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Abstract

A novel miniaturized “stir-brush microextractor” was prepared wusing a zinc
oxide/hydroxylated multiwalled carbon nanotubes (ZnO/MWCNTs-OH) coated stainless steel
brush connected to a small dc motor. The synthesized zinc oxide on each strand of stainless
steel had a flower-like nanostructure when observed by a scanning electron microscope
(SEM). This structure produced a large surface area before it was coated with the
hydroxylated multiwalled carbon nanotubes sorbent. Under optimal conditions, the
developed device provided a good linearity for the extraction of carbofuran and carbaryl, in
the range of 25 to 500 ng mL" and 50 to 500 ng mL_l, respectively, with low limits of
detection of 17.5+2.0 ng mL " and 13.0+1.8 ng mL . It also provided a good stir-brush-to-stir-
brush reproducibility (% relative standard deviation < 5.6%, n=6). The device was applied for
the extraction and preconcentration of carbamate pesticides in fruit and vegetable samples
prior to analysis with a gas chromatograph coupled with a flame ionization detector (GC-FID).
Carbofuran was found at 9.24+0.93 ng g_1 and carbaryl was detected at 7.05+0.61 ng g_l with
good recoveries in the range of 73.7+10.0% to 108.4+2.6% for carbofuran and 75.7+10.0% to
111.7+5.7% for carbaryl.
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walled carbon nanotubes (ZnO/MWCNTs—OH) coated stainless steel brush connected to a small dc
motor. The synthesized zinc oxide on each strand of stainless steel had a flower-like nanostructure when
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1. Introduction

Sample preparation is one of the most important steps in
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analytical methodology. It is not only used to preconcentrate ana-
Iytes until the concentration can be reliably measured by a suitable
instrument but also used to clean-up and reduce interferences of
the matrix in the samples. Solid phase extraction {SPE} has now
become one of the most popular methods because the extraction,
preconcentration and clean-up can be done simultanecusly [1].
Moregver, this technique provides good reproducibility, a high
enrichment factor and is easy to operate [2,3]. However, the con-
ventional SPE techniques have several disadvantages; they still
require large volume of organic solvent and sample solution [4,5],
and they use large amount of adscrbents (0.50 g—100 g). All of
which result in their relatively high cost. Recently, miniaturization
has become an interesting trend for the development of SPE tech-
niques to try to minimize such drawbacks and to make the sample
preparation techniques to become “green analytical procedures”.
Some examples are pipette-tip solid phase extraction (PT-SPE)
[6,7], matrix solid phase dispersion (MSPD)} [8|, magnetic solid
phase extraction {MSPE) [9], membrane micro-solid phase extrac-
tion {membrane u-SPE}[10,11] and micro-solid phase extraction {p-
SPE) [12—14]. However, the processes of extracting target analytes
still required external equipments, such as an ultrasonic bath or a
magnetic stirrer [10,15]. For this work, a novel miniaturized SPE in
the form of a modified stir-brush has been developed, using a
stainless steel net as the substrate for an appropriate sorbent. The
stir-brush microextractor is portable since it was equipped with a
small dc motor and can be used without any external power or
other equipment.

To obtain good extraction efficiency, the surface area of a
stainless steel brush should be maximized. Coating with a ZnO
nanostructure is an interesting choice because it is simple to syn-
thesize under mild conditions without a template and it has a high
thermal stability and high surface area-to-volume ratio [16,17].
Recently, there are many reperts that used ZnO nanostructure as an
SPME fiber for the extraction of aldehydes [ 18], chlorobenzene [19]
and trihalomethane [20] and ZnO nanostructure coated with
various sorbent materials such as ZnO/polyaniline SPME fiber for
BTEX extraction [21], ZnOjchitosan SPME fiber for chlorophenol
extraction [22], ZnOjpolypyrrcle SPME fiber for aliphatic hydre-
carbon extraction [23] and graphene{ZnQO/sol—gel SPME fiber for
volatile sulfur extraction [24].

