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Abstract
A novel deep eutectic solvent-modified magnetic graphene oxide (DES@MGO) was first synthesized. The microscopic 
structure, composition, and property of the new magnetic adsorbent was characterized. QuChERS-based DES@MGO was 
first investigated for the removal of impurities from vegetables. Various influencing factors, such as extraction solvent, the 
mass of anhydrous MgSO4, the mass of adsorbent, and the oscillation time, had been systematically tested. The linearity of 
the method for analysis of α-HCH, β-HCH, δ-HCH, and p,p'-DDE was between the range of 5–100 μg kg−1, and for analy-
sis of γ-HCH was 10–100 μg·kg−1. The limits of detection, the limits of quantification, and correlation coefficients were 
0.3–2.0 μg kg−1, 0.9–6.6 μg kg−1, and 0.9986–0.9997, respectively. In comparison to the traditional purification materials 
N-propylethylenediamine (PSA) and magnetic graphene oxide (MGO), DES@MGO exhibited superior adsorbent properties 
and purification performance with more fast adsorption rate, and could effectively remove the majority interfering substances 
in vegetable extract with achieving good retention of the 5 organochlorine pesticides (OCPs). In the meantime, as a pretreat-
ment material, the DES@MGO showed the advantage of rapid separation with its favorable magnetism. Herein, the method 
is of easy operation and accurate quantification, which is suitable for the analysis of OCPs in vegetables.

Keywords  Deep eutectic solvent-modified magnetic graphene oxide · QuEChERS · Gas chromatography–mass 
spectrometry · Organochlorine

Introduction

Organochlorine pesticides (OCPs) have been deemed as one 
class of compounds that despite their good biological activ-
ity and environmental compatibility may produce a range 
of toxic side effects. It was widely used in the 1960 of the 
twentieth century. OCPs played an important role in con-
trolling agricultural pests and diseases, increasing agricul-
tural production and farmers' incomes. However, OCPs are 
a typical highly toxic, persistent, and highly bioaccumulative 
organic pollutants, which pose potential hazards to the envi-
ronment and human health [1]. Thus, from 1970 to 1980, 

OCPs have been banned in many countries for public health 
and environmental reasons. However, OCPs have been con-
tinuously enriched in the environmental medium due to the 
previously vast using amount. It aroused huge attention due 
to OCP’s toxicity, carcinogenicity, and biomagnification 
through the food chain [2]. It is widely known that the veg-
etables have essential components for a healthy diet which 
contain amounts of nutrients and minerals, while unfortu-
nately OCPs still have high detection rates in these kinds of 
environmental media [3–5] or foods [6, 7]. Therefore, it is 
urgent to study the detection methods of accurate, rapid, and 
sensitive OCPs in vegetables.

QuEChERS is the acronym for Quick, Easy, Cheap, Rug-
ged, and Safe, which has been widely used in food analysis 
[8–10] and environmental analysis [11, 12] mainly attribute 
to its high versatility. QuEChERS contains two parts: the 
extraction and clean-up steps. Especially, the clean-up step 
plays a vital role in the QuEChERS process, and the choice 
of the clean-up materials is of a decisive significance. The 
traditional clean-up materials contain primary secondary 
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amine (PSA), graphitized carbon black (GCB), and octa-
decyl modified silica (C18) which are also combined-used, 
and the performance is unsatisfactory for the treatment of 
complex matrix samples. To solve the problems, research-
ers have focused on developing high-efficiency clean-up 
materials such as magnetic fluorinated multi-walled carbon 
nanotubes (M-F-MWCNTs) [13], Fe3O4 magnetic nanopar-
ticles [14], amine-functional reduced graphene oxide [15], 
and magnetic graphene oxide (MGO) [16]. Particularly, the 
MGO has attracted extraordinary research interest.

Graphene oxide (GO) is an oxidized form of graphene, 
which belongs to the amphiphilic flexible two-dimensional 
material, and endows a large surface areas due to the layered 
fold structures[17]. Moreover, abundant hydrophilic oxygen-
containing functional groups (–O–, –OH and –COOH, etc.) 
at the basal plane or sheet edge of GO could effectively 
enhance the dispersion of GO in solvents, facilitating the 
interaction of GO with the target analytes through hydro-
gen bonding, π–π, and electrostatic interactions. Thus, it has 
been regarded as an ideal clean-up material for QuEChERS.

