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� Magnetic double-layer MOFs was
prepared with porous crystal
structure.

� MMOFs have high adsorption
capacity for fipronil pesticides.

� Adsorption model analysis fitted the
Freundlich adsorption model.

� Removal rate of fipronil in water and
cucumber were 70.9–99.7%.
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In this study, a novel metal-organic framework (M-ZIF-8@ZIF-67) was successfully prepared using the
single layer Fe3O4-ZIF-8 as magnetic core and wrapped a layer of ZIF-67 outer. This M-ZIF-8@ZIF-67
was employed as an adsorbent for the adsorption and removal of fipronil and its metabolites from envi-
ronmental water and cucumber samples. The characterization results suggested that M-ZIF-8@ZIF-67 has
the double layer structure a polyhedral structure with uniform pores, while ZIF-67 was successfully
coated on the surface of Fe3O4-ZIF-8. The unique structure endowed M-ZIF-8@ZIF-67 a high surface area
(219 m2/g) and high adsorption capacity for fipronil, fipronil desulfinyl, fipronil sulfide and fipronil sul-
fone. To our knowledge, this is the first report detailing the adsorption properties of M-ZIF-8@ZIF-67 with
double layer structure relating to the adsorption and removal of pesticides. Furthermore, the adsorption
model analysis demonstrated that the static adsorption data fitted the Freundlich bimolecular layer
adsorption model better than the Langmuir monolayer adsorption model. This study indicates that
M-ZIF-8@ZIF-67 has significant potential in the adsorption and removal of fipronil and its metabolites
in water and vegetable samples.
� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

In recent years, pesticides have been used excessively to
improve the output of agricultural products [1]. Fipronil is a phenyl
pyrazole insecticide exhibiting high insecticidal activity [2] that is
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widely used to protect agricultural products. Fipronil and its
metabolites, including fipronil desulfinyl, fipronil sulfide and fipro-
nil sulfone [3]. However, Fipronil and its metabolites exhibit strong
toxicity and therefore pose a threat to human health and the envi-
ronment [4,5]. Effective adsorption and removal of residual pesti-
cides from vegetables and environmental waters is an important
scientific area.

There are numerous methods have been employed to remove
pesticides from aqueous environments, such as adsorption, mem-
brane separation, biodegradation and photocatalytic degradation
[6]. Among these methods, adsorption technique based on solid
adsorbents can efficiency for convenient and quick adsorption
and removal of organic pollutants in water and food samples [7].
Widely-known adsorbents materials for the removal of pesticides
are metal oxides, silica particles, carbon materials, magnetic mate-
rials and porous polymers [8]. Because of low adsorption capacities
and tedious operation procedures, challenges remain to develop
novel adsorbent materials that can be used efficiently to adsorb
and remove a variety of pesticides. Metal-organic frameworks
(MOFs) are considered as effective adsorbents because of the inter-
actions between the adsorbents and the target object include elec-
trostatic interactions, hydrogen bond interactions and p-p
conjugate forces [9–12]. MOFs demonstrate some advantages
which are shown as follows: First, MOFs possess uniform and reg-
ular pore structures, larger pore dimensions and specific surface
areas. The adsorption processes of different organic pollutants
occur mainly on the surface or inside of MOFs [13]. In additional,
the structure of synthesized MOFs can be tailored and introduced
characteristic performance by varying the functional groups,
organic ligands and metal ions [14]. More importantly, the external
unsaturated active sites of MOFs will facilitate improving its
adsorption property and removal capacity for pesticides residues
[15].

According to the previous literatures, zeolitic imidazolate
frameworks (ZIFs) can be synthesized via a simple and conve-
nient method and present potential application in pesticide
adsorption [16–18]. ZIF-8 and ZIF-67 has three-dimensional
topology similar to zeolites, and attracts much interest to develop
potential absorbent for pesticides adsorption [19]. However, the
main drawbacks such as low specific surface areas, poor struc-
tural stability and difficult separation limit its further applica-
tions [20]. Preparing the double-layer structure of hybrid MOFs
by coating ZIF-67 onto the surface of ZIF-8 may be a feasible
way to overcome the abovementioned shortcomings. Owing to
the same ligand (2-methylimidazole), combining ZIF-8 and ZIF-
67 together by using epitaxial growth method to improve the
performance of absorbents is believed to be a considered poten-
tial strategy [21–23]. The bilayer structure of ZIF-8@ZIF-67 com-
posite material could exhibit numerous similar pore structures,
which will enhance the adsorption and removal capacities for
pesticides residues [24].

