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Abstract

:

Chrysin is a natural bioactive molecule with various groups, and it has been a challenge to separate and enrich chrysin from natural products. Molecularly imprinted polymers have been widely used in the extraction of natural products, but the number and type of functional monomers limits the separation effect. The synergistic action of multiple functional monomers can improve the separation effect. In this paper, molecularly imprinted polymers (Bi-MIPs) were prepared using methacrylic acid and acrylamide as binary functional monomers for the separation and enrichment of chrysin. The Bi-MIPs were characterized using thermogravimetric analyzer (TGA), Fourier transform infrared spectroscopy (FT-IR) and scanning electron microscope (SEM). The performances of Bi-MIPs were assessed, which included adsorption isotherms, selective recognition and adsorption kinetics. The experimental results show that Bi-MIPs are shaped as a uniform sphere with an abundant pocket structure on its surface. The adsorption of chrysin on the Bi-MIPs followed a pseudo-second-order and adapted Langmuir–Freundlich isotherm models. The adsorption performance of the Bi-MIPs was determined at different temperatures, and the Bi-MIPs showed excellent adsorption performance at 30 °C. The initial decomposition temperature of the Bi-MIPs was 220 °C. After five times of adsorption and desorption, the adsorption performance of the Bi-MIPs decreased by only 7%. In contrast with single functional monomer molecularly imprinted polymers (Si-MIPs), the Bi-MIPs showed excellent specificity, with an imprinting factor of 1.54. The Bi-MIPs are promising materials in the separation and enrichment of chrysin for their high adsorption capacity, low cost and being environmentally friendly.
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1. Introduction


Natural products have gained enormous popularity over the years as they are used in clinical settings [1]. They have made excellent contributions historically to drug development, and many of them have had profound effects on our lives [2]. Chrysin, chemically known as 5,7-dihydroxy flavone [3], is a kind of flavonoid compound with extensive pharmacological activity isolated from active ingredients of Chinese traditional medicine [4,5] and has great antioxidative [6] and anti-inflammatory effects [7]. Research has shown that chrysin inhibits tumor cell proliferation [8], induces tumor cell apoptosis [9], suppresses tumor angiogenesis [10] and circumvents drug resistance [11]. Therefore, studies on the extraction and identification of chrysin are of great value.



According to literature reviews, there are many methods for the separation of chrysin, including HPLC [12], column chromatography [13], solid-phase extraction (SPE) [14], gas chromatography–mass spectrometry(GC-MC) [15], macroporous resin [16] and other traditional methods. However, due to the problems of long extraction time and a large amount of solvent and waste, the instrumental methods are not suitable for industrial mass production applications. Although the traditional separation methods, such as extraction and precipitation, can be applied at a low cost, these approaches are restricted because of low recoveries and purities. At present, there is still a lack of efficient extraction methods of chrysin.



The molecularly imprinted polymer has been widely used for the separation and enrichment of active components from natural products [17,18,19,20,21]. Molecular imprinting is a technique for preparing polymers of desired and predetermined selectivity [22]. This polymer is a material with complementary spatial structure and functional group interaction with template molecule. The molecularly imprinted polymer has a strong affinity and recognition ability for the template molecule [23,24,25,26,27,28]. The method has excellent prospects for application in the field or market for easy and fast molecular identification. Due to their unique properties, molecularly imprinted polymers have been widely used in various applications, such as drug delivery [29], detection of viruses [30], chemical sensor [31,32], specific recognition of protein [33], chromatography [34], solid-phase extraction [35] and bioanalysis [36].



Generally speaking, most natural products have multiple active groups. Single functional monomers and template molecules are easily destroyed during hydrogen bond formation, which reduces adsorption capacity and separation factor and, thus, cannot be well separated and purified from traditional Chinese medicine. The synergistic effect of the two functional monomers is beneficial to the separation and purification of natural products. For example, Wan [37] selectively extracted myricetin from traditional Chinese medicine with an adsorption capacity of 10.58 mg/g using glycidyl methacrylate (GMA) and 4-vinylpyridine as bifocal monomers. Huan [38] used acrylamide and 2-vinylpyridine as bifocal monomers to prepare a solid-phase extraction column for the separation of rutin extract from traditional Chinese medicine, and the recovery rate was 85.93%, which was better than the traditional separation column. The calculation and practical experiments show that MIP synthesized from an acrylamide (AM) monomer has a higher specific factor and adsorption capacity [39]. Chrysin has a rigid benzene ring structure and contains both a hydroxyl group and an aldehyde group, belonging to polar flavonoids. The functional monomer methacrylic acid (MAA) was acidic and acrylamide (AM) neutral. Under the synergistic action of AM, the force of MAA on the hydrogen bonds, electrostatic and π–π stacking of chrysin increased, which is expected to improve the adsorption selectivity of molecularly imprinted polymers. Therefore, the strategy of multifunctional monomer is a valid synthetic option to synthesize imprinted materials for the template molecules of flavonoids with polar functional groups, such as chrysin.