However, since the adsorption process of GO is usually 
carried out in solution, it encounters the problem of separa-
tion of GO from the treated solution. Traditional separation 
methods, such as centrifugation and filtration, are cumber-
some and time-consuming, resulting higher costs in practical 
applications. By comparison, separation via using functional 
materials showed much more advantage. Magnetic nanopar-
ticles (Fe3O4) have been widely used for rapid separation due 

to their strong superparamagnetism. Hence, introduction of 
the magnetic Fe3O4 into GO might be propitious to enhance 
solid–liquid separation, realizing the effective combination 
of purification and magnetic separation.

Recently, deep eutectic solvent (DES) has also been 
attracting much attention as a new generation of green sol-
vents [19]. DES is a eutectic mixture formed by self-associ-
ation of hydrogen-bond donors (HBD) and hydrogen-bond 
acceptor (HBA). It has excellent properties such as being 
easier to synthesize, low cost, less toxic, and biodegrada-
bility. Thus, DESs play a key role and act as new, efficient 
green solvents [20]. The DES and MGO could be combined 
through hydrogen bonding and electrostatic interaction, pro-
viding more abundant functional groups on the surface of 
the DES@MGO and promoting the dispersion of MGO in 
polar solvents. Vegetable matrix is complex and contains 
a lot of organic matters. Theoretically, the abundant func-
tional groups in DES@MGO have a strong adsorption effect 
on the vegetable matrix through dipolar–dipole interaction, 
hydrophobic interaction, and Π–Π accumulation. Therefore, 
it could be reasonably deduced that DES@MGO might be an 
effective clean-up material for the QuEChERS application 
on the vegetable.

Herein, in this paper, a new material of DES@MGO 
with MGO as the support and a DES synthesized by 
tetrabutylammonium chloride-glycerol as the functional 
monomer was successfully synthesized. The DES@
MGO was used as a clean-up material for QuEChERS. 

Scheme 1   Synthesis of DES@MGO and determination of OCPs by QuEChERS
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Subsequently, OCPs in vegetables were detected by the 
Gas Chromatography–Mass Spectrometer (GC–MS) 
(Scheme 1). The synthesized DES@MGO was charac-
terized via TEM, XRD, FTIR, VSM, TGA, and BET. By 
optimizing the extraction solvent, the mass of anhydrous 
MgSO4, the mass of adsorbent and the oscillation time, 
and the optimal pretreatment conditions for QuEChERS 
were established and the methodology was verified. 
What’s more, the DES@MGO exhibited highly accu-
rate and rapid purification of OCPs in vegetable samples 
with the established method in comparison to the conven-
tional sorbent PSA and MGO. The introduction of DES 
in the synthesis of graphene was of great significance for 
developing the green synthesis of new functional carbon 
materials and providing useful guidance in the field of 
pesticide residue detection and analysis.

Materials and Methods

Instruments and Reagents

GC/MS-QP 2010 Ultra (Shimadzu Corporation, Japan), 
SC-3612 centrifuge (Anhui Zhongke Zhongjia Scientific 
Instrument Co., LTD., China), KQ-50E Ultrasonic Cleaner 
(Kunshan Ultrasonic Instrument Co., LTD., China), Milli-
Q Ultrapure water apparatus (Millipore Corporation, 
USA), JEM 2100(magnetic) and JEM 2800 (non-magnetic) 
Transmission Electron Microscope (TEM, JEOL, Japan), 
XRD-6100 X-ray Diffraction (XRD, Shimadzu, Japan), 
Nicolet iS20 FTIR Spectrometer (FTIR, Thermo Scien-
tific, USA), 7404 Vibrating Sample Magnetometer (VSM, 
LakeShore, USA), TG/DTA8122 Thermal Gravimetric 
Analyzer (TGA, Rigaku, Japan), and ASAP 2460 Auto-
matic Surface and Porosity Analyzer (BET, Micromeritics, 
USA).