As for the sorbent, multiwalled carbon nanotubes (MWCNTSs)
have gained much attention due to their excellent ability to adsorb
hydrophobic eorganic compounds, their extremely large surface
area-to-volume ratio, good chemical stability and easy functional-
ization [25,26]. The MWCNTs have been successfully applied as
adsorbents for both non-polar and polar organic compounds
because they can interact with aromatic compounds of both com-
pounds via a T—7 interaction [27]. However in the latter case, they
need to be functionalized with OH or COOH group to improve their
adsorption ability by hydrogen bonding [28,29]. In this work,
MWCNTs functionalized with OH groups coated on ZnQO nano-
structure were used as the adsorbents for an extraction of polar
compounds from fruit and vegetable samples.

Herein, the development of a novel miniaturized device based
on a ZnO/MWCNTs—OH stir-brush microextractor to extract trace
amount of the very toxic carbamate pesticides has been reported
for the first time. Carbofuran and carbaryl were selected as model
polar compounds in this study. Despite the fact stated that the use
of carbofuran is banned in Canada and the EU, but these carbamate
pesticides are still widely used, either legally or illegally, in different
parts of the world, especially in developing countries where a large
quantity of world food is produced. Similar to the case of Canada
and the EU, carbofuran alsc has been banned in Thailand by the
Department of Agriculture, Ministry of Agriculture and Co-
operatives since 2012 whereas carbaryl is still legal and

continuously used today [30]. From the import data of these pes-
ticides, in 2011 (the last year of being legal} the imported quantity
of carbofuran was abnormally high. Therefore carbofuran might
still be distributed in Thailand's local markets where farmers can
still purchase indicated by these example publications. Wanwi-
molruk and co-workers, in 2015, found the contamination of these
pesticides in chinese kale samples in the concentration range from
0010 ng ¢! to 625 ng g ' for carbofuran and from
10 x 10 3ngg 'to 1.0 x 10 2 ng g ! for carbaryl [31]. Char-
oenpornpukdee and co-workers, 2015 reported the contamination
of these two pesticides in water samples collected near an agri-
cultural plantation at the concentration of 25.9 ng mL ! for car-
bofuran and from 45.1 ng mL ! to 191 ng mL ! for carbaryl [6]. In
addition, in Bangladesh, these carbamate pesticides were also
detected in fruits and vegetables in the concentration range from
50ngg 'to 10 x 10° ngg ! for carbofuran and from 12 ng g ! to
3.0 x 102 ngg ' for carbaryl [32]. Therefore, these two pesticides in
fruits, vegetables or water samples are still worth pursuing and that
is a reason why these two carbamate pesticides were selected as
model compounds in this work.

The brush, connected to a small dc motor, was used to extract the
two analytes, and is thus, called a “stir-brush microextractor”. This
microextractor is portable and can be used to extract the analytes
without any requirement for external power or any other equipment.
Parameters that affected the analytical performances of the devel-
oped method for the analysis of these carbamate pesticides were
evaluated to obtain the highest extraction efficiency prior to applying
the stir-brush microextractor for the analysis of real samples.

2. Experimental
2.1. Chemicals and material

Carbofuran (C1aH15NO3) (98% purity) was from Sigma—Aldrich
(St. Louis, Missouri, USA). Carbaryl (Cj3Hy1NOy) (96% purity) was
from Supelco (Bellefonte, Pennsylvania, USA}). Acetonitrile was from
Merck (Darmstadt, Germany). Chleroform, sodium hydroxide (97%
purity} and methanol were from Lab-Scan (Bangkeck, Thailand).
Zn{CH5C00},.2H,0} (95% purity) was from CARLO ERBA (Rodano,
Italy). 25% NH3 in HyO was from QReC™ (Wellington, New Zea-
land). Nafion was from Fluka (Buchs, Switzerland). Ultrapure water
was from a maximum ultrapure water system {18.2 MQ.cm, ELGA,
England). MWCNTs (>95% purity) with diameters of 60—100 nm
and lengths of 2—5 pm were from Shenzhen Nanotech Port Co., Ltd
(Shenzhen, China). The stainless steel net (304 grade) with a strand
diameter of 0.25 mm was from Tianjin Xingang {Hebei, China).

