil"®
passed the Consolidated Resolution No. 5 of 2017 which
established the MRL limit of 30.0 ug L~'. Moreover, the
World Health Organization (WHO)'' and the United States
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Environmental Protection Agency (USEPA)'? set the MRL
at 30.0 and 70.0 pg L', respectively.

2,4-D belongs to the chemical group of phenoxyalkanoic
acid, and it is classified as an extremely toxic product by
ANVISA,* moderately toxic by WHO," and slightly to
moderately toxic by USEPA." The International Agency for
Research on Cancer (IARC)" classified 2,4-D as a possibly
carcinogenic product for humans in 2015.

Therefore, several extraction methods have been applied
to monitor this herbicide in water, such as solid phase
extraction (SPE),'!” liquid-liquid extraction (LLE),!3¥
dispersive liquid-liquid microextraction (DLLME)>%!
and magnetic solid phase extraction (MSPE).”> SPE and
LLE methodologies have been widely used for extracting
pesticides in aqueous samples, including 2,4-D, due to
efficiency, pre-concentration of the analytes, and reduced
limits of quantification. Therefore, they have been accepted
as reference methodologies.?>?*

In addition to these methods, the liquid-liquid extraction
with low-temperature partition (LLE-LTP) and the quick,
easy, cheap, effective, rugged, and safe (QUEChERS)
methodologies have been used for pesticide extraction in
aqueous samples. These two methods have been considered
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simpler and more accessible in relation to SPE and LLE due
to the reduced consumption of organic solvents and sample,
in addition to not requiring cartridges, glassware or special
equipment.??* Despite these advantages, no studies using
LLE-LTP and QuEChERS for the extraction of 2,4-D in
water samples have been completed so far.

The quantification of 2,4-D has been performed by
analytical techniques, including gas chromatography
coupled with mass spectrometry detection (GC-MS),?!#
and liquid chromatography coupled with different
detectors such as mass spectrometry (LC-MS/MS),”20-2¢
ultraviolet (HPLC-UV),"? fluorescence (HPLC-FD)? and
diode array (HPLC-DAD).?*® Analysis of 2,4-D by gas
chromatography requires a prior derivatization step, which
can increase the time and cost of analysis.**3! Therefore,
liquid chromatography has been considered the most
appropriate technique for determining this compound.??!

Thus, the objective of this study was to optimize and
validate the LLE-LTP and QuEChERS methodologies
with HPLC-DAD for determining 2,4-D in water samples.

Experimental
Reagents and solutions

The 2,4-D analytical standard with 99.9% (m/m) purity
was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Grade-HPLC solvents acetonitrile, acetic acid and ethyl
acetate were purchased from J.T. Baker (Phillipsburg, NJ,
USA), Dinamica (Diadema, SP, Brazil) and Vetec (Rio de
Janeiro, RJ, Brazil), respectively. Phosphoric acid (H,PO,)
was obtained from Vetec (Rio de Janeiro, RJ, Brazil).
Anhydrous sodium sulfate (Na,SO,) and sodium chloride
(NaCl) were obtained from Vetec (Rio de Janeiro, RJ, Brazil)
and magnesium sulfate (MgSO,) from Synth (Diadema, SP,
Brazil), both with a purity higher than 99.0% (m/m). The 2,4-D
stock and working solutions were prepared in acetonitrile
at concentrations of 20.0 and 2.00 mg L™, respectively.

Equipment

Sample preparation was performed using an analytical
balance from Shimadzu (Sao Paulo, SP, Brazil), a centrifuge
from Kindly (Sao Paulo, SP, Brazil), a pH meter from
Quimis (S@o Paulo, SP, Brazil), a vacuum pump from
Prismatec (Itu, SP, Brazil) and a vortex from Scilogex
(Rocky Hill, NJ, USA).

Chromatographic analysis

The obtained extracts were analyzed using a high

Freitas et al. 1899

performance liquid chromatograph coupled with a
diode array detector (HPLC-DAD, model 1290, Agilent
Technologies, Germany) equipped with an auto-sampler
and quaternary pump. A Kinetex C18 100A reverse phase
analytical column (150 x 4.60 mm, 5 um, Phenomenex,
Milford, MA, USA) was used for separating 2,4-D. The
temperature of the analytical column was maintained at
30 °C and the sample injection volume was 20 pL. The
mobile phase composition, wavelength and flow were
optimized, as shown in Table 1.