OCPs standards (50 μg  kg−1) of α-, β-, γ-, δ- hexa-
chlorocyclohexanes (HCH) and p,p'-DDE ([2,2-bis(p-
chlorophenyl)-1,1-dichloroethylene]) were gained from 
China Institute of metrology (Beijing, China). HPLC-
grade methanol was from Fisher Scientific (New Jersey, 
USA). Primary secondary amine (PSA) with average par-
ticle diameter 40–60 μm was obtained from Weiqiboxing 
Biotechnology Co. Ltd. (Wuhan, China). The graphitized 
carbon black (GCB) was purchased from Biosun Com-
pany (Japan). The anhydrous magnesium sulfate (MgSO4), 
concentrated sulfuric acid (H2SO4), and graphite powder 
were purchased from Hedong District of Tianjin Hong-
yan Reagent Factory (Tianjin, China). Acetonitrile, gla-
cial acetic acid, sodium chloride, potassium nitrate, potas-
sium permanganate, hydrogen peroxide, FeCl3

.6H2O, 
FeSO4

.7H2O, tetrabylammonium chloride, and glycerol 

were all analytically pure, gained from Tianjin Yongda 
Chemical Reagent Co. Ltd. (Tianjin, China).

Preparation of Standard Solution

The single standard solution at 50 μg mL−1 was prepared in 
HPLC-grade methanol to prepare a mixed standard solution 
with a concentration of 1 μgm L−1.

Appropriate amount of single standard solution was 
diluted into series of standard working solutions of 5, 10, 
25, 50, 75, and 100 μg L−1 with HPLC-grade methanol to 
calculate the recoveries after QuEChERS. All the standard 
solutions were stored at 4 °C.

Synthesis of GO

GO was synthesized and modified according to the reported 
literature [21]. First, 120 mL H2SO4 was placed under an 
ice-water bath. After that 4 g of graphite powder and 2 g 
KNO3 were added. When the reaction lasted for 30 min, 12 g 
KMnO4 was added. The reaction was continued to stirring 
for other 2 h. The whole process was completely carried 
out under the condition of ice-water bath. Afterward, the 
solution was kept stirring at 40 ℃ for other 24 h. And then, 
400 mL of ultra-pure water was added. After that, 20 mL 
H2O2 (30%) was added to the solution until it turned bright 
yellow and no air bubbles were formed. The obtained prod-
uct was washed with ultra-pure water and ethanol till it 
reached neutral pH. Finally, it was dried in a vacuum oven.

Synthesis of MGO

The MGO composite was synthesized by improved chemi-
cal coprecipitation method [16]. First, ultra-sonicated the 
200 mL of GO solution (3.0 mg mL−1) for 30 min. In addi-
tion, 6 g FeCl3 ⋅ 6H2O and 3.3 g FeSO4 ⋅ 7H2O were added 
into 200 mL ultra-pure water for 1.5 h to dissolve com-
pletely. Mix the two solutions, and then, NH3 ⋅ H2O (27%, 
w/v) was added to adjust the pH value to 9. The experiment 
continued to ultrasonic for 2 h. Finally, separated the par-
ticles through a magnet. The product cleaned by H2O until 
the pH value was 7 and then washed with methanol for three 
times. After washing, the product was vacuum dried and the 
MGO were gotten.

Synthesis of DES@MGO

Synthesis of DES: 20 g tetrabutylammonium chloride and 
10 mL glycerol (molar ratio 1:2) were stirred for 30 min at 
80 ℃. A colorless and transparent homogeneous liquid was 
obtain.

Synthesis of DES@MGO: 1.5 g MGO was placed in a 
beaker, 6 mL DES was dissolved in 60 mL methanol and 
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added to beaker, and then stir well and ultrasonic for 2 h. 
Subsequently, the product was washed with methanol for 
several times and dried in vacuum.

Sample Preparation

Four types of vegetables, such as cabbage, spinach, cucum-
bers, and tomatoes, were purchased from local supermarkets 
(Xingtai, China) for investigation. Samples were homoge-
nized and stored at − 18 °C in glass containers.

