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A B S T R A C T   

Bisphenols (BPs) can migrate from packaging materials into foods, resulting in potentially harmful residues. For 
example, accumulation of BPs is associated with endocrine disorders. Owing to matrix effects, development of an 
effective and eco-friendly sample pretreatment would be helpful for BPs detection in beverages packed in plastic 
containers. In this work, an extraction bar, composed of hollow fiber (HF) functionalized with covalent organic 
frameworks (COF@Tp-NDA) and 1-ocanol, was prepared for extraction of five BPs simultaneously. The syner-
gistic effect of COF@Tp-NDA and 1-octanol improved the extraction efficiency of BPs from milk-based beverage, 
juice, and tea beverage. Under optimal conditions, limits of detection ranged from 0.10 to 2.00 ng mL− 1 (R2 ≥

0.9974) and recoveries ranged from 70.1 % to 106.8 %. This method has the potential to enrich BPs, supporting 
their accurate determination in complex beverages.   

1. Introduction 

Bisphenols (BPs) are a group of chemicals containing two phenolic 
functional groups connected by bridging carbon (Vaghela, Kulkarni, 
Karve, & Zinjarde, 2022). They can simulate the binding of estrogen to 
its receptor, thereby disrupting the endocrine system and leading to the 
occurrence of metabolic diseases (Gallo et al., 2017; Grimaldi, Bou-
lahtouf, Toporova, & Balaguer, 2019). Among them, BPA is a common 
compound used in the production of polycarbonate plastics, epoxy 
resins, food and beverage packaging. It can migrate into the packaging 
contents and subsequently be ingested by the human body during the 
process of food production, storage and transportation (Almeida, 
Raposo, Almeida-González, & Carrascosa, 2018; Ma et al., 2019; Zhang 
et al., 2022). With the increased exposure, BPA and their metabolites 
accumulate in the body, thus has a prolonged impact on human health 
(Xu et al., 2022). Due to the increasing regulation and restriction on the 
manufactory and usage of BPA, various BPA analogues have been 
developed and used in the food industry as substitutes for BPA (Catenza, 
Farooq, Shubear, & Donkor, 2021). Nevertheless, studies have revealed 
that the toxicity of these BPA analogues is comparable to or even ex-
ceeds the toxicity of BPA itself (Chen et al., 2016; Hercog et al., 2019; Liu 
et al., 2021). Therefore, it is critical to develop a sensitive method to 
detect BPs in food and beverage packaging (Dong, Tan, Chen, & Liu, 
2015). 

Various analytical techniques have been developed for the determi-
nation of BPs in food samples, including high performance liquid 
chromatography detection (HPLC) (Xiong et al., 2018; Han et al., 2021), 
gas chromatography detection (Owczarek et al., 2022), capillary elec-
trophoresis (Zhang, Zhu, Huang, Sun, & Lee, 2015) and electrochemical 
method (Jemmeli, Marcoccio, Moscone, Dridi, & Arduini, 2020). HPLC 
offers high selectivity and sensitivity, which is conducive to the efficient 
separation and detection of BPs. In complex matrix food samples, BPs 
usually exist at trace levels, hence enrichment extraction is a key point in 
BPs detection. To achieve this, several extraction methods have been 
employed for BPs enrichment, including dispersive liquid–liquid 
microextraction (DLLME) (Qu et al., 2019), solid-phase extraction (SPE) 
(Li et al., 2018b), dispersive solid-phase extraction (d-SPE) (Liu et al., 
2022a), and magnetic solid-phase extraction (MSPE) (Pang, Yue, Huang, 
Yang, & Shen, 2020). While traditional extraction methods require the 
additional centrifugation and magnet adsorption to separate the 
extraction phase or extractant, this process is not only time-consuming 
and labor-intensive, but also may result in loss of the adsorbent during 
the operation (Deng, Li, Jiang, Lin, & Zhao, 2019; Kannouma, Hammad, 
Kamal, & Mansour, 2022; Ocaña-Rios, de Jesús Olmos-Espejel, & Don-
kor, 2022). Moreover, the unselective absorption of other endogenous 
compounds in the sample matrices may cause the saturation and 
breakthrough of the adsorbent, ultimately affecting the detection of the 
analyte (Xia, Du, Xiao, & Li, 2019). Therefore, it is of great importance 
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to develop a convenient and efficient pretreatment to eliminate the 
matrix interference. 

