Journal of Chromatography A, 1553 (2018) 57-66

f——]

NAL OF CHROMATOGRAPHY A

Contents lists available at ScienceDirect

Journal of Chromatography A

journal homepage: www.elsevier.com/locate/chroma

Magnetic solid-phase extraction of heterocyclic pesticides in
environmental water samples using metal-organic frameworks
coupled to high performance liquid chromatography determination

Check for
updates

Jiping Ma®*, Gege Wu?, Shuang Li?, Weigiang Tan?, Xiaoyan Wang":¢, Jinhua Li°®,
Lingxin Chen"-*

3 School of Environmental & Municipal Engineering, State-Local Joint Engineering Research Center of Urban Sewage Treatment and Resource Recovery,
Qingdao University of Technology, Qingdao 266033, China

b Key Laboratory of Coastal Environmental Processes and Ecological Remediation, Research Centre for Coastal Environmental Engineering and Technology,
Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences, Yantai 264003, China

¢ School of Pharmacy, Binzhou Medical University, Yantai 264003, China

ARTICLE INFO ABSTRACT

Article history:

Received 26 January 2018

Received in revised form 9 April 2018
Accepted 14 April 2018

Available online 16 April 2018

A simple method of magnetic solid-phase extraction (MSPE) coupled to high performance liquid chro-
matography (HPLC) was developed for the simultaneous extraction and determination of four kinds of
heterocyclic pesticides (carbendazim, triadimefon, chlorfenapyr and fenpyroximate) in environmental
water samples. Magnetic metal-organic frameworks (MOFs) of type MOF-5 were prepared and used as
adsorbents of MSPE. Several main parameters influencing MSPE efficiency were investigated, including
amount of magnetic MOF-5, sample solution pH, extraction time, salt concentration, type and volume
of desorption solvents and desorption time. Under optimal conditions, the MSPE-HPLC method pre-
sented fast simple separation and analysis, and excellent linearity in the range of 0.3-500.0 wg/L for
carbendazim and triadimefon, and 0.1-500.0 p.g/L for chlorfenapyr and fenpyroximate, with correlation
coefficients (r) higher than 0.9992. High sensitivity with limits of detection and quantification ranging
from 0.04-0.11 pg/L and 0.13-0.35 wg/L, respectively, were achieved, as well as good precision with rela-
tive standard deviations of 2.98-7.11% (intra-day) and 3.31-7.12% (inter-day). Furthermore, the method
was successfully applied to reservoir and Yellow River water samples, and satisfactory recoveries at three
spiked concentration levels were between 80.20% and 108.33%.The magnetic MOF-5 composites based
MSPE followed by HPLC proved promising for convenient and efficient determination of heterocyclic
pesticides in environmental water samples.
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1. Introduction

Heterocyclic pesticides as a large class of pesticides are mainly
used to control insects and pathogens for a variety of rice, veg-
etable, fruit trees, decorative plants and so on. But meanwhile,
for those non-target organisms, these heterocyclic pesticides also
have exhibited high toxicity or harmful side effect [1]. For exam-
ple, chlorfenapyr, a kind of widely used heterocyclic pesticides, is
very toxic to aquatic organisms. They can persist for a long time
in the environment because the heterocyclic rings of these com-
pounds are difficult to be broken and their biodegradability is slow.
Due to extensive and inappropriate use, their residues have been
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observed in vegetables, agricultural products and environmental
soils or waters [2,3]. The residues of heterocyclic pesticides in
environmental water may cause long-term adverse effects to the
aquatic environment, and even some heterocyclic pesticides may
do harm to human health. Therefore, it is extremely essential to
develop convenient, sensitive and rapid methods for heterocyclic
pesticides determination in environmental waters.

Besides traditionally available chromatographic technologies
for separation and determination of heterocyclic pesticides [4-8],
sample pretreatment procedures are crucial for the whole analysis
process, which aim at enriching targeted analytes and eliminating
matrix effects from complex samples. Some pretreatment tech-
niques for the extraction of heterocyclic pesticides from water
samples have been reported, such as solid-phase extraction (SPE)
[9,10], solid-phase microextraction (SPME) [11], and dispersive
liquid-liquid microextraction (DLLME) [12,13]. Amongst them, SPE
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technique can provide high enrichment factor to obtain lower
detection limit, and has been widely used for preconcentration
of trace analytes in water samples. For instance, our group has
used multi-walled carbon nanotubes (MWCNTSs) as SPE adsorbents
combined with HPLC-DAD for enrichment and determination of
pyrazole/pyrrole pesticides in water [14]. However, SPE method
still has some problems, such as, the SPE columns are likely to be
blocked by complicated water samples, and the extraction process
is time-consuming.