2.2. Instrumentation

Chromatographic analysis was performed on a gas chromato-
graph coupled with a flame ionization detector (GC—FID} (6890
model, Agilent Technologies, California, USA) with an HP-5MS
capillary column (30 m length, 0.25 mm LD. and 0.25 pm film
thickness; J&W Scientific, California, USA). To cobtain the shortest
analysis time, the highest response and a good separation, the
conditions of the GC—FID for analysis of carbofuran and carbaryl
were first optimized, ie, flow rates of the carrier (He), make up
{(N3), fuel {H;} and oxidant (air) gases, and the temperatures of the
column, injector and detector.

The surface morphology of the ZnO/MWCNTs—QH stir-brushes
was observed using a scanning electron microscope (JSM 5200,
JEOL, Tokyo, Japan). An ultrasonic bath (37 kHz, Ultrasonic Cleaning
Units, Model Elmasonic § 100H, Singen, Germany) was used to
facilitate the synthesis of ZnO nanestructure onto the stainless steel
brush.
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2.3. Preparation of the ZnO/MWCNTs—OH stir-brush microextractor

The stainless steel net was cut into a small piece (1.2 x 1.0 cm?)
(Fig. 1A) and the vertical wires were removed to form a brush
(0.80 cm brush length, about 25 strands/piece) (Fig. 1B). The brush
was sequentially cleaned with acetone, methanol and ultrapure
water in an ultrasonic bath each for 5 min and dried in air at room
temperature. Ten pieces of the brush were then rolled together and
inserted into a cut 1000 pL pipette tip (0.50 cm in diameter)
(Fig. 1C).

The ZnO nanostructure was coated onto the stainless steel brush
using the procedure that was modified from Khorsand and co-
workers [33]. Briefly, 2.75 g of Zn (CH3C00),.2H20 and 2.0 g of
NaOH were dissolved in 12.5 mL of 25% NHj3 solution. Ultrapure
water, 12.5 mL, was added and stirred for 15 min. The stainless steel
brush was immersed in this solution and sonicated for a certain
period of time at 180 °C for the hydrothermal synthesis of the ZnO
nanostructure. After that, the brush was rinsed with ultrapure
water and dried at 100 °C for 60 min. The ZnO nanostructure coated
stainless steel brush was then immersed for 2 min in a mixture of
0.5%w/v of MWCNTs—OH and 0.050% Nafion in methanol and dried
at 100 °C for 15 min. This procedure was repeated five times to
allow the MWCNTs—OH to be completely coated onto every strand
of the brush. When used, the other end of the pipette tip was fitted
to a motor to rotate the ZnO/MWCNTs—OH stir-brush micro-
extractor (Fig. 1D).

2.4. Extraction and desorption procedures of ZnO/MWCNTs—OH
stir-brush microextractor

To extract carbamate pesticides, first the ZnO/MWCNTs—OH
stir-brush microextractor was immersed into 1.0 mL of 3.0 pg mL™"
of a standard solution in a glass bottle. Then it was rotated at
1000 rpm for 20 min in which the target analytes were adsorbed on
the sorbent. After extraction, the adsorbed carbofuran and carbaryl
were desorbed using an appropriate volume of acetonitrile for
25 min. Then, the solution was evaporated to dryness under vac-
uum by a rotary evaporator before being re-dissolved in 0.20 mL of
acetonitrile. Finally, 1.0 uL of the target analytes was injected into
the GC—FID for analysis.

To obtain the highest extraction efficiency the effect of the type
and volume of the desorption solvent, extraction and desorption
time, and salting out effect were tested. The initial extraction/
desorption conditions were 1.0 mL of 3.0 pg mL~' of standard so-
lution, 30 min for the extraction/desorption time with a fixed
rotating speed of 1000 rpm and 2.0 mL of acetonitrile as the
desorption solvent. The optimization was done by varying one
parameter at a time and keeping other parameters constant (three
replications were performed for each test). The conditions that
provided the highest peak area or recovery with the shortest
analysis time was selected and used to optimize the next
parameter.

