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ABSTRACT:

A novel one-step sample preparation technique termed hybrid field-assisted solid�liquid�solid dispersive extraction (HF-SLSDE)
was developed in this study. A simple glass system equipped with a condenser was designed as an extraction vessel. The HF-SLSDE
technique was a three-phase dispersive extraction approach. Target analytes were extracted from the sample into the extraction solvent
enhanced by the hybrid field. Meanwhile, the interfering components were adsorbed by dispersing sorbent. No cleanup step preceded
chromatographic analysis. The efficiency of the HF-SLSDE approach was demonstrated in the determination of organochlorine
pesticide (OCP) residues in tobacco with a gas chromatography-electron capture detector (GC-ECD). Various operation
conditions were studied systematically. Low detection limits (0.3�1.6 μg/kg) and low quantification limits (1.0�4.5 μg/kg) were
achieved under the optimized conditions. The recoveries of OCPs ranged from 70.2% to 118.2%, with relative standard deviations of
<9.6%, except for the lowest fortification level. Because of the effect of the hybrid field, HF-SLSDE showed significant predominance
compared with other extraction techniques. The dispersing sorbent with good cleanup ability used in this study was also found to be
a microwave absorption medium, which could heat the nonpolar extraction solvent under microwave irradiation. Different
microstructures of tobacco samples before and after extractions demonstrated the mechanism of HF-SLSDE was based on an
explosion at the cell level. According to the results, HF-SLSDE was proved to be a simple and effective sample preparation method
for the analysis of pesticide residues in solid samples and could potentially be extended to other nonpolar target analytes in a complex
matrix.

’ INTRODUCTION

The development of sample preparation technology has
attracted increasing interest in recent years due to its importance
in analytical chemistry.1,2 Commonly, two-step sample prepara-
tion including extraction and cleanup has been used in the
determination of pesticide residues for most samples are com-
plex matrixes. Although modern extraction techniques including
ultrasound-assisted extraction,3 microwave-assisted extraction
(MAE),4 supercritical fluid extraction,5 and pressurized liquid
extraction (PLE)6 have been proved to be rapid and efficient, the
extracts obtained have to be subjected to further cleanup steps
to remove the interfering components. The multiple opera-
tion steps increase the complexity of sample preparation and

are relatively laborious and time-consuming. Moreover, sample
recoveries are sometimes not satisfactory because of the multiple
operation steps.2 There are many potential advantages of com-
pleting the extraction and cleanup in one step, such as reduced
sample loss, short processing time, reduced consumption of
extraction solvent, and easy automatization. This has led to the
development of integration techniques such as matrix solid phase
dispersion (MSPD)7 extraction and selective PLE.8

MSPD is a sample preparation strategy, first introduced in
1989 by Barker et al.,9 that has been widely applied to solid,
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semisolid, or viscous samples.10 The procedure consists of
blending the sample matrix onto an appropriate dispersing
sorbent, allowing the matrix cell disruption, and the subsequent
extraction of target analytes by means of a suitable elution
solvent. Purification of the raw extract can be achieved by placing
a layer of cosorbent at the bottom of the MSPD cartridge, thus
avoiding a further time and solvent consuming off-line cleanup
step. There are many dispersing sorbents used in MSPD,
such as C18- and C8-bonded silica,11,12 Florisil,13 alumina,14

diatomaceous earth,15 and so on, which are divided into three
main groups, including reversed-phase materials, normal phase
materials, and nonretentive supporting materials. In addition,
some novel dispersing sorbents, such as molecularly imprinted
polymer,16 coordination polymer,17 and multiwalled carbon
nanotubes,18,19 have been introduced recently. The MSPD
technique can be adjusted to retain particular compounds by
choosing an appropriate dispersing sorbent in addition to using a
suitable elution solvent.20 MSPD offers a number of advantages,
such as simplicity, low sample and solvent consumption, reduced
cost, and its ability to simultaneously perform extraction and
cleanup in a single step; however, there are some obvious
limitations of MSPD. First of all, MSPD cannot be completely
automated because it requires the blending in a mortar with a
pestle by an operator. In addition, some articles have also been
published in whichMSPD is not an appealing option as a result of
either low recovery21 or not being advantageous compared with
the alternatives available.22