As a deformation mode of SPE, magnetic SPE (MSPE) technique
nowadays has attracted much interest and have been increasingly
utilized in sample pretreatment of environmental water [15,16]. In
MSPE mode, a small amount of magnetic adsorbents can be well
dispersed in sample solution to trap target analytes and be rapidly
collected under magnetic fields. Compared with traditional SPE,
MSPE is time saving, and magnetic adsorbents can be easily sepa-
rated from water solution without employing complicated devices
[15,16]. In MSPE, it is the key to prepare and select magnetic adsor-
bents for different compounds to obtain high enrichment efficiency.

Metal organic frameworks (MOFs) are new functional materi-
als with various transition metal ions interconnected by a variety
of organic ligands. MOFs have some excellent characteristics such
as enormous surface area, ultrahigh porosity, and tuneable pore
size, and they have demonstrated great application potentials in
gas storage [17-19], drug delivery [20,21], heterogeneous catalysis
applications [22,23], and sample pretreatment [24,25]. As for sam-
ple pretreatment, MOFs have often been used as adsorbents of SPE
[24-28]and SPME [24,25,29,30]. However, not all MOFs can be used
in environmental water samples, because some MOFs have limita-
tions in liquid phase adsorption due to their relatively low stability
in water and hydrophilic nature [31,32]. Recently, several magnetic
MOFs as MSPE adsorbents for water analysis have been reported,
and they exhibit good dispersibility in water together with good
adsorption efficiencies. For example, magnetic MIL-101 has been
used for MSPE of polycyclic aromatic hydrocarbons (PAHs) [33] and
pyrazole/pyrrole pesticides [34] in environmental water samples.
Magnetic HKUST-1 based MSPE has been used in determination of

Carbendazim

kow LogP=1.51
pKa=5.0

N
B =

A\
PN

Chlorfenapyr
kow LogP=4.50

Cl

palladium in environmental samples [35], as well as Fe30,@ZIF-8
microspheres for MSPE enrichment of phthalate esters [36]. The
magnetic MOFs materials have been demonstrated to be stable in
water samples. However, the metal center (Cr) of this material is
toxic. MOF-5 (Zn) material synthesized by solvothermal method
has been proved to be water stable and eco-friendly. For instance,
MOF-5 has been utilized for SPE of thiols from wastewater [37].
Also, magnetic MOF-5 has been used for MSPE. For example, MOF-
5-Fe304 nanoparticles have been synthesized for the enrichment
of colchicine in root of colchicium extracts and plasma samples
[38]. Amino functionalized Fe30,4 nanoparticles have been com-
bined with MOF-5 and then presented effective MSPE of PAHs and
gibberellic acids from environmental, food and plant samples [39].
However, in those reports magnetic MOF-5 is not used in environ-
mental water samples.

Taking account of the advantages of MOF materials and MSPE
procedures, in this study, we prepared magnetic MOF-5 composites
and used them for MSPE of four widely used heterocyclic pesticides,
namely carbendazim, triadimefon, chlorfenapyr and fenpyroxi-
mate, in environmental water samples. Several main factors that
possibly influenced the MSPE efficiency were systematically opti-
mized. Then the developed MSPE-HPLC method was validated and
applied to real water samples.

2. Experimental
2.1. Chemical reagents and solutions

Ferric chloride hexahydrate (FeCl3-6H,0), Zn(NOj3),-6H50,
hydrochloricacid (HCl) and terephthalic acid were purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
N,N’-Dimethylformamide (DMF) and glycol were purchased from
Fuyu Fine Chemical Co. Ltd. (Tianjin, China). Sodium acetate was
obtained from Aibi (Shanghai, China). Cholamine was supplied
by Sanaisi (Shanghai, China). All organic solvents are of HPLC
grade. Methanol, acetonitrile and acetone were purchased from
TEDIA (USA). Ethyl acetate was obtained from Tianjin Guangfu Fine
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Fig. 1. Structural formulas of the four analyzed heterocyclic pesticides.
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Chemicals Institute (China). All chemicals were of at least ana-
lytical grade. Ultrapure water (18.2 M£2 cm) was used throughout
the present study for aqueous solution preparation, which was
obtained from a model D-24UV ultra-pure water system (Millipore,
USA).

Analytical standards of the four heterocyclic pesticides (car-
bendazim, triadimefon, chlorfenapyr and fenpyroximate) were
purchased from the Testing Center of the Shanghai Pesticide
Research Institute (Shanghai, China), and Fig. 1 shows their struc-
tural formulas. A stock solution of each analyte at 1000 mg/L was
prepared by dissolving solid pesticides standards in methanol, and
stored at —18°C in the dark.

Real water samples were collected from the Qingdao Qianhan
Reservoir, Nuocheng Reservoir and the Yellow River. All the water
samples were filtered through 0.45 wm membrane (Tianjin Jinteng
Experiment Equipment Ltd, Co., Tianjin, China) and stored in brown
glass bottles at 4 °C prior to analysis.