—Motor

Brush 4{
(0.80 cm length)

i
i)
TP
ittt G

[ caeg

) 1000 pL

pipette tip

Stainless ;
steel net
(1.3 cm length) /

Brush diameter
(0.25 mm)

Fig. 1. Pictures showing (A) a stainless steel net, (B} a single brush after the vertical wires were removed, (C) ten pieces of the stainless steel brushes rolled together and fitted into a
precut 1000 pL pipette tip to form a microextractor and (D) schematic of the microextractor connected to a rotating motor to form a ZnO/MWCNTs—OH stir-brush microextractor

device.
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Fig. 2. SEM images from (A) a bare stainless steel brush, (B) a ZnO nanostructure coated stainless steel brush and (C} a MWCNTs—OH covered ZnO nanostructure coated stainless

steel brush.

2.5. Real samples analysis

Three types of fruit (water melon, orange and apple) and six
types of vegetable (tomato, cucumber, cabbage, lettuce, yard long
bean and morning glory) were purchased from a wet market in Hat
Yai, Songkhla, Thailand. 200 g of each cut-up sample and 200 mL of
ultrapure water were mixed in a blender for 3 min, centrifuged at
2000 rpm for 15 min and then 150 mL of the clear supernatant was
filtered through a Whatman GF/F filter paper (0.25 pm pore size;
Maidstone, England). 1.0 mL of the filtered sample was used with
the ZnO/MWCNTs—OH stir-brush microextractor under optimal
conditions (3 replications) followed by analysis by GC—FID.

3. Results and discussion
3.1. GC—FID conditions

Carbofuran and carbaryl selected as model compounds in this
study were separated and quantified using a GC—FID. A 1.0 pL of the

3.0 ug mL ! mixed carbofuran and carbaryl standard solution was
injected to the GC—FID for the optimization of the operational
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parameters. The optimal flow rates of the carrier (He), make up
(N2), fuel (Hz) and oxidant (air) gases were 14, 30, 30 and
300 mL min~’, respectively. The oven program temperature was set
at an initial temperature of 70 °C for 0.50 min, then ramped up at
25°Cmin~' to 210 °C and held for 3 min. The injector and detector
temperatures were 290 °C and 280 °C, respectively. The chro-
matogram at these optimum conditions showed that carbofuran
(tg = 3.6 min) and carbaryl (tg = 4.8 min) were well separated with
sharp peaks and good peak resolutions.

3.2. Characterization of ZnO/MWCNTs—OH on the stainless steel
stir-brush microextractor

The morphology of ZnO/MWCNTs—OH on the stainless steel
stir-brush microextractor was observed using a scanning electron
microscope (SEM). SEM images of the three types of stainless steel
stir-brush microextractor (bare, ZnO coated and ZnO/MWCNTs—OH
coated) are shown in Fig. 2. In the case of the bare brush, a smooth
surface was observed (Fig. 2A). The ZnO nanostructure was syn-
thesized by a hydrothermal method in NaOH at an elevated tem-
perature. After coating with ZnO nanostructure, homogenous
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Fig. 4. Extraction recoveries of bare, ZnO coated and ZnO/MWCNTs—0OH coated
stainless steel stir-brushes for the extraction of a 3.0 pg mL™! of carbofuran and
carbaryl standard solution under optimal conditions.

distributions of flower-like nanostructures are easily observed at
1.5 M NaOH for the reaction time at 180 min (Fig. 2B). With the ZnO/
MWCNTs—OH coating the wires turned black and the fiber-like
structure of the MWCNTs—OH could be seen covering the ZnO
(Fig. 2C). From these SEM images, the surface area of the stainless
steel brushes was vastly increased after the coating with ZnO and
the MWCNTs—OH. It was expected that this would help to increase
the extraction efficiency.

3.3. Optimization of the microextractor conditions
3.3.1. Type of desorption solvent

An appropriate desorption solvent must be able to completely
elute carbofuran and carbaryl from the ZnO/MWCNTs—OH stir-
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brush microextractor. Acetonitrile, ethyl acetate, ethanol and
methanol were tested because of their similar polarities compared
with carbofuran and carbaryl. The highest recoveries were obtained
from acetonitrile (48% for carbofuran and 60% for carbaryl), while
methanol, ethanol and ethyl acetate provided about a 10% lower
recovery (Fig. 3A). This was possibly because the MWCNTs—OH had
a high affinity for carbofuran and carbaryl via a ®—m interaction and
hydrogen bonding, therefore, the analytes could not be easily
desorbed using a slightly polar desorption solvent (ethanol and
ethyl acetate). Although, the recoveries using acetonitrile were still
low it was expected that with the optimization of the other pa-
rameters an acceptable recovery would be achieved.