Selective PLE, also called PLEwith in-cell cleanup, is a strategy
for combining extraction and cleanup through the addition of a
matrix sorbent into the extraction cell, which could dramatically
cut time and costs in the sample preparation step.8 The technique
has been widely applied to the analysis of various analytes, such as
polybrominated biphenyls,23 polybrominated diphenyl ethers,24

polycyclic aromatic hydrocarbons,25 and nucleotides26 in com-
plex samples. MSPD�PLE, a kind of selective PLE, makes
profitable use of the elevated temperature and pressure of PLE
equipment to achieve faster, automatic, and more exhaustive
MSPD extraction.27 In the MSPD�PLE technique, the matrix
sorbent is mixed with the sample prior to the pressurized liquid
extraction. It is clear that MSPD�PLE and MSPD share some
principles of operation. The MSPD�PLE technique can be
adjusted to retain particular constituents by choosing an appro-
priate sorbent and by carefully tuning the solvent composition
and PLE parameters.20 The dispersing sorbent used in MSPD
can also be used in selective PLE; however, selective PLE has
some obvious disadvantages, such as high costs of investment
and unusual operating conditions, so the design of a simple and
effective sample preparation technique integrating extraction and
cleanup in one step is of considerable interest.

For this purpose, a novel one-step sample preparation tech-
nique called hybrid field-assisted solid�liquid�solid dispersive
extraction (HF-SLSDE) was developed in this study. The
HF-SLSDE system consists of three phases, including sample
matrix and dispersing sorbent as two solid phases and the extraction
solvent as a liquid phase. During the extraction procedure,
the analytes are extracted into the extraction solvent while the
interfering matrix components are retained by the dispersing
sorbent. The procedure of HF-SLSDE was carried out under a
hybrid field formed by microwave and ultrasonic irradiation,
which could accelerate the extraction process. To demonstrate
the feasibility of the established approach, HF-SLSDE was
applied to the analysis of organochlorine pesticide (OCP)

residues in tobacco with gas chromatography-electron capture
detector (GC-ECD). Various operation factors were considered
systematically. In addition, the effects of hybrid field and the
properties of Florisil were also studied. The microstructures of
tobacco samples before and after extractions were investigated by
scanning electron microscopy (SEM).

’EXPERIMENTAL SECTION

Reagents and Samples. Hexane of HPLC grade was pur-
chased from Dikma (Lake Forest, CA). Standards of OCP were
purchased from The Agro-Environment Protection Institute
(Tianjin, China). All standard solutions were prepared in hexane
and were stored at �20 �C. Florisil with 60�100 mesh was
purchased from Supelco (Bellefonte, PA). Activated carbon,
neutral alumina, silicone, and diatomaceous earth, all of which
were the same size of 60�100 mesh, were purchased from
SinopharmChemical Reagent Co., Ltd. (Shanghai, China). Other
reagents were of analytical grade and were purchased from
Guangzhou Chemical Reagents Factory (Guangzhou, China).
Distilled water was used throughout the study.
Tobaccos were collected from private producers in Yunnan,

Sichuan, and Jilin Provinces of China, respectively. After being
dried in a hot air cabinet with ventilation at 40 �C for 5 h, the
tobaccos were triturated, passed through a stainless steel sieve
with 0.45 mm mesh sizes, and stored in closed desiccators. The
same sample batch was used throughout the experiments.
Apparatus. HF-SLSDE experiments were performed on an

UWave-1000 ultrasonic and microwave extracting apparatus
(Sineo Microwave Chemistry Technology Company, Shanghai,
China). Microwave irradiation, with a maximum delivered power
of 1000 W at a frequency of 2450 MHz, can be dynamically
adjusted by temperature and power feedbacks, which is able to
provide continuous nonpulse microwave heating. Ultrasonic
irradiation with the frequency between 26 and 28 kHz is provided
by an immerging ultrasonic transducer, which can be adjusted
between 0 and 800 W. Temperature is monitored by an infrared
sensor installed on the inner wall.
GC analysis was carried out on an HP 4890D (Agilent, Palo

Alto, USA) gas chromatograph, which consists of a split/splitless
injector, a temperature programmer, and a 63Ni electron capture
detector (ECD). An AE.SE-54 (Lanzhou Atech Technologies,
Lanzhou, China) capillary column (30 m long� 0.25 mm i.d.�
0.33 μm film thickness) was used for the chromatographic
separation. The chromatographic data were recorded and
processed with GC ChemStation software (version A.09.01)
supplied by Agilent.
SEM images were conducted by an XL-30 SEM instrument

