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Abstract In this study, an improved method of capillary elec-
trophoresis for simultaneous detection of acephate and
isocarbophos was developed. The ionic liquids (ILs) of 1-
butyl-3-methylimidazolium tetrafluoroborate ([BMIM]BF4)
and sodium dodecyl sulfate (SDS) were added as modifiers
in the background electrolyte (BGE) for capillary electropho-
resis to enhance the separation efficiency of acephate and
isocarbophos. The separation conditions in terms of the con-
centrations of the IL, SDS, and pH were optimized. The limits
of detection of the method for acephate and isocarbophos were
0.15 and 0.08 mg/kg. The relative standard deviation (RSD)
for five replicates of acephate and isocarbophos solution
(5.0 mg/L) was 1.9–3.9%, respectively. To evaluate the accu-
racy of this method, cucumber, cauliflower, spinach, and carrot
samples spiked with acephate and isocarbophos were extracted
and analyzed with good recoveries from 76.8 to 88.8%. This
method was then verified by gas chromatography method.

Keywords Ionic liquids . Sodium dodecyl sulfate . Capillary
electrophoresis . Acephate and isocarbophos

Introduction

Organophosphorus pesticides are widely applied in agricul-
ture to ensure adequate food yields. However, their extensive
use also gives rise to pesticide residues in agricultural prod-
ucts, which have high toxicity, and are harmful to human
health (Lozowicka et al. 2015). Therefore, developing a quick
and accurate method for the separation and determination of
organophosphorus pesticides is of great importance.

In the past decades, many different technologies have been
reported for the detection of organophosphorus pesticides,
such as gas chromatography with flame photometric detection
(GC-FPD) (Salvador et al. 2006; Liu et al. 2014) or nitrogen-
phosphorus detection (Tian et al. 2014), gas chromatography
coupled with a tandem mass spectrometry (GC-MS) (Chen
et al. 2009), high-performance liquid chromatography
(HPLC) with an ultraviolet visible detector (Wang et al.
2015) or coupled with tandem mass spectrometry (Mol et al.
2003), biosensors (Zhang et al. 2014), immunoassays (Li et al.
2015), and capillary electrophoresis (CE) with a ultraviolet
visible or QD/LIF detector (Zhao et al. 2014; Chen et al.
2010). Among these methods, CE has proven to be an attrac-
tive analysis technique for various applications due to its ma-
jor advantages of high efficiency and resolution, quick analy-
sis, and low consumption of reagents and solvents (Takeda
et al. 2002).

With the introduction of micellar electrokinetic chromatog-
raphy (MEKC) (Muijselaar et al. 1997), the high separation
efficiency of CE is now possible for the separation of com-
pounds. The most commonly used surfactant for MEKC is
sodium dodecyl sulfate (SDS). However, the nucleus of the
SDSmicelles are strongly hydrophobic, so for very hydropho-
bic compounds, MEKC with SDS as solvent is often insuffi-
ciently selective as all the compounds tend to be almost
completely absorbed into the micelles and migrate with the
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velocity of the micelles (Yashima et al. 1992). Several
methods have been proposed to expand the application range
of MEKC to more hydrophobic compounds. A frequently
applied procedure is to change the solvent strength of the
aqueous phase by the addition of organic modifiers such as
methanol (Roy and Lucy 2002), acetonitrile (Seifar et al.
1997), or 2-propanol (Liu et al. 2002) to the background elec-
trolyte (BGE). However, organic solvents are poor conductors
of electricity, and high concentrations of organic solvents in
the buffer can cause current breakdowns in CE. Moreover,
most organic solvents are highly volatile and are harmful to
the environment.

There is great interest in the use of ionic liquids (ILs) as
alternatives for conventional molecular solvents. Room temper-
ature ionic liquids are defined as materials containing only ionic
species and having a melting point lower than 298 K. They
exhibit many interesting properties such as negligible vapor
pressure, low melting point, and unique solubility (Mwongela
et al. 2003). They have been proposed as solvents in chemical
reactions (Wasserscheid et al. 2000), mobile phase additives in
liquid chromatography (He et al. 2003; Kaliszan et al. 2004;
Xiao et al. 2004), and electrolyte additives in CE (Yanes et al.
2000; Yanes et al. 2001; Vaher et al. 2002a; Kuldvee et al. 2003).