In this paper, we have designed a novel magnetic bilayer MOFs
material (M-ZIF-8@ZIF-67) by using one-pot synthetic method
and layer-by-layer self-assembly. For the first time, M-ZIF-
8@ZIF-67 was used as an adsorbent to adsorb and remove fipronil
and its metabolites in water and vegetable samples. M-ZIF-8@ZIF-
67 was then characterized and their adsorption mechanism were
verified by static adsorption, adsorption kinetics and adsorption
model analysis. After that, the key factor and SPE procedure
may affect the adsorption capacity and rate were then optimized.
Furthermore, the adsorption properties of M-ZIF-8@ZIF-67 for
fipronil and its metabolites in cucumber and ambient water were
studied in details. This could lay a research foundation for func-
tionalizing double-layer MOFs into the micro-extraction fiber
needle, and constructing rapid enrichment method and novel
SPE equipment.
Experimental

Chemicals and materials

Fipronil, fipronil desulfiny, fipronil sulfone and fipronil sulfide
were obtained from Sigma-Aldrich (St. Louis, Mo. USA).
2-methylimidazole was purchased from Aladdin Industrial Corpo-
ration (Shanghai, China). FeSO4�7H2O, FeCl3�6H2O, Zn(NO3)2�6H2O
and Co(NO3)2 were purchased from Sinopharm Chemical Reagent
Co. Ltd. All other materials were of analytical reagent grade and
purchased from the Beijing Chemical Reagent factory (Beijing,
China).

Apparatus

The particle size and surface morphologies of MOFs were inves-
tigated using scanning electron microscopy (SEM, JSM-6300, JEOL,
Japan). FT-IR spectra were recorded using an FI-IR-8400 spectrom-
eter (Shimad Zu, Japan). X-ray powder diffraction (XRD) was
obtained using a D8 Advance x-ray powder diffractometer (Bruker,
Germany). To investigate the magnetic properties of all products,
vibrating sample magnetometry (VSM, Lake Shore 7410 USA)
was performed. High-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS, LC-30A, MS8050, Shi-
madzu, Japan) was used to verify the adsorption capacity of the
materials.

Preparation of Fe3O4

Fe3O4 nanoparticles were synthesized according to a previously
reported chemical synthesis method [25]. Generally, Fe2SO4�7H2O
(0.7 g) and FeCl3�6H2O powders (1.2 g) were dissolved in ultrapure
water (20 mL, filtration membrane 0.22 lm), and thereafter, were
mixed with 240 mL ultrapure water under N2 protection in a three-
necked flask. The solution was vigorously stirred using a mechan-
ical stirrer at 80 �C for 30 min. An ammonium hydroxide (10 mL)
solution was then added to the mixture prior to vigorously stirring
for an additional 30 min at 80 �C. The mixture solution was then
cooled to room temperature. Finally, the material was washed
twice with ethanol and water.

Preparation of M-ZIF-8/ZIF-67

M-ZIF-8/ZIF-67 was prepared using a reported method with
slight modification [16]. Zn(NO3)2�6H2O was dispersed in water
(5 mL) and added to an aqueous solution of Fe3O4 (20 mL) under
vigorous stirring for 30 min., An aqueous solution (20 mL) contain-
ing 2-methylimidazole (0.82 g) was added into this mixture and
then stirred for 1 hr. After that, a solution comprising Co(NO3)2
(0.34 g) dispersed in water (5 mL) was mixed for 30 min. Finanlly,
the aqueous solution containing 2-methylimidazole was added
into the abovementioned mixture and reacted under magnetic stir-
ring for l h. The mixed solution was separated using a magnet,
washed twice with ethanol and water to remove unreacted chem-
icals, and thereafter, dried in a vacuum oven at 60 �C.