(Philips, Eindhoven, Netherlands).
Dispersing Sorbent Conditioning. Florisil was heated in a

quartz cup in a muffle furnace at 550 �C for 6 h, then was cooled
in a desiccator without any desiccant and transferred into a
round-bottomed flask on a rotary evaporator. Florisil was added
with purified water (equivalent to 5% w/w) and homogenized by
rotation for 1 h. The deactivated Florisil was left to equilibrate for
at least 48 h in a tightly closed glass container before use.
Activated carbon was filtered after being soaked overnight in
3moL/LHCL aqueous solution and was washed with water until
the pH value was 7, and then activated carbon was heated at
120 �C for 2 h. Diatomaceous earth was soaked in 5% HCL
aqueous solution and boiled for 1 h. After being cooled, it was
filtered and washed with water until the pH value was 6. Then the
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diatomaceous earth was heated in a quartz cup in amuffle furnace
at 500 �C for 2 h. The silicone was heated at 110 �C for 1 h and
then cooled in a desiccator. Neutral alumina was heated at 450 �C
for 4 h and was cooled in a desiccator.
Sample Fortification. A 0.5 g pesticide-free tobacco sample

was weighed into the extraction vessel and was spiked at the
required fortification level by adding an appropriate volume of
mixed standard solution containing OCPs. After spiking, 2 mL of
hexane was added, and the suspension was mixed thoroughly to
achieve homogeneity of the pesticides in the tobacco. The
extraction vessel containing the fortified tobacco sample was left
to stand overnight at 4 �C, allowing evaporation of the solvent
and aging before extraction. The sample was equilibrated to
room temperature before the extraction procedure.
Extraction Procedures. Hybrid Field-Assisted Solid�Liquid�

Solid Dispersive Extraction.A 0.5 g tobacco sample was accurately
weighed and put into the extraction vessel with a certain amount
of dispersing sorbent and a certain volume of extraction solvent
after the addition of 25 μL of internal standard (IS) solution
(2.0 mg/L). HF-SLSDE was performed at a certain temperature
with a certain dose of ultrasound irradiation. The operation con-
ditions were optimized by a monofactor test. The extraction
solution obtained was filtered through a G4 glass filter with
4�7 μm pore size.
Microwave-Assisted Solid�Liquid�Solid Dispersive Extrac-

tion. A 0.5 g tobacco sample was accurately weighed and was put
into the extraction vessel with 1.5 g of Florisil and 15 mL of
hexane after the addition of 25 μL of IS solution (2.0 mg/L). The
experiment was performed at 60 �C for 20 min. The extraction
solution obtained was filtered through a G4 glass filter.
Ultrasound-Assisted Solid�Liquid�Solid Dispersive Extrac-

tion. A 0.5 g tobacco sample was accurately weighed and was put
into the extraction vessel with 1.5 g of Florisil and 15 mL of
hexane after the addition of 25 μL of IS solution (2.0 mg/L).
The ultrasonic power was set at 100 W, and the operation time

was 20min. The extraction solution obtained was filtered through
a G4 glass filter.
Matrix Solid Phase Dispersion. A 0.5 g tobacco sample was

accurately weighed. After the addition of 25 μL of IS solution
(2.0 mg/L), the sample was blended with 1.5 g of Florisil in an
agate mortar using an agate pestle for 5 min until a homogeneous
mixture was obtained. After that, the mixture was transferred into
a column with a polypropylene frit at the bottom and filled with
0.5 g of Florisil as a cocolumn, which was employed to simulta-
neously obtain a further degree of sample cleanup. A second
frit was placed on top of the mixture before compression with
a syringe plunger. Elution was made by gravity flow with 15 mL
of hexane, and the eluent was collected into a graduated conical
tube.
Analysis. The extract obtained was concentrated to 1.0 mL

under a nitrogen stream, and 2.0 μL of the extract was injected
directly into the GC system for analysis. The GC conditions were
as follows: The injector temperature was 250 �C. the initial oven
temperature was 100 �C (held for 2 min), and then increased to
200 �C at 20 �C/min (held for 1 min), and finally increased to
270 �C at 2 �C/min (held for 5 min). The injector was operated
in the splitless mode (1 min) at 250 �C. The ECD was operated
at a temperature of 300 �C. The carrier gas was nitrogen
(99.999% purity), with a flow rate of 1.6 mL/min. Additional
makeup gas was also nitrogen (99.999% purity), with a flow rate of
60 mL/min. The IS method was used for quantitation, and mirex
was selected as the IS because its physical and chemical properties
are similar to those of the target analytes.