3.3.2. Salting out effect

Salt was added into the sample to adjust the ionic strength of
the solution and to decrease the analytes solubility in water, and
thus, increase the partition of analytes into the sorbent. NayCO3 was
added to the sample instead of the commonly used NaCl because it
has a higher ionic strength, thus, should be more effective [34,35].
The added Na;COs3 was tested between 0 and 5.0% w/v. Recoveries
of both pesticides increased with the concentration of Na;CO5 from
0 to 3.0% wjv (carbofuran from 59.9 + 1.3% to 87.5 + 2.5% and
carbaryl from 66.4 + 2.1% to 90.7 + 2.3% (Fig. 3B)), and then
remained constant at higher concentrations. Therefore, 3.0% w/v of
NazCO3 was used in the next experiments.

3.3.3. Extraction time

One of the most important parameters that affects the extrac-
tion efficiency of a microextractor is the extraction time and it was
studied in the range of 10—30 min at an interval of 5 min. At 20 min
the recoveries reached their maximum level (824 + 2.8% and
84.3 + 1.8% for carbofuran and carbaryl, respectively {Fig. 3C)).
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Table 1
% Recovery of carbofuran and carbaryl from spiked standard solution in real samples.
Sample Carbofuran Carbaryl
Detected concentration Spiked concentration % Recovery Detected concentration Spiked concentration % Recovery
(ng mL 1) (pgml ') (ngml ') (ng mL 1)

Water melon ND?* 0.10 99.5 + 64 ND* 0.10 86.4 + 4.1
0.25 939+ 60 0.25 101.7 £ 7.4
0.50 1047 £ 5.1 0.50 103.7 £ 4.4

10 992+ 31 10 99.1+ 48

Apple ND* 0.10 86.2 + 66 ND* 0.10 98.1+32
0.25 995+ 34 0.25 101.2x£59

050 1054 £ 63 050 999456
1.0 98.8+52 1.0 101.0 £ 4.0

Orange ND?* 0.10 83.3 + 48 ND* 0.10 85.2+54

0.25 845+ 78 0.25 95.7 £ 8.6

050 80.7+56 050 97.1+92

1.0 88.1+£58 1.0 98.5+52

Temato ND?* 0.10 100.7 + 63 ND?* 0.10 91.6+40
0.25 104073 0.25 1023 £ 6.6
0.50 96673 0.50 1093 £ 5.0

10 106.6 + 64 10 996+ 54
Cucumber 00183 + 0.0018° 0.10 87.8 + 5.7 ND* 0.10 106.0£5.9
0.25 85.4 + 44 0.25 107652

0.50 88567 0.50 90.1 £ 96
10 83.1+62 10 1018 +52
Cabbage ND® 0.10 103.0 = 69 ND* 0.10 1118 £ 5.7
0.25 933 +£ 66 0.25 1043 =48

0.50 102.7 £ 38 0.50 925+ 49
10 945+ 33 10 1015+ 44
Lettuce ND* 0.10 785 + 53 ND* 0.10 83.76 £33

0.25 73.7+78 0.25 98.0+ 6.0

0.50 1084 £ 26 0.50 87433

10 98.2+55 10 98.4+ 40

Yard ND* 0.10 107.1 = 3.7 0.0140 + 0.0012° 0.10 90.6 + 4.0

longbean 025 94.0 + 60 0.25 73775
0.50 1047 £ 5.1 0.50 103.7 £ 1.4

10 992+ 31 10 99.1+ 48

Morning ND* 0.10 86.3 + 3.5 ND* 0.10 849+ 56

glory 0.25 93.3+065 0.25 93.3+55
0.50 107.3 £ 5.1 0.50 106.0 £ 5.7

10 98.2+61 10 98.7+58

N.D.2 is non-detectable (<LOD); Pdetectable; not determined (~LOD, <LOQ).

Hence an extracticn time of 20 min was adopted.

