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were in the range of 7.15–8.26 ng/g and 24.99–27.52 ng/g, 
respectively. The recoveries were in the range of 80.08–
105.56 %, and the relative standard deviations were lower 
than 6.82 %. The results showed that the present method 
was a satisfactory method for the determination of sulfony-
lurea herbicides in pears.

Keywords High-performance liquid chromatography · 
Liquid-phase microextraction · Hollow fiber-based 
magnetized solvent-bar · Pears · Sulfonylurea herbicides

Introduction

Sulfonylurea herbicides (SUHs) are composed of a sulpho-
nyl structure linked to a urea group. The first commercial-
ized sulfonylurea herbicide, sulfometuron-methyl, was reg-
istered by DuPont Agricultural Products in 1982 [1]. Over 
the years, SUHs were popularly used in the world due to 
their low application rates, high herbicidal activity, and low 
toxicity to mammals [2]. However, because of high mobil-
ity and increasing usage of SUHs, the residues of SUHs 
were detectable in the environment samples. The public 
and regulatory authorities felt some concern about potential 
adverse environmental impacts of SUHs, because SUHs 
could stop cell division in plants and lead to yield reduction 
in sensitive crops [3]. The maximum residue limit (MRL) 
of SUHs in the environment or agricultural products were 
set by many countries [4]. In the USA, the MRL of SUHs 
was 0.05 mg/kg in rice. In Japan, the MRL of imazosul-
furon, bensulfuron methyl, and azimsulfuron was set at 
0.1 mg/kg in rice. MRL of foramsulfuron and flazasulfuron 
was 0.01 mg/kg for litchi fruit in the European Union. In 
recent years, significant progress has been made towards 
the development of methods for the determination of 
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sulfonylurea herbicides in environmental samples, such as 
water, soil, and plant tissues. However, most of the meth-
ods reported were time consuming and complicated pre-
treatment steps to obtain effective isolation of analyte from 
the samples were required [5]. Therefore, it is necessary to 
develop a more sensitive and faster method for determina-
tion of sulfonylurea herbicide residues in foods and envi-
ronmental matrices.

Various methods have been developed for the determi-
nation of SUH residues, such as capillary electrophoresis 
(CE) [6], high-performance liquid chromatography (HPLC) 
[7, 8], liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) [9] and gas chromatography (GC) [10]. 
SUHs are polar compounds with low volatility and thermal 
instability. HPLC is a good method for determining these 
polar and thermally labile herbicides, and the conventional 
ultraviolet (UV) detector has been extensively used.

Sample preparation is an important step in the whole 
analytical process. For determination of SUHs, several 
sample preparation methods have been developed, includ-
ing supercritical fluid extraction (SFE) [11, 12], solid-phase 
extraction (SPE) [13, 14], molecularly imprinted SPE [7, 
15], microwave-assisted solvent extraction (MASE) [16] 
and dispersive liquid–liquid microextraction (DLLME) [8].

Since 1999, hollow fiber liquid-phase microextraction 
(HF-LPME) introduced by Pedersen–Bjergaard and Ras-
mussen [17], has been widely applied as an alternative to 
the conventional method. In this method, the analytes are 
extracted from aqueous samples through a thin layer of 
organic solvent (several microlitres) immobilized within 
the pores of a porous hollow fiber, and transferred into an 
acceptor solution inside the hollow of the hollow fiber [18]. 
This method has advantages of preconcentration, sample 
cleanup, and solvent saving, and the required equipment 
is simple and inexpensive [19]. In addition, the small pore 
size prevents large molecules and particles present in the 
donor solution from entering the accepting phase and, at 

the same time, most macromolecules do not enter the hol-
low fiber because they are not soluble in the organic phase 
present in the pores in the extraction conditions, thus, yield-
ing very clean extracts [20]. Several reviews on hollow 
fiber-based LPME have been reported [21–24]. Another 
alternative microextraction method, a variation of HF-
LPME that involves a free-moving solvent-filled HF, sol-
vent-bar microextraction (SBME) was proposed by Jiang 
and Lee [25]. The free movement of the solvent-bar in the 
aqueous sample solution greatly improves the transfer rate 
of analytes from the aqueous sample to the extraction sol-
vent. Compared with SPE, when the SBME was applied, 
the extraction capacity is higher, the enrichment factor is 
higher and the surface area is larger [26, 27].