’RESULTS AND DISCUSSION

Actualization of Hybrid Field-Assisted Solid�Liquid�Solid
Dispersive Extraction. HF-SLSDE was performed in an ultra-
sonic and microwave extracting apparatus via an impro-
ved extraction vessel illustrated in Figure 1. The hybrid field
consisting of a microwave field and an ultrasound field was

Figure 1. The schematic diagram of HF-SLSDE apparatus.
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provided by the ultrasonic and microwave extracting apparatus,
which has shown many advantages.28�30 The improved glass
extraction vessel, which is suited to microwave-assisted extraction,
consists of a slender cylinder (30� 50mm) as the bottom part and
a wide upper part (35� 70mm). The slender bottom part capable
of containing the ultrasonic probe permits a small amount of
sample and a small volume of extraction solvent to be used during
the extraction procedure, which reduces the amount of sample
needed and the consumption of extraction solvent. The device of
HF-SLSDE further comprises a reflex condenser, which is fitted
on top of the extraction vessel to allow the solvent to reflux
upon microwave irradiation. The dispersing sorbent capable
of absorbing microwaves allows diffusion of heat created by
microwaves to the surroundings, which is particularly useful in
the case when the extraction solvents are transparent to microwave
irradiations.
First, the tobacco sample, dispersing sorbent, and extraction

solvent are added into the extraction vessel. After the system is
started, the target analytes and the interfering compounds in the
tobacco sample are extracted simultaneously into the extraction
solvent, enhanced by microwave and ultrasonic irradiation, then
the interfering compounds are adsorbed by the dispersing
sorbent while the target analytes remain in the extraction solvent.
The dispersing sorbents can be adjusted to retain particular
matrix constituents by choosing an appropriate sorbent material
and by carefully tuning the solvent composition and other
parameters. The quality of the dispersing sorbents is one of the
most critical features of HF-SLSDE. The activity of the dispers-
ing sorbents needs to be high enough to retain interferences from
tobacco while allowing the target analytes to be eluted.31 Only
the dispersing sorbents that were pretreated as described in the
Experimental Section were used in the experiments.
Investigation of the HF-SLSDE Method. Study of the Dis-

persing Sorbents. The dispersing sorbents tested in this study
were Florisil, neutral alumina, underivatized silica, diatomaceous
earth, and activated carbon. The analysis of the extraction
solvents obtained by different sorbents showed that the cleanup
abilities of the sorbents decreased in the order: activated carbon >
Florisil > neutral alumina > underivatized silica > diatomaceous
earth. The cleanup abilities of underivatized silica and diatoma-
ceous earth were so poor that the analytes were severely interfered
during GC-ECD analysis, and the cleanup ability of activated
carbon is too strong and the adsorption is nonselective, resulting

in low extraction yields of OCPs. In this case, on the basis of the
best compromise between cleanup ability and OCP extraction
yields, Florisil was chosen as the dispersing sorbent for further
application.
Study of the Extraction Solvents. The extraction solvents

tested in this study were hexane, ethyl acetate, acetone, hexane
and ethyl acetate mixture (90:10, v:v). The extraction solutions
of ethyl acetate, acetone, hexane and ethyl acetate mixture
(90:10, v:v) contained large amounts of impurities, which
interfered with the target compounds and the IS. That is because
during the HF-SLSDE procedure, the components of the
tobacco sample distributed between the extraction solvent and
the dispersing sorbent on the basis of their relative polarities.
Although Florisil as the dispersing sorbent was added, the polar
impurities of tobacco would be eluted by the extraction solvents,
which had high polarity. Therefore, the nonpolar solvent hexane
was chosen as the extraction solvent for further application.
Study of Other HF-SLSDE Conditions. Other HF-SLSDE

conditions, including extraction temperature, ultrasonic irradia-
tion power, proportion of dispersing sorbent and sample, opera-
tion time, and solvent volume, were systematically optimized in
this study. All the experiments were performed at 100 μg/kg
fortified level according to the Experimental Section.
Figure S-1A of the Supporting Information shows the influ-

ence of the extraction temperature on the extraction effciency.
The results demonstrated that the extraction yields of OCPs
increased as the extraction temperature increased. That is
probably because a high temperature was beneficial for the
diffusion and mass transfer during extraction, and it would
increase the dissolving capacity of the extraction solution at the
same time. Moreover, the high temperature achieved by micro-
wave irradiation would cause sample cell rupture and the release
of the target compounds. Finally, 60 �C was chosen as the
extraction temperature, considering the boiling point of hexane.
Figure S-1B of the Supporting Information shows the influ-

ence of the ultrasonic irradiation power on the extraction
efficiency. The results revealed that the extraction yields of OCPs
increased along with the increment of ultrasonic irradiation
power from 0 to 100W, but a higher ultrasonic irradiation power
of 150 W did not lead to higher extraction yields. While selecting
the ultrasonic irradiation power in this study, an interesting
phenomenon was found that some impurities occurred in
GC-ECD analysis when the ultrasonic irradiation power reached