Hollow fiber (HF) has a micro-hollow cylinder structure that can 
accommodate the desired extractant (Li et al., 2018a). The surface of 
cylinder is constructed with cross-fiber micropores, whose wall holes 
can prevent the penetration of macromolecules and particles during 
enrichment and extraction. Therefore, the HF supported extraction 
system has a function of sample purification (Li, Xue, Fu, Ma, & Feng, 
2022; Yamini, Faraji, & Ghambarian, 2015). The hollow cylinder shape 
of the HF provides a holding site for the liquid extractant, preventing the 
dispersion in the enrichment and extraction. The functional molecules 
can be modified on HF surface to further improve the extraction 
efficiency. 

Covalent organic frameworks (COFs) are a class of porous crystalline 
organic materials with potential extraction ability owing to the large 
specific surface area, porosity, and robust stability (Chang et al., 2019; 
Côté et al., 2005; Karak, Dey, & Banerjee, 2022; Segura, Royuela, & Mar 
Ramos, 2019; Song, Sun, Aguila, & Ma, 2019). When loaded on HF, 
COFs effectively prevent dispersion in solution, facilitating the separa-
tion and collection. Liu et al. improved the extraction efficiency of 
benzophenones by modifying COF-V on HF (achieving enrichment fac-
tors 49–102) (Liu et al., 2022b). Moreover, due to the lipophilicity, BPs 
exhibit a high affinity for dissolving in organic solvents, following the 
principle of similar solubility (Alampanos, Kabir, Furton, Panderi, & 
Samanidou, 2022). Nowadays, there are few reports on the combined 
extraction of COF and organic solvents with HF. 

Herein, three different COFs were synthesized by solvent-thermal 
method to assess the extraction ability of BPs. COF-1,3,5- 
trimethylphloroglucinol-1,5-diaminonaphthalene (COF@Tp-NDA) was 
chosen for further modification onto HF to prepare HF@COF@Tp-NDA 
extraction bar. For the extraction of five bisphenols (BPA, BPB, BPAF, 
BPF, BPZ), 1-octanol was injected into the HF@COF@Tp-NDA, coupling 
with HPLC for quantitative analysis and detection. The reproducibility 
and feasibility of HF@COF@Tp-NDA were further evaluated. Finally, 
the developed method was applied to the enrichment and detection of 
BPs in beverages to verify the accuracy. 

2. Materials and methods 

2.1. Reagent and materials 

1,3,5-trimethylphloroglucinol (Tp), 1,5-diaminonaphthalene (NDA), 
benzidine (BD), 2,6-diaminoanthraquinone (DQ), 1-octanol, a series of 
BPs (BPA, BPB, BPZ, BPF, BPAF), chromatographic grade methanol, 
ethanol and acetonitrile were purchased from Aladdin Biochemical 
Technology Co., Ltd. (Shanghai, China). Glacial acetic acid, acetone and 
1,4-dioxane were received from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). Polypropylene HF membrane was acquired from 
Membrana GmbH (Wuppertal, Germany). 

2.2. Apparatus 

The SU8100 scanning electron microscope (SEM, Hitachi, Tokyo, 
Japan) was used to characterize the coating of fiber. The functional 
groups were characterized by NEXUS 870 Fourier transform infrared 
(FT-IR) spectra (ThermoFisher Scientific, Waltham, USA). D8 Advance 
X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) was 
conducted to characterize the crystal phase. Nitrogen adsorp-
tion–desorption experiments were performed with automatic specific 
surface and porosity analyzer (Micromeritics Instrument, Norcross, 
USA). 

2.3. Preparation of COFs and extraction of BPs 

Three different COFs were synthesized by solvothermal method 
(Fig. S1). (A) Tp-NDA: Tp (63 mg) and NDA (71 mg) were dissolved in 1, 