QuEChERS Step

10 g of homogenized vegetable samples were transferred 
into a 50 mL centrifuge tube and extracted for 10 min by 
oscillating in a constant temperature shaker. After that, 
10 mL of 1% (v/v) acetic acid in acetonitrile was added 
and the tube was ultrasound for 5 min. Next, 1 g NaCl was 
added, and the tube was shaken for 1 min to prevent salt 
agglomeration. The mixture was centrifuged at 5000 rpm 
for 15 min. Then, 1 mL of the upper ACN extracting solu-
tion was added to 5 mL glass centrifuge tube. Subsequently, 
10 mg DES@MGO and 100 mg anhydrous MgSO4 were 
added. Successively, the mixture was violently shaken for 
3 min. An external magnetic field was used for the separa-
tion of the adsorbents from the solution. Finally, 1 μL was 
injected into the GC/MS for analysis.

Chromatographic Conditions

The GC was fitted with an Rxi-5si1MS column 
(30 m × 0.25 mm × 0.25 µm) (Shimadzu, Japan). Helium 
was used as the carrier gas at a flow rate of 1 mL·min−1 
(purity ≥ 99.999%). The inlet temperature was 250 ℃. The 
sample with size of 1.0 μL was injected in the splitless 
mode. Temperature procedure: the initial temperature was 
set as 50 °C and maintained for 1 min, then raised to 200 ℃ 
at 20 ℃ min−1, raised to 230 ℃ at 5 ℃ min−1, and main-
tained for 3 min.

Mass spectrometry conditions

The mass spectrometer was operated in electron ionization 
mode at 70 eV. The ion source temperature and interface 
temperature were set as 260 ℃ and  ℃, respectively. The 
solvent delay time was 5 min. Separation of the OCPs was 
sufficient to set up the full scan in the range 40–500 m/z and 
selected ion monitoring (SIM) mode. The retention time, 
and qualitative and quantitative ions for the OCPs are listed 
in Table 1.

Matrix Effect (ME)

ME =
AM−AS

AS

× 100% , where AM was the peak area of the 
object to be measured in the sample matrix, and AS is the 
peak area of the object to be measured in pure solvent. Eval-
uation criteria: ME > 0, matrix enhancement; ME < 0, matrix 
inhibition; The matrix effect was not significant with the ME 
value between 0 and 25%. While the matrix effect became 
slightly significant when the ME value was between 25 and 
50%. And it showed significant matrix effect when the ME 
was greater than 50%.

where C1 is measured concentration in unadded sample, C2 
is measured concentration of target in added sample, and C0 
is theoretical concentration of target in added sample.

Experiments were repeated three times to validate the 
repeatability of the results. The results presented are the 
average of the three experiments conducted. Origin 2021 
software is used as statistical treatment to reach the conclu-
sion described in the work.

Results and Discussion

Characterization of DES@MGO

The morphology of GO, Fe3O4, MGO, and DES@MGO was 
investigated by the transmission electron microscopy (TEM) 
and the results are displayed in Fig. 1. As can been seen 
from Fig. 1A, GO presented as a translucent sheet structure 
with a smooth surface and some wrinkle structures, which 
is advantageous for enhancing its specific surface area and 
beneficial to the loading of magnetic nanoparticles, improv-
ing the adsorption performance [22]. As shown in Fig. 1B, 

Recovery(%) =
C
2
− C

1

C
0

× 100

Table 1   Retention time, and qualitative and quantitative ions of 5 
OCPs

Peak number Compound Retention time
(min)

Mass-to-charge ratio 
(m/z)

Quan-
titative 
ion

Qualitative ion

1 α-HCH 10.835 181 181,183,219
2 β-HCH 11.260 109 109,181,183
3 γ-HCH 11.450 181 181,183,219
4 δ-HCH 11.945 181 181,183,219
5 p,p'-DDE 16.625 246 246,248,318
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Fe3O4 displayed as aggregated particle size with size rang-
ing from 5 to 20 nm. From Fig. 1C, it can be seen the Fe3O4 
loaded at the surface of GO successfully and the particles 
were evenly dispersed, which inhibits Fe3O4 agglomeration 
to a certain extent. After forming magnetic DES@MGO, it 
could be observed in Fig. 1D that the MGO was surrounded 
by a semitransparent liquid. It might be due to the DES. 
Meanwhile, the Fe3O4 particles were more dispersed and 
uniform. The results of TEM also illustrated that the DES 
was modified on MGO.

