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A single-drop microextraction (SDME) procedure was developed for the analysis of organophosphorus and
pyrethroid pesticides in water by gas chromatography (GC) with flame ionization detection (GC-FID). The
significant parameters that affect SDME performance, such as the selection of microextraction solvent,
solvent volume, extraction time, and stirring rate, were studied and optimized using a tool screening
factorial design. The limits of detection (LODs) in water for the four investigated compounds were between
0.3 and 3.0 �g L−1, with relative standard deviations ranging from 7.7 to 18.8%. Linear response data were

−1 −1

ingle-drop microextraction
rganophosphorus
yrethroids
C-FID
DME

obtained in the concentration range of 0.9–6.0 �g L (�-cyhalothrin), 3.0–60.0 �g L (methyl parathion),
9.0–60.0 �g L−1 (ethion), and 9.0–30.0 �g L−1 (permethrin), with correlation coefficients ranging from
0.9337 to 0.9977. The relative recoveries for the spiked water ranged from 73.0 to 104%. Environmental
water samples (n = 26) were successfully analyzed using the proposed method and methyl parathion
presented concentration up to 2.74 �g L−1. The SDME method, coupled with GC-FID analysis, provided
good precision, accuracy, and reproducibility over a wide linear range. Other highlights of the method

d its r
include its ease of use an

. Introduction

Over the years, several different strategies have been used in
he attempt to control the microorganisms, weeds, insects, and
odents that threaten food supplies and human health. Among
hese strategies is the use of pesticides. Currently, synthetic organic
esticides (e.g., organophosphates, organochlorines, carbamates,
ithiocarbamates, pyrethroids, and nitrogen containing hetero-
yclic compounds) are the most widely used. In Brazil, the pesticide
arket in 2004 was over 4.5 billion US dollars. This is of great con-

ern because only 0.1% of the amount of pesticides used in the
eld reaches the specific target, while the remaining 99.9% has the

otential to affect different environmental systems, such as air, soil,
urface water, and groundwater [1].

Some of the undesirable consequences of pesticide use include
he presence of residues in the soil, water, and air; residues in plant

∗ Corresponding author at: Universidade Federal da Bahia, Centro Interdisciplinar
e Energia e Ambiente (CIEnAm), Instituto de Quimica, UFBA, Campus Universitario
e Ondina, 40110-040, Salvador, BA, Brazil. Tel.: +55 71 32375524;

ax: +55 71 32375524.
E-mail address: jailsong@ufba.br (J.B. de Andrade).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.06.002
equirement of only small volumes of both organic solvent and sample.
© 2009 Elsevier B.V. All rights reserved.

and animal tissues; the destruction of soil microorganisms; harmful
effects in non-target organisms; mortality of beneficial insects; and
the presence of residues in food [2,3]. The presence of pesticide
residues in food, air, and water has also been identified as a probable
cause of increasing cancer rates and the incidence of other serious
diseases that affect the human population [4].

The toxicity of pesticides and their harmful environmental
effects, especially in water, is increasingly evident. Thus, it is of
paramount importance to develop faster and more selective ana-
lytical methodologies, with higher cost–benefit ratios, that are less
harmful to the environment and more sensitive to trace levels of
pesticide residues in natural and drinking waters.

The increasing demand for analytical methods for the analysis
of pesticides has driven efforts in two directions: the adaptation
of existing methods and the development of new techniques with
increasingly improved performance [5,6]. In the latter case, one of
the trends has been the solvent microextraction method, which is
a miniaturization of traditional liquid–liquid extraction (LLE).
The solvent microextraction, now called single-drop microex-
traction (SDME), is also known as liquid–liquid microextraction
(LLME) [5,6] or liquid phase microextraction (LPME) [6]. This
method is based on the principle of a distribution of analytes
between a microdrop of an organic solvent and an aqueous phase.
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Table 1
Scores of sampling used in the first factorial design.

Factors Levels of sampling

−1 Center point 1

at a rate of 30 C min and held for 4 min, and finally increased
to 290 ◦C at a rate of 15 ◦C min−1 and held at this temperature for
5 min, for a total analysis time of 23.33 min.

Helium was used as carrier gas and the injection was
split/splitless with a purge time of 0.75 min and split of 1:50. The

Table 2
Scores of sampling used in the second factorial design.