Adsorption experiments

The synthesized M-ZIF-8@ZIF-67 materials were completely
dried prior to being mixed with pesticide aqueous solutions.
100 mg/L stock pesticide-containing acetone solutions were pre-
pared and then pesticides mixture with concentration of 100 mg/L
was diluted with ultrapure water into different working solutions.
To obtain the desired adsorption performance for the
M-MOF materials [26], the solutions were added at low molar
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mass HCL levels to adjust the pH of the solutions to 6, with a target
M-ZIF-8@ZIF-67 loading of 15 mg being dispersed into the working
solutions (4 mL) containing the four different concentrations of
pesticides (0–20 mg/L). Thereafter, the mixtures were oscillated
for 45 min at room temperature. M-ZIF-8@ZIF-67 was separated
using a magnet and extracted from the pesticide supernatants of
varying concentrations (or the supernatant was diluted by metha-
nol) and analyzed by HPLC-MS/MS.

The static adsorption binding capacity of the M-MOF materials
in fipronil and its derivative pesticides were calculated using (Eq.
(1)):

Qe ¼ ðCo � CeÞV=M ð1Þ
where Qe is the static binding capacity (m/mg), Co is the initial pes-
ticide concentration of the solution (mg/L), Ce is the end pesticide
concentration of the solution (mg/L), V is the volume of the initial
pesticide solution, and M is the quantity of the material (mg).

The adsorption isotherm was estimated based on the following
formulae:

1=Q eq ¼ 1=KCeqQmax þ 1=Qmax ð2Þ

lnQ eq ¼ lnK f þ ð1=nÞlnCeq ð3Þ
The Langmuir (Eq. (2)) and Freundlich (Eq. (3)) models were

used, where K is the adsorption constant derived from the Lang-
muir model (L/mg), QmaxQmax is the saturated adsorption capacity
(mg/g), Kf is the adsorption constant derived from the Freundlich
model (mg/g), and 1/n is the adsorption strength, or degree, of sur-
face inhomogeneity.

The adsorption kinetics was verified using a pseudo-second-
order kinetic model (Eq. (4)) [27]:

t
Qt

¼ 1
k2

Q2
2cal þ

t
Q2cal

ð4Þ

where Qt (mg/g) is the static binding capacity at a specific oscilla-
tion time (min), Q2

2cal (mg/g) is the theoretical adsorption capacity
at adsorption saturation, and k2 is the adsorption rate constant
(g/(mg�min)) for pseudo-second-order kinetics. The adsorption kinet-
ics of the experimental process is as follows:M-MOFmaterials (15mg)
were mixed with aqueous solutions containing the four pesticides
(4 mL, 5 mg/L) and thereafter, oscillated for different periods of time.

Sample preparation

Underground water, river water, and tap water were collected
from Beijing, Tianjin and Lang Fang City, Hebei Province, respec-
tively. Cucumbers are purchased at local supermarkets, vegetable
markets and vegetable production base in Lang fang, Hebei Pro-
vince, respectively. The purchased vegetables had no target pesti-
cides residues after testing using HPLC-MS/MS, and the target
pesticides were then added to simulate the positive samples of
pesticide contamination. The practicability and anti-matrix inter-
ference ability of the method were investigated. All of the water
samples were filtered through a microporous injection filter mem-
brane prior to adding to the pesticide working solutions, to give a
final water sample concentration of (5, 10, 15, 20, 50, 100, 200 and
400 lg/L) The cucumbers were ground to a pulp, centrifuged and
Fig. 1. Diagrammatic sketch of the synthesis of a d
filtered through the membrane. The cucumber supernatant was
collected and spiked with varying pesticide concentrations. Syn-
thesis process of a double-layer metal–organic framework (MOF)
is show in Fig. 1.

Results and discussion

Characterization of M-ZIF-8@ZIF-67

SEM analysis was used to study the morphology and particle
size of the prepared M-ZIF-8 and M-ZIF-8@ZIF-67 materials.
Fig. 2a shows the emergence of the polyhedral structure of the
Fe3O4-ZIF-8 framework with nanometer apertures of a narrow size
distribution. Fig. 2b shows ZIF-67 surface coverage over the M-ZIF-
8 surface. ZIF-67 exhibits a porous structure having a narrow size
distribution similar to the M-ZIF-8 structure, likely as a result of
similar cell parameters.