2.2. Apparatus

Four heterocyclic pesticides were analyzed using an Agilent
1100 liquid chromatographic system coupled with DAD and FLD
detector. HPLC separation was performed using a ZORBAXSB-C;g
column (100 x 4.6 mm, 5 m) at room temperature. The sample
injection volume was 20 wL. The FLD excitation/emission wave-
lengths were selected at 270/315 nm for carbendazim, and DAD
absorbance was monitored at 215nm for triadimefon, chlorfe-
napyr, and fenpyroximate. The mobile phase was a mixture of
methanol and water. Gradient elution program used was as fol-

lows: 0 min, isocratic 60% methanol, the flow rate was 0.7 mL/min;
4 min, isocratic 65% methanol, the flow rate was 0.7 mL/min; 8 min,
isocratic 73% methanol, the flow rate was 1 mL/min; 13-18 min,
isocratic 80% methanol, the flow rate was 1 mL/min. Under these
optimum HPLC conditions by our investigations, four pesticides can
be well separated from each other.

A Fourier-transform infrared spectrometry (FT-IR, Frontier,
Perkin Elmer, USA), and an SUPRA 55 scanning electron microscope
(ZEISS, Germany) were used to characterize the synthesized mag-
netic MOF-5 composites. The value of saturation magnetization was
studied by VSM 7307 vibrating sample magnetometer (VSM) (Lake
Shore, USA) with an applied field between —10,000 and 10,000 O,
at room temperature. The zeta potential change and the dynamic
light scattering (DLS) of magnetic MOF-5 were measured by Zeta-
Plus (Brookhavaen, USA). The X-ray diffractometer (XRD) patterns
were recordedon D8 Advance (Bruker, USA).

2.3. Preparation of magnetic MOF-5

The magnetic MOF-5 was prepared using a solvothermal
method. Firstly, the amino functionalized Fe304 nanoparticles
(NH;,-Fe304) were synthesized by a hydrothermal method [40];
then, the NH,-Fe304 nanoparticles were modified with MOF-5
using a solvothermal method [39]. The preparation process was
illustrated in Fig. 2. In short, terephthalic acid and Zn(NOs3),-6H,0
was dissolved in DMF, then NH;,-Fe304 was uniformly dispersed
into the above mixed solution. The obtained mixture was trans-
ferred into the autoclave, which was sealed and heated. Then, the
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Fig. 2. Schematic illustration of the preparation process for the magnetic MOF-5 and the MSPE procedure.
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magnetic particles were collected by a magnet and washed several
times with solvent. The product was dried under vacuum.

2.4. MSPE procedure

Before the MSPE procedure, 7 mg of magnetic MOF-5 compos-
ites were placed into a 100 mL beaker, and then 60 mL of water
sample was added into the beaker. The magnetic MOF-5 compos-
ites were dispersed in the mixture solution under ultrasonication
for 12 min for extraction of pesticides. The supernatant water was
decanted and discarded; magnetic MOF-5 composites were gath-
ered by attaching an external magnet to the outside bottom of the
beaker, and the sedimentation time was about 4 min, ensuring that
the majority of absorbents were collected. Wet magnetic MOF-5
composites were then eluted twice by 3 mL of ethyl acetate each
time, and the elution procedure was twice conducted, resulting in
that the used total volume of ethyl acetate was 6 mL (2 x 3 mL).
All gathered ethyl acetate extracts were transferred into a vial and
evaporated at room temperature with a gentle nitrogen stream to
approximately dry, then diluted to 0.2 mL with methanol, which
was filtered with 0.45 wm nylon membrane prior to HPLC analy-
sis. After one MSPE process, in order to reuse the same adsorbent
for new extraction of the four heterocyclic pesticides, the magnetic
MOF-5 composites were washed with ethyl acetate solution for 3
times, and then the composite adsorbent was dried at 75°C for
new extraction. The magnetic MOF-5 based MSPE procedure was
schematically illustrated in Fig. 2.

3. Results and discussion
3.1. Characterization of the magnetic MOF-5 composites

The prepared magnetic MOF-5 composites were characterized
by SEM, VSM, FT-IR and XRD. Fig. S1a shows the morphological
structure of magnetic MOF-5 composites observed by SEM. As seen,
the external surfaces of cubical MOF-5 crystals were decorated with
Fe304 nanoparticles, which demonstrated the successful assembly
of MOF-5 crystals with NH,-Fe304 nanoparticles. As shown from
the DLS curves in Fig. S2, the average diameter of magnetic MOF-
5 composites was about 10 wm (Fig. S2a), much larger than that of
NH,-Fe304 (about 80 nm, Fig. S1b and 2b). The polydispersity index
(PDI) of magnetic MOF-5 composites was obtained of 0.568 accord-
ing to the DLS measurement. According to related researches such
as [40], mentioning that PDI below 0.5 suggested a monodisperse
system, ranging from 0.5 to 0.7 suggested an approximate monodis-
perse system, above 0.7 suggested not a monodisperse system,
our synthesized magnetic MOF-5 composites were approximately
monodisperse.