Factors Levels of sampling
A. de Souza Pinheiro, J.B. de And

The SDME procedure uses a microsyringe, whose needle is
mmersed into the water sample (containing the analytes). The
eedle then hangs up a 1 �L drop of the solvent under stirring.
fter extraction, the drop is aspirated into a microsyringe and then

njected into a gas chromatograph (GC) [7] or liquid chromatograph
LC) [8,9]. An important requirement for efficient extraction is that
he extraction solvent must be immiscible in the aqueous sample.

The disadvantages of SDME include drop volume variation dur-
ng the process of extraction, which affects parameters such as: the
recision [10]; drop stability; drop solvent dissolution when using
xtreme conditions of extraction, such as a high stirring speed, long
xtraction time, and high temperature; and operator experience,
hich may affect SDME linearity and precision [6,11].

SDME has several advantages compared to other extraction/pre-
oncentration techniques: it is not exhaustive, uses a negligible
mount of organic solvent (minimum volume of solvent, which also
inimizes analyst contact with potentially toxic fumes and envi-

onmental contamination) [11,12], offers the freedom to select the
ost suitable solvent for the target analytes [11], requires only a

hort time for analysis, has a high sensitivity and low cost when
ompared to SPME and SPE, and uses simple equipment [13–15].
dditionally, SDME combines the pre-concentration and sample

ntroduction into a single-step extraction [9]. Indeed, SDME proce-
ures have been widely used in the determination of both organic
16,17] and inorganic species [18–20].

The development of miniaturized methodologies that combine
igh throughput analysis, low cost, and environmental sustain-
bility, is of great current concern. Therefore, this study aims to
ptimize, validate, and apply an SDME methodology to measure
ethyl parathion (organophosphate), ethion (organophosphate),

ermethrin (pyrethroid), and �-cyhalothrin (pyrethroid) in aque-
us samples by GC-FID.

. Experimental

.1. Reagents and solutions

Chromatographic grade methanol was purchased from Merck
Darmstadt, Germany). Pesticide standards of �-cyhalothrin
99.6%), methyl parathion (99.6%), permethrin (99%), and ethion
ere all purchased from AccuStandard (New Haven, USA). Stock

tandard solutions were prepared in methanol at a concentration
f 200 �g mL−1. Analytical standard solutions were prepared at
ifferent concentrations, according to the response of each pesti-
ide in a flame ionization detector: methyl parathion (10 �g mL−1),
ermethrin (30 �g mL−1), ethion (30 �g mL−1), and �-cyhalothrin
20 �g mL−1).

.2. Optimization of the SDME procedure

The efficiency of SDME depends on parameters such as temper-
ture, extraction time interval, stirring speed, type of solvent, and
ample size. The optimization of the microextraction conditions is
hus a multiparameter evaluation task that may be overcame by

ultivariate techniques.
In order to identify the relevant parameters that could con-

ribute to the sensitivity of the proposed method, two screening
3 full factorial designs were carried out, both with three replicates

n the central body being in this way, able to quantify the experi-
ental error [21]. Regarding the solvents, cyclohexane was placed

t the central point since it is an intermediate polar compound, in

elation to isooctane and toluene. In the first factorial design, the
nvestigated factors and their levels were selected after preliminary
xperimental studies. In turn, the second factorial design aimed to
etter optimize the initial parameters to reach the best possible
orking conditions. The response evaluated during all experiments
Extraction time (min) 10 30 50
Stirring speed (rpm) 200 300 600
Extraction solvent Isooctane Cyclohexane Toluène

was the sum of all the peak areas obtained in the GC-FID analysis.
The statistical experimental designs and optimization calculations
were carried out using the Statistica 7.0 software (Statsoft, USA)
[21–24].

In the first 23 full factorial design study, 10 mL of ultra-
pure water was spiked with 50 �L standard solutions of
�-cyhalothrin (4 �g mL−1) and ethion, permethrin and methyl
parathion (10 �g mL−1), with final concentrations of 0.02 �g mL−1

for �-cyhalothrin and 0.05 �g mL for ethion, methyl parathion, and
permethrin. Table 1 shows the factors studied as well as their
respective scores. In the second 23 full factorial design study,
10 mL of ultra-pure water was spiked with a 5 �L standard solution
(2 �g mL−1 of �-cyhalothrin and 4 �g mL−1 of ethion, permethrin,
and methyl parathion), with final concentrations of 0.001 �g mL−1

(�-cyhalothrin) and 0.002 �g mL−1 (ethion, methyl parathion, and
permethrin). Table 2 shows the factors studied, as well as their
respective scores.