In this paper, a new hollow fiber-protected magnetized 
solvent-bar liquid-phase microextraction (HF-MSBLPME) 
was first applied for the extraction of four sulfonylurea her-
bicides from pears. This method combined the advantages 
of stir bar sorptive extraction and hollow fiber-protected 
solvent bar microextration. The stainless steel wire was 
inserted into the hollow of the hollow fiber to make the 
magnetized solvent-bar [28]. The magnetized solvent-bar 
permitted active magnetic stirring, extraction and preenrich-
ment in a single step, and was easily retrieved after extrac-
tion with a magnet, so the extract is conveniently collected.

Experimental

Chemicals and Reagents

The standards, nicosulfuron, bensulfuron-methyl, pyrazos-
ulfuron and chlorimuron-ethyl were obtained from National 
Institute for the Control of Pharmaceutical and Biological 
Products (Beijing, China). The molecular structures of the 
analytes are shown in Fig. 1. The standard stock solutions 
of the compounds were prepared by dissolving the analytes 

Fig. 1  Molecular structures 
of nicosulfuron, bensulfuron-
methyl, pyrazosulfuron, and 
chlorimuron-ethyl
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in acetonitrile, and stored at 4 °C. Chromatographic grade 
acetonitrile and methanol were purchased from Fisher 
Corporation (Pittsburgh, PA, USA). All other analytical 
reagents were purchased from Beijing Chemical Factory 
(Beijing, China). Pure water was obtained with a Milli-
Q water system (Millipore, Billerica, MA, USA). Q 3/2 
accurel polypropylene hollow fiber (600 μm inner diam-
eter, 200 μm wall thickness and 0.2 μm pore size) was pur-
chased from Membrana GmbH (Wuppertal, Germany). The 
stainless steel wire (505 μm outer diameter) was inserted 
into the hollow of the hollow fiber.

Instrument and Chromatographic Conditions

A Shimadzu LC-20A HPLC system (Shimadzu, Kyoto, 
Japan) equipped with a SPD-20A ultraviolet detector was 
used. Chromatographic separation was performed on a 
XDB-C18 column (150 mm × 4.6 mm I.D., 5 μm) (Agi-
lent, Palo Alto, CA, USA). A KQ-100DE ultrasonic gen-
erator (Kunshan, Jiangsu, China) was used.

The mobile phase consisted of 0.1 % formic acid (A) 
and acetonitrile (B). The gradient condition was as follows: 
0–3 min, 40–50 % B; 3–7 min, 50–55 % B; 7–9 min, 55–
55 % B; 9–13 min, 55–50 % B; 13–16 min, 50–40 % B; 
and 16–20 min, 40–40 % B. The flow rate of the mobile 
phase was kept at 0.60 mL/min. The injection volume of 
the sample solution was 10 μL, and temperature of the 
column was controlled at 30 °C. The detection wavelength 
was set at 240 nm.

Sample Preparation

Fresh pear samples (Samples 1–4) were purchased from a 
local supermarket (Changchun, China). The present extrac-
tion procedure is not directly applicable to pear samples 
per se, and the samples need to be homogenized first. Thus, 
some form of pretreatment is necessary. The pear samples 
were homogenized with a food processor. The homog-
enized pear samples were weighed and spiked with work-
ing standard solutions. To ensure the standard solution to 
be well distributed in the sample, the standard solution was 
spiked in the homogenized sample, and the spiked samples 
were stored for 12 h in a dark place at room temperature, 
so the spiked samples can be homogenized better. Sample 
1 was used in the optimization of experimental conditions. 
All experiments were performed in triplicate.

Hollow Fiber-Protected Magnetized Solvent-Bar 
Liquid-Phase Microextraction

The hollow fiber and the stainless steel wire were manually 
cut into 1.2 cm pieces, washed with acetone in a ultrasonic 
bath to remove impurities and dried in the air. The stainless 

steel wire was inserted into the hollow of the hollow fiber, 
by means of which the magnetized solvent-bar can stir in the 
magnetic field. Then the resulting hollow fiber was immersed 
in chloroform for 1 min in order to impregnate pores of the 
fiber wall, and rinsed with water in order to remove the extra 
chloroform from the surface of the fiber. The prepared hol-
low fiber was referred to as a magnetized solvent-bar.