XRD analysis of the MOF materials also verified similar cell
parameters [28]. Fig. 3a shows that M-ZIF-8@ZIF-67 obtains a
highly porous block structure. The microporous structure of the
polyhedron significantly improves the adsorption of pesticides by
M-ZIF-8@ZIF-67. The composition and distribution of atoms on
the surface of the materials were characterized by energy-
dispersive X-ray spectroscopy analysis (Fig. 3b). The iron
concentration located at the M-MOF surface was lower than on
the corresponding M-ZIF-8, however, the Co concentration located
at the M-MOF surface was higher than that on the M-ZIF-8 surface.
The results show that M-ZIF-8 was completely covered by ZIF-67
and the elemental composition of M-ZIF-8 was unchanged.

Based on the study of the magnetic properties of M-MOF, the
hysteresis loop obtained by VSM was used to evaluate the mag-
netic properties of M-MOF [29]. Fig. 3c shows that remanence
and the coercivity values of all materials were 0. This indicates that
all materials have super-magnetic properties, therefore, magnetic
separation can be performed using an external magnetic field.
The saturation magnetization values of Fe3O4, Fe3O4-ZIF-8, and
magnetic MOF were 85.56, 59.76, 51.93. Although the magnetic
properties decrease in turn, the final product still exhibits suffi-
cient magnetic properties so as not to affect the separation process.
The VSM data indicate that the magnetic particles have been suc-
cessfully synthesized within the interior of the material.

Fig. 4a shows the FT-IR spectrum of the synthesized materials.
The characteristic absorption peaks of the synthetic materials
(Fe3O4-ZIF-8@ ZIF-67) have been previously reported. The mag-
netic materials exhibit a peak at 560.24 cm�1, attributed to the
vibration of FeAOAFe, which indicates that the magnetic nanopar-
ticles were successfully coated onto the core material. The mag-
netic properties of M-ZIF-8 and M-ZIF-8@ZIF-67 are consistent
with those of VSM. The interval 1143–1306 cm�1, is related to
the vibration of the imidazole ring. The telescopic vibration of
M-ZIF-8@ZIF-67, associated with the peak located at
993–1100 cm�1, is as a result of the C@N bond in ZIF-67, suggest-
ing that ZIF-67 is perfectly conjugated to the surface of M-ZIF-8.
The peak generated by the CAN stretching vibration is located at
1420 cm�1, and for the NAH stretching vibration, the assigned
peak is located at 2920 cm�1. The peak generated by the
stretching vibration of the CAH bond associated with the
ouble-layer metal–organic framework (MOF).



Fig. 2. Scanning electron microscopy micrographs of: (a) Fe3O4-ZIF-8 and (b) Fe3O4-ZIF-8@ZIF-67.

Fig. 3. (A) X-ray diffraction patterns of (a) Fe3O4, (b) Fe3O4-ZIF-8, and (c) Fe3O4-ZIF-8@ZIF-67. (B) Energy-dispersive X-ray spectroscopy image of (a) M-ZIF-8 and (b) M-MOF,
(C): magnetic hysteresis loops of (a) Fe3O4, ((b) Fe3O4-ZIF-8, and (c) Fe3O4-ZIF-8@ZIF-67.

Fig. 4. (a) FT-IR spectra of the synthesized materials, ((b) N2 sorption-desorption isotherm of M-ZIF-8@ZIF-67.
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Table 1
Fitting parameters of langmuir and freundlich models for M-MOFs adsorbed
pesticides.

Model analysis Fipronil and derivatives Calibration equation R2

Freundlich Fipronil desulfiny y = �0.7546x + 0.0232 0.9827
Fipronil y = �0.7787x + 0.0292 0.9704
Fipronil sulfide y = �0.8008x � 0.675 0.9729
Fipeonil sulfone y = �0.824x � 0.4469 0.9628

Langmuir Fipronil desulfiny y = �0.6684x + 9.7983 0.1484
Fipronil y = �0.7062x + 10.474 0.1272
Fipronil sulfide y = �0.6372x + 8.4103 0.125
Fipeonil sulfone y = �0.7641x + 9.0046 0.1258
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2-methylimidazolium ring is positioned at 2921–3131 cm�1. The
diffraction peak shift of M-ZIF-8 and M-ZIF-8@ ZIF-67 are the same
as that of Fe3O4, which indicates that the materials are magnetic
and that the structure of Fe3O4 is retained in the synthesis of the
subsequent polymer. The intensities of the XRD patterns demon-
strate that the composites possess high crystallinity, consistent
with the FT-IR spectra, and furthermore, show that the synthesized
ZIF-67 was incorporated into the M-ZIF-8 material without com-
prising the structural integrity of the M-MOF skeleton.