The X-ray diffraction measurements were conducted on 
graphite, GO, Fe3O4, MGO, and DES@MGO (diffraction 
angles ranging from 5 to 80°), and the results are shown in 
Fig. 2A. It can be seen in Fig. 2A that the diffraction peak 
at 2θ = 26.30° could be ascribed to graphite. An obvious 
peak appeared at 2θ = 10.78° can be attributed to the special 
layered structure of GO [23], indicating the successful syn-
thesis of GO [24]. Six discernible diffraction peaks for Fe3O4 
shown clearly at 2θ = 30.08°, 35.38°, 43.04°, 53.34°, 57.02°, 
and 62.64° belonged to the (220), (311), (400), (422), (511), 
and (440) planes, respectively [25]. These six peaks were 
also presented in diffraction pattern of MGO, indicating 

that Fe3O4 has been successfully modified on the GO and 
remained good crystal structure throughout the synthesis 
process. Nevertheless, the peak of GO was not observed in 
the diffraction pattern of MGO, which may be due to the 
reduction of the accumulation between GO lamellae caused 
by the ultrasonic treatment of GO and the introduction of 
magnetic Fe3O4 in the preparation process, resulting in the 
reduction of the intensity of the carbon diffraction peak. By 
comparing diffraction pattern of MGO, the DES@MGO 
showed almost similar curves, which indicates that the DES 
successfully modified on MGO with retaining the crystal 
structure of MGO.

FTIR spectroscopy was used to examine the chemical 
compositions of GO, MGO, and DES@MGO according to 
Fig. 2B. It can be seen from the curve of GO that, the bands 
at 3172 cm−1, 1731 cm−1, 1614 cm−1, and 1223 cm−1 were 
assigned to the stretching vibration of O–H, C = O, C = C, 
and C–O. The peak at 1050 cm−1 was attributed to the skel-
eton stretching vibration of C–O–C. In the curve of MGO, 
the peak at 577 cm−1 was corresponding to the stretching 
vibration of Fe–O [26], indicating that Fe3O4 has been suc-
cessfully loaded on the GO surface, which was consistent 

Fig. 1   TEM images of GO 
(A), Fe3O4 (B), MGO (C), and 
DES@MGO (D)
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with the results of the TEM and XRD. Moreover, most of the 
characteristic peaks were weakened after the introduction of 
Fe3O4. Compared with the curve of MGO, two new peaks of 
1127 cm−1 and 1050 cm−1 appeared in the curve of DES@
MGO, which might be ascribed to the stretching vibrations 
of C–O and C–N in tetrabylammonium chloride. It was con-
firmed that DES was successfully modified on MGO.

The magnetic value is an important property parameter 
of magnetic separation of the extractant. The particles of 
MGO and DES@MGO were tested by a VSM (Fig. 2C). 
The hysteresis curves of MGO and DES@MGO were both 
S-shaped and superparamagnetic, without hysteresis phe-
nomenon. The saturation magnetization of curve MGO and 
DES@MGO were 43.05 and 41.09 emu g−1, respectively. 
The magnetic saturation value of DES@MGO had a slight 

Fig. 2   X-ray diffraction (A), FTIR spectra (B), magnetization curves (C), TGA curves (D), the N2 adsorption–desorption curves of MGO (E), 
and the N2 adsorption–desorption curves of DES@MGO (F)
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decrease after DES was modified on the MGO, which may 
be because the modification of non-magnetic DES on the 
surface of MGO resulted in partial shielding of the MGO 
magnetic response. In addition, DES@MGO dispersed well 
in acetonitrile and easily separated by magnetic plate (seen 
from the inset of Fig. 2C).