2.3. The adopted SDME procedure

In the SDME procedure, a 10 �L microsyringe was used to mea-
sure and introduce the microdrop of solvent (1 �L of toluene) to the
glass vial (equipped with magnetic stir bar and silicone septum)
with water sample. The needle of the microsyringe was inserted
through the septum and directly immersed into the water sam-
ple (10 mL) that contained the analytes, under stirring (300 rpm).
The microsyringe plunger was depressed to expose the toluene
drop to the sample to occur the transferring the analytes from
the aqueous phase to the drop. After microextraction (30 min), the
organic drop (1 �L) was drawn back into the syringe and the needle
removed off the vial and immediately injected into the gas chro-
matograph equipped with flame ionization detector (total run time
of 23.33 min).

2.4. Chromatographic analysis

The chromatographic analyses were performed using a Var-
ian Star 3400 GC (Walnut Creek, CA, USA) equipped with a flame
ionization detector (FID). The capillary column used was a DB-5
(30 m × 0.25 mm i.d. × 0.25 �m film thickness) supplied by J&W Sci-
entific. The injector and detector temperatures were both 250 ◦C.
The temperature program was the following: the temperature was
initially set to 60 ◦C and held for 1 min, then increased to 150 ◦C

◦ −1
−1 Center point 1

Extraction time (min) 10 20 30
Stirring speed (rpm) 100 200 300
Drop volume (�L) 0.5 0.7 1.0
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ame ionization detector was fed by synthetic air (300 mL min−1)
nd hydrogen (30 mL min−1). The injection volume of the samples
as 1 �L.

.5. Sampling

First, ten water samples were collected in the irrigation project
Platô de Neópolis,” located in the city of Neópolis (State of Sergipe,
razil: 10◦19′12′′S, 36◦34′46′′W) from the right border of the San
rancisco River where locally cultivated crops include mango,
cerola, pineapple, papaya, passion fruit, banana, grapes, fig, date,
iwi fruit, coconut-dwarf, cashews, and citrus. Then, 16 water sam-
les were collected from the irrigation project “Perimetro Irrigado
ropriá,” located in the city of Propriá (State of Sergipe, Brazil:
0◦12′40′′S, 36◦50′25′′W) also from the San Francisco River, where
he cultivation is mainly rice.

. Results and discussion

.1. Multivariate optimization of the SDME procedure

.1.1. First factorial design
The results obtained from the evaluation of significant param-

ters by the first screening factorial design are summarized in the
areto chart shown in Fig. 1. As can be seen from this figure, the
xtraction time, stirring speed, and solvent type are important in
DME. The solvent is the most significant variable. The extraction
ime is also highly significant, which reinforces the assertion of
agheri and Khalilian [12], that the extraction time is the main
arameter that affects the efficiency of extraction. The extraction
fficiency depends on the mass transfer of the analytes from the
queous phase to the drop of organic solvent, and the mass transfer
s dependent on the extraction time [6].

The graphical determination of the best levels for the three fac-
ors studied can be seen in Fig. 2, which shows a marginal means
hart. The best extraction efficiency (best signal) was achieved
hen the solvent was toluene, the extraction time 50 min, and the

tirring speed 600 rpm. In regards to the solvent, toluene is one of
he most frequently used solvents in the analysis of pesticides by
DME, mainly because it produces stable drops. The toluene stands

ut in this study because the signals obtained from the analytes
n this solvent are approximately two times higher than the sig-
als obtained with isooctane, when the extraction time was fixed
nd increased up the stirring from 200 to 600 rpm. This is in agree-

Fig. 1. Pareto chart (first factorial design).
Fig. 2. Marginal means for the first factorial design (in the x-axis “1” means toluene
and “−1” means isooctane. Straight line means 200 rpm and dashed line means
600 rpm). ISO = isooctane and TOL = toluene.

ment with the results obtained elsewhere [8,25–27]. Additionally,
toluene has the advantage of being more stable and less toxic than
cyclohexane and hexane, and is considered the most suitable sol-
vent for injections in GC.

The response surface charts shown in Figs. 3 and 4 compare the
performance and extraction efficiency of toluene to that of isooc-
tane as function of increasing stirring speed and extraction time.

The normal probability plot shown in Fig. 5 is used to verify
the assumption of normality errors. The closer points are to the
continuous experimental line, the more valid is the assumption
of normality residues. The residues, in this case, follow a normal
distribution.

Statistical analyses have shown that the extraction time, stir-
ring speed, and solvent choice influence the efficiency of extraction.
For this first experiment, within the range of proposed variables,
the best performances were obtained with an extraction time of
50 min, a stirring speed of 600 rpm, and toluene as the extraction
solvent, resulting in an analytical response (total peak area) of more

than 1.4 × 10 , thus reinforcing the previous results that pointed
to toluene as the best extraction solvent for the proposed method
(SDME-GC-FID).