4-dioxane solution (3 mL), then mixed thoroughly by ultrasonication 
and the resultant solution was added into acetic acid solution (6 mol/L, 
0.6 mL). The mixture was under ultrasonication for 30 min and placed in 
an oven at 120 ℃ for 3 days to allow synthesis reaction to occur. The 
obtained material after the reaction was cleaned with 1, 4-dioxane and 
tetrahydrofuran, sequentially and dried at 60 ℃ under vacuum condi-
tion. (B) TPBD: Tp (63 mg) and BD (83 mg) were dissolved in mesitylene 
and 1, 4-dioxane (3 mL), respectively. The mixed solution was added to 
acetic acid solution (6 mol/L, 0.5 mL) and mixed under ultrasonication 
for 30 min and reaction was carried out at 120 ◦C for 3 days. The 
products were cleaned with tetrahydrofuran, N, N-dimethylformamide 
and acetone, and dried at 60 ℃ under vacuum condition. (C) DQTP: DQ 
(68 mg) and Tp (40 mg) were dissolved in 1, 4-dioxane (1 mL) respec-
tively. After mixing the two solutions, acetic acid (6 mol/L, 0.1 mL) was 
added to the mixture, and then further mixed by ultrasonication for 30 
min, and the reaction was carried out at 120 ℃ for 2 days. The reaction 
product was washed with deionized water, ethanol and acetone and 
dried under vacuum before use. 

The obtained three COFs were ground into powder and used for 
extraction of BPs. 5 mg COFs were dispersed into 10 mL BPs solution. 
After the ultrasonic extraction (10 min), COFs were centrifuged for 5 
min (10,000 r/min, r = 10 cm), then supernatant was discharged to 
collect COFs. Methanol was used for analyte desorption with the aid of 
ultrasonication (5 min) and subsequently centrifuged. The collected 
supernatant was analyzed and detected by HPLC with fluorescence de-
tector (HPLC-FLD) after through 0.22 μm nylon filtration membrane. 

2.4. Fabrication of COFs modified hollow fiber extraction bar 

HF was cut into small segments of 2 cm in length each, ultrasonically 
soaked in methanol for 10 min, and dried at 60 ℃. 50 mg COFs was 
ultrasonically dispersed in 20 mL methanol solution to obtain suspen-
sion. The cleaned HF was then put in the suspension with ultrasonic 
treatment for 1 h. COFs were fixed and modified on the cross micropores 
of HF under the ultrasonication and capillary. The residual COFs in 
suspension could be reused after centrifugal filtration and drying. After 
that, HF was removed and the unbonded COFs was cleaned with 
methanol. COFs functionalized HF (HF@COFs) was obtained when the 
washing solution was colorless. Finally, HF@COFs was used to prepare 
the extraction bar. 1-octanol (10 μL) was firmly sealed and fixed in 
HF@COFs to avoid unnecessary leakage loss during use. 

2.5. High performance liquid chromatography analysis conditions 

The chromatographic analysis was performed using a Waters 1525 
HPLC system equipped with a 2475 fluorescence detector. The separa-
tion and quantification were performed on a Waters C18 column (250 ×
4.6 mm, 5 μm). The mobile phase was a mixture of acetonitrile (A) and 
water (B), and the gradient elution program was as follows: 0 ~ 5 min, 
60 % A; 5 ~ 8 min, 60–70 % A; 8 ~ 10 min, 70–60 % A; 10 ~ 15 min, 60 
% A. The excitation wavelength was 227 nm, and emission wavelength 
was 319 nm. The column temperature was set 25 ℃, flow rate was 0.8 
mL min− 1 and the injection volume was 20 μL. The HPLC method for the 
determination of BPs was validated for linearity, recovery, precision, 
limit of detection (LOD) and limit of quantification (LOQ) according to 
AOAC (2012) and Chinese Pharmacopoeia Commission (2020). All ex-
periments were performed with three sample replicates (n = 3). 

2.6. Pretreatment of samples 

The three types of plastic-packaged beverages including tea 
beverage, juice and milk-based beverage were purchased from local 
supermarkets (Wuxi, China). Due to its large amounts of macromolec-
ular substances such as proteins, milk-based beverage required a series 
of treatments prior to the HF@COF@Tp-NDA extraction. 10 mL of milk- 
based beverage was mixed with the same volume of acetonitrile for 5 
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min by vortexing, following centrifugation for 10 min (8000 r/min, r =
10 cm) at 4 ℃. The supernatant was collected and blew down dryness 
with nitrogen stream at 40 ℃ and redissolved with 10 mL deionized 
water for subsequent enrichment and extraction experiments. Tea 
beverage and juice were filtered through a 0.22 μm membrane filter 
before extraction process. The beverages samples (n = 3 for each 
beverage) were spiked with the specific volume of BPs standard solution. 
Then, the desorption liquid obtained from the extraction process was 
passed through the membrane to HPLC-FLD for analysis. 