The thermogravimetric analysis (TGA) of MGO and 
DES@MGO was investigated by thermal gravimetric anal-
ysis (shown in Fig. 2D). The experiment was measured 
from room temperature to 800 ℃ in argon atmosphere and 
the temperature changed by 10 K min−1. MGO and DES@
MGO displayed similar trends and intersect at 260℃. The 
mass loss below 140 ℃ could be attributable to evapora-
tion of the surface moisture material and crystalline water 
[27]. The weight loss of MGO and DES@MGO were 
2.96% and 2.07%, respectively. The heat loss of MGO and 
DES@MGO between 140 and 400 ℃ was 7.3% and 8.85%, 
respectively, which might be due to the thermal decom-
position of unstable functional groups on the GO surface 
[28]. The heat loss of the two materials between 400 and 
550 ℃ could be attributed to the thermal decomposition of 
the stable oxygen-containing functional groups on the GO 
surface [28], which were 1.01% and 0.52%, respectively. 
When the temperatures were above 550 ℃, DES@MGO 
showed a slight mass loss process, which may be related to 
the decomposition of its crosslinked structure. It might be 
explained by the thermal decomposition of DES in DES@
MGO. Moreover, DES@MGO exhibited less mass loss 
and better thermal stability below 264 ℃ compared with 
that of the MGO.

The structural characteristics, such as adsorption–des-
orption isotherm, BET surface area, and average pore 
size and pore volume of MGO and DES@MGO, were 
investigated via the BET method (shown in Fig. 2E, F 
and Table 2). According to the IUPAC classification, the 
N2 adsorption–desorption isotherms exhibited the type-
IV isotherm [27]. In addition, hysteresis loops similar to 
H3 can be observed in the range of relative pressure (P/
P0) of 0.44–1, indicating that the samples have lamel-
lar mesoporous structure, which correspond to the TEM 
structure. As can be seen in Table 2, The BET-specific 
surface area of MGO and DES@MGO was determined to 
be 189.74 m2 g−1 and 178.89 m2 g−1, respectively. And the 
surface area decreased slightly after DES modification on 

MGO. Besides, the average pore diameter and pore volume 
of DES@MGO also decreased slightly in comparison to 
MGO, which may be caused by the modification of DES 
on the surface of MGO.

QuEChERS Optimization

Optimization of Extraction Solvent

Generally, vegetable samples contain a lot of water. Accord-
ing to the previous report [29], acetonitrile has been deemed 
as a general extraction solvent, and thus, acetonitrile was 
preliminary selected as an extraction solvent. The target pes-
ticide should be sufficiently soluble and stable in the extrac-
tion solvent. The recoveries of all pesticides to be tested 
cannot be fully taken into account using a single solvent 
extraction. Considering the need for simultaneous detection 
of multiple pesticides and further improving the extraction 
efficiency of samples, five OCPs (50 μg kg−1) were added to 
the blank substrate of Chinese cabbage to carry out extrac-
tion experiments. The extraction effects of acetonitrile and 
1% (v/v) acetic acid in acetonitrile were investigated, respec-
tively, and the results are shown in Fig. 3A. It presented that 
1% (v/v) acetic acid in acetonitrile as the extraction solvent 
could achieve higher recoveries. Herein, 1% (v/v) acetic acid 
in acetonitrile was selected as the extraction agent for further 
study.

Optimization of Purification Conditions

The recoveries of analytes at different weights of anhydrous 
MgSO4, DES@MGO, and GCB were investigated at the 
same concentration (50 μg L−1 of OCPs) in vegetable matrix 
extract.

Optimization of Anhydrous MgSO4Weight

Anhydrous MgSO4 endows a strong water absorption abil-
ity and does not react with organic matter, and thus, it was 
used for removing water from the sample solution. During 
the experiment, DES@MGO (10 mg) and GCB (1 mg) were 
used to compare the dewatering effects of anhydrous MgSO4 
(50, 100, 150 mg), as shown in Fig. 3B. The recoveries of 
δ-HCH were less than 70% which beyond the range of eli-
gible recovery when the amount of anhydrous MgSO4 was 
50 mg or 150 mg. Notably, the recoveries of 5 OCPs were 
83–111% with 100 mg of MgSO4. Therefore, the anhydrous 
MgSO4 weight was set as 100 mg.

Table 2   Specific surface and pore parameters of MGO and DES@
MGO

Sample BET surface area/
(m2 g−1)

Average pore 
size/nm

Pore 
volume/
(cm3 g−1)

MGO 189.74 8.33 0.3953
DES@MGO 178.89 8.00 0.3580
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Optimization of DES@MGO Weight

DES@MGO as a new clean-up material achieved a sat-
isfactory recovery. Different weights of DES@MGO (5, 
10, 20, 30, and 40 mg) were investigated in the condi-
tion of fixing the amount of GCB, as shown in Fig. 3C. 
When DES@MGO was 5 mg, the recoveries of δ-HCH 

were lower than 62% and p,p'-DDE were higher than 
125%. When DES@MGO was 10 mg, the recoveries of 
5 OCPs ranged from 83 to 111%. While the recoveries of 
the 5 OCPs decreased obviously when DES@MGO was 
increased to 20 mg and 30 mg. Except for p,p'-DDE, the 
recoveries of the other 4 OCPs were below 85%. There-
fore, the weight of DES@MGO was selected as 10 mg.