Fig. 3. Response surface (isooctane).
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3.2. Validation of the analytical method SDME
Fig. 4. Response surface (toluene).

Since one of the goals of SDME is a short analytical time require-
ent, the 50 min extraction time is too long and can affect the

recision and reproducibility of extraction [9]. Thus, the second fac-
orial design was employed to optimize the extraction time, stirring
peed, and also a new variable, the drop volume, was introduced
n order to check whether 1 �L is the most appropriate for the

ethodology used.

.1.2. Second factorial design
The results obtained from the evaluation of the significant

arameters by the second screening factorial design are summa-
ized in the Pareto chart of effects shown in Fig. 6. As can be seen
rom this figure, the stirring speed and extraction time, in this order,
re the most important variables in this experiment, indicating that
heir highest levels yield the best analytical responses.

Fig. 7 shows a marginal means chart, wherein it appears that the
est efficiency of extraction (best signal) was achieved with a drop
olume of 1 �L, in an extraction time of 30 min, and at a stirring
peed of 300 rpm.
It is worth to mentioning that the volume of the drop, although
ot significant at a 95% confidence interval, showed a positive
ffect, suggesting that a larger volume (1 �L) is ideal for better
nalytical responses. The increase in the drop volume results in
n increased extraction efficiency [9,28,29]. In the analysis of pes-

Fig. 5. Diagram of normal probability residues.
Fig. 6. Pareto chart (second factorial design).

ticides by SDME, it is common to use 1 �L organic solvent drop
volumes because they form stable drops, and thus, allow the use of
high stirring rates. On the other hand, a drop volume of 1 �L is con-
sistent with the instruments of GC [6] and as drop volumes exceed
1 �L, they become unstable [28].

Another way to view the performance of each drop volume,
together with stirring rate and extraction time, is shown in the
response surface plots shown in Figs. 8 and 9. As can again be
seen from these figures, a drop volume of 1 �L provides the best
extraction efficiency.

The normal probability plot shown in Fig. 10, used to verify the
assumption of normality errors, shows that the residues follow a
normal distribution. Thus, the conditions for the best performance
of the method, namely high precision, short chromatogram running
time (23.33 min), and good analytical responses are: toluene as the
extraction solvent, an extraction time of 30 min, a stirring speed of
300 rpm, and a drop volume of 1 �L of the extraction solvent.
The parameters used in this study for the validation of the
developed analytical method were as follows: linearity, precision,

Fig. 7. Marginal means for the second factorial design (in the x-axis “1” is 30 min of
extraction time and “−1” is 10 min of extraction time. Straight line is 1.0 �L of drop
volume and dashed line is 0.5 �L of drop volume).
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Table 3
Parameters for validation of the method.

Pesticide Linear range (�g L−1) r2 CV (%) (n = 3) EF R (%) LOD (�g L−1) LOQ (�g L−1)

�-Cyhalothrin 0.9–6.0 0.9977 15.8 284 104.0 0.3 0.9
Methyl parathion 3.0–60.0 0.9965 7.7 221 91.3 1.0 3.0
Ethion 9.0–60.0 0.9941 18.8 170 73.0 3.0 9.0
Permethrin 9.0–30.0 0.9337 11.7 26 82.2 3.0 9.0

CV: coefficient of variation; EF: enrichment factor; R: relative recovery; LOD: limit of détection; LOQ: limit of quantification.
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Fig. 8. Response surface (second factorial design—drop volume 0.5 �L).

ccuracy, limit of detection (LOD), limit of quantification (LOQ), and
nrichment factor. Table 3 presents these parameters for each one
f the pesticides studied.

Linearity was studied using a pre-concentration of 10 mL of
ltra-pure water fortified with a standard solution of pesti-
ides in the concentration ranges 0.9–6.0 �g L−1 for �-cyhalothrin,
.0–60.0 �g L−1 for methyl parathion, and 9.0–60.0 �g L−1 for other
esticides (ethion and permethrin), which is a range similar to
hat used by Tor [30]. Our results of r2 (determination coefficient)

ere better than those reported elsewhere [11] in a methodol-

gy developed for the SDME-GC-MS measurement of nitroaromatic
xplosives in water, whose correlation coefficients were in the
ange of 0.94–0.97 for most compounds, and also those from

Fig. 9. Response surface (second factorial design—drop volume 1.0 �L).
Fig. 10. Diagram of normal probability residues (second factorial design).

another study aimed at the identification of herbicides in water [12].
In Brazil, the ANVISA [31] and INMETRO [32] have recommended
correlation coefficients greater than 0.99 and 0.90, respectively, as
indicators of good linearity of the analytical curve.

