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A B S T R A C T   

This study presents a novel, eco-friendly composite adsorbent material designed for the magnetic solid-phase 
extraction of diamide insecticides from vegetable samples. The membrane, denoted as Fe-MMm, was incorpo-
rated with a cellulose framework embedded with Metal-Organic Frameworks (MOFs) and Multi-Walled Carbon 
Nanotubes (MWCNTs) magnetized with Fe3O4. This innovative material streamlined the conventional solid- 
phase extraction process, simplifying the sample pre-treatment. By combining it with liquid chromatography 
tandem mass spectrometry (LC-MS/MS), the method achieves significantly enhanced extraction efficiency 
through systematic optimization of experimental parameters, including adsorbent selection, pH, ionic strength, 
adsorption time, and elution time. The method had a wide linear range of 0.1–1000 ng/mL and an exceptionally 
low detection limit ranging from 0.023 to 0.035 ng/mL. The successful identification of diamide insecticides in 
vegetable samples underscores the potential of Fe-MMm as a robust material for sample pretreatment in 
analytical applications.   

1. Introduction 

In agricultural practices, a wide variety of pesticides are employed to 
control pests and weeds. However, the presence of pesticide residues in 
commonly consumed vegetables poses potential risks to human health 
when concentrations exceed the regulatory limits [1]. Among these 
pesticides, diamide insecticides, such as Tolfenpyrad (TORAC), Flu-
bendiamide (FBD), Cyantraniliprole (CNAP), Cyclaniliprole (CYCP), and 
Tetrachlorantraniliprole (TCAP), have garnered increasing attention [2] 
(Fig. 1). These insecticides exhibit high selectivity towards lepidopteran 
pests by targeting their ryanodine receptors and disrupting their calcium 
homeostasis, which ultimately leads to their demise [3]. Despite the 
favorable safety to non-target organisms of these insecticides [4], their 
widespread use has raised concerns due to their potential ecological and 
human health risks. For instance, since 2018, the use of FBD has been 
prohibited in China for rice cultivation owing to its detrimental impact 
on invertebrates and aquatic ecosystems [2]. The European Food Safety 
Authority has established an allowable daily intake of FBD at 0.017 
mg/(kg⋅d) [5]. Moreover, the Environmental Protection Agency (EPA) 

has issued the regulation 2020–27906 after conducting a comprehensive 
risk assessment of toxicity, dietary exposure, and effects on infants and 
young children and considered FBD and CNAP safe for some foods at a 
residue limit of 0.01 mg/(kg⋅d). Consequently, there is an urgent need 
for the development of highly sensitive analysis and detection tech-
niques for trace amounts of diamide insecticides. 

Addressing the challenges associated with the detection of diamide 
insecticides in complex matrices often requires sample pre-processing 
Conventional methods for this purpose include liquid-liquid extraction 
[6], QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) [7], 
and solid-phase extraction (SPE) [8]. Some researchers have adapted the 
QuEChERS methodology to develop targeted assays for detecting 
diamide insecticides in less complex matrices [9]. For instance, specific 
protocols have been established to detect chlorphenamide in grapes, 
cabbage, and cauliflower [10,11]. In 2020, Tian et al. proposed a 
comprehensive method for simultaneous detection of five different 
diamide insecticides by leveraging QuEChERS technology [12]. 
Although QuEChERS method offers a robust and straightforward 
approach, SPE is more advantageous due to several reasons, including 
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reduced consumption of organic solvents, enhanced repeatability, 
greater analyte specificity, and more simplified operational procedures. 
Nevertheless, traditional SPE methods face with some challenges, 
particularly in terms of enrichment capacity and the selection of suitable 
adsorbents. 

Metal-organic frameworks (MOFs) are a class of porous coordination 
polymers comprising organic ligands and inorganic metal ions. These 
materials are renowned for their exceptional specific surface areas and 
porosity, making them ideal candidates for separation and adsorption 
applications [13]. Typically, MOFs utilize organic ligands this can also 
be “that can be categorized into two board groups: carboxylic acids 
(such as terephthalic acid) and neutral compounds containing 
nitrogen-based heterocycles (such as 2-methylimidazole). Extant liter-
ature suggests that many MOFs contain hydrophobic channels that can 
establish robust π-π interactions and hydrophobic interactions with 
diamide pesticides and other aromatic compounds [14,15]. As a result, 
they are frequently employed as separation and enrichment materials 
for pesticide detection [16]. However, because MOFs are susceptible to 
dispersion in aqueous media, their direct use in solid-phase extraction 
increases the risk of MOF loss during solid-liquid separation, which in 
turn leads to significant experimental errors, poor reproducibility, and 
methodological instability. 