Fig. 3   Optimization of extraction solvent (A), optimization of anhydrous MgSO4 weight (B), optimization of DES@MGO weight (C), optimiza-
tion of GCB weight (D), and optimization of oscillation time (E). Error bars represent standard deviations (n = 3)
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Optimization of GCB Weight

GCB can remove substances with a planar structure, such as 
chlorophyll and sterol, from the matrix. Thus, it was selected 
as the purifier for removing the vegetable pigments. The 
recoveries of 0, 1, 3, and 5 mg GCB for 5 OCPs were inves-
tigated, as shown in Fig. 3D. The results showed that, like 
the cabbage samples, the extract was light green in color. 
As can be seen, the pigment could be completely adsorbed 
and obtained a clear colorless solution with only adding the 
DES@MGO. For darker vegetables such as spinach, 1 mg 
of GCB can be added to remove pigment. Moreover, the six-
membered ring structure of GCB will adsorb some planar 
pesticides, so GCB should be avoided for the light-colored 
sample extract. This was also verified by the recoveries; with 
the increase of the amount of GCB, the recoveries of 5 OCPs 
decreased. Herein, GCB was not added.

Optimization of Oscillation Time

The effects of different oscillation times of 30 s, 1 min, 
3 min, and 5 min on the recoveries were investigated, as 
shown in Fig. 3E. When the oscillation time was 3 min, the 
recoveries of the 5 OCPs are generally high, so 3 min was 
selected as the oscillation time.

Method Validation

The working curves of quantitative ion peak area Y to the 
corresponding target concentration X (μg kg−1) for 5 OCPs 
were plotted by spiking 5.00–100 μg kg−1 of each target into 
vegetable sample of no target pesticides and treating with 
DES@MGO as QuEChERS clean-up materials. The LODs 
and LOQs were calculated according to a signal-to-noise 
ratio of 3 and 10, respectively. As shown in Table 3, all tar-
gets have good linear responses with the R values of from 
0.9986 to 0.9997. The LODs range from 0.3 to 2.0 μg kg−1, 
and the LOQs range from 0.9 to 6.6 μg·kg−1.

Recoveries and repeatability were provided by recovery 
experiments of spiked OCPs in Chinese cabbage matrices at 

three different concentration levels (10, 20, and 50 μg·kg−1) 
with six replicates each. The obtained results are listed in 
Table 4. The recoveries of 5 OCPs ranged from 82.5 to 
118.5% and relative standard deviations (RSDs) ranged from 
2.6 to 7.8%, which indicated that the method proposed in 
this study was of great accuracy, repeatability.

Comparison of Purification Effect of DES@MGO, PSA, 
and MGO

The extremely high surface activity of MGO made it to 
fold and curl and provided a large number of high-energy 
adsorption sites at its edges and folds. The unbonded π elec-
trons on its surface can form π–π interaction with organic 
molecules, which exhibited good adsorption properties. It 
can remove pigments, proteins, and organic acid impuri-
ties from plant-derived samples. DES has good solubility 
and a wide polarity range. The DES@MGO produced by 
the modification of magnetic GO can improve the disper-
sion and stability of the complex in the matrix, which was 

Table 3   Linear coefficient, ME, 
detection limit, and quantitative 
limit

Compound Matrix curve equation Linear 
range/
(μg kg−1)

Correlation 
coefficient/R2

ME LOD/(μg kg−1) LOQ /
(μg kg−1)

α-HCH y = 69.033x + 511.9 5–100 0.9986 13.15% 1.0 3.0
β-HCH y = 38.14x + 361.34 5–100 0.9994 − 16.50% 1.0 3.0
γ-HCH y = 56.941x + 271.24 10–100 0.9997 9.63% 2.0 6.6
δ-HCH y = 38.668x + 63.439 5–100 0.9995 27.9% 1.0 3.0
p,p′-DDE y = 193.07x—89.341 5–100 0.9988 18.82% 0.3 0.9