Fig. S3 shows the VSM curve of magnetic MOF-5 composites. As
seen, the saturation magnetization value of magnetic MOF-5 was
32emug!, which was sufficient for magnetic separation by means
of an external magnetic field. And the magnetic MOF-5 composites
were found to be well dispersed in water and isolated from the
aqueous solution by a magnet (inset of Fig. S3). So, the composites
had good paramagnetic characteristics.

Fig. S4 shows the FT-IR spectra of NH,-Fe304 (a), and mag-
netic MOF-5 composites (b) to examine the chemical structures.
In Fig. S4a, the absorption peak at 580 cm~! might be attributed
to the Fe—O—Fe vibration; the absorption peaks at 3385 cm~"! and
1610 cm™! could be ascribed to N—H vibration, respectively. In Fig.
S4b, the absorption peak at 3400cm~! was possibly from O—H
stretching vibration. The peak at 1750cm~! could be ascribed to
stretching vibration of C=0 from the terephthalic acid. The peak
at 1580cm~"! very likely belonged to C=C of benzene ring. The
absorption peak at 589 cm~! might be attributed to the Fe—O—Fe
vibration. All the characteristic peaks indicated that the magnetic
MOF-5 composites were attained. The results were consistent with
that reported patterns of magnetic MOF-5 [39].

Fig. S5 shows the XRD patterns of NH,-Fe304 (a), and magnetic
MOF-5 composites (b). As seen, characteristic peaks in Fig. S5a at
26=30.1°,35.5°,43.1°,57.0° and 62.7°, corresponding to the (220),
(311), (400), (511) and (440) planes can be attributed to the crys-
talline structure of NH,-Fe304, which is in accordance with that
reported [41]. As shown in Fig.S5b, The two main diffraction peaks
at 20 =6.9° ((200) plane, d=12.9A) and 9.6° ((220) plane, d=9.2 A)
indicated the cubic lattice of the MOF-5 [37], and the observed
pecksat20=13.7°,15.4°,20.7° and 25.3° are also in good agreement
with that reported XRD patterns of MOF-5 [38].

Additionally, in order to check the stability of magnetic MOF-5
composites after ultrasonation, both FT-IR and XRD characteri-
zations of the composites before (curve a) and after (curve b)
ultrasonication were carried out, as shown in Fig. S6. The FT-IR
absorption peaks (Fig. S6A) at 1750 and 1580cm™! (ascribed to
stretching vibration of C=0 and C=C of benzene ring from the
terephthalic acid) and the absorption peaks at 589 cm~! (related
to the Fe—O—Fe vibration) can also be observed after ultrasonica-
tion. The XRD patterns comparison of magnetic MOF-5 after and
before ultrasonication in Fig. S6 B clearly suggested that the crys-
talline structures of magnetic MOF-5 did not collapse. These results
indicated that the chemical structures of magnetic MOF-5 did not
change after ultrasonication.

3.2. Adsorption capacity of the magnetic MOF-5 composites

The adsorption isotherms of four pesticides onto the pre-
pared magnetic MOF-5 adsorbents were determined by batch
experiments. A series of solutions with different initial pesti-
cides concentrations ranging from 5 to 40mgL-! (pH=6.0) with
0.1 mg/mL of magnetic MOF-5 were placed to a shaker for 12 min
at 25 °C. The adsorption capacity ge (mgg~!) was calculated based
on Eq. (1):

(G -C)V
= (1
Here, Cp and Ce mean the initial and the equilibrium concentrations
of pesticides in solutions (mgL-1); W is the mass of the adsor-
bent (g), and V is the volume of the solution (L). As shown in
Fig. S7, the maximum capacities of the magnetic MOF-5 mate-
rials were 84 mgg~! for carbendazim, 81 mgg-! for triadimefon,
181 mgg! for chlorfenapyr and 139 mg g~ for fenpyroximate. As
far as we know, the adsorption capacities simultaneously for the
four pesticides by other adsorbents have not been reported yet.

e

Table 1

Related analytical parameters of the magnetic MOF-MSPE-HPLC method for determination of four heterocyclic pesticides.
Heterocyclic pesticides Regression equation® Correlation coefficient (r) Linearrange (pug/L) LOD (pg/L) LOQ (pg/L)
Carbendazim y=0.8901x+0.1952 0.9990 0.3-500 0.10 0.32
Triadimefon y=1.0322x+0.0505 0.9984 0.3-500 0.11 0.35
Chlorfenapyr y=1.8762x+0.1773 0.9998 0.1-500 0.04 0.13
Fenpyroximate y=2.3556x+1.9644 0.9998 0.1-500 0.04 0.14

a x=concentration (pg/L), y = area.
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For comparison, we carried out related experiments using the our
reported MWCNTSs [14] as the adsorbents. The adsorption capac-
ity for fenpyroximate was obtained of 320 mgg~1, while the other
three pesticides (carbendazim, triadimefon, chlorfenapyr) couldn’t
be absorbed by the MWCNTSs. Hence, we can say that the magnetic
MOF-5 had high adsorption capacities for the targeted analytes,
which would be in favor of MSPE.