In this paper, Bi-MIPs are used for the separation and enrichment chrysin for the first time. The Bi-MIPs were prepared by precipitation polymerization using methacrylic acid and acrylamide as functional monomers and ethylene glycol dimethacrylate as a crosslinking agent. The adsorption selectivity of the Bi-MIPs was evaluated by preparing Si-MIPs with methacrylic acid as a functional monomer as the control group. Furthermore, we also study the feasibility of the Bi-MIPs as effective sorptive materials for the dissociation and enrichment of chrysin. The equilibrium, kinetics and thermodynamics of the adsorption process were investigated to study the adsorption mechanism of chrysin on the Bi-MIPs. Thus, Bi-MIPs are presented for their promising output application toward the extraction of chrysin.




2. Materials and Methods


2.1. Materials


Chrysin, 2,2′-azobisisobutyronitrile (AIBN) and acrylamide (AM) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Methyl alcohol and acetic acid were purchased from Chengdu Cologne Chemicals Co., Ltd. (Chengdu, China). Methacrylic acid (MAA) was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ethylene glycol dimethacrylate (EGDMA) was purchased from Alfa Aesar (Qingdao, China). Chloramphenicol and oxytetracycline were purchased from Shanghai Maclin Biochemical Technology Co., Ltd. (Chengdu, China).




2.2. Preparation of Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs


The Bi-MIPs were synthesized by the precipitation polymerization method, using chrysin as template molecule, MAA and AM as function monomers, EGDMA as cross-linker and AIBN as initiator. Chrysin (0.3 mmol), MAA (2.4 mmol) and AM (0.4 mmol) were dissolved in 50 mL of methanol in a 250 mL three-necked round-bottomed flask. The function monomers (MAA (2.4 mmol) and AM (0.4 mmol)) interacted with the template molecule (chrysin) through intermolecular force to form a stable “pre-polymerization” complex. Then, the 50 mL of mixture solution of EGDMA (9.6 mmol), AIBN (0.1043 g) and methanol was added and dispersed under ultrasound. The mixture was heated followed by mechanical agitation (50 rpm) and heat-polymerized at 65 °C for 12 h. The synthesis process is shown in Figure 1. The Bi-MIPs were collected through vacuum filtration, and the unreacted monomers were removed by methanol: acetic acid (9:1, v/v) extraction for 24 h and methanol extraction for 12 h. The Bi-MIPs were dried under a vacuum at 50 °C for 12 h. The binary functional monomers molecularly non-imprinted polymer (Bi-NIP) microspheres were synthesized using the same procedure as the Bi-MIPs, but without the chrysin (template molecules). The Si-MIPs were synthesized following the same procedure without adding the AM. The single functional monomer molecularly non-imprinted polymers (Si-NIPs) were synthesized following the same procedure without adding the AM and chrysin.




2.3. Characterization of Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs


The analysis of the size and the morphology of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs were performed using field-emission scanning electron microscopy (SEM; Supra 55 Sapphire, Carl Zeiss, Jena, Germany). Thermogravimetric analysis (TGA) and differential thermogravimetric analysis (DTG) (STA 449 F5, NETZSCH-Gerätebau GmbH, Selb, Germany) were conducted to evaluate the thermal stabilities of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs under an N2 atmosphere at a heating rate of 10 K/min. The functional groups of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs were recorded by Fourier transform infrared spectrometer (MagnA-IR55, Thermo Fisher Scientific, Massachusetts, USA) in the range of 4000–400 cm−1. The chrysin solution was determined by UV-visible spectra (UV-2600 Shimadzu, Tokyo, Japan). The Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs were weighed by analytical balance with an accuracy of 0.1 mg (Practum124-1cn, Sartorius AG, Göttingen, Germany).