Figure 2. Typical chromatograms obtained by GC-ECD of (A) a standard solution of 50 μg/L OCPs and (B) a sample spiked with OCPs at 100 μg/kg
by HF-SLSDE. (for peak assignments, see Table 1).
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150 W. The probable reason was that the impurities adsorbed by
Florisil would be desorbed back into the extraction solvent with the
high ultrasonic irradiation power. Thus, although ultrasonic irradia-
tion was beneficial for the release and the dissolution of the target
compounds from sample to the extraction solvent, high ultrasonic
irradiation power would decrease the cleanup ability of Florisil.
Thus, the optimized ultrasonic irradiation power was 100 W.
Figure S-1C of the Supporting Information shows the influ-

ence of the proportion of dispersing sorbent and sample on the
extraction effciency. The extraction yields of OCPs increased as
the proportion of dispersing sorbent and sample decreased.
However, some interference occurred in GC-ECD analysis when
the proportion decreased to 2:1. Consequently, the optimized
proportion of dispersing sorbent and sample was 3:1.
The effect of extraction time was examined in the range of

10�30 min. The results showed that after 20 min, the extraction
yields of OCPs did not increase significantly. The extraction
solvent volume was studied in the range of 10�25 mL. The
results showed that the extraction solvent volume had no
significant effect on the extraction yields. However, too little extrac-
tion solution could not totally immerse the ultrasonic probe.
Thus, 15 mL of solvent was used in this study.
Validation and Application of HF-SLSDE-GC-ECDMethod.

All pesticides determined by GC-ECD that provide good sensi-
tivity and selectivity for OCPs were identified by their chro-
matogram and retention time in comparison with those of the
authentic standard compounds. Figure 2 illustrates typical chro-
matograms obtained from a standard solution of all pesticides at
50 μg/L and spiked tobaccos at 100 μg/kg by HF-SLSDE.
As shown in Figure 2, the chromatographic resolutionwas satisfac-
tory, and there was no significant interference from tobacco
observed at the retention times of the analytes.
The detector response was linear within the studied concen-

tration range. Linearity for all pesticides was determined using
standard solutions at concentration levels ranging from 2.5
to 200 μg/L. The slope and intercept values were determined
using regression analyses. Linear regression coeffcients for all
pesticides ranged from 0.9972 to 0.9993 (Table 1). Limits of
detection (LODs) and limits of quantification (LOQs), which
were calculated at 3 and 10 times the standard deviation above
the blank tobacco extracts measured at the retention time for
each compound, ranged from 0.3 to 1.6 μg/kg and from 1.0 to
4.5 μg/kg, respectively.

Recoveries of OCPs from the tobacco matrix are given in
Table S-1of the Supporting Information. Blank tobacco samples
spiked at three fortification levels (10, 100, 200 μg/kg) were
extracted using HF-SLSDE in replicates of 3. The results showed
that the recoveries of OCPs were in the range of 70.2�118.2%,
with relative standard deviations (RSDs) of <9.6%, except for the
lowest fortification level. The recovery and reproducibility
proved that the method had good accuracy and precision.
The reproducibility was estimated by five repetitive samples

obtained byHF-SLSDE at the optimum conditions. The RSDs of
all pesticides ranged from 2.4 to 8.0%. The results indicated that
the repeatability of this method was good. The stability was
investigated by determining the varieties of target compounds in
the extraction solutions on 7 separate days. All the RSDs of
intraday and interday were >3.3% and 5.0%, respectively. The
results showed that target compounds were stable in the extrac-
tion solutions.
Finally, the present method was applied to the determination of

OCPs in real samples collected from different regions. Tobaccos

Table 1. Analytical Performance of GC-ECD for the Determination of OCPs

no. pesticides tR (min) equation R LOD (μg/kg) LOQ (μg/kg)