Table 1. Chromatographic conditions evaluated for determining 2,4-D

Parameter

95/05
85/15
Mobile phase composition® (v/v) 75/25
65/35
55/45
200
Wavelength / nm 228
284
1.0
Flow / (mL min™") 0.80
0.50

“Mobile phase consisting of acetonitrile/water with pH = 3.00 adjusted
with H;PO,.

LLE-LTP

The following three extraction phase compositions
were evaluated to optimize the LLE-LTP extraction
methodology: 8.00 mL acetonitrile, 8.00 mL acetonitrile/
ethyl acetate (6.50/1.50 mL) and 8.00 mL acetonitrile
acidified with 1% (v/v) acetic acid.

In the LLE-LTP procedure, 4.00 mL of the water
sample was added to 22 mL clear glass vial, fortified with
81.0 uL of the 2,4-D working solution at a concentration of
2.00 mg L' and kept at rest for 1 h. Next, 8.00 mL of the
extraction phase was added to the flask and homogenized
in a vortex for 1 min. The system was kept at =20 °C
for 1 h for complete freezing of the aqueous phase and
consequent phase separation. The liquid organic phase
was subsequently transferred to a 15 mL polypropylene
tube containing 0.375 g of anhydrous Na,SO,, shaken in
a vortex for 1 min and centrifuged at 4000 rpm for 5 min.
Then, 5.00 mL of the obtained extract was completely
evaporated using continuous air flow and resuspended
in 400 uL of acetonitrile. Lastly, the extract was filtered
through a 0.45 um nylon membrane, transferred to a vial
and analyzed by HPLC-DAD.
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QUEChERS

The following three extraction phase compositions
were evaluated to optimize the QUEChERS methodology:
5.00 mL of acetonitrile, 5.00 mL of acetonitrile/ethyl
acetate (4.00/1.00 mL) and 5.00 mL of acetonitrile acidified
with 1% (v/v) acetic acid.

In the QUEChERS procedure, 5.00 mL of the water
sample was added to a 50 mL polypropylene tube and
fortified with 85.0 uL of the 2,4-D working solution at
a concentration of 2.00 mg L' and kept at rest for 1 h.
Next, 5.00 mL of the extraction phase was added, and the
system homogenized in a vortex for 1 min. Then, 2.00 g
of anhydrous MgSO, and 0.500 g of NaCl were added.
The mixture was put in the vortex and shaken immediately
for 1 min and centrifuged at 4000 rpm for 5 min. The
supernatant was transferred to a 15.0 mL polypropylene
tube containing 1.00 g of anhydrous MgSO,. The mixture
was shaken for 1 min in a vortex and centrifuged at
4000 rpm for 5 min, and 3.20 mL of the obtained extract
was completely evaporated using continuous air flow and
resuspended in 400 pL of acetonitrile. The obtained sample
was filtered through a 0.45 pm nylon membrane, transferred
to a vial and analyzed by HPLC-DAD.

Validating the methodologies

After the optimization, LLE-LTP and QuEChERS
methodologies were validated in terms of selectivity, limit
of quantification (LOQ), precision and accuracy, linearity
and matrix effect.??

Selectivity

Selectivity was determined by a comparative analysis
between the chromatograms of the analyte-free sample
(blank) and the fortified matrix extracts, checking for the
presence of signals of interferents at the same retention
time of 2,4-D.*

Limit of quantification

LOQ was evaluated by fortifying samples with
minimum concentrations of 2,4-D that can be quantified
with precision and accuracy.”> The LOQ was obtained
considering the concentration that produced a signal
10 times higher than the baseline noise of the analyte-free
samples (blank), at the same analyte retention time.