2.3.1. Scanning Electron Microscopy (SEM)


The surface morphology of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs was determined by SEM analysis (SEM, Supra 55 Sapphire, Carl Zeiss Germany, Jena, Germany). The samples were evenly coated on the conductive adhesive of the sample sheet and then sprayed with gold for 0.5 h. The surface morphology of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs after the samples were sprayed with gold was observed by SEM under low vacuum conditions.




2.3.2. Diameters of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs


The diameters of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs were measured from their SEM images using image analysis software (Image J). The diameter of more than 60 samples in each sample were measured. AD represents mean diameter ± standard deviation, and N represents sample quantity.




2.3.3. Thermogravimetric Analysis (TGA)


The thermal stability of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs was determined by thermogravimetric analysis (TGA) (STA449F5, NETZSCH-Gerätebau GmbH, Selb, Germany). The samples were heated from 30 to 800 °C for thermal degradation under nitrogen protection at a rate of 10 °C/min [40].




2.3.4. Nitrogen Adsorption/Desorption Analysis (BET)


The specific surface area and pore size of the samples were measured by the specific surface area and pore size analyzer (ASAP2460, Micromeritics, Georgia, USA). Nitrogen adsorption–desorption was measured at 90 °C for 12h under nitrogen protection [41].





2.4. Static Adsorption


2.4.1. Adsorption Isotherm of Chrysin on Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs


To estimate the adsorption properties of Bi-MIPs, the Bi-MIPs were weighed (0.02 ± 0.0002 g) with an analytical balance and placed into a round of 50 mL conical flasks, and added into 20 mL of a chrysin methanol solution with different concentrations (0.2 mg/mL–1.4 mg/mL). The adsorption process of the Bi-MIPs was carried out for 5 h in an 80 rpm constant temperature oscillator at 25 °C. After the sorption experiments, the Bi-MIPs were separated from the mixed solution by a centrifuge and the concentration in the supernatant was obtained for UV-vis absorbance. The chrysin adsorption amount of Bi-MIPs was determined based on the following Equation (1):


   Q e  =      ( C   0     − C   e   )   ×   V   W   



(1)




where C0 (mg/mL) represents the initial concentration of chrysin in the solution, Ce (mg/mL) represents the equilibrium concentration of chrysin after adsorption, V (mL) represents the volume of the adsorbed chrysin solution and W (g) represents the mass of polymers in the adsorbed chrysin solution.



At the same time, to evaluate the adsorption capacity of Bi-NIPs, Si-MIPs and Si-MIPs. A total of 20 mg of Bi-NIPs, Si-MIPs or Si-MIPs was placed into a round of 50 mL conical flasks and added into 20 mL of chrysin solution with different concentrations (0.2 mg/mL–1.4 mg/mL). Under the same operating conditions of Bi-MIPs, the concentration of chrysin in the supernatant was analyzed using UV-vis absorbance. The equilibrium adsorption capacity was calculated using Equation (1).




2.4.2. Adsorption Kinetics


To estimate the adsorption kinetics of Bi-MIPs on chrysin, the influence of the adsorption properties over time was studied. The Bi-MIPs were weighed (0.02 ± 0.0002 g) with an analytical balance and placed into a round of 50 mL conical flasks. After adding 20 mL of chrysin methanol solution, the Bi-MIPs were used to adsorb chrysin (1 mg/mL) in an 80 rpm constant temperature oscillator at 25 °C. Samples of 0.05 mL volume were taken at 15, 30, 45, 60, 75, 90, 105,120, 150, 180, 210, 240 and 300 min, and the concentration in the supernatant was obtained for UV-vis absorbance. The chrysin equilibrium adsorption amount of the Bi-MIPs was obtained based on the following Equation (2):


   Q t  =      ( C   0     − C   t  )  W     ×   V   



(2)




where C0 (mg/mL) represents the initial concentration of chrysin in the solution, Ct (mg/mL) represents the concentration of chrysin solution at time t (min), V (mL) represents the volume of adsorbed chrysin solution and W (g) represents the mass of polymers in the adsorbed chrysin solution.



At the same time, to evaluate the adsorption capacity of Bi-NIPs, Si-MIPs and Si-MIPs. Under the same operating conditions of the Bi-MIPs, the concentration of chrysin in the supernatant was analyzed using UV-vis absorbance. The equilibrium adsorption capacity was calculated using Equation (2).