1 α-HCH 11.67 Y = 1.94 � 10�2 X+8.47 � 10�2 0.9991 0.5 1.5

2 HCB 11.95 Y = 5.19 � 10�2 X+6.82 � 10�2 0.9979 0.3 1.0

3 β-HCH 12.47 Y = 9.60 � 10�3 X+7.73 � 10�2 0.9972 1.1 3.0

4 γ-HCH 12.72 Y = 1.69 � 10�2 X+8.53 � 10�2 0.9988 0.7 2.0

5 Heptachlor 15.55 Y = 1.67 � 10�2 X+8.95 � 10�2 0.9988 1.0 3.0

6 Aldrin 17.18 Y = 2.95 � 10�3 X+1.56 � 10�1 0.9989 0.4 1.5

7 Heptachlor epoxide 19.43 Y = 2.24 � 10�2 X+1.46 � 10�1 0.9982 1.0 3.0

8 α-Endosulfan 21.28 Y = 2.07 � 10�2 X+1.37 � 10�1 0.9980 1.0 3.0

9 p-p0-DDE 22.62 Y = 2.18 � 10�2 X+1.35 � 10�1 0.9982 0.7 2.0

10 Dieldrin 22.87 Y = 1.85 � 10�2 X+1.10 � 10�1 0.9981 1.2 3.5

11 Endrin 24.29 Y = 7.20 � 10�3 X+1.76 � 10�2 0.9981 1.6 4.5

12 p-p0-DDD 25.40 Y = 1.28 � 10�2 X+5.71 � 10�2 0.9988 1.6 4.5

13 p-p0-DDT 28.04 Y = 1.21 � 10�2 X+2.90 � 10�2 0.9993 1.6 4.5

Figure 3. Comparison of HF-SLSDE, MA-SLSDE, UA-SLSDE, and
MSPD for analyzing tobacco samples spiked with OCPs at 100 μg/kg.
(HE is short for heptachlor epoxide).
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from Yunnan, Sichuan and Jilin provinces were studied. No OCPs
were detected in the samples above the LOD. The recoveries of
OCPs carried out were in the range of 72.3% and 119.5%, with the
corresponding RSDs of <8.3%, which indicated that the recoveries
of OCPs were not different statistically between different tobacco
samples.
Mechanism of HF-SLSDE. The Effects of Hybrid Field during

HF-SLSDE.To study the effects of hybrid field during HF-SLSDE,
microwave-assisted solid�liquid�solid dispersive extraction
(MA-SLSDE) and ultrasound-assisted solid�liquid�solid dis-
persive extraction (UA-SLSDE) were also tested in this study.
Both of the methods were performed at the optimum conditions
in the Experimental Section. The standard addition recoveries of
HF-SLSDE, MA-SLSDE, and UA-SLSDE at 100 μg/kg are
shown in Figure 3. The recoveries of OCPs by HF-SLSDE were
in the range of 70.2�112.0% with a RSD of <7.3%, and those by
UA-SLSDE and MA-SLSDE were in the range of 26.1�92.4%
and 50.3�97.8% with RSDs of <17.6% and 15.1%, respectively.
According to the results, the recoveries of OCPs obtained by

HF-SLSDEweremore satisfactory than those ofMA-SLSDE and
UA-SLSDE. In addition, the recoveries of OCPs obtained by
MA-SLSDE were more satisfactory than those by UA-SLSDE.
The reason was probably based on the different field effects of the
three methods. As is well-known, microwave and ultrasound
radiation could accelerate the extraction process.32 In the micro-
wave field, the energy of the microwaves could cause molecular
movement and rotation of liquids with a permanent dipole,
which leads to a very fast heating of the solvent and sample.33 The
temperature in the cells increased rapidly and caused expansion
with subsequent rupture of the cell walls, allowing the com-
pounds to flow toward the extraction solvent.
The effects of the ultrasound field are primarily related to

cavitation. The implosion of bubbles formed during ultrasound
irradiation produces rapid adiabatic compression of gases and
vapors and a highly efficient pressure as a result.34 The increased
pressure facilitated mass transfer and improved penetration
effects. Therefore, a hybrid field that combines microwave field
and ultrasound field is more powerful than a single field. As
a result, HF-SLSDE is more effective than MA-SLSDE and
UA-SLSDE.
Moreover, MSPD was also tested to evaluate the predomi-