Then 1.00 g of pear sample was weighed accurately and 
placed in a 20.00 mL extraction vessel. Then 5.00 mL of 
deionized water were added into the vessel and the pH of 
the sample solution was adjusted with 0.10 mol L−1 HCl 
to 3.0. Then the eight magnetized solvent-bars were placed 
into the sample solution. The vessel was placed on a mag-
netic stirrer and the stirring extraction was performed for 
20 min at the extraction temperature of 30 °C and a stirring 
rate of 700 rpm. After extraction, the magnetized solvent-
bars were separated rapidly from the solution with an exter-
nal magnet. Then the analytes on the magnetized solvent-
bars were desorbed with 500 μL of acetonitrile in ultrasonic 
bath for 5 min. The resulting solution was dried under nitro-
gen steam and the residue was dissolved in 100 μL acetoni-
trile. The resulting solution was filtered through a 0.22 μm 
membrane filter and then directly analyzed by HPLC.

Results and Discussion

Optimization of HF-MSBLPME

In HF-MSBLPME, many conditions can affect the extrac-
tion efficiency, such as the type of extraction solvent, the 
number of magnetized solvent-bars, extraction time and 
temperature, stirring speed, the pH of the sample solution 
and salt concentration. In this work, the effect of the condi-
tions on the extraction recoveries was studied.

Type of Extraction Solvent

In HF-LPME, the selection of an appropriate extraction sol-
vent is of major importance to achieve efficient extraction. 
There are some considerations in choosing extraction sol-
vent, such as high extraction capability of analytes, immis-
cibility with water, low volatility, compatibility with HF, and 
less interference with the chromatographic analysis of the 
target analytes. In order to select a suitable extraction sol-
vent, five kinds of organic solvents, including dichlorometh-
ane, chloroform, n-hexane, cyclohexane, and toluene were 
investigated. The recoveries obtained with the extraction sol-
vents are shown in Fig. 2. The results show that the recover-
ies obtained with chloroform are higher than those obtained 
with other solvents. This may be due to the principle of 
extraction of ‘like dissolves like’. Therefore, chloroform was 
chosen as the extraction solvent in this investigation.
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The Number of Magnetized Solvent‑Bars

In order to evaluate the influence of extraction solvent vol-
ume on recoveries, the effect of the number of magnetized 
solvent-bars was studied, because the pores of hollow fiber 
were impregnated with extraction solvent. Figure 3 shows 
the effect of the number of magnetized solvent-bars on the 
recoveries. It can be seen from the figure that when the 
number of bars increased from 2 to 8, the recoveries of the 
target analytes increased. This result may be because the 
large volume extraction solvent can improve the extraction 
capacity of the target analytes. When the number of mag-
netized solvent-bars increased from 8 to 10, the recover-
ies decreased. The reason may be that in the limited space 
too many bars rub each other, which eventually causes loss 
of extraction solvent. Thus, eight magnetized solvent-bars 
were selected in the subsequent experiments.

Effect of Extraction Time

The principle of HF-MSBLPME is based on the partition-
ing of the analyte between the aqueous sample and the 
organic solvent. It is an equilibrium process rather than an 
exhaustive extraction. It requires a period of time for equi-
librium to be established. Nonetheless, too long an extrac-
tion time is unnecessary, as long as equilibrium can be 
established. On the other hand, if the extraction time is too 
long, solvent loss and formation of air bubbles may occur, 
which is not beneficial to the recoveries. Hence, the effect 
of extraction time on recoveries was investigated in the 
range of 5–25 min. The experimental results showed that 

the recoveries of the analytes increased significantly when 
the extraction time increased from 5 to 20 min, and after 
20 min the recoveries appeared to be in a slow descent. 
Therefore, 20 min was chosen to be the extraction time.