Table 4   Standard addition amount, recoveries, and relative standard 
deviations of five OCPs (n = 6)

Compound Standard addition 
amount/(μg kg−1)

Recovery/% RSD/%

α-HCH 10 92.7 5.1
20 96.1 3.4
50 102.4 2.6

β-HCH 10 85.2 6.7
20 96.6 4.3
50 97.4 3.8

γ-HCH 10 82.5 7.8
20 86.1 6.5
50 95.8 7.2

δ-HCH 10 97.3 4.8
20 89.9 6.2
50 90.1 3.3

p,p'-DDE 10 118.5 6.8
20 107.2 5.5
50 111.0 5.6
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consistent with the previous characterization results. PSA 
was an adsorbent similar to the amino group, with two amino 
groups, which can remove many impurities such as matrix 
sugars, fatty acids, and organic acids. PSA is a commonly 
used purifier in the QuEChERS method, which is also used 
in GB23200.121–2021.

By comparing the chromatograms of the blank sam-
ple without purification (Fig. 4A), spiked cabbage sample 
(50 μg kg−1) without purification (Fig. 4B), spiked cab-
bage sample (50 μg kg−1) after purification by DES@MGO 
(Fig. 4C). It presented that the DES@MGO exhibited a 
purification effect on the matrix during the sample pretreat-
ment process. On the one hand, it reduced the interference 
of impurities, improving the detection limit and sensitivity 
of the target object, along with prolonging the life of the 
chromatographic column and detector.

To investigate the purification effect of DES@MGO, 
PSA and MGO on Chinese cabbage sample extract, 5 
OCPs (50 μg kg−1) were added to blank matrix of Chinese 
cabbage sample after extraction according to the above 
method. Then, DES@MGO (10 mg), PSA (25 mg) (refer 
to GB23200.121–2021), and MGO (10  mg) were used 
for purification, respectively. Other conditions remained 
unchanged, and the purification solution was detected by 
GC–MS, as shown in Fig. 4. It showed many interference 
peaks in Fig. 4D and E, and the existence of these interfer-
ence peaks may cause interference to pesticide targets. Par-
ticularly, there was an impurity peak in the middle of target 
2,3, which caused a serious matrix effect and affected the 
accurate detection of the two substances. Compared with 

Fig. 4C–E presents fewer impurity peaks, and interference in 
the middle of target 2,3 was also effectively removed. From 
the chromatogram, it can be seen that target 2,3 has achieved 
a good separation effect. These results indicated that DES@
MGO can affect most of the interfering substances in the 
acetonitrile extract of Chinese cabbage, and the purification 
effect was better than PSA and MGO. It could be attributed 
to the nanoscale porous fold structure of DES@MGO, its 
large specific surface area and the hydrophobic surface can 
strongly adsorb disturbances in vegetable samples. After 
the purification procedure is completed, DES@MGO can 
be replaced by an external magnetic field to achieve rapid 
separation of the adsorbent from the solution, simple, and 
fast. The DES@MGO prepared in this work is an effective 
purification material with good performance.

Method Application

Four typical green leafy vegetables (cabbage, spinach, 
cucumbers, and tomatoes) obtained were analyzed in three 
replicates. The results showed that the concentrations of 
all analytes were lower than the LOQs of this method, and 
lower than 50 μg kg−1 standard of maximum residue limit 
of pesticide (GB 2763–2021).

Conclusion

In this study, DES@MGO was successfully prepared and 
characterized, and it was used in QuChERS pretreatment 
technology, exerting a vital role in good purification effect 
and rapid magnetic separation advantages. Based on that, 
DES@MGO was combined with GC–MS to establish the 
analysis and detection of 5 OCPs in vegetable samples. 
The results indicated that the average recoveries were 
82.5–119%, and the relative standard deviations were 
2.6–7.8%. The results showed that the modified QuECh-
ERS method is of simply and rapidity comparing with 
MGO and PSA. This study provides a reference for the 
determination of OCPs in vegetables.
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