3.3.4. Desorption time

To minimize the time of the extraction process, the desorption
time was tested from 10 to 35 min. The recovery of carbofuran
increased from 51.6 + 3.7% to 87.5 + 2.5% and carbaryl increased
from 54.0 + 3.5% to 90.4 + 2.2% that of when the desorption time
was increased from 19 to 25 min and they remained constant af-
terwards (Fig. 3D). The desorption time of 25 min therefore
appeared to be sufficient for the desorption of both analytes.

3.3.5. Volume of desorption sofvent

To use the least volume of desorption solvent, .00 to 2.25 of mL
of acetonitrile were investigated. The extraction recoveries
increased with the desorption solvent volume from 1.00 to 2.00 mL,
from 51.6 + 3.7% to 87.5 + 2.5% for carbofuran and from 54.0 + 3.5%
to 904 + 2.2% for carbaryl, and remained constant with larger
volumes. Thus, 2.0 mL of acetonitrile was sufficient to elute car-
bofuran and carbaryl from the ZnO/MWCNTs—OH stir-brush
microextractor.

In summary, the optimum extraction conditions of the ZnO/
MWCNTs—OH stir-brush microextractor were 3.0% wfv Na COs and
an extraction time of 20 min, while the optimum desorption con-
ditions were 2.0 mL of acetonitrile and 25 min desorption time.
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34. Extraction efficiency of the coated and the uncoated stainless
steel stir-brush

The efficiency of the ZnO/MWCNTs—OH coated microextractor,
the ZnO coated and the bare stainless steel stir-brush were
compared for the extraction of 3.0 pg mL ! mixed standard solu-
tions of carbofuran and carbaryl. As expected, the ZnOf
MWCNTs—OH coated stainless steel brush microextractor gave
high extraction recoveries of 86.0 + 3.1% for carbofuran and
90.5 + 3.2% for carbaryl (Fig. 4) because MWCNTS—OH can adsorb
analytes by m—m interactions and hydrogen bonding. On the other
hand the bare stainless steel brush did not extract either of the
analytes because there was no strong interaction between the
target analytes and the stainless steel. The ZnO coated brush can
extract about 40% of both pesticides, possibly because ZnO inter-
acted with the carbofuran and carbaryl by hydrogen bonding. This
result indicated that the increase of the surface area using ZnQ with
a flower-like nanostructure coated with MWCNTs—OH as a nano-
material sorbent in the developed microextractor certainly
improved the extraction efficiency of carbofuran and carbaryl.

3.5. Analytical performances
3.5.1 The linear dynamic range (LDR), limit of detection (LOD) and

limit of quantification (LOQ)
The linear dynamic range of the method was evaluated by
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Fig. 5. Chromatograms of samples (A and C) and spiked samples with 0.25 pg mL~"of carbofuran and carbaryl standard solution (B and D).

spiking standard solutions of the analytes in ultrapure water then
extracting them using the ZnO/MWCNTs—OH stir-brush micro-
extractor. For carbofuran, a linearity was observed from 0.025 to
5.0 pg mL™! with the linear equation of y = [(151 + 18)
X+ (3.9 + 1.7)] x 10° (R? = 0.9992), and for carbaryl from 0.050 to
50 pg mL ! with the linear equation of y = [(203 + 28)
X + (0.284 + 0.036)] = 10° (R? = 0.9964),

LODs and LOQs were calculated using the IUPAC recommenda-
tion of 3Sg/m and 10Sp/m, respectively (where Sp was the standard
deviation of 20 blank responses; m was the slope of the calibration
curve). The LODs were 175 + 20 ng mL ' and 13.0 + 1.8 ng mL ™},
and the LOQs were 58.3 + 6.0 ng mL~' and 43.3 + 6.0 ng mL~! for
carbofuran and carbaryl, respectively. When these LODs were
converted to ng g ! by considering the mass of the real sample
(200 g), the values of 8.75ng g~ and 6.50 ng g~ ! were obtained and
they were much lower than the MRL values of 20 ng g ! and
50 ng g ! for carbofuran and carbaryl, respectively [ 36]. Thus, these
values were sufficient for the ZnO/MWCNTs—OH stir-brush
microextractor to be applied for the analysis of carbofuran and
carbaryl in fruit and vegetable samples.
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3.5.2. Reproducibility

The reproducibility of six ZnO/MWCNTs—OH stir-brush micro-
extractors prepared under the same procedure was investigated.
The recoveries from the six stir-brush microextractors for the
extraction of 3.0 pg mL~! mixed standard solution of carbofuran
and carbaryl were 89.0 + 3.6% (RSD = 4.1%) and 91.5 + 5.1%
(RSD = 5.6%), respectively. Therefore the preparation of the
developed microextractor can be reproduced with a better %RSDs
than the acceptable value of 11% recommended by the AOAC (at the
concentration of 10.0 pg mL™') [37].