2.4.3. Adsorption Thermodynamics


To determine the adsorption temperature of chrysin on the Bi-MIPs, the effect of five different temperatures (10, 20, 30, 40 and 50 °C) on the adsorption capacity of chrysin by Bi-MIPs was evaluated. The Bi-MIPs were weighed (0.02 ± 0.0002 g) with an analytical balance and placed into a round of 50 mL conical flasks. After adding 20 mL of chrysin methanol solution, the Bi-MIPs were used to adsorb chrysin (1 mg/mL) in an 80 rpm constant temperature oscillator. The concentration of chrysin in the supernatant was analyzed using UV-vis absorbance. The equilibrium adsorption capacity was calculated using Equation (1). At the same time, to evaluate the adsorption temperature of chrysin on the Bi-NIPs, Si-MIPs and Si-MIPs, under the same operating conditions of the Bi-MIPs, the concentration of chrysin in the supernatant was analyzed using UV-vis absorbance. The equilibrium adsorption capacity was calculated using Equation (1).





2.5. Selective Adsorption


To evaluate the specific recognition ability of Bi-MIPs for chrysin, selective experiments were conducted with chloramphenicol and oxytetracycline as structural analogues. The Bi-MIPs were weighed (0.02 ± 0.0002 g) with an analytical balance and placed into a round of 50 mL conical flasks. After adding 20 mL of a solution of chrysin (1 mg/mL), chloramphenicol (1 mg/mL) and terramycin (1 mg/mL), it was adsorbed in an 80 rpm constant temperature oscillator at 25 °C. After the adsorption experiments, the Bi-MIPs were separated from the mixed solution by a centrifuge. The concentration in the supernatant was obtained by UV-vis absorbance. The selective adsorption ability of Bi-MIPs was obtained using the selectivity factors (α), which is shown in Equation (3).


  α =    Q   Bi-MIPs       Q   Bi-NIPs       



(3)








2.6. Adsorption Reusability


After 20 mg Bi-MIP was adsorbed and balanced in 20 mL chrysin solution, the saturated adsorption sample was obtained by centrifugation. The Bi-MIPs were cleaned with a methanol solution for several times, and then dried and weighed. The processed Bi-MIPs were subjected to the adsorption test again. Under the same conditions, the adsorption–desorption cycle was performed 5 times, and the adsorption amount determined the concentration after adsorption each time and calculated the adsorption amount according to Formula (1).





3. Results and Discussion


3.1. Characterization of Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs


3.1.1. SEM


The surfaces of Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs were analyzed using a scanning electron microscope. The most representative SEM images of all particles including Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs are shown in Figure 2. The SEM results show that were differences in the polymerization process in the presence of the template or without it. From Figure 2a–d, the as-synthesized polymers products present a regular and spherical structure with a diameter size of about 1–2 μm. The pore volume and surface area of the Bi-MIPs are 4.459 × 10−3 cm³/g and 2.8488 ± 0.1059 m2/g, respectively. The Bi-MIPs and Bi-NIPs particles are the same, but the Bi-MIPs have more surface folds, which can provide more adsorption sites [19,42]. The results show that the chrysin occupies a position on the polymer surface during the synthesis process. After elution with methanol and acetic acid, the surface of the Bi-MIPs becomes more wrinkled than that of Bi-NIPs. However, some clustered small particles remain on the surface of the Bi-MIPs, which shows that the template molecules had a remarkable effect on the shape and adsorption properties. This is due to the addition of template molecules in the synthesis of Bi-MIPs, which have a larger particle size and more surface adsorption sites due to the presence of template molecules that give the crosslinking agent and functional monomers a fuller skeleton. The Si-MIP particles are smaller than the Bi-MIP particles, which indicates that the number of functional monomers has a significant influence on the formation of particles and the final particle size. These results suggest that the Bi-MIPs are successfully synthesized.