3. Results and discussion 

3.1. The design of HF@COF@Tp-NDA extraction bar for BPs extraction 

To study the extraction efficiency of BPs by COFs, three different 
synthetic monomer, Tp-NDA, TPBD, and DQTP were selected for com-
parison with the extraction of BPs. As shown in Fig. S2A and B, 
COF@Tp-NDA showed the highest extraction efficiency of BPs, which 
can be attributed to the narrower pore size of COF@Tp-NDA (17 Å) 
compared to COF@TPBD (23 Å) and COF@DQTP (32 Å). The molecular 
diameter of BPs ranged from 9.1 to 10.5 Å (Fig. S2C), indicating the 
larger pore size has a less effect on the pore size of BPs and possess 
weaker binding force. Moreover, studies have shown that the larger pore 
size of COFs is unfavorable for the extraction of organic compounds 
(Zhang et al., 2020). Thus, COF@Tp-NDA was chosen to modify hollow 
fiber for extraction of BPs. 

Under the synergic action betwwen COF@Tp-NDA and 1-octanol, 
BPs were adsorted onto the extraction bar from the aqueous solution 
to achieve enrichment. The extraction bar can be directly removed from 
the matrix after the extraction, eliminating the need for centrifugation 
or magnetic separation, thereby saving operation time. The consump-
tion amount of liquid-phase and solid-phase extractants was less and the 
HF@COF@Tp-NDA extraction bar was portable. Finally, HPLC-FLD was 
used for quantitative detection (Fig. 1). 

3.2. Characterization of the COF@Tp-NDA and HF@COF@Tp-NDA 

The microscopic morphology of COF@Tp-NDA was observed by 
SEM, the synthesized COF@Tp-NDA appeared as in red powder with a 
loose porous structure (Fig. 2A). In Fig. 2B, the characteristic peaks of 
C–N and C––C appeared at 1252 cm− 1 and 1583 cm− 1, indicating the 
presence of COF@Tp-NDA, while the disappear of N–H at 3300–3100 
cm− 1, decay of C––O at 1641 cm− 1 both support the successful synthesis. 
X-ray diffraction (XRD) was used to characterize the crystal structure of 
synthesized COF@Tp-NDA (Fig. 2C). Three peaks, at 7.21◦, 12.0◦, and a 
broad peak at about 26.1◦ observed were consistent with previous report 
(Das et al., 2018). The particle size of COF@Tp-NDA was measured at 
406 nm (Fig. 2D) by using the nanoparticle size analyzer, which allows 
its modification in the cross-pore channel of HF. The specific surface 
area and pore size distribution of COF@Tp-NDA were calculated by BET 
model as 158.17 m2 g− 1 and of 1.7 nm, respectively (Fig. 2E and F). 

In addition, the appearance of HF pre- and post-modification was 
characterized by SEM (Fig. 3A). Porous structures with various sizes 
were found on the surface of HF, which provided suitable sites for the 
modification of COF@Tp-NDA. In the subsequent enrichment and 
extraction of BPs, the porous structure of HF enables the separation of 
macromolecules from the targets in the samples, minimizing interfer-
ence from the contamination of extractants in HF. Visual inspection of 
the HF before and after modification (Fig. 3B) revealed a distinct change 
in appearance. The HF exhibited a milky white hue, while the surface of 
HF@COF@Tp-NDA exhibited a prominent red coloration, which was 
similar to the color of COF@Tp-NDA powder. This observation indicated 
the successful modification of COF@Tp-NDA onto the HF. The EDX 
characterization showed a large amount of oxygen and carbon distri-
bution upon the surface of HF@COF@Tp-NDA (Fig. 3C and D), which 
further confirmed the uniform distribution of COF@Tp-NDA on HF. 