To circumvent the limitations associated with the direct use of MOFs 
in solid-liquid separation, our study introduced cellulose as a carrier 
matrix. Cellulose-based membranes have been extensively used as 
filtration media, and researchers have further modified their surfaces to 
enhance their selective adsorption capacities for solid-phase extraction 
[17]. By utilizing a vacuum filtration technique [18], we uniformly 
embedded a composite adsorbent, MOFs/MWCNTs@Fe3O4, into the 
cellulose framework. This engineering approach yielded a membrane 
material that was endowed with robust mechanical stability and reus-
ability. Subsequently, we employed this cellulose-based composite ma-
terial as a separation and enrichment medium for the pre-treatment of 
vegetable samples, specifically using magnetic solid-phase extraction 
(MSPE). When use in conjunction with high-performance liquid 
chromatography-tandem mass spectrometry (HPLC-MS/MS), this novel 
method is a highly sensitive, stable, and reproducible analytical protocol 
for the detection of trace concentrations of diamide insecticides in 
vegetable samples. 

2. Materials and methods 

2.1. Reagents and instruments 

Information of reagents and materials can be found in Supporting 
Information. 

2.2. Synthesis of MOFs 

MIL-101(Cr)-NH2 was synthesized following established protocols 
reported in the literature [19]. Specifically, 800 mg of Cr(NO3)3⋅9H₂O 
and 360 mg of 2-aminoterephthalic acid were dispersed in 20 mL of 
deionized water. The mixture was transferred to a 30 mL Teflon-lined 
stainless steel autoclave and subjected to a hydrothermal reaction at 
150 ◦C for 10 h. After the autoclave was cooled to room temperature, the 
resulting precipitate was isolated via centrifugation. The collected solid 
was then sequentially washed with dimethylformamide (DMF) and 
methanol to yield a green-colored product. Additional MOFs were syn-
thesized using similar methods, the details of which are provided in 
Supporting Information. 

2.3. Synthesis of MWCNTs@Fe3O4 

The synthesis of MWCNTs@Fe3O4 is as follows: Initially, 5 g of 
FeCl3⋅6H₂O and 12.5 g of NaOAc were sequentially dissolved in 100 mL 
of ethylene glycol. Subsequently, 3.3 g of PEG and 1 g of MWCNT-COOH 
were added to the solution. The mixture was agitated for 30 min at room 
temperature until homogeneous. The dispersion was then divided into 
five aliquots with an equal volume and transferred to stainless steel 
autoclaves lined with polytetrafluoroethylene. The autoclaves were 
subjected to a hydrothermal treatment at 200 ◦C for 10 h. Upon 
completion, the resulting product was isolated via centrifugation, 
washed with ethanol, and then dried overnight. 

2.4. Synthesis of Fe-MMm 

A composite mixture was prepared by combining 50 mg of MOFs and 
50 mg of magnetic carbon nanotubes in a beaker, to which 50 mL of 
water was added. The mixture was subjected to in-situ magnetization via 
ultrasonic treatment for 10 min. In our study, we carefully calibrated the 
ultrasonic power to ensure that the structural integrity of MOFs was not 
compromised. The ultrasonic treatment process may contribute to 
enhancing certain properties of MOFs, such as increasing surface area or 

Fig. 1. Molecular structures of five diamide insecticides.  
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improving pore accessibility, thereby positively affecting the adsorption 
process. Subsequently, 10 g of MFC dispersion was introduced, and the 
mixture was uniformly dispersed by ultrasonic agitation. The membrane 
was then fabricated using a vacuum filtration method. After the filtra-
tion process was complete, the membrane frame was carefully removed 
from the Büchner funnel and allowed to dry at room temperature for 12 
h. To expedite the drying process, Whatman filter papers were replaced 
every 2 h. Fully dried membrane was subsequently cut into small disks 
with a fixed diameter of 15 mm using a precision piercing machine. The 
specific details of this procedure are illustrated in Fig. S1. 