3.5.3. Reusability

To evaluate the number of times the ZnOfMWCNTs—OH stir-
brush microextractor can be reused, the microextractors were
used to sequentially extract the mixed analytes {3.0 ug mL ). A
microextractor was cleaned with 2.0 mL of acetonitrile for 5 min
before each extraction cycle. The obtained %response, compared to
the first used, gradually decreased for all three microextractors.
After 8 cycles, black precipitates of the MWCNTs—OH sorbent in the
extracted solution were observed by the naked eyes and the %
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Table 2
Comparison of this new method with other methoeds for the analysis of carbofuran and carbaryl
No. Method LOD (ng mL 1) Extraction time (min) Sarmple volume (mL) Enrichment factor % Recovery Reference
I SPME (LC—MS) 1-10 90 10 - - [48]
I SPE (GC—MS) 0.0031-0.0088 164 1000 - 80-108 [49]
i} SPME (GC—MS) 25 30 5.0 - 77-89 [47]
1\ SPE (GC—ECD, NPD) 0.0749 173 500 - 60-120 [50]
v MSPE (HPLC-DAD) 0.040 15 200 720 90-97 [51]
VI u-SPE (HPLC—UV) 0.050 0 40 - 72-91 [52]
VI HF-SPME (HPLC—DAD) 0.022-0.66 60 9.0 50-114 95-113 [53]
VI DLLME (HPLC—DAD) 20-60 3 50 - 78-98 [54]
X LLE-SPE (GC—FID) 140-210 23 1.75 - 78-102 [55]
X Pipette-tip (GC—FID) 6.4-9.17 175 1.0 - 75-119 [6]
X1 Stir-brush 13.0-175 20 10 5 74-112 This work
(GC—FID)

GC = gas chromatography; HPLC = high performance liquid chromatography; FID = flame ionization detector; MS = mass spectrometry; DAD = dicde array detector;
LC = liquid chromatography; NFD = nitrogen phosphorus detector; SPE = sclid phase extraction; SPME = solid phase microextraction; MSPE = magnetic solid phase
extraction; DLLME = dispersive liquid liquid micreextraction; u-SPE = micro solid phase extraction; HF = hollow fiber.

response also decreased to be less than 90%. The average responses
of the three extractors within these 8 cycles were 95.1 + 4.9% to
98.5 + 7.6% (RSD < 8.0%) for carbofuran and 96.0 + 5.5% to
1015 + 6.4% (RSD < 8.0%) for carbaryl. Thus, one ZnO/MWCNTs—OH
stir-brush microextractor can be reused up to 8 times. This would
be the advantage of the developed stir-brush microextractor over
the traditional SPE or p-SPE since most of the sorbents used for
these extraction techniques normally cannot be reused [38—40].

3.5.4. Precision

The precision, in terms of the relative standard deviations
(RSDs), was also evaluated by performing five extraction replicates
for each of the four spiked pesticides concentrations {0.10, 0.25,
0.50, and 1.0 ng mL ). The RSDs were 5.7—9.2% and 5.2—9.5% at all
concentrations of carbofuran and carbaryl, respectively. These
values are better than the ones recommended by the AOAC (7.3%
RSDs at 10 ugmL 'and 11% RSDs at 1.0 ug mL ) and indicated that
this preparation method was reliable for the analysis of carbofuran
and carbaryl in fruit and vegetable samples.