The textural properties of M-MOF were verified by N2

adsorption-desorption isotherm measurements [30]. Fig. 4b shows
the isotherm of the prepared product. The shape of the N2

adsorption-desorption isotherm indicates the presence of both
micropores and macropores of different sizes in the material. The
adsorption curve shows rapid uptake of N2 in the micropores at
low pressures. The isotherm plateaus across a P/P0 range of
0.1–0.8, indicating adsorption on the surface of the material [31].
The small hysteresis loop is observed as a result of particle packing
or by condensation within the interstitial sites of the macroporous
structure [32]. The Brunauer-Emmett-Teller (BET) surface area and
pore volume of the M-MOF material are 219 m2/g and 0.07 cm2/g,
respectively. The results show that the surface area of the material
was effective for the adsorption of the fipronil and its metabolites
[33,34].

Adsorption capacity studies

To test and verify the static adsorption capacity of the double
layer M-MOF material for pesticide uptake, measurements were
obtained, as shown in Fig. 5a. The adsorption of pesticides
increases with the increase of pesticide concentration. However,
the adsorption capacity reached equilibrium at 10 mg/L. The
adsorption capacities for fipronil desulfiny, fipronil, fipronil sulfide
and fipeonil sulfone in the solution supernatant, determined by
HPLC-MS/MS at 10 mg/L, were 3.244, 3.955, 5.188 and 5.729 mg/L,
respectively. Fig. 5b shows the total ion chromatogram of the
fipronil desulfiny, fipronil, fipronil sulfide and fipeonil sulfone. In
the absence of optimization of other conditions, M-ZIF-8@ZIF-67
exhibits a high adsorption capacity because of the double-layer
structure of the M-ZIF-8@ZIF-67 material having a large surface
adsorption capacity and uniform micropores. Adsorption iso-
therms describe the adsorption relationship between the adsor-
bent and adsorbate. Static adsorption was tested by the Langmuir
and Freundlich models. As shown by the correlation coefficient (R2)
values, the Freundlich model is more suitable for static adsorption
Fig. 5. (a) Adsorption isotherms relating to pesticide uptake on M-M-ZIF-8. (b) The ion ch
of pesticides than the Langmuir model (Table 1). The static adsorp-
tion ability of the fipronil desulfiny, fipronil, fipronil sulfide and
fipeonil sulfone were in accordance with the Freundlich bimolecu-
lar layer adsorption, which indicates that the double-layer M-ZIF-
8@ZIF-67 material has been successfully applied to pesticide
adsorption.

In order to examine the mechanism of adsorption process, a
pseudo-second-order model was established. The pseudo-first-
order and intraparticle quadratic fusion models have been studied
in other literatures [35], Fig. 5b shows the adsorption kinetics
curves (time, t vs extraction rate, %) for fipronil desulfiny, fipronil,
fipronil sulfide and fipeonil adsorbed by M-ZIF-8@ZIF-67. The
adsorption curves reach equilibrium after 45 min of adsorption,
with a higher rate of adsorption observed during the first 15 min.
The adsorption rate of M-ZIF-8@ZIF-67 is twice faster than that
of Ce@ZSM5 [36]. Quasi-second-order kinetic fitting parameters
were compared for the adsorption of pesticides (10 mg/L) as a
function of time. A demonstrable linear relationship between t
and t/Qt is observed, with the R2 value approaching 1 (Table 2).
The results indicate that the kinetic process of the M-ZIF-8@ZIF-
67 adsorption and removal of fipronil desulfiny, fipronil, fipronil
sulfide and fipeonil are in accordance with the quasi-second-
order kinetic model.
Single-factor experiments to optimize pesticide adsorption

To deduce the optimal extraction parameters, the pH value of
the solution, the mass of the M-ZIF-8@ZIF-67 adsorbent, and the
ion salt concentration during the adsorption of pesticides were
obtained.
romatograms of the four pesticides. (c) Dynamic adsorption curves of the pesticides.