Precision and accuracy

Precision and accuracy were assessed through
fortification/recovery experiments. The matrix was fortified
at three concentration levels: 2.0, 11.6 and 21.2 ug L' for

J. Braz. Chem. Soc.

LLE-LTP, and 3.1, 18.1 and 33.1 pg L' for QUEChERS.
Precision was analyzed in seven repetitions at the second
level, assessing the relative standard deviation (RSD)
obtained, with RSD <20% considered as the acceptability
level.*> Accuracy was assessed in three repetitions for first
and third levels, and recovery values between 70 and 120%
were considered acceptable.®

Linearity

Linearity was investigated by the calibration curve
of the fortified matrix extract samples at six equidistant
concentration levels of 2.0, 6.80, 11.6, 16.4, 21.2,
26.0 ug L' for LLE-LTP, and 3.1, 10.6, 18.1, 25.6, 33.1,
40.6 ug L' for QUEChERS, with three independent
replicates for each level. The ordinary least squares
method was used to estimate the linear regression
parameters. The jackknife test, with a maximum number
of extreme values removed from 22.2% of the original
data, was employed to treat and confirm outliers.
Regression analysis was evaluated by the normality
(Ryan and Joiner test), independence (Durbin and Watson
test) and homoscedasticity (Brown and Forsythe test)
parameters. Analysis of variance (ANOVA) was applied
to analytical curves to test for lack of linearity fit and
regression significance.

Matrix effect

The matrix effect was determined from preparing the
calibration curves for 2,4-D in acetonitrile and matrix
extracts at six equidistant concentration levels of 2.0, 6.80,
11.6, 16.4, 21.2, 26.0 ug L™! for LLE-LTP, and 3.1, 10.6,
18.1, 25.6, 33.1, 40.6 pg L' for QUEChERS, with three
independent replicates at each level. The matrix effect was
investigated by calculating the ratio between the angular
coefficients obtained on the analytical curve of the matrix
extract and the analytical curve in acetonitrile (multiplied
by 100), according to equation 1.

ME(%) = Smsix 100 )

solvent

where: ME is the matrix effect; a,,., is the angular
coefficient of the analytical curve in matrix extract; a .,
is the angular coefficient of the analytical curve in solvent.

For interpreting the result, it was considered that the
value equivalent to 100% indicates no matrix effect. If
the value is less than 100% it means suppression of the
analytical area promoted by the matrix. If the result is
greater than 100%), it indicates an increase in the analyte
response caused by the matrix.*
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Real samples

After being optimized and validated, the LLE-LTP
was applied to 2 groundwater samples and 8 surface water
samples collected in the municipality of Turmalina, Minas
Gerais, Brazil. This region was chosen due to the presence
of extensive eucalyptus plantations and consequently
probable intensive use of the 2,4-D herbicide. Considering
that this herbicide is poorly retained by most soils and
has high water solubility,*’
near eucalyptus plantations have a high potential to be
contaminated by 2,4-D.

water resources located

Study on the stability of 2,4-D in water

An experiment was developed to evaluate the stability
of 2,4-D in water by simulating environmental conditions.
First, 700 mL of purified water was added into a 1 L
glass flask. The same procedure was carried out using
groundwater samples from Montes Claros City, both
2,4-D-free samples. Then, both samples were spiked with
2,4-D, obtaining an initial concentration of 25.0 ug L='. The
flasks were hermetically sealed to prevent water evaporation
and kept in sunlight during the day. The samples were
homogenized every five days, and aliquots were collected
to determine the concentration of 2,4-D by LLE-LTP,
followed by HPLC-DAD analysis. The experiment was
performed in triplicate.

Results and Discussion
Optimization of the chromatographic conditions

The wavelength was the first optimized parameter for
determining 2,4-D by HPLC-DAD. Previous studies have
employed 200,% 220,'3* 228,% 280,%3! and 284 nm.*
However, the absorption spectrum in the ultraviolet region
showed that the 2,4-D solution at a concentration of
1.00 mg L' had absorption bands at 200, 228 and 284 nm,
as can be seen in Figure S1 (Supplementary Information
(SI) section).