2.5. MSPE procedure 

The adsorption was enhanced by the use of constant temperature and 
constant-speed shaking to allow for efficient solid-liquid separation with 
the aid of an external magnetic field. To fine-tune the experimental 
conditions, a range of parameters, including the choice of adsorbent, 
solution pH, salt concentration, adsorption duration, elution solvent 
type and volume, and elution time, were systematically optimized. The 
extraction process is depicted in Fig. 2. 

Initially, a 3.5 mL aliquot of sample solution with a concentration of 
10 ng/mL was introduced into a 5 mL centrifuge tube. Next, a piece of 
Fe-MMm was added into the sample solution, and the mixture was 
continuously shaken at 1000 rpm for 30 min at 28 ◦C. Subsequently, the 
supernatant was discarded, and the adsorbed amine compounds were 
eluted using 3 mL of acetonitrile by agitating at 1000 rpm for 30 min. 
The eluate was then dried under a gentle nitrogen stream at 45 ◦C and 
reconstituted in 100 μL of chromatography-grade acetonitrile. The final 
solution was then filtered through a 0.22 μm nylon membrane filter 
before being subjected to analysis by an HPLC-MS/MS system. 

3. Results and discussion 

3.1. Characterization 

Specific peaks in the Fourier transform infrared spectroscopy (FT-IR) 
spectra serve as indicators for successful synthesis. In Fig. 3(A–a) peaks 
at 1339 cm− 1 and 1250 cm− 1 can be ascribed to the C-N vibrational 
modes of aromatic amines. Additional peaks at 3415 cm− 1 and 1622 
cm− 1 are corresponded to the stretching vibrations of -NH₂ and the 
bending vibrations of N-H, respectively [20]. The peak at 1399 cm− 1 is 
attributed to the stretching vibrations of -(O-C-O)-, while that at 577 
cm− 1 can be assigned to the stretching vibrations of Cr-O [21]. These 
peaks confirm the successful coordination between metal clusters and 
carboxyl group of 2-aminoterephthalic acid and validate the successful 

synthesis of the target sample. In Fig. 3(A and b), the peak at 1638 cm− 1 

is indicative of the stretching vibrations of C=O. Two bands near 3450 
cm− 1 and 586 cm− 1 can be assigned to the bending vibrations of O-H in 
adsorbed water and the Fe-O vibrations in Fe3O4, respectively [22]. 
These peaks confirm the successful attachment of Fe3O4 onto the surface 
of MWCNTs and further validate the successful synthesis of the target 
sample. In Fig. 3(B–a), distinct peaks corresponding to MFC were 
observed, including the peak at 3430 cm− 1 indicating the stretching 
vibrations of O-H, and the peak at 2900 cm− 1 representing the sym-
metrical stretching of C-H in methylene. Furthermore, the absorbance at 
1058 cm− 1 is primarily attributed to the C-O stretching of cellulose [23]. 
No significant changes were observed in the infrared spectra of Fe-MMm 
before and after adsorption, as depicted in Fig. 3(B–b) and Fig. 3(B and 
c). The absorption peaks mentioned above also appear in Fe-MMm 
(Fig. 3(A)). The distinctive peaks corresponding to MFC, such as the 
stretching vibrations of O-H at 3430 cm− 1 and the symmetrical 
stretching of C-H in methylene at 2900 cm− 1, were clearly evident in the 
spectra. This indicates the successful synthesis of Fe-MMm. 

Additionally, the specific surface areas and pore sizes of the syn-
thesized materials were examined based on N₂ adsorption-desorption 
isotherms. As shown in Table S2, MIL-101(Cr)-NH2 had a specific sur-
face area of 1599.1897 m2/g and an average pore size of 4.51947 nm, 
exhibiting the characteristic type IV adsorption isotherm [21]. At lower 
relative pressures (p/p0), the desorption curve was closely paralleled to 
the adsorption curve, as depicted in Fig. 3(C). The observed hysteresis 
loop at higher p/p0 values indicates the presence of mesopores, which 
can provide additional adsorption sites for diamine insecticides. 