3.3. Optimization of MSPE conditions

Several major experimental parameters that could affect the
MSPE performance were investigated, including amount of mag-
netic MOF-5, sample solution pH, extraction time, type and
volume of desorption solvents, salt concentration, and elution time.
250 g/L of spiked ultrapure water sample was used under differ-
ent experimental conditions, and the optimization was conducted
by three parallel experiments.

3.3.1. Effect of amount of magnetic MOF-5 composites

Insufficient amount of adsorbent would cause the breakthrough
of the analytes whereas higher amount will increase the cost of the
analytical procedure. Herein, 4-10 mg of magnetic MOF-5 was used
to investigate the adsorbent effect on MSPE efficiency of four pes-
ticides. As shown in Fig. 3 A, the extraction efficiency increased
when the amount of magnetic MOF-5 composites increased from
4 to 7mg. Then, the extraction efficiencies of carbendazim and
triadimefon did not change much when the amount of magnetic
MOF-5 increased from 7 to 10 mg, while the extraction efficien-
cies of chlorfenapyr and fenpyroximate slightly decreased. It can be
explained that higher amounts of adsorbents would spend longer
time to settle down, make it harder to collect from the aqueous solu-
tions [42]. In conclusion, 7 mg of magnetic MOF-5 composites were
the minimum amount of adsorbents to attain the best extraction
efficiency. Thus, 7 mg was employed as the amount of adsorbent
for further studies.

3.3.2. Effect of sample solution pH

The pH value of the sample solution is very significant for the
adsorption efficiency. The pH value of the sample solution would
influence both the form of four pesticides and the surface bind-
ing sites of magnetic MOF-5. The effect of pH was investigated by
varying the pH from 2.0 to 7.0. As presented in Fig. 3B, the extrac-
tion efficiencies of carbendazim, triadimefon and fenpyroximate
increased within pH 2.0-6.0 followed by decreasing when pH > 6.0.
The extraction efficiencies of chlorfenapyr increased within pH
2.0-3.0 then decreased a bit at pH 4.0; interestingly, the highest
extraction efficiency was also acquired at pH 6.0. For explanation
of the effect of pH, the zeta potential change of magnetic MOF-5
was measured at different solution pH, as shown in Fig. S8a, and the
related zeta potential change of NH,-Fe304 was shown in Fig. S8b.
The isoelectric point of magnetic MOF-5 was attained at about 6.0,
which means at pH 6.0 the magnetic MOF-5 was hydrophobic. From
the log Kow data of four pesticides (shown in Fig. 1), we can see that
three pesticides (triadimefon, fenpyroximateand chlorfenapyr) are
strong hydrophobic (log Kow > 3). Therefore, at pH 6.0, the interac-
tion between magnetic MOF-5 and three pesticides (triadimefon,
fenpyroximateand chlorfenapyr) was mainly hydrophobic inter-
actions. In addition, the benzene rings within magnetic MOF-5
and pesticides would induce -1 interaction. As for carbendazim,
the log Kow of carbendazim is 1.51 (in the range of 0.5-3), which
means that carbendazim is middle hydrophobic. The pK, of car-
bendazim is about 5.0. So at pH 6.0 the carbendazim molecules
were neutral and anionic species. The part of neutral carbendazim
molecules might interact with magnetic MOF-5 by hydrophobic
interaction and - interaction. At other pH values, the magnetic
MOF-5 composites were positively or negatively charged, but tri-

Table 2
Intra-day and inter-day precision (RSDs,%) for the magnetic MOF-5 based MSPE
coupled with HPLC for the determination of heterocyclicpesticides.

Heterocyclic pesticides ~ Spiked (ug/L) Inter-day (n=6) Intra-day (n=6)
Carbendazim 5 6.68 4.23
50 5.9 5.91
100 5.65 6.32
Triadimefon 5 6.53 7.12
50 3.37 5.71
100 4.08 4.16
Chlorfenapyr 5 3.71 6.23
50 4.13 3.31
100 7.11 4.46
Fenpyroximate 5 2.98 6.52
50 6.06 3.46
100 3.52 5.53

adimefon, fenpyroximate and chlorfenapyr were neutral forms. So
the pesticide molecules cannot interact with magnetic MOF-5, and
the extraction efficiencies were lower than that at pH 6.0. When
pH was much less than 5.0, carbendazim and magnetic MOF-5
was all positively charged, so magnetic MOF-5 and carbendazim
were repulsive. When pH was higher than 6.0, the magnetic MOF-
5 and carbendazim were all negatively charged, so they also were
repulsive. The electrostatic repulsion between pesticide and mag-
netic MOF-5 led to lower extraction efficiencies. Therefore, sample
solutions were analyzed at pH 6.0 in the following procedures.