Recently, a great deal of attention has been paid to the use
of ILs with CE and much effort has been directed towards
understanding separation of compounds with IL-containing
BGEs (François et al. 2007). Qin and Li used this technique
to weaken the interactions between the analytes and the cap-
illary wall to determine metal or ammonium ions (Qin et al.
2004). ILs have also been used as dynamic wall coatings for
aqueous CE (Berthod et al. 2008). Qi et al. (2004) used ILs
with BGE to analyze anthraquinones in Chinese herbs; in such
a case, the ILs play dual roles: as electroosmotic flow (EOF)
modifiers as well as species that associate with the analytes.
ILs have also been applied to non-aqueous CE, where dynam-
ic coating of the capillary wall is greatly decreased and/or
inexistent (López-Pastor et al. 2008). Vaher et al. (2002b)
separated polyphenolic compounds by applying 1-alkyl-3-
methylimidazolium-based ILs possessing different counter
anions. ILs have also been used as modifiers to improve sep-
arations performed through MEKC. Mwongela et al. (2003)
employed imidazolium-based ILs in polymeric surfactant sys-
tems to analyze both achiral and chiral compounds. The addi-
tion of the ILs appears to increase the ionic strength and de-
crease the EOF, thereby influencing the migration times of the
analytes. The ionic liquid 1-butyl-3-methylimidazolium tetra-
fluoroborate ([BMIM]BF4) was reported to be the most stable
and conductive liquid at room temperature and was highly
miscible in water (Puntus et al. 2010; Huddleston et al.
2001). Tian et al. (2005) added [BMIM]BF4 as a modifier
for separation of lignans by MEKC. The BMIM+ cation ap-
pears to modify the SDS micelles and changes the degree of
solute partitioning.

In this study, we developed a CE method using
[BMIM]BF4 and SDS as modifiers to simultaneously analyze
a mixture of acephate and isocarbophos. The separation con-
ditions in terms of the types of ILs, the concentrations of IL
and SDS, the applied voltage, background electrolyte types,
and the pH are optimized. The applicability and accuracy of
this developed method are also evaluated.

Materials and Methods

Materials and Reagents

Analytical standard acephate and isocarbophos (99%) were
obtained from the Institute for the Control of Agrochemicals
of Ministry of Agriculture (Beijing, China). SDS was pur-
chased from the Peking Xizhong Chemical Factory (Peking,
China). The ionic liquids [BMIM] BF4, [BMIM] Cl, and
[BMIM]PF6 were purchased from Lanzhou Institute of
Chemical Physics (Lanzhou, China). Other chemical reagents
were analytical grade. Doubly distilled water (DDW;
18.3 μΩ cm−1) obtained from an Aike ultrapure water instru-
ment (Tangshi Kangning Technology Company, Chengdu,
China) was used throughout the experiments.

Cucumber, cauliflower, carrot, and spinach samples were
supplied by Taishan Yaxiya Food Co., Ltd. (Tai’an, China),
and the long bean samples were purchased randomly from a
market in Taian (Shandong, China), in August 2016. Fused-
silica capillaries (100 μm i.d. × 375 μm o.d.) were purchased
from the Yongnian Optic Fiber Factory (Hebei, China).

Solutions

Buffer solutions with phosphate solution, carbonate solution,
acetic acid-sodium acetate, and sodium borate-boric acid were
prepared in DDW, and they were filtered through a 0.22-μm
filter before use.

Apparatus

The CE experiments were performed on a P/ACE MDQ CE
system (Beckman-Coulter, Fullerton, CA, USA) equipped
with a PDA detector. Data processing and acquisition were
performed using Beckman 32 K software. The separation
voltage was set to 25 kV, and detection wavelength was set
at 205 nm. Before use, the capillary column was
preconditioned with 0.1 mol/L NaOH for 5 min and then
DDW for 5 min, followed by the sodium borate-boric acid
buffer solution for 10 min until the current was stable.
Sample injection was conducted with 0.5 psi for 5 s at the
anodic side, unless stated otherwise.

A Shimadzu 2010 gas chromatograph (GC) equipped with
a flame photometric detector (Shimadzu, Kyoto, Japan) was
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used for the separation and determination of acephate and
isocarbophos residue in vegetables. The separation was con-
ducted on a RTX-1701 capillary column (30 m × 250 μm
i.d. × 0.1-μm film thickness). Nitrogen was used as the carrier
gas at a constant flow rate of 1.0 mL min−1. The injection
volume was 1.0 μL. The injection port temperature was set
at 180 °C at a split mode with a split ratio of 2:1. The detector
temperature was held constant at 250 °C. The makeup flow
rate was 30.0 mL min−1.