The result for the coefficient of variation (CV) was obtained
with triplicates (n = 3) [13], using a sample of ultra-pure water that
had been spiked to a concentration of 5 �g L−1 (�-cyhalothrin) and
20 �g L−1 (methyl parathion, ethion, and permethrin). The calcu-
lated values of CV were in the range of 7.7–18.8%, thus indicating
that the developed method is precise. Similar results of CV (3.5–16,
5–13, and 9–14%) were obtained in other studies using SDME-
GC-FID, SDME-GC-NPD, and SDME-GC-MS [15,33], respectively.
Additionaly, the total time analysis of 53.33 min is shorter than
those obtained in other studies that used SDME-GC-MS (82 min)
[16] and SDME-GC-FPD (75 min) [34] for determination of pesti-
cides.

The enrichment factors (EF) obtained in this study were cal-
culated using the ratios of the concentrations of the analytes in
the drop before SDME to the concentrations of analytes after the
application of SDME to the spiked water samples (under optimized
conditions). The EF were higher than those obtained elsewhere
[13,26,35], and close to that obtained by Bagheri and Khalilian
(38–189) [12]. A high EF is indicative of good extraction efficiency
[34].

The LOD and LOQ were established by an analysis of samples of
ultra-pure water, spiked with decreasing concentrations of the ana-
lytes to the lowest detectable concentration (a concentration that
is three times the signal-to-noise ratio), and lowest quantifiable
concentration (a concentration that is ten times the signal-to-
noise ratio), respectively. The found values of LOD and LOQ
(0.3–3.0 �g L−1) and (0.9–9.0 �g L−1), respectively, are either com-
parable to or better than those reported elsewhere [15,27,36,37]

which demonstrates the high sensitivity of the method. In fact, the
present method is capable of detecting and quantifying perme-
thrin and methyl parathion concentrations below the maximum
permitted residue level, according to the Brazilian Norms 518/04
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Table 4
Results of real samples analyses using the optimized method.

Sample n Pesticide methyl parathion

Range of concentration (�g L−1)
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ERIMETRO IRRIGADO PROPRIÀ 16 nd–2.74

ote: in all of the samples, the pesticides �-cyhalothrin, permethrin, and ethion were
ot detected; nd = not detected; n = number of samples collected.

38] (20 �g L−1 for permethrin) and 357/2005 [39] (35 �g L−1 for
ethyl parathion).
The evaluation of percentage of recovery was made using a

ample without the analytes which was then contaminated in the
aboratory with a high-purity standard of each analyte. A sample
f ultra-pure water and tap water, spiked to a concentration of
�g L−1 (�-cyhalothrin) and 20 �g L−1 (methyl parathion, ethion,
nd permethrin), was used in this analysis. In order to be considered
ufficiently accurate for the analysis of pesticide residues in water,
he obtained recovery must be in the range of 70.0–120% [40]. The
eveloped method proved to be accurate, as the achieved recovery
as in the range of 73.0–104% (Table 3) [8,40].

Tap water and river water were spiked with 5 �g L−1 �-
yhalothrin analytical solution and 20 �g L−1 methyl parathion,
thion, and permethrin analytical solution in order to assess possi-
le matrix effects. The relative recoveries of �-cyhalothrin, methyl
arathion, ethion, and permethrin from tap water were 104, 91.3,
3.0 and 82.2%, respectively, and from river water were 112.9, 97.6,
6.2 and 83.8%, respectively. The results demonstrate that tap water
nd river water matrices have little effect on SDME analysis of the
tudied pesticides [9].

.3. Application of the developed method

Table 4 summarizes the results of real samples analyses
sing the optimized method. Among the analyzed pesticides
�-cyhalothrin, methyl parathion, ethion, and permethrin), only

ethyl parathion was found above LOD, and was present in 30%
f the samples.

. Conclusions

The developed SDME method coupled with GC-FID analysis pro-
ided good precision, accuracy, and reproducibility over a wide
inear range. Other highlights of the developed method include
ts ease of use and its requirement of only small volumes of
oth organic solvent and sample, which makes it suitable for the
easurement of �-cyhalothrin, methyl parathion, permethrin, and

thion levels in water samples.
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