Conversely, MWCNT@Fe3O4 had a specific surface area of 50.5944 
m2/g and an average pore size of 34.00786 nm. Fig. 3(D) presents the 
magnetization curves for MWCNTs@Fe3O4 and Fe-MMm obtained via 
vibrating sample magnetometry (VSM) at room temperature at a mag-
netic field range of -20 KOe to 20 KOe. Notably, as indicated by the 
absence of hysteresis, these materials exhibited superparamagnetic 
behavior [24]. The saturation magnetization (Ms) decreased from 
33.464 emu⋅g− 1 to 14.296 emu⋅g− 1 upon the preparation of Fe-MMm. 
Despite this reduction, the magnetization remains sufficient for prac-
tical applications [25]. Additionally, these materials can be rapidly 
collected using an external magnet within only 2 s. 

Fig. S2(A)and (B) present the X-ray diffraction (XRD) spectra of the 
synthesized materials, showing the characteristic peaks that align with 
those reported in the literature [22,25]. Fig. 4(A) and (B) illustrate the 
structures of the cellulose-based membrane and MIL-101(Cr)-NH2, 
respectively. Fig. 4(C) shows a scanning electron microscope (SEM) 
image vividly illustrating the integration of MIL-101(Cr)-NH₂ and 
MWCNTs@Fe3O4 in the cellulose paper matrix. The fibrous architecture 

Fig. 2. Schematic diagram of MSPE and analysis process.  
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of the cellulose paper was visibly adorned with numerous fine particles 
adhering to its framework. 

Furthermore, Fig. S3 depicts the elemental composition obtained by 
X-ray photoelectron spectroscopy (XPS) analysis. The full-scan XPS 
spectra confirmed the presence of Cr, C, N, and O elements in MIL-101 
(Cr)-NH2 and the presence of Cr, C, N, O, and Fe elements in Fe-MMm. 
Fig. S4 shows XPS spectra of MIL-101(Cr)-NH2 and Fe-MMm with 
respect to Cr and N. The Cr 2p XPS spectrum exhibits two characteristic 
peaks at 577.9 eV and 587.2 eV, indicating the presence of trivalent 
chromium and Cr-O bonds. The N 1s XPS spectrum displays a peak at 
400.1 eV, which corresponds to the characteristic peak of aromatic 
amines [26]. 

In conclusion, we successfully synthesized MIL-101(Cr)-NH2 and 
MWCNTs@Fe3O4 and incorporated them into a cellulose paper matrix. 
Comprehensive characterization by FT-IR, XRD, SEM, VSM and XPS 
techniques validated the structural and compositional integrity of the 
synthesized materials. The FT-IR spectra confirmed the presence of 
specific functional groups, while the XRD patterns aligned with those 
reported in the literature, confirming the crystalline nature of the ma-
terials. The SEM images revealed a well-integrated microstructure, and 
XPS analysis further corroborated the elemental composition and spe-
cific chemical bonds. Additional assessments, including N₂ adsorption- 

desorption isotherms and magnetization curves, provided valuable in-
sights into surface areas, pore sizes, and magnetic properties of the 
materials. 

3.2. Optimization of the proposed procedure 

3.2.1. Selection of adsorbent materials 
In the evaluation of suitability of various metal-organic frameworks 

(MOFs) for the enrichment of diamide insecticides, we synthesized Fe- 
MMm membranes using six different MOFs: MIL-68(Al), HKUST-1 
(Cu), MIL-101(Cr), MIL-101(Cr)-NH2, MIL-68(Al)-NH2 and ZIF-8(Zn). 
These MOFs were selected based on their aqueous and acidic stability, 
expansive surface area, and ease of synthesis (Figs. S5–S9). 

Fig. S10(A) compares the performance of the six membranes under 
identical enrichment conditions, which were: a 3.5 mL sample of 10 ng/ 
mL insecticide mixture, 30 min of enrichment time, pH 7, no addition of 
NaCl, 3 mL of acetonitrile as the elution solvent, and 30 min of elution 
time. Experimental data indicated that all six membranes could adsorb 
the insecticides. Notably, the adsorption efficacy of Fe-MMm membrane 
synthesized with MIL-101(Cr)-NH2 outperformed that of other mem-
branes. Although MIL-101(Cr) and MIL-101(Cr)-NH2 shared the same 
metal ions, they differ in functional groups. MIL-101(Cr)-NH2 

Fig. 3. (A) FT-IR spectra: (a) MIL-101(Cr)-NH2 and (b) MWCNT@Fe3O4, (B) FT-IR spectra: (a) MFC, (b) Before Fe-MMm adsorption and (c) After Fe-MMm 
adsorption, (C) N2 adsorption-desorption isotherms, (D) Magnetic curves (298 K). 