Sample Preparation

To check the accuracy of the developed method, the fortified
cucumber, cauliflower, carrot, and spinach samples were pre-
pared, which were determined to be free of acephate and
isocarbophos by GC before spiking. Briefly, 5.0 g of cucum-
ber, cauliflower, carrot, or spinach samples were cut into
pieces and spiked with 1.0 mL of two mixes of standard so-
lution (2.0 mg/L isocarbophos and 3.0 mg/L acephate, and
4.0 mg/L isocarbophos and 6.0 mg/L acephate). After being
incubated for 4 h, the spiked samples were ultrasonically ex-
tracted with 3 × 10 mL acetone for 8.0 min. All the organic
phases were collected and condensed by a rotary evaporator,
and then accurately re-dissolved in 1.0 mL of DDW. Finally,
the extractions were filtered using a 0.22-μm filter membrane
and the filtrate was injected into the CE for analysis.

To evaluate the applicability of this method, long bean sam-
ple randomly purchased from a market was analyzed. The long
bean sample (5.0 g) was prepared according to the above pro-
cess, except for spiking with the standard solutions. Finally, the
extractionwas filtered using a 0.22-μm filter membrane and the
filtrate was then injected into the CE for analysis, and the
acephate and isocarbophos levels were calculated.

Gas Chromatography Analysis

To assess the accuracy of this method, the long bean sample
was also analyzed by GC according to the method described
in GB/T 5009.20–2003 (China). Briefly, 50.0 g of long bean
sample was mashed and separately weighed into a 250-mL
conical flask. After 100 mL acetone and 50 mL DDW were

Fig. 3 Effect of ionic liquids types including [BMIM]PF6 (a),
[BMIM]BF4 (b), and [BMIM]Cl (c). Conditions borate-boric buffer
containing 10 mmol/L SDS, pH 8.0

Fig. 1 Chromatograms of standard solution in different buffer systems of
sodium borate-boric acid (a), citric acid-sodium citrate system (b),
phosphate (c), and acetic acid-sodium acetate (d). Conditions 10 mmol/
L [BMIM]BF4 and 10 mmol/L SDS
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Fig. 2 Effect of buffer pH. Conditions borate-boric buffer containing
10 mmol/L [BMIM]BF4 and 10 mmol/L SDS
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added, the mixture was extracted by ultrasonication for
20.0 min. After filtration, the resulting extraction was trans-
ferred to a 500-mL separatory funnel. When 10 g of sodium
chloride was added, the separatory funnel was quickly shaken
for 5 min. The aqueous phase was separated again by adding
2 × 50 mL dichloromethane. All the organic phases were
collected and condensed by a rotary evaporator, and then ac-
curately re-dissolved in 1.0 mL of chromatography-grade di-
chloromethane. Finally, the extractions were filtered using a
0.22-μm filter membrane, and 1.0 μL of the filtrate was
injected into the GC for analysis.

Statistical Analysis

The difference between the results obtained by CE and GC
methods was evaluated using ANOVA (SAS Institute, Cary,
NC, USA).

Result and Discussion

Optimization of Electrophoretic Conditions

To achieve good separation for CE, the electrophoretic condi-
tions such as buffer solution composition, buffer pH, and sep-
aration voltage were investigated.

In this study, different buffer solutions including phosphate
solution, carbonate solution, acetic acid-sodium acetate, and
sodium borate-boric acid were investigated (Fig. 1). The re-
sults showed that the acephate and isocarbophos have no CE
signal in the phosphate solution system (Fig. 1 (a)). The back-
ground noise of CE was very big in the carbonate solution
system and the acetic acid sodium acetate system (Fig. 1 (b
and c)). However, in the sodium borate-boric acid system, less
background noise was observed and a higher CE signal was
obtained (Fig. 1 (d)). Therefore, sodium borate-boric acid was
chosen as the buffer system.