Monitoring of 2,4-D at 200 and 228 nm showed higher
signal intensity and chromatographic areas. However,
the chromatograms obtained presented higher number
of signals attributed to interferents, as can be seen in
Figures S2a and S2b (SI section). Despite having a lower
peak intensity compared to the other wavelengths, the
monitoring at 284 nm enabled obtaining better selectivity
and less peaks of interferents, as can be seen in Figure S2¢
(ST section). Thus, 284 nm was chosen for the quantification
of 2,4-D in chromatographic analyses.
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The second optimized parameter was the proportion
of the mobile phase in isocratic mode. 2,4-D is an
ionizable compound with pK, 2.80 due to the presence of
the carboxylic acid group, therefore it tends to be poorly
retained in reverse phase column.” In this case, the ideal
situation is that the employed mobile phase has a reduced
pH value, as this condition influences acid ionization,
increasing the retention in reverse phase column.'¢*%7 The
molecular form of 2,4-D consequently has better interaction
with the column, promoting better resolution.?®

Thus, the mobile phase consisting of acetonitrile/water
with pH = 3.00 was chosen for this study. Moreover, 2,4-D
was detected in all studied proportions, as can be observed
in the chromatograms shown in Figure S3 (SI section),
but the best resolution for monitoring 2,4-D was observed
using the 75/25 (v/v) ratio. Therefore, this proportion of
the mobile phase was chosen for this work.

The third parameter studied was mobile phase flow, as
can be observed in Table 1. The chromatogram obtained
using 0.500 mL min~' showed higher resolution, intensity
and chromatographic area, and so this flow was defined
for this study, as can be observed in Figure S4 (SI section).

The chromatogram obtained after optimization of all
chromatographic conditions is presented in Figure 1.

4.5+
4.0 2.4-D
3.5
3.0+
2.5
2.04
1.54
1.0
0.5+ k

0.0

-0.5 T T T T

0 1 2 3 4
Retention time / min

Absorbance / mAU

Figure 1. Chromatogram of the standard solution of 2,4-D at 1.00 mg L.
LLE-LTP optimization

LLE-LTP is based on the addition of organic solvent to
the aqueous sample, usually at a 2/1 (v/v) ratio.*® Next, the
mixture is homogenized, and the temperature is reduced
to —20 °C for freezing the aqueous phase and forming
a two-phase system. A time of 1 h has been reported as
suitable for freezing the aqueous phase.***! At this moment,
the target analytes migrate to the liquid organic phase, and
no clean-up step is required.”>** The obtained extraction
percentages are presented in Figure 2.
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Figure 2. Recovery percentages of 2,4-D in the optimization of the
LLE-LTP methodology. Bars followed by the same letter do not differ
statistically from each other by the Tukey’s test at 5% significance
level. ACN = acetonitrile; ACN/Et. Ac. = acetonitrile/ethyl acetate;
ACN Ac. = acetonitrile acidified with 1% (v/v) acetic acid.

The highest recovery percentages were obtained using
acetonitrile and acetonitrile/ethyl acetate as extraction
phases and did not differ statistically by the Tukey’s test
at the 5% significance level. However, the chromatogram
obtained using acetonitrile showed a smaller number of
signals attributed to interferents in relation to other two
extraction phases, as shown in Figure S5b (SI section).
Therefore, acetonitrile was chosen as the best extraction
phase for this methodology. Similar results using this
same condition have also been reported in previous
studies.*!*

An additional extract concentration step was added
to the LLE-LTP method in this study. After extraction,
5.00 mL of the organic fraction was completely evaporated
and resuspended in 400 uL acetonitrile, resulting in a
12-fold concentration factor. This step presented the
advantage of reducing the LOQ to 2.0 ug L~". The method
validation began after optimizing the LLE-LTP method.

QUEChERS optimization

QuEChERS is a sample preparation methodology
proposed by Anastassiades et al.* This methodology
is based on single phase extraction with the addition of
organic solvent to the aqueous sample. The system is
homogenized and subjected to the partitioning step by
adding a salt mixture. Then, an additional clean-up step is
performed to remove interferents and residual water.**

In the original QUEChERS method, the clean-up step
is performed using anhydrous MgSO, and the primary
secondary amine (PSA) sorbent. However, considering that
water is a less complex matrix, only 1.00 g of MgSO, was
used in this step in this study in order to promote removal
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of residual water in the obtained extract. The obtained
extraction percentages are presented in Figure 3.
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Figure 3. Recovery percentages of 2,4-D in the QuEChERS methodology
optimization. Bars followed by the same letter do not differ statistically
from each other by the Tukey’s test at the 5% significance level.
ACN = acetonitrile; ACN/Et. Ac. = acetonitrile/ethyl acetate;
ACN Ac. = acetonitrile acidified with 1% (v/v) acetic acid.