3.1.2. FT-IR


The structures of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs were investigated by FT-IR spectroscopy, and the results are shown in Figure 3. As shown in Figure 3a, the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs display a stretching vibration peak of -CH2- occurring at 2987 cm−1, indicating that MAA is contained in polymerization. The stretching vibration peak of the -NH- double bond appeared at 1456 cm−1, the single-bond vibration region of -CH appeared at 1398 cm−1, and the stretching vibration peak of -C=O occurred at 1732 cm−1 [42,43,44,45]. The carbonyl groups tend to have a higher vibration absorption, indicating the successful preparation of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs. The partial single-bond vibration absorption peak of -COC- was observed at 1154 cm−1 on the Bi-MIP curve, indicating the presence of EGDMA. At the same time, in the Bi-NIP, Si-MIP, and Si-NIP curves, partial single-bond vibration absorption peaks of -COC- were observed at about 1154 cm−1, indicating the presence of EGDMA, indicating that the polymer was successfully synthesized. The FT-IR of the Bi-MIPs and Bi-NIPs were almost the same. After removing the template molecule chrysin, the chemical structure and composition of the Bi-MIPs were the same as that of the Bi-NIPs. These results prove that the types of functional monomers have a certain influence on the synthesis of polymers, and the functional monomers play a role in the construction of adsorption pocket size.




3.1.3. TGA


The thermal stabilities of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs were studied by TGA analysis, and the results are presented in Figure 3b,c. As shown in Figure 3b, the thermogravimetric analysis curves of the Bi-NIPs, Si-MIPs and Si-NIPs are the same as those of the Bi-MIPs without significant difference. The Bi-MIPs start to decompose at 220 °C, the temperature of the fastest decomposition rate occurs at 404 °C and the maximum decomposition temperature (Tmax) is 468 °C. The decomposition process is divided into two stages, including dehydration in the low-temperature zone (100–220 °C) and decomposition in the high-temperature zone (404–462 °C). The decomposition of the second stage is due to the decomposition of the crosslinker (EGDMA), indicating that the stability of the crosslinker is the main factor affecting the thermal stability of the polymers. The TGA results demonstrate that the Bi-MIPs have excellent thermal stability.





3.2. Static Adsorption Experiments


3.2.1. Adsorption Isotherm


The adsorption isotherms of chrysin on the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs at (298 K) with chrysin concentrations of 0.2–1.4 mg/mL are presented in Figure 4. As shown in Figure 4a, the chrysin adsorption property for the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs increased with increasing chrysin concentration. As the concentration increases, the adsorption difference increases. The Bi-MIPs have the highest adsorption capacity of chrysin, followed by Si-MIPs. These results indicate that the Bi-MIPs and Si-MIPs have specific cavities sizes and specific adsorption capacity for chrysin. By comparing Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs to the adsorption capacity of chrysin, the adsorption capacity of the binary functional monomers was better than that of the single functional monomer, which further indicates that the Bi-MIPs have an excellent application prospect.



To analyze the adsorption mechanism, Langmuir and Freundlich isotherm models were used to fit the experimental data when the adsorption process reached the adsorption equilibrium. The equations of these two models are as follows [46,47,48,49].



Langmuir isotherm equation:


   1   Q e    =  1   Q m    +  1   K 1   Q m    ×  1   C e     



(4)







Freundlich isotherm equation:


    lnQ  e     = lnk   2  +  1 n    lnC  e   



(5)




where Ce represents the concentration of chrysin at the adsorption equilibrium (mg/mL); Qe represents the chrysin adsorption amount for the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs at equilibrium (mg/g); Qm represents the maximum adsorption amount of monolayer coverage (mg/g); K1 represents the Langmuir constant (mL/mg); K2 represents the Freundlich constant; and 1/n represents the dimensionless Freundlich constant.



According to the Langmuir and Freundlich isotherm models, the experimental data were fitted and the parameters are shown in Table 1. The Bi-MIPs are illustrated by comparing the Langmuir and Freundlich equation correlation coefficients (the Langmuir and Freundlich correlation coefficients are 0.9953 and 0.9669, respectively). The isothermal adsorption curve of the Bi-MIPs is better represented by the Langmuir model. The Bi-NIPs, Si-MIPs and Si-NIPs were compared and analyzed by the Langmuir and Freundlich equation correlation coefficients (Langmuir and Freundlich correlation coefficients are 0.9946 and 0.9788, 0.9912 and 0.9736, 0.9905 and 0.9596, respectively), indicating that the Bi-NIPs, Si-MIPs and Si-NIPs with Bi-MIPs have the same degree of compatibility with Langmuir. The isothermal adsorption curves of the Bi-NIPs, Si-NIPs and Si-NIPs are better represented by the Langmuir model. These results indicate that the adsorption of chrysin on the Bi-MIPs occurs via monolayer adsorption, which shows that the Bi-MIPs can easily adsorb chrysin.