3.3.3. Effect of extraction time

The adsorption efficiencies at different extraction time
(3-30min) were studied. Fig. 3C shows that the extraction effi-
ciencies for four pesticides reached their maxima at 12 min and
then remained almost constant, indicating that 12 min was suffi-
cient for the adsorption process to achieve equilibrium. Therefore,
12 min was selected as the optimum extraction time.

3.3.4. Effect of desorption condition

The properties of different desorption solvents would influence
the extraction efficiency of MSPE process. Four organic solvents,
i.e., methanol, acetonitrile, acetone and ethyl acetate were exam-
ined as desorption solvents. Fig. 3D depicts that the best desorption
capabilities towards the four pesticides were provided by ethyl
acetate, which can better disrupt interactions between magnetic
MOF-5 and pesticides. Therefore, ethyl acetate was chosen as the
desorption solvent for further experiments.

Then, the effects of different volumes of ethyl acetate and des-
orption time on the extraction efficiencies were investigated. As
seen from Fig. 3E, 2 x 2 mL of ethyl acetate was not enough to elute
all the pesticides from the magnetic MOF-5, while 2 x 4 mL ethyl
acetate didn’t provide any significant change on extraction effi-
ciency. Soin the further experiment, 2 x 3 mL of ethyl acetate eluted
was adopted. Different desorption time of 4, 6, and 8 min were eval-
uated and Fig. 3F shows that 6 min was enough to accomplish one
desorption period. Therefore, the desorption time was set at 6 min.

3.3.5. Effect of salt concentration

Salt concentration in water samples plays an important role
in extraction efficiency. The ionic strength and viscosity of water
solutions can be changed by salt addition, which would affect the
interactions between the sorbent and analytes. Thus, the effect of
salinity on the extraction of pesticides was investigated by adding
various concentration of NaCl from 0 to 10.0% (w/v). As shown in
Fig. 3F, the extraction efficiencies for the four pesticides increased
along with the concentration of NaCl increasing from 0 to 10.0%.
This phenomenon can be explained that at higher ionic strength,
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Fig. 3. Effect of (A) amount of magnetic MOF-5, (B) sample pH, (C) extractiontime, (D) type of desorption solvent, (E) volume of desorption solvent, (F) desorption time,
(G) salt concentration, and (H) sample volume on the MSPE efficiency for four heterocyclic pesticides. Extraction conditions: sample volume, 20 mL; concentration of each
pesticide, 250 pg/L. (A) Extraction time, 12 min; sample pH, 6.0; salt concentration, 0%; desorption solvent, 2 x 4 mL of ethyl acetate; desorption time, 8 min; sample volume,
20 mL. (B) Amount of magnetic MOF-5, 7 mg; extraction time, 12 min; salt concentration, 0%; desorption solvent, 2 x 4 mL of ethyl acetate; desorption time, 8 min; sample
volume, 20 mL. (C) Amount of magnetic MOF-5, 7 mg; sample pH, 6.0; salt concentration, 0%; desorption solvent, 2 x 4 mL of ethyl acetate; desorption time, 8 min; sample
volume, 20 mL. (D) Amount of magnetic MOF-5, 7 mg; extraction time, 12 min; sample pH, 6.0; salt concentration, 0%; desorption time, 8 min; sample volume, 20 mL.
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Fig. 4. HPLC chromatograms from FLD (A) and DAD (B) of four heterocyclic pesticides in real reservoir water samples after MSPE without spiking (a) and with spiking (b).
Peak identification: FLD for (1) carbendazim; DAD for (2) triadimefon, (3) chlorfenapyr, and (4) fenpyroximate. Extraction conditions were the optimal conditions.

Table 3

Determination of four heterocyclic pesticides and method recoveries in real water samples.