The highest recovery percentage of 2,4-D was obtained
using the extraction phase consisting of acetonitrile acidified
with 1% (v/v) acetic acid, as can be seen in Figure 3. This
extraction phase also presented a chromatogram with a
smaller number of signals attributed to interference when
compared to the other evaluated extraction phases, as
shown in Figure S6¢ (SI section). Therefore, acetonitrile
acidified with 1% (v/v) acetic acid was chosen for the
QuEChERS methodology. Previous studies?**-° using
the QUEChERS method for 2,4-D extraction in rice, milk,
fruits and vegetables also used acidified acetonitrile as the
extraction phase.

The absence of a concentration step has been reported
as the main disadvantage of the QUEChERS method, which
may result in higher LOQ when compared to other sample
preparation methodologies.’'"? Therefore, an additional
concentration step of the obtained extract was added in
this study. After extraction procedures, 3.20 mL of the
organic fraction was completely evaporated using air flow
and resuspended in 400 uL acetonitrile. The addition of
this step resulted in an eight-fold concentration factor,
reducing the LOQ to 3.1 ug L-'. The validation step began
after optimizing the QUEChERS method.

Validating the methodologies

In this study, the parameters evaluated for the validation
of the LLE-LTP and QuEChERS methodologies were
selectivity, LOQ, accuracy, precision, linearity and matrix
effect.
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Selectivity

The selectivity of the proposed methodologies was
determined through comparing chromatograms of the
analyte-free sample (blank) and the spiked matrix with
2,4-D. The results showed that both methodologies were
selective for monitoring this analyte, since no signal of
interferents was detected in the chromatograms of the
blank samples at the same retention time of 2,4-D, as can
be seen in Figure 4.

Limit of quantification

LOQ was determined considering the concentration of
2,4-D in the matrix after extraction procedures, resulting
in a peak 10 times greater than the baseline noise obtained
in the chromatogram of the analyte-free sample. The LOQ
obtained in the LLE-LTP and QuEChERS methodologies
are presented in Tables 2 and 3, respectively.

The LOQ values achieved in the LLE-LTP and
QuEChERS were lower than the maximum residue limits
defined by Brazilian legislation, which established 4.00
and 30.0 ug L' in the CONAMA resolution® and the
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Consolidated Resolution from the Ministry of Health,!°
respectively. The obtained LOQ values were also lower than
those established by the international agencies of WHO'! and
USEPA,"* which defined 30.0 and 70.0 pg L', respectively.
Thus, these results demonstrate the efficiency of the proposed
methodologies for monitoring 2,4-D in these water samples.

Precision and accuracy

The precision and accuracy of the proposed
methodologies were determined simultaneously. Tables 2
and 3 show the results of the mean recovery and RSD
obtained from the LLE-LTP and QuEChERS methods,
respectively.

Precision was assessed in terms of repeatability, for
which the RSD values obtained in the LLE-LTP and
QuEChERS were below 20%, confirming the precision of
the proposed methodologies.*

The accuracy of both methodologies was determined
in terms of recovery, which defines a recovery percentage
of 70 to 120% as acceptable, thus confirming the accuracy
of the proposed methodologies.*
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Figure 4. Chromatograms of (a) the analyte-free sample and (b) the spiked extract with 2,4-D at a concentration of 250 ug L~! in the LLE-LTP; and
chromatograms of (c) the analyte-free sample and (d) the spiked extract with 2,4-D at a concentration of 250 pug L' in the QUuEChERS methodology.
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Table 2. Validation results of the LLE-LTP methodology

J. Braz. Chem. Soc.

i i Recovery =+ RSD / %
Methodology Linearity range / Equation R? LOQ/ (ug L)
(ngL™ 20pugLte 11.6pgL'® 212pgL"e
LLE-LTP 2.0-26.0 y=17972.7x-700.8  0.999 97.9+0.8 100 £9 100 £ 1 2.0

“Mean of 3 replicates; "mean of 7 replicates. R?: determination coefficient; RSD: relative standard deviations; LOQ: limit of quantification; LLE-LTP: liquid-

liquid extraction with low-temperature partition.