nance of HF-SLSDE. MSPD was performed at the optimum
conditions in the Experimental Section. The recoveries of OCPs
obtained by MSPD at 100 μg/kg are shown in Figure 3. The
results showed that HF-SLSDE could achieve more satisfactory
recoveries of OCPs than MSPD. That is probably because in the
HF-SLSDE procedure, the analytes were extracted by extraction
solution enhanced by microwave and ultrasonic irradiation,
whereas in the MSPD procedure, the analytes were extracted
with the solution only by the aid of gravity. In addition, the
rupture of tobacco cells results from microwave irradiation in
HF-SLSDE, but the disruption of the sample in MSPD requires
the blending using a mortar and pestle by an operator, which is
much more laborious.35 Therefore, the combination of extrac-
tion effects enhanced by microwave and ultrasonic irradiation
during the HF-SLSDE procedure has significant advantage com-
pared with MSPD.
Investigation of Florisil Properties. The dispersing sorbent

Florisil added in HF-SLSDE was used to clean up the extracts
from the tobacco sample. Thus, the cleanup ability of Florisil is
very important. In addition, it is found that a nonpolar solution
with Florisil could be heated under microwave irradiation, which

indicated that Florisil could absorb microwaves and dissipate the
energy, so both the cleanup ability and the microwave-absorptive
property of Florisil were studied.
To demonstrate the cleanup ability of Florisil, the identifica-

tion of microstructures of Florisil before and after extraction was
carried out by SEM (Figure S-2 of the Supporting Information).
Figure S-2A illustrates the physical characteristics of Florisil.
Figure S-2B is a SEM of Florisil after HF-SLSDE. The results
showed that after HF-SLSDE, disruption of the tobacco sample
architecture was accomplished, and the clumps of tobacco cell
fragments were dispersed over the surface of the Florisil. In
addition, the cleanup ability of Florisil is further supported by
comparing the colors of the extraction solution that used Florisil
and that without using any sorbent, which is shown in Figure 4. It
is revealed that the adding of Florisil helped the adsorption of
pigment in tobacco, and the solvent with added Florisil became
colorless while the solvent without adding Florisil was yellow.
According to the literature,36 Florisil is very good for cleaning

up extracts containing nonpolar pesticides, such as chlorinated
hydrocarbons. It produces very clean eluants and removes most
interferences when eluted with nonpolar solvents. In this study,
the target analytes are OCPs, but many interfering agents in
tobacco are polar and moderately polar compounds. Therefore,
during HF-SLSDE procedure, the interfering compounds mi-
grate to the surface of Florisil due to its preferential adsorption of
polar components, such as pigments and other interfering agents.
The retention of the interfering compounds by the sorbents is
primarily due to the interactions between polar functional groups
of the interfering compounds and polar groups on the sorbent
surface, such as hydrogen bonding.37

The microwave-absorptive property of Florisil was investi-
gated by comparing the heating rates of hexane with and without
Florisil. The time of hexane with and without Florisil used in
achieving different temperatures is recorded in Figure S-3 of the
Supporting Information. The heating rates were the slopes of
the calibration curves constructed by plotting the temperatures
achieved vs the time used. According to the results, the heating
rate of hexane with Florisil (0.108) was 1.8 times higher than that
of hexane without Florisil (0.061), which demonstrated that
Florisil is capable of absorbing microwaves and diffusing the heat

Figure 4. Pictures of extraction solutions using Florisil (A) and without
using Florisil (B).

http://pubs.acs.org/action/showImage?doi=10.1021/ac202798w&iName=master.img-004.jpg&w=178&h=193


426 dx.doi.org/10.1021/ac202798w |Anal. Chem. 2012, 84, 420–427

Analytical Chemistry ARTICLE

to a nonpolar solvent. That is probably because the main com-
ponent of Florisil is magnesium silicate, which has a much higher
dielectric constant than hexane and is capable of absorbing
microwaves. Hexane without Florisil was probably heated by
the stirrer and the glass extractor under microwave irradiation.
Therefore, the dispersing sorbent Florisil used in HF-SLSDE
was also a microwave absorption medium, which could elevate
the temperature rapidly and improve the extraction speed and
efficiency.
Microstructure Changes after Extraction.To further elucidate