Fig. 4 a Electropherograms of acephate and isocarbophos at the
[BMIM]BF4 concentrations of 5 mmol/L (a), 10 mmol/L (b), 20 mmol/
L (c), and 30 mmol/L (d). b The peak area of acephate and isocarbophos
at the [BMIM]BF4 concentrations of 5 mmol/L (a), 10 mmol/L (b),
20 mmol/L (c), and 30 mmol/L (d). Conditions borate-boric buffer
containing 10 mmol/L SDS, pH 8.0

Fig. 5 a Electropherograms of acephate and isocarbophos at the SDS
concentrations of 3 mmol/L (a), 5 mmol/L (b), 10 mmol/L (c), and
15 mmol/L (d). b The migration time and resolution of acephate and
isocarbophos at the SDS concentrations of 3 mmol/L (a), 5 mmol/L (b),
10 mmol/L (c), and 15 mmol/L (d). Conditions borate-boric buffer
containing 10 mmol/L [BMIM]BF4, pH 8.0
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The pH of the buffer solution had an important influence on
the separation by CE. In this study, the pH of the sodium
borate-boric acid in the range of 7.6–8.2 was investigated
(Fig. 2). The result indicated that the peak area increased with
the increasing pH until 8.0, above which the peak area began
to decrease. Thus, sodium borate-boric acid at pH 8.0 was
selected as the buffer solution for following study.

Separation voltage is an important parameter in a CE sys-
tem. The effect of separation voltages ranging from 20 to
30 kV was investigated in our study. Although the acephate
and isocarbophos could be separated at 20 kV, the analysis
time was longer than at 25 and 30 kV. The analysis time
decreased with the increasing applied voltage, while the reso-
lution of the analytes reached a maximum at 25 kV.
Considering these results, the separation voltage was set to
25 kV.

Effect of Ionic Liquid Types

In order to study the effect of the anionic moiety of the ILs on
the separation of the acephate and isocarbophos, the perfor-
mance of additives [BMIM] PF6, [BMIM] BF4 and [BMIM]
Cl were compared (Fig. 3). We found that the addition of
[BMIM] PF6 did not improve the separation of acephate and
isocarbophos, while the [BMIM] BF4 or [BMIM] Cl had a
dramatic effect. The effect of [BMIM] BF4 was better than
that of [BMIM]Cl. Therefore, [BMIM] BF4 was selected as
the modifier in the next experiments.

Effect of [BMIM] BF4 Concentration

The effect of [BMIM] BF4 concentration (5–30 mmol/L) on
the separation efficiency of the acephate and isocarbophos
was studied (Fig. 4a). It was found that resolution was greatly
improved as the concentration of [BMIM] BF4 increased from
10 to 30 mmol/L. However, the analysis time increased with
the increasing concentration of [BMIM] BF4. As shown in
Fig. 4b, a larger electropherogram peak was achieved when
10 mmol/L [BMIM] BF4 was added. So, 10 mmol/L [BMIM]
BF4 was employed in subsequent experiments.

Effect of SDS Concentration

The effect of different addition level of SDS (3–15 mmol/L)
on the separation of acephate and isocarbophos was also in-
vestigated. Results indicated that the addition of 3 mmol/L
SDS did not improve the separation of the acephate and
isocarbophos (Fig. 5a), but resolution was greatly improved
with a concentration of SDS ranging from 5 to 15 mmol/L.
Figure 5b shows that both migration time and resolution in-
creased when the concentration of SDS increased. The
analytes could be baseline separated with an SDS concentra-
tion ranging from 5 to 15 mmol/L. However, when the SDS
concentration was higher than 10 mmol/L, the analysis time
increased significantly. Based on above results, a concentra-
tion of 10 mmol/L SDS was selected.

Table 2 Recoveries of two organophosphorus pesticides in the spiked
samples (mean ± RSD; n = 3)

Samples Spiked level (mg/kg) Recovery (%)

Acephate Isocarbophos Acephate Isocarbophos

Cucumber 0.6 0.4 84.8 ± 2.8 80.9 ± 2.2

1.2 0.8 88.8 ± 1.7 82.5 ± 0.7

Cauliflower 0.6 0.4 79.0 ± 4.0 76.8 ± 4.0

1.2 0.8 82.2 ± 3.2 80.8 ± 0.5

Spinach 0.6 0.4 85.6 ± 1.3 78.3 ± 3.8

1.2 0.8 86.7 ± 3.6 79.6 ± 1.9

Carrot 0.6 0.4 79.9 ± 1.9 79.9 ± 2.3

1.2 0.8 83.9 ± 1.7 80.9 ± 2.1

Table 1 The results of regression
analysis on calibration curves and
the detection limits

Pesticides Calibration curve R2 LOD (S/N = 3) (mg/kg) RSD (n = 5) (%)

Acephate y = 572.98× + 204.91 0.998 0.15 3.9

Isocarbophos y = 2098.3× + 234.77 0.999 0.08 1.9

Table 3 Tolerable concentration ratios with respect to a mixed standard
solution for some interfering substances

Interference Fold RSD (n = 3) (%)

Acephate Isocarbophos

K+ 1000 1.6 3.4

Ca2+ 1000 0.2 0.6

SO4
2− 1000 0.4 0.2

Cl− 1000 1.6 3.4

Glucose 500 2.3 0.3

Sucrose 500 1.6 1.6

Mg2+ 1000 0.5 1.8

Zn2+ 1000 0.4 0.2

Na+ 1000 0.6 2.1

Ba2+ 1000 0.2 1.9
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Optimization of Ultrasonic Extraction

To improve sensitivity, we optimized the solvent types used in
extraction, ultrasonication power, and extraction time.