Table 3. Validation results of the QUEChERS methodology

: : Recovery + RSD / %
Methodology Linearity fmge / Equation R? Y LOQ/ (ugL™
(ngL™) 31pgLe 18.1ugL!® 33.1pgLte
QuEChERS 3.1-40.6 y=9304.9x - 57.2 0.999 9445 97.8+8 97.3+9 3.1

“Mean of 3 replicates; "mean of 7 replicates. R* determination coefficient; RSD: relative standard deviations; LOQ: limit of quantification; QUEChERS: quick,

easy, cheap, effective, rugged, and safe.

Linearity

The linearity of the LLE-LTP and QuEChERS
methodologies was analyzed by the calibration curves
of the spiked matrix extract samples at six equidistant
concentration levels, in three independent repetitions. All
linearity assessments followed the procedures described
by Souza and Junqueira’ and Bazilio et al.*

The linear regression parameters were analyzed using
the ordinary least squares method. All outliers were
treated and confirmed by the jackknife test (Figure S7, SI
section). A total of four extreme values were removed in the
LLE-LTP methodology, corresponding to the maximum data
exclusion limit (22.2%). The QUEChERS methodology did
not present extreme values. The Ryan-Joiner test indicated
normal distribution of regression residuals of the proposed
methodologies, obtaining correlation coefficients higher than
the critical correlation coefficient, as shown in Figures S8a
and S8b (SI section). The homoscedasticity of the regression
residuals was confirmed by the Brown and Forsythe test
and the homogeneous distribution of the residuals over the
concentration levels. The Durbin and Watson test and the
random distribution of the residuals in the four quadrants, as
observed in Figures S9a and S9b (SI section), demonstrated
the independence of the regression residuals.

An ANOVA indicated significant regression and non-
significant linearity deviation, indicating data fit to the linear
model in the range 2.0-26.0 and 3.1-40.6 ug L' for the
LLE-LTP and QuEChERS methods, respectively (Tables 2
and 3). Therefore, using the ordinary least squares method,
the LLE-LTP and QuEChERS followed by HPLC-DAD
analysis were linear for the determination of 2,4-D.

Matrix effect
The matrix effect of the LLE-LTP and QuEChERS
methodologies were evaluated from the analysis of 2,4-D

calibration curves prepared in acetonitrile and matrix
extracts. The data analysis was performed according to the
procedure described for linearity, obtaining the regression
equation adjusted for each analytical curve of the proposed
methodologies, presented in Figure S10 (SI section). After
calculating the ratio between the angular coefficients of
the analytical curves and multiplying this value by 100,
the obtained values were 100 and 99.5% for the LLE-LTP
and QuEChERS methodologies, respectively. This result
is equivalent to 100% and indicates the absence of matrix
effect in the studied methodologies.*

The matrix effect on the determination of 2,4-D in
water was observed in studies employing LC-MS-MS? and
UHPLC-MS-MS .3 However, similar to the results obtained,
several studies'®?"?*' which determined 2,4-D in water also
indicated the absence of the matrix effect.

Methodology comparison

The results of the comparative analysis between the two
methodologies are presented in Table 4.

The LLE-LTP and QuEChERS methodologies were
effective for determining 2,4-D in water, with recovery
percentages close to 100% and RSD below 3%. The
sample preparation time by the QuEChERS methodology
was shorter than the LLE-LTP methodology due to the
freezing period of the sample. Although the freezing
step can be considered time consuming, no supervision
is required, and multiple samples can be extracted
simultaneously.*®

On the other hand, the LLE-LTP presented fewer steps
than the QUEChERS method. The QUEChERS method
presented higher salt consumption due to the extraction
principle of the technique because the separation of the
aqueous and organic phases occurs by adding MgSO, and
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Table 4. Comparative analysis between LLE-LTP and QuEChERS
methodologies

Parameter LLE-LTP  QuEChERS
Recovery percentage and RSD / % 100£3 101 £2
Sample preparation time / min 90.0 60.0
Number of steps 9 11
Amount of salts / g 0.375 3.50
Volume of organic solvent / mL 8.00 5.00
Sample volume / mL 4.00 5.00
Concentration factor / times 12.5 8.00
Limit of quantification / (ug L") 2.0 3.1

LLE-LTP: liquid-liquid extraction with low-temperature partition;
QuEChERS: quick, easy, cheap, effective, rugged, and safe; RSD: relative
standard deviations.