3.5.5. Real samples analysis

Prior to the analysis of real samples, the effect of the sample
matrix was first evaluated using three types of fruit and six types of
vegetable (Table 1). The matrix matched calibration curves were
prepared by spiking filtered samples with the standard selution of
carbofuran and carbaryl to obtain the final concentrations of 0.10,
0.25,0.50 and 1.0 ug mL ! (3 replications for each concentration).
For the standard curve, standard solutions were prepared in ul-
trapure water. Both sets were extracted using the ZnOf
MWCNTs—OH stir-brush microextractor. The slopes of the matrix
matched calibration curve and the standard calibration curve were
statistically compared by two-way ANOVA (analysis of variance).
The slopes of the matrix matched and the standard calibration
curves were shown to be significantly different {P < 0.05). This
indicated that the matrix from the fruit and vegetable samples
could interfere with the analysis. Therefore, the matrix matched
calibration curves were used to quantify the concentration of car-
bofuran and carbaryl in the fruit and vegetable samples.

From the 9 samples, carbofuran was detected in the cucumber at
0.0183 + 0.0018 pg mL ! and carbaryl was only found in the yard
long bean at 0.0140 + 0.0012 pg mL ! (Table 1). When these values
were converted to ng g !, 9.24 + 0.93 ng g ! for carbofuran and
7.05+0.61ngg ! for carbaryl were obtained. The contamination of
the pesticides may be because carbofuran had been accumulated in
the soil during its use to prevent the seeds from insect attacks and
then consumed by the cucumber [41,42]. In the case of the yard
long bean, the residue may be due to the spraying of carbaryl to
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prevent an attack by insects [43,44|. The detected concentrations in
these two samples were lower than that of the works reported by
others {Table S1, Supplementary data). For example, Vichapong and
co-workers found the contamination in the concentration range of
10 — (5.3 x 10°) ng g ! for carbofuran and 80 — (1.6 x 10°)ng g !
for carbaryl in fruit and vegetables [4546G]. Menezes Filho and co-
workers reported the contamination of carbefuran in mangoes at
the concentration of (54.04—-93.36) x 10° ng g ! [47].

The chromatograms of sample and spiked sample from yard
long bean and cucumber were shown in Fig. 5A—D, respectively.
The detected levels of both pesticides were still lower than the
maximum residue levels (MRLs) set by the Eurcpean Union {MRL of
20.0 ng g ! for carbofuran and 50.0 ng g ' for carbaryl} [36].
However, these compounds may accumulate in the human body
after long-term consumption, and cause chronic effects on human
health. Therefore, careful cleaning of all fruits and vegetables before
consumption is strongly recommended.

Further validaticn of the method by the recoveries from the
spiked real samples produced values in the range of 73.7 + 7.8% to
1084 + 2.6% for carbofuran and 75.7 + 10% to 111.8 + 5.7% for
carbaryl (Table 1}. These values were within the acceptable range as
recommended by the AOAC (70—120% recoveries at analyte con-
centration levels of ppb and low ppm levels} [37].

4. Conclusions

A novel miniaturized microextractor was successfully prepared
using ZnO/MWCNTs—OH coated onto a stainless steel brush. This
microextractor provided good-stir-brush-to-stir-brush reproduc-
ibility with a relative standard deviation less than 6.0% and can be
reused for the extraction of carbamate pesticides up to 8 times. It
was applied to extract carbofuran and carbaryl from the fruit and
vegetable samples. The recoveries were acceptable according to the
recommended levels by the AOAC and indicated good accuracy for
both compounds.

Comparing to other methods (Table 2}, the method presented in
this work showed a similar recovery range, used the smallest vol-
ume of samples (only 1.0 mL), and required only a short extraction
time (20 min). However, the LOD of the developed method was
higher than that of the other methods, this is possibly due to the FID
detector being less sensitive and selective than the ECD, NPD and
MS (methods no. II to IV). But when compared with the method
that used FID detector, the analytical performances of the devel-
oped method are almost the same with those of methods no. IX and
X. In fact, the developed stir-brush microextractor even provided
better LOD compared to method no. [X. In addition, the other
methods used a much larger volume of sample (200—1000 mL)
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{method ne. 11, 1V, V), which resulted in a requirement for a high
enrichment factor and a low limit of detection. Nevertheless, the
obtained LODs of the developed method for carbefuran and
carbaryl were lower than the recommended maximum residue
levels (MRL) recommended by the European Union. Hence, these
LODs were sufficient and the developed method can be used as a
routine analytical method for detecting carbofuran and carbaryl in
real samples.
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