Effect of Extraction Temperature

Extraction temperature is another significant factor. In this 
work, the effect of extraction temperature ranging from 25 to 
45 °C was studied. The experimental results showed that the 
recoveries of the target analytes increased with increase of the 
extraction temperature, and the recoveries reached the highest 
level at 30 °C. When the extraction temperature was higher 
or lower than 30 °C, the extraction recoveries decreased. The 
reason may be that increasing temperature can result in the 
increase of the diffusion rate of analytes, and this is beneficial 
to the transfer of analytes into the acceptor solution. None-
theless, too high a temperature may result in the evaporation 
of analytes from aqueous solution into the headspace, and it 
is not beneficial to the transfer of analytes into the extraction 
solvent. So, 30 °C was adopted for further experiments.

Effect of Stirring Speed

Stirring speed is also extremely important. Stirring the sam-
ple solution could enhance the mass transfer in the aqueous 
phase and reduce the extraction time to achieve the extraction 
equilibrium. Thus, the equilibrium of the analytes between the 
aqueous and organic phases could be achieved more rapidly 
by stirring the aqueous sample. Unfortunately, high stirring 
speed generated some problems, such as promotion of solvent 

Fig. 2  Effect of type of extraction solvent. Number of magnetized 
solvent-bars, 8; extraction time, 20 min; extraction temperature, 
30 °C; stirring speed, 700 rpm; NaCl concentration, 10 %; pH of 
sample solution, 3.0

Fig. 3  Effect of the number of magnetized solvent-bars. Extraction 
solvent, chloroform; extraction time, 20 min; extraction temperature, 
30 °C; stirring speed, 700 rpm; NaCl concentration, 10 %; pH of 
sample solution, 3.0
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evaporation and production of air bubbles on the surface of 
the hollow fiber. To attain optimal stirring speed, the effect of 
stirring speeds ranging from 400 to 800 rpm was studied. The 
results are shown in Fig. 4. It is seen from Fig. 4 that the recov-
eries increased with the stirring speed up to 700 rpm, and after 
700 rpm the recoveries showed a slow descent. Thus, the stir-
ring speed of 700 rpm was chosen for subsequent experiments.

Effect of NaCl Concentration

The effect of NaCl concentration on the recoveries was tested 
by adding NaCl solution (0–30 %, w/v) into the sample solu-
tion. The results showed that the recoveries increased with the 
increase of NaCl concentration from 0 % to 10 %. The rea-
son may be that the addition of NaCl could give rise to the 
increase in the ionic strength of the solution and the decrease 
of the solubility of the analytes in the aqueous phase. The 
recoveries decreased with the increase of NaCl concentration 
from 10 % to 30 %. It is possible that the high NaCl concen-
tration can result in the decrease of diffusion rate of the ana-
lyte into the organic phase. Based on the experimental results, 
10 % NaCl was selected in the subsequent experiments.

Effect of pH of Sample Solution

In order to obtain efficient extraction of target analytes, 
which are weakly acidic, the sample solution should be 
adjusted to a suitable acidity to deionize analytes and main-
tain their neutrality to improve their distribution into the 
organic solvent. The pH value of a sample solution was 
adjusted with 0.1 mol/L HCl solution. The effect of pH 
in the range of 2.0–6.0 on recoveries was investigated. As 
shown in Fig. 5, the highest recoveries could be obtained 
at pH 3.0. Therefore, the pH value of 3.0 was chosen as the 
optimum value of pH for the extraction.

Method Validation

The method was evaluated in terms of the linearities, lim-
its of detection (LODs) and quantification (LOQs), and 
recoveries.

Fig. 4  Effect of stirring speed. Extraction solvent, chloroform; 
extraction time, 20 min; extraction temperature, 30 °C; number of 
magnetized solvent-bars, 8; NaCl concentration, 10 %; pH of sample 
solution, 3.0

Fig. 5  Effect of pH. Extraction solvent, chloroform; extraction time, 
20 min; extraction temperature, 30 °C; stirring speed, 700 rpm; NaCl 
concentration, 10 %; number of magnetized solvent-bars, 8

Table 1  Regression equation, linear ranges, LODs, and LOQs

Analyte Regression equation Linear range (ng/g) Correlation coefficient LODs (ng/g) LOQs (ng/g)