3.2.2. Adsorption Kinetics


Kinetic experiments were carried out on the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs with a chrysin solution with an initial concentration of 1.0 mg/mL and the results are shown in Figure 5. The adsorption of chrysin on the Bi-MIPs showed excellent characteristics of the adsorption kinetics. The adsorption capability is increased with the increase in the adsorption time, and the adsorption rate decreased gradually with increasing adsorption time. At any time, the Bi-MIPs have the highest adsorption capacity of chrysin compared with the Bi-NIPs. As for the Bi-MIPs, the adsorption process can be divided into the fast adsorption stage (0–105 min) and the slow adsorption stage (105–240 min). The adsorption capacity in the fast adsorption stage accounted for 76% of the equilibrium adsorption capacity. As for the Si-MIPs, the adsorption capacity in the fast adsorption stage (0–75 min) accounted for 64.7% of the equilibrium adsorption capacity. The chrysin absorption capacity of Bi-MIPs reached equilibrium after 240 min, which indicates that the specific cavities of the adsorbent formed by binary functional monomers promote the adsorption effect. At the same time, the chrysin absorption capacity of the Bi-MIPs, Bi-NIPs, Si-MIPs, Si-NIPs and MIPs exceeds the NIPs, which further indicates that Si-MIPs and Bi-MIPs have successfully synthesized imprinted pores.



The pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models were used to investigate the kinetic behaviors of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs during chrysin adsorption. The kinetic data of different initial melanoidin concentrations were fitted using the following models [50,51,52,53,54].



PFO kinetic equation:


  ln    Q e  −    Q   t       = lnQ   e  −    k 3    2  . 303     



(6)







PSO kinetic equation:


   t   Q t    =  1   k 4   Q e 2    +  1   Q e     



(7)




where k3 (1/min) represents the rate constant of PFO kinetic adsorption, k4 (mg/(g·min)) represents the rate constant of PSO kinetic adsorption, Qt represents the amounts of chrysin adsorbed (mg/g) at time t, and Qe represents the amounts’ equilibrium time.



The experimental data were fitted to the PFO kinetic and PSO kinetic to obtain the corresponding fitting curves (Figure 5) and kinetic parameters (Table 2). It is known from Table 2 that the correlation coefficient (R2) values of the PSO and PFO kinetic models of the Bi-MIPs are R2 = 0.9903 and R2 = 0.9153, respectively. The PSO kinetic model creates better experiments with the adsorption behavior of chrysin onto the Bi-MIPs than the PFO kinetic model; this phenomenon also indicates that chemisorption is the principal mechanism involved in the sorption process. The results indicate that the Bi-MIPs are beneficial to the adsorption of chrysin, and these results further prove the potential applications in the separation of chrysin by the Bi-MIPs.




3.2.3. Adsorption Thermodynamics


Adsorption isotherm experiments were performed at the same initial chrysin solution and at different temperatures of 10, 20, 30, 40 and 50 °C. The fitting results of the adsorption isotherms are presented in Figure 6. As shown in Figure 6a, the adsorption ability of chrysin by the Bi-MIPs is the highest, followed by the Si-MIPs. This is due to the specific cavities of the Bi-MIPs and Si-MIPs, which have specific adsorption on chrysin.



With the temperature increase from 10 to 30 °C, the absorption capacity of the adsorbents increased, which due to increases in temperature accelerate the movement of the molecules in a methanol solution. Therefore, the probability of albumin binding to the adsorbent adsorption site is enhanced. As the temperature increased from 30 to 50 °C, the Qe of chrysin on the adsorbents decreased. Due to the hydrogen bonds of the adsorbents being broken with the increase in temperature, the adsorption capacity of chrysin by the adsorbents is weakened. From the point of view of economic and industrial applications, 30 °C is chosen as the optimum temperature. The energy consumption of the adsorption process is reduced, which builds the foundation for the large-scale extraction and separation of the binary functional monomer polymers in natural products.