Heterocyclic pesticides Spiked NC reservoirwater? QH reservoirwater” River water®
L
) Found (ug/L) Recovery (%+RSD,n=3) Found (ug/L) Recovery (%¥+RSD,n=3) Found (ng/L) Recovery (%+RSD,n=3)
Carbendazim 0 ND4 ND ND
5.0 5.42 108.33+7.0 4.89 97.74+5.39 533 106.67 +4.42
50.0 43.95 87.89+£6.53 43.17 86.34+£6.92 43.24 86.47 £5.64
1000 93.17 93.17 £4.20 95.30 95.30 +4.29 96.41 96.41+£3.67
Triadimefon 0 ND ND ND
5.0 4.84 96.76 £6.92 4.44 88.76 £6.29 4.41 88.19+£6.12
50.0 46.16 92.32 +£4.60 45.51 91.02 +£4.60 47.14 94.28 +£5.00
100.0 89.28 89.28 £3.95 91.16 91.16+3.95 93.14 93.14+£2.96
Chlorfenapyr 0 ND ND ND
5.0 4.26 85.15+6.26 4.39 87.80+7.38 4.02 80.30+4.40
50.0 45.38 90.76 £7.41 47.87 95.75+6.72 47.20 94.41+4.19
100.0 94.46 94.46 £5.28 102.92 102.92 +5.89 97.40 97.40 £4.37
Fenpyroximate 0 ND ND ND
5.0 4.05 81.09 £ 6.46 4.34 86.73+£7.79 4.33 86.61+£7.94
50.0 50.46 100.92 £6.30 47.50 94.99+7.22 47.85 95.70£5.11
1000 82.03 82.03+3.18 86.19 86.19+£6.81 90.86 90.86 +3.86

2 From NuochengReservoir.
b FromQianhan Reservoir.
¢ From Yellow River.

4 Not detected.

dissociative NaCl surrounding the adsorption sites on the surface
of magnetic MOF-5 would neutralize the surface charge of the
adsorbent, and thus enhance the hydrophobic force between mag-
netic MOF-5 and pesticide molecules [43]. However, too high salt
concentration would impede the elution process by making the
desorption solvent viscous. Therefore, the concentration of NaCl
was adjusted to 10% in the following extractions.

3.3.6. Effect of sample volume

The sample volume can alter the preconcentration factor, which
directly affects the sensitivity of this method. Therefore, the effect
of sample volume on extraction efficiency was investigated. For
this purpose, 7 mg of magnetic MOF-5composites were suspended
in different sample volumes (20, 40, 60, 80 and 100 mL) with the
fixed amount of analytes. Fig. 3H shows that the peak areas were
decreased when sample volume increased from 20 to 80 mL. The
sample volume could impact the mass distribution equilibrium

[44], thus, it was harder for larger sample volume to achieve mass
transfer equilibrium from liquid to solid phase. The peak areas were
sharply decreased as sample volume increased from 60 to 80 mL.
Therefore, as a compromise between the extraction efficiency and
preconcentration factor, 60 mL was employed as the sample vol-
ume.

3.4. Analytical performance of MSPE-HPLC

Under optimum conditions described above, analysis perfor-
mance of the magnetic MOF-5 adsorbents based MSPE coupled
with HPLC towards four pesticides was assessed. Stock solutions
were serially diluted with pure water to obtain four standard solu-
tions at seven different concentration levels (1.0, 5.0, 50.0, 100.0,
200.0, 250.0, and 500.0 pg/L for individual pesticide).Four calibra-
tion curves were established within the investigated concentration
range, respectively. As listed in Table 1, excellent linearity was

(E) Amount of magnetic MOF-5, 7 mg; sample pH, 6.0; extractiontime, 12 min; desorption solvent, ethyl acetate; salt concentration, 10%; desorption time, 8 min; sample
volume, 20 mL. (F) Amount of magnetic MOF-5, 7 mg; sample pH, 6.0; extraction time, 12 min; salt concentration, 10%; desorption solvent, 2 x 3 mL of ethyl acetate; sample
volume, 20 mL. (G) Amount of magnetic MOF-5, 7 mg; sample pH, 6.0; extraction time, 12 min; desorption solvent, 2 x 4 mL of ethyl acetate, desorption time, 8 min; sample
volume, 20 mL. (H) Amount of magnetic MOF-5, 7 mg; sample pH, 6.0; extraction time, 12 min; salt concentration, 10%; desorption solvent, 2 x 3 mL of ethyl acetate.
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Table 4

Method performance comparison for heterocyclicpesticides in water samples.
Heterocyclic pesticides Pretreatment techniques Detection techniques LODs (g/L) Ref.
Ametryn, atrazine, diuron and fipronil C18-SPE HPLC-DAD 20-50 [10]
Fipronil, chlorfenapyr, fenpyroximate, flusilazole MWCNTs-SPE HPLC-DAD 0.008-0.019 [14]
clofentezine,chlorfenapyr IL-MSPE HPLC-DAD 0.4-0.5 [39]
Fipronil, chlorfenapyr, fenpyroximate, flusilazole Fe304@Si0,-MIL-101-MSPE HPLC-DAD 0.3-1.5 [34]
Carbendazim, triadimefon, chlorfenapyr, fenpyroximate Magnetic MOF-5-MSPE HPLC-DAD/FLD 0.4-0.11 This work
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Fig. 5. Reusability of the magnetic MOF-5 composites for MSPE.