To investigate the stability of COF@Tp-NDA, it was respectively 
immersed in water, acidic and alkaline solutions for 1 day, FT-IR was 
performed to characterize its chemical bond structure. The spectrum 
(Fig. 3E) showed infrared absorption characteristic peaks of C––O and 
C–N remained unchanged, indicating that COF@Tp-NDA exhibits high 

Fig. 1. Schematic diagram of (A) COF@Tp-NDA modified hollow fiber extraction bar; (B) HF@COF@Tp-NDA extraction bars for enrichment and determination of 
BPs in beverages. 
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acid and alkali stability. Moreover, its organic resistance was charac-
terized by observing its infrared absorption peak changes for immersion 
in 7 organic reagents (methanol, ethanol, acetonitrile, acetone, tetra-
hydrofuran, 1, 4-dioxane and 1-octanol) for 1 day (Fig. 3F). Notably, the 
FT-IR spectrum of COF@Tp-NDA maintained its integrity with distinct 
characteristic peaks, indicating that COF@Tp-NDA has good stability in 
these organic solvents and it can withstand even more severe experi-
mental conditions. 

3.3. Comparison of extraction capacity under different HF conditions 

To explore the role of HF in extraction, BPs extraction with and 
without HF were compared in Fig. 4A and B. The results showed the 
peak area obtained by BPs extraction with 1-octanol encapsulated by HF 
was 1.82–2.20 times larger than that of 1-octanol alone. This suggests 
that 1-octanol is effectively immobilized within HF, enabling its com-
plete recovery and simplified operation during the separation process. 
Compared with centrifugal separation, the loss of 1-octanol is less. In 

Fig. 2. (A) SEM image of COF@Tp-NDA (Inset: Photograph of COF@Tp-NDA); (B) FT-IR spectra of NDA, Tp and COF@Tp-NDA; (C) XRD image of COF@Tp-NDA; (D) 
Particle size distribution of COF@Tp-NDA; (E) N2 adsorption–desorption isotherms of COF@Tp-NDA; (F) Pore size distribution of COF@Tp-NDA. 
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addition, the extraction of BPs under four conditions were investigated 
in Fig. 4C and D. The peak areas of BPs extraction by HF@COF@Tp- 
NDA, HF + 1-octanol and HF@COF@Tp-NDA + 1-octanol were 
1.31–1.57 times, 6.02–8.95 times, 6.96–10.82 times larger than that of 
HF, respectively. Among them, HF@COF@Tp-NDA + 1-octanol ach-
ieved the largest peak area. The combination of COF@Tp-NDA and 1- 
octanol on HF modification had a positive effect on the extraction of 
BPs, indicating that the synergistic effect of 1-octanol and COF@Tp-NDA 
has great potential for enrichment and extraction of BPs. BPs possess two 
benzene rings with a molecular diameter of 9.1–10.5 Å, which allows for 
adsorption by COF@Tp-NDA’s large π-conjugated system with a pore 

size of 17 Å through π-π interactions and pore size effects. Moreover, due 
to the lipid solubility property of BPs, its logKow values ranged from 3.06 
to 5.00 (>1), and the partition ratio of BPs in the organic phase was 
larger than that in the aqueous phase (Table S1). This facilitates the 
separation of BPs from the aqueous solution and its migration into the 1- 
octanol solution. Therefore, the synergistic effect of 1-octanol and 
COF@Tp-NDA on the HF@COF@Tp-NDA extraction bar effectively 
enhances the enrichment of BPs. 

Fig. 3. (A) SEM image of HF; (B) Comparison photograph before and after HF modification; EDX elemental mapping of (C) carbon and (D) oxygen of HF@COF@Tp- 
NDA; FT-IR spectra of COF@Tp-NDA soaked in (E) acid, alkali, water and (F) organic solvent for one day. 
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3.4. Optimization of experimental parameters 

To ensure sufficient adsorption capacity for BPs, it is essential to 
utilize an appropriate amount of HF@COF@Tp-NDA extraction bar. The 
effect of extraction bars on BPs extraction was exhibited in Fig. 5A. The 
peak area of BPs exhibited a gradual growth trend as the number of 
extraction bars increased from 1 to 4, reaching a plateau as the number 
of bars further increased. It indicated that four HF@COF@Tp-NDA 
extraction bars are adequate for complete extraction of BPs, and add-
ing additional bars does not facilitate subsequent desorption. Therefore, 
four HF@COF@Tp-NDA extraction bars were selected for the following 
experiments. 