Table 2
Fitting parameters of the adsorption isotherms of four pesticides on metal–organic
framework (MOF) by quasi-second-order equations.

Model analysis Fipronil and
derivatives

Calibration equation R2

Pseudo-second-
order

Fipronil desulfiny y = 5.6034x + 1.0956 0.9983
Fipronil y = 6.0466x � 0.7766 0.9976
Fipronil sulfide y = 4.7527x � 0.2679 0.9981
Fipeonil sulfone y = 4.6515x � 1.0427 0.9976
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Effect of pH on adsorption capacity of M-MOFs

The pH of the solution not only affects the surface charge-
carrying properties of the adsorbent, but also changes the adsorp-
tion state of the target. The adsorption mechanism of adsorbents
may involve electrostatic interactions, acid-base interactions and
p-p interactions [37]. The pH value of the solution is observed to
be within the range of 2–10, with the highest adsorption efficiency
attained at pH 6 (Fig. 6a). This observation may be attributed to
two reasons: first, the pH value of the solution is adjusted by NaOH
or HCl. The extraction rate at pH < 6 is higher than that at pH > 6.
The Co ion may be incompletely coordinated in the metal frame-
work, and with increasingAOH ion concentration, the binding sites
of the pesticides are occupied to a greater extent attributed to the
combination of AOH ions and Co ions, which results in a decrease
of the extraction rate; second, the electrostatic interactions
between M-ZIF-8@ZIF-67 and the pesticide can improve the
Fig. 6. (a) Effect of: (a) pH, (b) adsorbent amount and (c) io

Table 3
Pesticide uptake and recovery in the presence of M-MOF as a function of pesticide concen

Pesticide Spiked (lg/L) Tap water Riv

Found (lg/L) Recovery (%) RSD (%) Fou

Fipronil desulfiny 15 0.24 98.3 0.36 0.3
10 0.21 97.8 0.13 0.2
5 0.08 98.3 1.8 0.1

Fipronil 15 0.55 96.3 0.36 0.7
10 0.36 96.3 0.92 0.5
5 0.21 95.6 0.5 0.2

Fipronil sulfide 15 0.03 99.7 0.01 0.0
10 0.03 99.6 0.16 0.0
5 0.02 99.4 0.24 0.0

Fipronil sulfone 15 0.05 99.6 0.05 0.0
10 0.05 99.4 0.09 0.0
5 0.06 98.6 0.25 0.0
extraction rate under weakly acidic conditions, leading to a higher
extraction rate at pH 6 when compared with pH 7.

Effect of M-MOF content

The influence of adsorbent amount on optimizing the adsorp-
tion and removal of pesticides was determined (Fig. 6b). Other
experimental variables for pesticide uptake were fixed: pesticide
concentration 10 mg/L, pH 6, and a contact time of 45 min. With
increasing adsorbent amount, the extraction rate was also
observed to increase, with a maximum extraction rate obtained
at an adsorbent loading of 15 mg. When further increasing the
adsorption content from 15 mg to 40 mg, the extraction rate
reached a state of equilibrium. The extraction rates of the four pes-
ticides were all >80%.

Effect of the ionic strength

The effect of the ionic strength on the adsorption and removal
of the four pesticides by the M-MOF material was investigated
by varying the ion salts-NaAc, KCl, Na2CO3. Other experimental
variables for pesticide uptake were fixed: pesticide concentration
10 mg/L, pH 6, extraction time 45 min, and M-ZIF-8@ZIF-67 con-
tent of 15 mg. The extraction rate is observed to be higher for
low ion concentrations when compared with high ion concentra-
tions (Fig. 6c), with pesticides extraction rate of <80%. High salt
concentrations will influence the mass transfer rate of the pesticide
molecules and affect the electrostatic interactions resulting in a
nic strength for the extraction efficiency of pesticides.

tration in environmental water.

er water Ground water

nd (lg/L) Recovery (%) RSD (%) Found (lg/L) Recovery (%) RSD (%)