NaCl. Also, the LLE-LTP required for removing residual
water in the obtained extract.

The sample/solvent ratio was 1/2 and 1/1 (v/v) for the
LLE-LTP and QuEChERS methodologies, respectively.
Therefore, the solvent volume required in the LLE-LTP was
higher than the volume used in the QUEChERS method. The
use of more solvent in the LLE-LTP enabled concentrating
5.00 mL of the extract, resulting in a 12.5-fold concentration
factor. The concentrated extract amount in the QUEChERS
method was 3.20 mL and had an 8-fold concentration factor.
Consequently, the LOQ obtained in the LLE-LTP was lower
than the QUEChERS method.

Both methodologies presented similar results, but
the LLE-LTP presented superiority in relation to the
QuEChERS method because it presented a smaller number
of steps, lower salt and sample consumption, a higher
concentration factor and a lower limit of quantification. It
is important to bear in mind that the presence of 2,4-D in
water usually occurs at low concentrations, and the LOQ
was the main parameter which influenced this choice.

Real samples

After being optimized and validated, 2 groundwater
samples and 8 surface water samples were analyzed, and
the obtained results indicated that 2,4-D was not quantified
in any of the samples. Similar results were also obtained
in similar studies employing HPLC-UV,*'’ LC-MS/MS,*
and multi-syringe chromatography coupled with ultraviolet
detection (MSC-UV).!¢

The non-quantification of 2,4-D in the real samples
analyzed can be related to the 2,4-D-free samples, or to the
concentration of this compound being below the LOQs, or
it can further be related to the degradation period of this

Freitas et al. 1905

compound in the water. Therefore, the stability of 2,4-D
in water under environmental conditions was evaluated.

Study of the stability of 2,4-D in water

The initial concentration of 2,4-D in the water samples
was 25.0 ug L™ because it is within the linearity range of
the LLE-LTP. This methodology was chosen because it was
superior to QUEChERS method. The results obtained in this
study are shown in Figure S11 (SI section).

The concentration values of 2,4-D were similar in the
purified and groundwater water samples and the half-life
of 2,4-D was approximately 15 days, as can be seen in
Figure S11 (SI section). The mean concentration of 2,4-D
reduced from 25 to ca. 12.5 ug L in this period, in both
water samples. These results are similar to that reported by
USEPA," which defines the half-life of 2,4-D as 15 days
in aerobic aquatic environments and ranging from 41 to
333 days in anaerobic aquatic environments.

The 2,4-D concentration after 60 days from the
beginning of the experiment was 1.90 and 2.30 pg L™
for purified and underground water samples, respectively.
These concentration values are equivalent to the LOQ of
the LLE-LTP which is 2.0 pg L. This result indicates
that this methodology is unable to quantify 2,4-D in
water samples after 60 days of water contamination.
This period can be one of the factors attributed to the
non-quantification of any residues of this herbicide in
the real samples.

Conclusions

The optimized and validated LLE-LTP and QuEChERS
methodologies followed by HPLC analysis in this study
were practical and effective, with a small number of
steps and low solvent and sample consumption. Both
methodologies were selective, precise, accurate, linear
and did not present the matrix effect. The obtained
limits of quantification were smaller than the maximum
residue limits established by national and international
legislations. Therefore, these methodologies represent
efficient alternatives for monitoring 2,4-D in this matrix,
but the LLE-LTP methodology presented superiority over
the QUEChERS method. The real samples did not reveal
any samples contaminated by 2,4-D, but this result may be
associated to the 2,4-D-free samples, or to the concentration
levels being below of the LOQs, or further to this herbicide
having been degraded, since the concentration of 2,4-D in
this matrix cannot be quantified by LLE-LTP followed by
HPLC-DAD analysis after 60 days.
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