To expedite the extraction process, it is important to enhance the 
mass transfer rate of BPs by stirring under suitable conditions. 
HF@COF@Tp-NDA extraction bars could be rotated in BPs aqueous 
solution, which not only increase contact area with the extraction so-
lution but also improve the extraction efficiency of BPs. The influence of 
different stirring rates on BPs extraction was further investigated in 
Fig. 5B. When the speed was 800 rpm, HF@COF@Tp-NDA extraction 
bar barely rotated but remained on the surface of the solution. As the 
speed increased, the vortex generated by the magnetic rotor caused the 
HF@COF@Tp-NDA extraction bar to rotate below the liquid level, 
thereby increasing its contact area with the solution. The results showed 
that the peak area of BPs increase with the increase of stirring rate until 
it stabilized at 1400 rpm. Therefore, 1400 rpm was selected for the 
subsequent speed. 

The extraction time is crucial for the accuracy of BPs enrichment 
detection. To investigate its impact, the influence of different extraction 
times on the extraction efficiency of BPs was shown in Fig. 5C. Within 

5–30 min, the peak area of BPs gradually increased with the extension of 
extraction time, indicating that some BPs remained in the aqueous so-
lution during this period. After 30 min, the peak area of BPs stabilized, 
demonstrating that the extraction of BPs using the HF@COF@Tp-NDA 
extraction bar was complete. Therefore, 30 min was the following 
extraction time. 

The selection of desorption solvent is very important for the accurate 
evaluation and detection of BPs. To compare their desorption perfor-
mance, three solvents (methanol, acetonitrile, and ethanol) with good 
solubility for BPs were evaluated in Fig. 5D. The results showed that 
methanol has a better recovery compared to acetonitrile and ethanol. 
Therefore, methanol was chosen as the preferred desorption solvent. 

The desorption volume should be sufficient to completely cover the 
HF@COF@Tp-NDA extraction bar and ensure thorough contact with the 
desorption solution, thereby guaranteeing the complete desorption of 
BPs from the HF@COF@Tp-NDA extraction bar. Therefore, the effect of 
desorption volume (0.5–2 mL) on BPs desorption was investigated in 
Fig. 5E. The results indicated that the recovery rate of BPs was better in 
1 mL methanol solution for desorption. Furthermore, analysis of 
desorption times revealed that the highest recovery rate of BPs occurred 
when the extraction bar was desorbed twice in 0.5 mL of methanol so-
lution (3 min each time). Therefore, a desorption volume of 0.5 mL × 2 
was selected for subsequent experiments. 

The desorption time plays a significant role in the recovery of BPs, 
and it determines whether BPs can be fully desorbed from the extraction 
bar into the solution. Fig. 5F showed that the recovery rate of BPs 
increased over the desorption time range from 2 to 6 min, reaching a 
peak at 6 min, indicating that BPs are completely desorbed from the 
HF@COF@Tp-NDA extraction bar at this time. However, with the 

Fig. 4. Comparison of extraction effects of 1-octanol and HF + 1-octanol (A: chromatogram; from left to right: BPF, BPA, BPB, BPAF, BPZ. B: peak areas map); 
Comparison of extraction effects of HF, HF@COF@Tp-NDA, HF + 1-octanol and HF@COF@Tp-NDA + 1-octanol (C: chromatogram; D: peak areas map). 
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Fig. 5. Optimization of extraction and desorption conditions for 200 ng mL− 1 bisphenols: (A) number of hollow fiber bar; (B) stirring rate; (C) extraction time; (D) 
desorption solvent; (E) desorption volume; (F) desorption time. 

Table 1 
Analytical performance of the developed method for determination of BPs.  

BPs R2 LOD (ng mL− 1) LOQ (ng mL− 1) Range (ng mL− 1) Enrichment 
factor 

RSD (%) 

Intra-day (n = 6) Inter-day (n = 3) Inter-batch (n = 3) 

BPF  0.9990  0.20  0.50 5–1000 84  3.10  8.33  3.40 
BPA  0.9995  0.10  0.40 5–1000 93  3.03  5.42  4.61 
BPB  0.9992  0.80  2.00 5–1000 110  3.13  5.56  4.39 
BPAF  0.9993  2.00  5.00 5–1000 126  2.77  5.05  3.85 
BPZ  0.9974  2.00  5.00 5–1000 122  2.85  4.61  4.27  
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further extension of the desorption time, the recovery of BPs showed a 
slight decrease, possibly due to BPs redissolving in the HF@COF@Tp- 
NDA extraction bar. Hence, 6 min was selected as the optimal desorp-
tion time. 