obtainedwithin0.3-500.0 pg/L for carbendazim and triadimefon,
and 0.1-500.0 p.g/L for chlorfenapyr and fenpyroximate, with cor-
relation coefficients (r) between 0.9992 and 0.9997. The limits of
detection (LODs) calculated at a signal to noise ratio of 3 (S/N=3)
were attained from 0.04 to 0.11 pg/L (Table 1). Moreover, the lim-
its of quantitation (LOQs) were evaluated on the basis of SIN=10
and ranged from 0.13 to 0.35 pg/L (Table 1). The LODs for all the
four pesticides are lower than maximum residue level (MRL) of
1 pg/L in European Union surface water intended for the abstrac-
tion of drinking water regulations (75/440/EEC) [45]. Thus, this
developed method could meet the requirements of MRLs detec-
tion of the four pesticides in surface water samples. On the other
hand, the intra-day and inter-day precisions were used to investi-
gate the reproducibility of the method. Each spiked concentration
level was repeatedly performed six times in one day and in six con-
secutive days to evaluate the intra-day and the inter-day variations,
respectively. As shown in Table 2, the calculated relative standard
deviations (RSDs) for intra-day recoveries were below 7.12% and
for inter-day were less than 7.11%. These results indicated the
magnetic MOF-5 were excellent adsorbents for the MSPE-HPLC
method, which could highly sensitive and accurate enrichment and
determination of the four heterocyclic pesticides at trace levels
simultaneously.

3.5. Application of the MSPE-HPLC to real environmental water
samples

The developed MSPE-HPLC method was further applied to three
water samples from Qianhan Reservoir, Nuo cheng Reservoir and
the Yellow River. Representative HPLC chromatograms of reser-

voir water samples were displayed in Fig. 4 (A for FLD signal, B for
DAD signal). The chromatograms in Fig. 4B were obtained from the
DAD signal, which was more likely to be affected by the change of
mobile phase, thus the baseline of the chromatogram shifted seri-
ously. However, the chromatograms in Fig. 4A were obtained from
the FLD signal, so the change of mobile phase did not affect the
signal of the baseline. As seen, there were no endogenous target
pesticides detected in the real water samples after MSPE (curve a
of Fig. 4 and Table 3), and the peaks of four pesticides appeared
after spiking (curve b of Fig. 4). As listed in Table 3, the recov-
eries of four pesticides at three spiked concentrations were in a
range of 81.09-108.33% with RSDs of 3.18-7.41% for Nuocheng
reservoir water sample, 86.19-102.92% with RSDs of 3.95-7.79%
for Qianhan reservoir water sample and 80.30-106.67% with RSDs
of 2.96-7.94% for Yellow river water sample. Thus, the established
MSPE-HPLC method was practically available for the determination
of trace heterocyclic pesticides in complex water samples.

3.6. Regeneration of magnetic MOF-5 composites for MSPE

Reusability indicates the efficiency and cost effectiveness of an
adsorbent which is an important parameter to practical and com-
mercial applications. To investigate the possibility of reusing the
magnetic MOF-5, several adsorption-desorption cycles for MSPE
were carried out. As seen, Fig. 5 indicates that the reusability effi-
ciency of the magnetic MOF-5 was still high after seven successive
cycles. The results demonstrated that the magnetic MOF-5 pos-
sessed high stability and good reusability, and could be readily
regenerated, which is highly desirable for MSPE.
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3.7. Method performance comparison

Method performance of the developed MSPE-HPLC was com-
pared with other reported for the heterocyclic pesticides. As shown
in Table 4, several pretreatment methods such as, SPE 10,14, MSPE
[46,36] were presented. Compared to the same HPLC-DAD deter-
mination with different pretreatment techniques[10,14,36,46], our
method achieves lower LODs. The method using MWCNTs as SPE
adsorbents combined with HPLC shows the lowest LODs [14]. How-
ever, the conventional SPE process needs to spend nearly 4 h, while
the dispersed MSPE material could be rapidly collected from the
water samples and the pretreatment procedure could be completed
in only 20 min. Therefore, the developed MSPE-HPLC method has
been demonstrated to be simple, sensitive, cost-effective and
potentially applicable for the determination of four heterocyclic
pesticides from environmental water samples.

4. Conclusions

In this work, magnetic MOF-5 composites were prepared and
successfully applied as the MSPE adsorbents towards four het-
erocyclic pesticides in environmental water samples along with
HPLC-DAD/FLD. MOFs materials enabled high adsorption capability
and magnetic properties simplified operation procedure; the com-
bined MOFs-MSPE enabled rapidity, convenience, good reliability
and high sensitivity. Furthermore, the selectivity of magnetic MOFs
should be enhanced by utilizing functional groups, specific inter-
actions/combinations, and thereby provide promising perspectives
for more targeted pollutants in more complicated matrices.
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