The type of solvent used during extraction had a strong
effect on the extraction efficiency. In this study, the spiked
cucumber was ultrasonically extracted with acetone, acetoni-
trile, or DDW (Fig. S1A). It was found that the recovery of the
spiked cucumber extracted with acetone was greater than that
with acetonitrile or DDW. Therefore, acetone was selected as
the extraction solvent in the next experiments.

Different ultrasonication power (200–500 W) was also in-
vestigated (Fig. S1B). The recovery rates of acephate and
isocarbophos in spiked cucumber increased quickly as the
power of ultrasonic increasing and reached maximum at
500W. Therefore, 500Wwas set as the ultrasonication power
in the following experiments.

The extraction time also had an important influence on the
extraction efficiency. In this study, different extraction times
(0–10min) were tested (Fig. S1C).We found that the recovery
rate of spiked cucumber increased quickly with the extraction
time ranging from 0 to 8 min. There was no obvious change
when the extraction time was further extended. Therefore,
8.0 min was selected as an extraction time in the further
experiments.

Analytical Parameters of the CE Method

The analytical parameters of the presented method for deter-
mination of acephate and isocarbophos were evaluated under
optimal experimental conditions for a BGE containing
10 mmol/L [BMIM] BF4 and 10 mmol/L SDS. The data are
shown in Table 1. The linear equations for the calibration
curve were y = 572.98× + 204.91 (R2 = 0.998) and
y = 2098.3× + 234.77 (R2 = 0.999) for acephate and
isocarbophos, respectively. The limit of detection (LOD)
(S/N = 3) of the CE method for the acephate and isocarbophos
was 0.15 and 0.08 mg/kg, respectively. The relative standard
deviation (RSD) of the method for five replicates of acephate
and isocarbophos solution (5.0 mg/L) was 1.9–3.9%.

Evaluation of Accuracy and Applicability

To evaluate the accuracy of the CE method, the cucumber,
cauliflower, carrot, and spinach samples spiked with 1.0 mL
of a mixed standard solution containing 2.0 mg/L
isocarbophos and 3.0 mg/L acephate, and 4.0 mg/L
isocarbophos and 6.0 mg/L acephate, were extracted and an-
alyzed by this developed method. For each solution, triple
measurements were performed. The analytical data are shown
in Table 2. Good recoveries ranging from 76.8 to 88.8% were
achieved.

In order to evaluate the practical application of the CEmeth-
od, the acephate and isocarbophos residues in the long bean
sample were detected. The isocarbophos was detected at level
of 1.08 ± 0.04 mg/kg. No acephate was found in long bean
sample. The accuracy of the CEmethod was validated by com-
parative analysis of the long bean sample with GC. Similarly,
the results of GC showed 1.06 ± 0.04 mg/kg of isocarbophos
and no acephate in long bean sample. There was no significant
difference (P > 0.05) between the results obtained by the two
methods. Above results also indicated that this CE method has
high accuracy and precision, and can be used to analyze
acephate and isocarbophos in primary production samples.

Interference Study

Potential interference was investigated using ions and organic
matter commonly present in vegetables (Table 3). The tolera-
ble limit for an interfering species was set at a relative error of
less than ±5%. Using the CE method developed in this study,
the tolerable concentration ratios with respect to a mixed stan-
dard solution of 5 mg/L acephate and 5 mg/L isocarbophos for
interferences were over 1000 for K+, Cl−, and NO3

−; over 500
for glucose, sucrose, Zn2+, and SO4

2−; and over 200 for Ca2+,
Na+, and Ba2+. These results showed that there was no signif-
icant interference effect with the method.

Conclusion

In this study, a novel CEmethod for simultaneous detection of
acephate and isocarbophos was developed. With high separa-
tion efficiency and satisfactory accuracy, this method has po-
tential to be used as a promising tool for separation and deter-
mination of acephate and isocarbophos in vegetables.
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