the mechanism of HF-SLSDE, the identification of microstruc-
tures of samples over variant conditions was carried out by SEM.
The results showed that various extraction methods produced
distinguishable physical changes in tobacco samples. Compared
with the untreated tobacco sample (Figure S-4A of the Support-
ing Information), the microstructures of the tobacco sample after
HF-SLSDE (Figure S-4B) obviously changed. The surface of the
tobacco was destroyed and lots of perforations were observed
after HF-SLSDE. The changes showed that after HF-SLSDE, all
the cell walls were finally broken and damaged, resulting in
exposure of the target compounds to the extraction solution.
Clear evidence demonstrated that the mechanism of HF-SLSDE
was based on an explosion at the cell level, which was in accord
with the hypothesis of MAE investigated by Par�e et al.38 When
the tobacco cells were subjected to the sudden temperature rise
generated bymicrowave heating, the pressure build-up within the
cells exceeded their capacity for expansion and caused their rapid
rupture.
However, themicrostructures of the tobacco samplewere not con-

siderably changed or ruptured after UA-SLSDE (Figure S-4C).
The surface of the tobacco was still intact and was totally
free from any component released out of the cell. The results
indicated that during the UA-SLSDE process, the extraction of
target compounds was based on solubilization of the extraction
solvent that transferred into the sample matrix instead of an
explosion at the cellular level; therefore, little destruction of the
microstructures of sample occurred, and lower extraction effi-
ciencies were obtained by the UA-SLSDE process.

The microstructures of the tobacco obtained by MSPD were
severely destroyed (Figure S-4D), but the surface of the tobacco
was significantly different from that by HF-SLSDE. The surface
of the tobacco obtained by MSPD was broken into pieces, and
lots of flaky fragments were observed instead of perforations.
The difference in sample microstructures after HF-SLSDE and
MSPD was caused by the different ways the cell walls were
broken. During the MSPD procedure, the shearing forces of
blending with a mortar and a pestle disrupt the gross architecture
of the tobacco sample, breaking the material into smaller
pieces.35 Therefore, the destruction of sample cells by MSPD
was based on manual grinding, whereas that by HF-SLSDE was
based on the explosion generated by microwave heating.
The Phase Transfer and Prospect of HF-SLSDE.On the basis of

the above results, the phase transfer of HF-SLSDEwas proposed.
Consisting of three phases, HF-SLSDE is a dual extraction
procedure illustrated in Figure 5. One solid phase is the tobacco
sample, which contains the target analytes and interfering
compounds, and the other solid phase is the dispersing sorbent,
which is used to adsorb the interfering compounds. The liquid
phase is the extraction solvent, which is used to extract the target
analytes. During the extraction procedure, the cell walls of the
tobacco samples are ruptured by microwave irradiation, and the
inside target analytes and interfering compounds dissolve and
disperse into the extraction solvent enhanced by microwave and
ultrasonic irradiation and then distribute between the extraction
solvent and the dispersing sorbent on the basis of their relative
polarities. The dispersing sorbent used is normal phase sorbent,
which can adsorb strongly polar, moderately polar, and some
slightly polar compounds from nonpolar matrixes.20 As a result,
OCPs, the nonpolar target analytes, remain in the nonpolar
extraction solvent on the basis of their distribution coefficients
with the phase while the interfering compounds are adsorbed by
the dispersing sorbent. Therefore, HF-SLSDE is particularly
suited to extract nonpolar analytes from a complex matrix and
could potentially be extended to other target analytes, such as
polychlorinated biphenyls, polycyclic aromatic hydrocarbons,
and pyrethroid insecticides from different complex samples.

Figure 5. Extraction process of the HF-SLSDE technique: (A) before extraction, (B) during extraction, and (C) after extraction.
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’CONCLUSION

HF-SLSDE, which integrates extraction and cleanup in one
step, was developed and proved to be a rapid and efficient
technique in this study. With a refitted apparatus, HF-SLSDE
not only reduces the consumption of sample but also decreases
the consumption of extraction solvent. The feasibility of HF-
SLSDEwas demonstrated in the determination ofOCPs residues
in tobacco with GC-ECD. Low LODs, low LOQs, and good
recoveries were obtained under the optimized conditions. Com-
pared with other extraction methods, the proposed technique
provided higher accuracy and precision because of the enhanced
effects of the hybrid field. The nice cleanup ability of the
dispersing sorbent resulted from the interactions between the
polar functional groups of the interfering compounds and the
polar groups on the sorbent surface. In addition, Florisil was also
proved to be capable of absorbing microwaves, which was a
benefit of the heat of the nonpolar solvent during the extraction
procedure. According to the SEM results, the enhanced extrac-
tion was based mainly on the destruction of sample microstruc-
tures. In conclusion, HF-SLSDE is a simple and effective technique
and can be potentially extended to other target analytes in a complex
matrix by using different dispersing sorbents and extraction solvents.
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