Fig. 4. (A) SEM image of MFC, (B) SEM image of MIL-101(Cr)-NH2, (C) SEM image of Fe-MMm.  
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containing -NH2 groups had higher hydrophilicity compared to its non- 
functionalized counterpart. Similarly, MIL-68(Al)-NH2 had greater hy-
drophilicity than MIL-68(Al). HKUST-1(Cu) and ZIF-8(Zn) led to lower 
relative recoveries. 

There are several factors contributing to the superior performance of 
MIL-101(Cr)-NH2. First, its large specific surface area enables higher 
adsorption capacity at equivalent material dosages. Second, under 
neutral conditions, the -NH3

+ groups in MIL-101(Cr)-NH2 can form 
hydrogen bonds with the C=O functional groups in diamide insecticides, 
thereby allowing for enhanced adsorption. This is supported by signif-
icant π-π interactions between the conjugated π bonds in the target 
analytes and the π bonds in MIL-101(Cr)-NH2. Lastly, MOFs with smaller 
surface areas and pore sizes are less effective due to the incomplete 
release of analytes; their small pores can trap analytes, thereby hin-
dering their elution. In contrast, the larger pore size of MIL-101(Cr)-NH2 
allows for efficient adsorption and complete release of the target in-
secticides. Consequently, Fe-MMm synthesized with MIL-101(Cr)-NH2 
was selected as an adsorbent in subsequent optimization experiments. 

3.2.2. Selection of pH 
Solution pH is a critical parameter that influences multiple facets of 

the extraction process, including the surface charge of adsorbent, the 
chemical structure of analytes, and the overall extraction efficiency. 
Extreme pH levels can compromise the structural integrity of most 
MOFs, in turn diminishing their extraction capacity. Specifically, high 
pH levels can cause MOF degradation, while low pH levels may induce 
electrostatic repulsion due to altered surface charges, which can 
consequently lead to lower adsorption efficiency. 

To systematically assess the impact of pH on extraction recovery, we 
conducted experiments at a pH range of 3–11, adjusted using NaOH and 
HCl. The results depicted in Fig. 5(A) indicate that the optimal recovery 
was achieved at a neutral pH (pH 7). At a pH range of 5–8, the recovery 
rate percentage (RR%) remained relatively stable. However, the RR% 
significantly declined at higher pH values ranging from 9 to 11. It is 
worth noting that while most MOFs could generally maintain their 

structural stability in acidic and neutral conditions, those synthesized 
using 2-aminoterephthalic acid as a ligand were susceptible to decom-
position under alkaline conditions. Therefore, subsequent experiments 
to optimize the adsorption efficiency were conducted under neutral 
conditions (pH 7). 

3.2.3. Selection of salt concentration 
The addition of salt can induce a salting-out effect that reduces the 

solubility of target analytes in a sample solution, which in turn affects 
the extraction efficiency. To elucidate the influence of salt concentration 
on the extraction recovery of diamide insecticides, we conducted ex-
periments using NaCl at varying concentrations, ranging from 0% to 
10% (w/v), while maintaining other experimental conditions. 

As illustrated in Fig. 5(B), the presence of NaCl caused the extraction 
recovery of all tested diamide insecticides to significantly decline. The 
reduction in efficiency can be attributed primarily to the increased so-
lution viscosity at elevated salt concentrations, which reduces the 
diffusion rate of analytes from the aqueous phase to the adsorbent sur-
face [27]. Furthermore, the presence of NaCl, which is non-volatile salt, 
is incompatible with LC-MS/MS detection methods. Consequently, NaCl 
was excluded from the final adsorption experiments conducted to opti-
mize extraction efficiency in order to ensure compatibility with 
analytical detection methods. 