Nicosulfuron A = 86C + 13,949 23.85–2,385 0.9999 8.26 27.52

Bensulfuron-methyl A = 228C − 2,321 26.05–2,605 0.9999 7.15 23.84

Pyrazosulfuron-ethyl A = 228C − 4,861 29.25–2,925 0.9999 7.50 24.99

Chlorimuron-methyl A = 186C − 5,633 33.50–3,350 0.9998 7.64 25.46
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Analytical Performances

The working curves were made by plotting the peak areas 
measured versus the concentrations of analytes in the 

spiked samples under the optimized conditions. The pro-
cedure was carried out in triplicate for each concentration. 
The linear regression equations, linear ranges, and correla-
tion coefficients are listed in Table 1. The LODs and LOQs 

Table 2  The recoveries of the analytes in spiked samples

Analytes Spiked Sample 1 Sample 2 Sample 3 Sample 4

Concentration 
(ng/g)

Recovery (%) RSD (%) Recovery (%) RSD (%) Recovery (%) RSD (%) Recovery (%) RSD (%)

Nicosulfuron 50 96.8 4.3 92.6 4.5 92.1 2.8 98.9 6.8

1,000 98.0 2.1 99.4 2.5 102.9 2.2 98.1 3.0

Bensulfuron-
methyl

50 95.8 2.5 96.4 2.3 97.0 2.7 97.3 1.6

1,000 98.5 1.9 98.9 1.9 83.6 3.1 98.2 2.0

Pyrazosulfuron-
ethyl

50 97.6 1.3 98.0 2.7 96.2 2.8 100.1 1.3

1,000 96.1 2.7 96.2 5.0 84.7 3.7 93.3 1.7

Chlorimuron-
methyl

50 97.1 1.9 97.0 2.5 98.3 1.6 98.5 2.3

1,000 96.6 2.6 96.7 3.3 86.7 1.3 97.0 2.0

Fig. 6  Chromatograms of the 
blank sample 1 (a) and the 
spiked sample 1 (b) 
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indicated in Table 1 were determined at a signal-to-noise 
(S/N) ratio of 3 and 10, respectively. As shown in Table 1, 
the intercept of nicosulfuron is much higher than those of 
other analytes and the slope of nicosulfuron is lower than 
those of other analytes. The high intercept is mainly due to 
the low slope. The LOD of nicosulfuron was slightly higher 
than those of other analytes (Table 1), and most RSDs at a 
low concentration of nicosulfuron in spiked samples were 
higher than those of other analytes (Table 2).

Analysis of Samples

In order to validate the applicability of the newly established 
analytical method, four kinds of pear samples were analyzed. 
The sulfonylurea herbicides in these pears were not detect-
able. The practical applicability of the present method was 
evaluated by determining four sulfonylurea herbicides from 
fresh spiked samples. The analytical results are listed in 
Table 2. It can be seen that the recoveries range from 83.6 
% to 100.1 % with RSDs ranging from 1.3 % to 6.8 %. The 
results show that the present method provides acceptable 
recoveries and precision for determination of sulfonylurea 
herbicides in pears. The HPLC chromatograms of both the 
blank and the spiked sample are shown in Fig. 6. The spiked 
concentration of each analyte is 250 ng/g. The pretreatment 
procedure for the samples are indicated in Sects. 2.3 and 2.4.

Comparison of the Present Method with Other Methods

To evaluate the present method, a comparison of the present 
method and other methods reported in literature was made. 
The results are shown in Table 3. The recoveries were accept-
able. Compared with other methods, the present method was 
simpler and has some advantages in volume of the organic 
extraction solvent and the extraction time. Considering the 
advantages, HF-MSBLPME should be a satisfactory method.

Conclusions

In this paper, a novel HF-MSBLPME was successfully 
applied to the extraction of four sulfonylurea herbicides in 

pears. The magnetized solvent-bar was easy to make, and 
permitted active magnetic stirring, extraction, and pre-
enrichment in a single device simultaneously. The magnet-
ized solvent-bar was also easy to retrieve after extraction 
with a magnet, and the extract is conveniently collected. 
Compared with other methods, the present method has 
some advantages in the expenditure of the organic extrac-
tion solvent volume and the extraction time. The experi-
mental results showed that HF-MSBLPME can be success-
fully applied to the extraction of sulfonylurea herbicides in 
fruits.
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