3.5. Method validation 

The analytical performance parameters including linear range, 
LODs, LOQs, correlation coefficient (R2), and relative standard de-
viations (RSDs) were evaluated under the optimized experimental con-
ditions. Table 1 shows that the five BPs have good linearity in the 
concentration range of 5–1000 ng mL− 1 (Fig. S3), with R2 ≥ 0.9974. The 
LODs and LOQs were 0.10–2.00 ng mL− 1 and 0.40–5.00 ng mL− 1, 
respectively. The enrichment factors of five BPs were 84, 93, 110, 126 
and 122 respectively, indicating the developed method obtained an 
effective enrichment. To assess reproducibility and stability, RSDs of 
intra-day, inter-day, and inter-batch were measured. The intra-day 
precision was determined with the prepared extraction bar to perform 
six replicate extractions of BPs solution on one day (n = 6), with intra- 
day RSDs ranging from 2.77 % to 3.13 %. The inter-day repeatability 
was evaluated on same extraction bars over three consecutive days (n =
3) and the inter-day RSDs varied from 4.61 % to 8.33 %. The inter-batch 
experiment was performed with three prepared HF@COF@Tp-NDA 
extraction bars under the same experimental conditions (n = 3), and 
the inter-batch RSDs were in the range of 3.40 %-4.61 %. These indi-
cated that the prepared HF@COF@Tp-NDA extraction bar has good 
reproducibility and stability. The greenness of the developed method 
was evaluated using Analytical Eco-Scale (AES) metric systems, and the 
AES score was exhibited in Table S4. The AES score was calculated as 81, 
indicating that the developed method could be considered as excellent 
green analysis (>75). 

3.6. Comparison with other reported methods 

Compared with other extraction and detection methods of BPs 
(Table S2), the developed method had the advantages of small amount 
of organic solvent, wide linear range, simple operation and good 
portability, and the LODs was equivalent to other methods, which could 
meet the detection of BPs in actual samples. The developed method 
eliminates the need for external auxiliary devices such as centrifuge or 
magnet to separate the HF@COF@Tp-NDA extraction bar from the 
matrix, which saved the operation time. Moreover, HF@COF@Tp-NDA 
could encapsulate the extractant (1-octanol) inside. Due to the cross- 
porous structure of the HF surface, it could effectively isolate the 
macromolecular substances in complex matrices, preserving the 
extractant and ensuring accurate detection. The approach is conducive 
to the extraction and detection of complex matrix foods. 

3.7. Application of beverages samples 

To assess the practical application of the developed method, tea 
beverage, juice and milk-based beverage were used as real samples for 
enrichment and detection of BPs, and the results are detailed in Table S3 
and Fig. S4. Only BPB was detected in tea beverage at a concentration of 
14.57 ng mL− 1, while the other four BPs were not detected in the other 
three beverages, indicating that BPA analogues are prevalent in our 
daily life. To further validate the accuracy of the developed method, 
recovery experiments were conducted on these beverages at spiked 
concentrations level of 20 ng mL− 1, 50 ng mL− 1 and 100 ng mL− 1. The 
recovery rates of tea beverage, juice and milk-based beverage were 86.6 
%–104.3 %, 70.1 %-106.8 %, and 71.7 %–102.9 % respectively, with 
RSDs less than 9.6 %. These results demonstrated the developed method 
is accurate and feasible for the extraction and detection of BPs in 
beverages. 

4. Conclusion 

In this work, HF@COF@Tp-NDA extraction bar was prepared for 
hollow-fiber stir-bar liquid-phase microextraction (HF-SBLPME) 
coupling with HPLC for determination of trace levels of 5 BPs (BPA, BPB, 
BPF, BPAF and BPZ). HF@COF@Tp-NDA extraction bar can be quickly 
separated from the matrix, the consumption amount of liquid-phase and 
solid-phase extractants is less, offering advantages in terms of simple 
operation and green economy. In addition, the prepared COF@Tp-NDA 
had good chemical stability in acid solution, alkali solution and organic 
solution, it can withstand even more severe experimental conditions. 
The developed method was further applied to beverages samples, 
achieving recovery rates ranging from 70.1 % to 106.8 % with RSDs 
values less than 9.6 %. This HF-SBLPME approach has great potential for 
enrichment and detection of bisphenols in complex matrix foods. 
Moreover, HF@COF@Tp-NDA extraction bar has convenient portability 
owing to the small size, making it potential for batch application. 
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