3.2.4. Selection of adsorption time 
To optimize the adsorption time during the extraction of diamide 

insecticides, we conducted a series of experiments for varying durations: 
1, 3, 6, 9, 12, 15, 18, and 21 min. Fig. 5(C) reveals a significant increase 
in the signals of all analytes after only 9 min, highlighting the rapid 
adsorption rates of MIL-101(Cr)-NH2. This rapid adsorption can be 
attributed to the large specific surface area and abundant active sites of 
the material, which allow for the strong interactions with the analytes 
and the expedition of adsorption equilibrium. The use of a constant- 
temperature oscillator further enhanced the effective collisions be-
tween the adsorbent and analytes, allowing for rapid adsorption. For 

Fig. 5. Optimization of experimental conditions: (A) sample pH, (B) salt concentration, (C) adsorption time, and (D) eluent volume.  
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durations beyond 18 min, significant changes in the signal intensity 
were not observed, suggesting that the adsorption equilibrium had been 
reached. The plateau of the signal intensity is likely due to the saturation 
of available adsorption sites and the establishment of equilibrium be-
tween the adsorption and desorption processes. Based on these findings, 
18 min was selected as the optimal adsorption time to allow for both 
rapid and efficient extraction of the target analytes. 

3.2.5. Effects of elution condition 
The choice and volume of an elution solvent are critical factors that 

influence the recovery of adsorbed analytes. Given the varying polarities 
of the target analytes, we evaluated the elution efficacy of multiple 
solvents, namely isopropanol, n-hexane, ethyl acetate, methanol, 
acetonitrile, and dichloromethane. As illustrated in Fig. S10(B), the 
extraction recoveries using acetonitrile were highest, followed by those 
using methanol and ethyl acetate, and those using n-hexane were lowest. 
Consequently, acetonitrile was selected as the elution solvent in subse-
quent experiments. We further examine the effect of elution solvent 
volumes from 1 mL to 5 mL. Fig. 5(D) shows that the extraction recovery 
improved as the volume was increased from 1 mL to 3 mL, but plateaued 
at higher volumes. To maximize the extraction efficiency while mini-
mizing both cost and solvent waste, an elution volume of 3 mL was 
chosen for subsequent experiments. The duration of vortex oscillation is 
another crucial parameter in sample pretreatment, as it directly impacts 
the extraction recovery. Our investigation into varying elution times, 
ranging from 1 to 18 min, revealed that the extraction recovery 
increased up to 9 min and then plateaued (Fig. S11). Therefore, an 
elution time of 9 min was adopted in subsequent experiments. 

3.3. Evaluation of extraction method 

3.3.1. Linearity and sensitivity 
To validate the efficacy of our proposed extraction method under the 

optimized conditions, key performance metrics were assessed. As sum-
marized in Table 1, all five diamide insecticides demonstrated a broad 
linear range at concentrations spanning from 0.1 to 1000 ng/mL. The 
determination coefficients (R2) ranged from 0.995 to 0.997, which are 
indicative of excellent linearity. The detection limits, defined by a 
signal-to-noise ratio (S/N) of 3, were between 0.023 and 0.035 ng/mL. 
These data highlight the high sensitivity of our method to diamide in-
secticides. Compared to those of commercial solid-phase extraction 
columns and other alternative methods, the detection sensitivity of our 
approach was higher by 2–3 orders of magnitude and the linear dynamic 
range was also wider. 

3.3.2. Enrichment factor 
To assess the effectiveness of the extraction method, the enrichment 

factor (EF) was computed using the formula:  

EF = Cor / Caq                                                                                      

In this formula, Caq denotes the concentration of the analyte in the 
sample solution, while Cor represents the concentration of the analyte in 
the final organic solvent. The resulting EF values for FBD, TORAC, 
CNAP, TCAP, and CYCP were determined as 16.1, 15.3, 12.7, 13.5, and 
11.8, respectively. 

3.3.3. Precision 
To assess the precision of our method, we evaluated both intra-day 

and inter-day precision at an insecticide concentration of 1 ng/mL. 
The intra-day precision was determined over a single day, while the 
inter-day precision was assessed over a period of six consecutive days. As 
presented in Table 1, the relative recoveries (RR%) of five diamide in-
secticides obtained during intra-day experiments ranged from 94.6% to 
106.8%, whereas those obtained during inter-day experiments ranged 
from 95.3% to 105.3%. The intra-day precision varied between 5.7% 
and 8.2%, and the inter-day precision ranged from 4.3% to 9.5%. These 
results attest to the excellent precision of the proposed method. 