7 97.5 0.18 0.17 98.8 1.47
4 97.5 0.31 0.20 97.9 0.05
1 97.6 0.04 0.12 97.5 0.21

2 95.1 0.15 0.72 95.2 0.08
2 94.7 1.15 0.48 95.1 1.01
7 94.4 0.21 0.23 95.3 1.21

7 99.4 0.07 0.04 99.7 0.03
3 99.6 0.02 0.04 99.5 0.16
3 99.2 0.33 0.05 98.9 0.16

9 99.3 0.07 0.13 99.0 0.08
8 99.1 0.46 0.04 99.5 0.04
7 98.5 0.12 0.07 98.4 0.04



Table 4
Pesticide uptake and recovery in the presence of M-MOF as a function of pesticide
concentartion in cucumber samples.

Pesticide Spiked (lg/L) Found (lg/L) Recovery (%) RSD (%)

Fipronil desulfiny 200 26.5 86.7 0.70
100 14.8 85.1 3.83
50 9.7 87.8 1.78
20 2.4 87.9 2.68
5 1.9 86.7 0.78

Fipronil 200 53.8 73.0 1.31
100 28.7 71.2 2.69
50 20.2 74.6 2.27
20 5.3 73.1 2.23
5 4.3 70.9 1.09

Fipronil sulfide 200 1.1 99.4 0.04
100 0.9 99.0 0.62
50 0.44 99.4 0.05
20 0.17 99.1 0.17
5 0.2 98.5 0.37

Fipronil sulfone 200 0.85 99.5 0.02
100 0.61 99.3 0.32
50 0.37 99.5 0.05
20 0.16 99.1 0.06
5 0.26 98.2 0.51
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significant decrease of the adsorption rate. The interactions
between the spatial structure of M-ZIF-8@ZIF-67 and the pesticide
molecules are not influenced by the ion salt concentration [38].

Removal of pesticides from environmental water and cucumber
samples

Because MOFs have good adsorption ability in aqueous phase,
the spiked pesticide in cucumber homogenization was extracted
with water. After that, MOFs mixed with the extraction solution
to adsorb the target pesticides. Therefor to verify the efficiency of
pesticide uptake more accurately, different concentrations of pes-
ticides (fipronil desulfiny, fipronil, fipronil sulfide, and fipeonil sul-
fone) were added to the blank sample waters and cucumbers.
Pesticide uptake under optimized conditions in the presence of
M-ZIF-8@ZIF-67 show that the pesticides were adsorbed and
removed by the M-MOF sample at high recovery rates (Tables 3
and 4). Based on the results of the physical structure and chemical
adsorption properties of the material, we believe that the material
has better adsorption and removal ability for fipronil in water and
vegetables, and it is expected to be developed as a solid adsorbent
for vegetable quality and safety detection and monitoring.

Comparison of adsorption of fipronil and metabolites with other
adsorbents

In this experiment, the adsorption rate, adsorption time,
adsorption samples were compared with other adsorbents for
adsorption of fipronil and metabolites (Table S2). It is concluded
that the adsorbent has a high adsorption rate for the adsorption
of fipronil and metabolites, and the experimental operation is
time-saving and has great potential for simultaneous application
in complex matrices.
Conclusions

In this study, the M-ZIF-8@ZIF-67 were successfully synthesized
and used as adsorbent for fipronil desulfiny, fipronil, fipronil sul-
fide, and fipeonil sulfone. The characterization results suggested
that M-ZIF-8@ZIF-67 has double-layer structure and a polyhedron
structure with uniform pores, coated on the Fe3O4-ZIF-8 surface.
The adsorption experiments indicated M-ZIF-8@ZIF-67 has high
adsorption ability for fipronil and its metabolites, while more than
95% of the target in ambient water and cucumber samples had
been adsorbed and removed. Moreover, the adsorption data well
fitted the Freundlich Bimolecular layer adsorption model. A possi-
ble mechanism is the bilayer structure of ZIF-8@ZIF-67 composite
material exhibits numerous similar pore structures, which
enhances the adsorption and removal of organic pollutants. This
study showed that M-ZIF-8@ZIF-67 has significant potential for
adsorption and removal of fipronil and its metabolites in water
and vegetable samples.
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