3.3.4. Reusability 
To further underscore the advantages of our novel adsorbent mate-

rial, we conducted reusability tests. The data obtained after 10 repeated 
cycles are presented in Fig. S12. The results indicated minimal perfor-
mance variation across the cycles, affirming that the material has 
excellent reusability. During the 10 cycles, the specific data for the re-
covery of Fe-MMm can be found in Table S3. 

3.4. Application in real samples 

To evaluate the applicability of our method in real-world scenarios, 
we applied it to five types of leafy green vegetables: Chinese kale, 
rapeseed, baby bok choy, Chinese cabbage, and spinach. The samples 
were purchased from a local supermarket in Changchun, China. Initially, 
10 g of each vegetable sample was homogenized and blended with 4 mL 
of methanol. The mixture underwent ultrasonic vortexing for 10 min, 
followed by high-speed centrifugation. The supernatant was then 
collected and evaporated to dryness under a nitrogen stream. To prepare 
a test sample, each dried sample was reconstituted in 30 μL of acetoni-
trile and 3.5 mL of ultrapure water. Five diamine insecticides were 
spiked into these samples at concentrations of 1 ng/mL, 10 ng/mL and 
100 ng/mL, and recovery experiments were conducted following the 
procedures outlined in Section 2.5. The results summarized in Table S4 
revealed positive detections of FBD in two samples and TORAC in one 
sample. The relative recovery rates (RR%) for all tested diamine in-
secticides ranged from 84.3% to 108.1%. The relative standard devia-
tion of less than 9.1% indicated the robustness and reliability of our 
method in analysis of real samples. 

3.5. Comparison with published methods 

In the present study, a novel extraction method was proposed and 
optimized. A comparative analysis between the performance metrics of 
this MSPE extraction approach and those reported in the literature is 
detailed in Table S5. Our method offers several advantages over tradi-
tional solid-phase extraction techniques. It simplifies the extraction 
process due to the incorporation of MSPE. Additionally, the use of 
innovative magnetic cellulose nanocomposite membrane eliminates the 
need for centrifugation, leading to convenience and enhanced effi-
ciency. Its high recovery rates and excellent stability are maintained, as 
evidenced by its high relative recovery rates and low relative standard 
deviations. It is evident that the proposed method is a robust and reliable 
option for the extraction and quantification of diamine insecticides. 

Table 1 
Analytical performance of the present method.  

Analyte LDR (ng/mL) Regression equation R2 LOD (ng/mL) Intra-day (n = 6) Inter-day (n = 6) 

RR (%) RSD (%) RR (%) RSD (%) 

FBD 0.1–1000 y = 12890.82x+1644.17 0.997 0.035 103.4 8.2 98.6 4.3 
TORAC 0.1–1000 y = 81840.08x+6767.14 0.995 0.023 106.8 6.4 105.3 7.2 
CNAP 0.1–1000 y = 16212.22x-200.27 0.996 0.031 94.6 5.7 100.1 6.2 
TCAP 0.1–1000 y = 10676.41x+157.61 0.995 0.032 100.6 7.5 95.3 5.9 
CYCP 0.1–1000 y = 8503.64x-3.66 0.995 0.032 98.2 7.9 99.2 9.5  

Y. Wang et al.                                                                                                                                                                                                                                   
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4. Conclusion 

In this investigation, we synthesized six distinct Fe-MMm materials 
via a vacuum filtration technique and employed them in the sample pre- 
treatment step. Our data conclusively indicated that Fe-MMm materials 
had exceptional adsorptive capabilities for all five diamide insecticides 
including FBD,TORAC, CNAP, CYCP, and TCAP, under study. Compre-
hensive material characterization by SEM, XPS, XRD, FT-IR, VSM, and 
BET adsorption isotherms corroborated the unique structural and 
physicochemical attributes of the materials. The integration of thin films 
into the solid-liquid separation stage eliminated the necessity for 
centrifugation, thereby enhancing the separation efficiency, even after 
multiple usages. The proposed methodology also had ultra-high sensi-
tivity, wide linear range, and high robustness and repeatability. The 
detection limits were remarkably low, 0.023–0.035 ng/mL, which out-
performed those of the existing techniques by two to three orders of 
magnitude. This study substantiates the potential of our novel magnetic 
cellulose nanomaterial composite film in selective adsorption of trace- 
level diamide insecticides in vegetable matrices, offering innovative 
avenues for the analytical detection of insecticides in vegetables. 
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