3.3. Adsorption Selectivity


To further investigate the selectivity of the Bi-MIPs for chrysin, chloramphenicol and oxytetracycline were chosen as comparative substrates in the selective adsorption test. The results are shown in Figure 6b; the Bi-MIPs have the highest adsorption capacity for chrysin, followed by the Si-MIPs. This is due to the specific pockets of Bi-MIPs and Si-MIPs, which have specific adsorption on chrysin. The Bi-MIPs and Si-MIPs have electrostatic adsorption on chloramphenicol and oxytetracycline. The imprinting factor (QBi-MIPs/QBi-NIPs) of the Bi-MIPs is 1.54, and the imprinting factor (QSi-MIPs/QSi-NIPs) of the Si-MIPs is 1.42. These results indicate that, under the synergistic action of AM, the force of MAA on the hydrogen bonds, electrostatic and π-π stacking of chrysin increased [37,38,39], and the adsorption selectivity of molecularly imprinted polymers is improved. The selectivity of binary functional monomers in the separation and extraction of chrysin further proves that the Bi-MIPs have broad application prospects in the extraction and separation of natural products.




3.4. Adsorption Reusability


To evaluate the capacity of the Bi-MIPs to be regenerated and reused, the adsorption performance after repeated cycles was investigated. Multiple adsorptions and desorption experiments were carried out using a polymer chrysin solution, and the results are shown in Figure 7. After five times of adsorption and desorption, the remaining solid mass of the sample is 0.0402, 0.0356, 0.0356, 0.0317, and 0.0302. The solid loss rate is 24.88%. After being recycled and reused, the Bi-MIPs only lost 4.92% of adsorption capacity. This decrease may be attributed to the reduction in active binding loci following the regeneration and inadequate desorption of the adsorbed chrysin molecules. The results suggest that the Bi-MIPs exhibited excellent adsorption capability in all five cycles. At the same time, we should further consider how to improve the recovery efficiency of the Bi-MIPs.





4. Conclusions


The Bi-MIPs were prepared by precipitation polymerization using methacrylic acid and acrylamide as functional monomers and ethylene glycol dimethacrylate as a crosslinking agent. Their physicochemical properties and chemical structures were analyzed and characterized. The Bi-MIP has excellent adsorption performance for chrysin in methanol solution and has a larger specific surface area and thermodynamic properties. The adsorption of chrysin on the Bi-MIPs followed the PSO kinetic model and Langmuir isothermal model, and the adsorption process was dominated by homogeneous monolayer adsorption. Compared with the Si-MIPs, the Bi-MIPs showed excellent adsorption performance and specificity in the adsorption process of chrysin and its analogs. At the same time, the Bi-MIPs showed excellent adsorption performance in multiple cycles and were conducive to the extraction and purification of an organic solvent-soluble bioactive component from natural products. Under the synergistic action of AM, the force of MAA on the hydrogen bonds, electrostatic and π-π stacking of chrysin increased. This synthetic method is green, efficient, eco-friendly and cost-effective. Thus, this paper provides new ideas and methods for the synthesis of high adsorption performance, green and safe molecular-imprinted polymers and build the foundation for the large-scale extraction and separation of the Bi-MIPs in chrysin.
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Figure 1. The scheme for preparing the Bi-MIPs (R is -O-CH2-CH2-O-). 
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Figure 2. SEM, average particle size and particle size distribution images of Bi-MIPs (a,b), Bi-NIPs (c,d), Si-MIPs (e,f) and Si-NIPs (g,h). 
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Figure 3. (a) FI-IR images of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs; (b) TGA images of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs; (c) TGA and DTG images of the Bi-MIPs. 
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Figure 4. (a) Adsorption isotherm of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs; (b) Langmuir adsorption isotherm of the Si-MIPs and Si-NIPs; (c) Freundlich adsorption isotherm of the Si-MIPs and Si-NIPs; (d) Langmuir adsorption isotherm of the Bi-MIPs and Bi-NIPs; (e) Freundlich adsorption isotherm of the Bi-MIPs and Bi-NIPs. 
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Figure 5. (a) Adsorption kinetics curves of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs; (b) PFO kinetic mode of the Si-MIPs and Si-NIPs; (c) PSO kinetic mode of the Si-MIPs and Si-NIPs; (d) PFO kinetic mode of the Bi-MIPs and Bi-NIPs; (e) PSO kinetic mode of the Bi-MIPs and Bi-NIPs. 
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Figure 6. (a) Thermodynamic curves of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs; (b) Selective adsorption of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs. 
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Figure 7. Regeneration rebinding performance of the Bi-MIPs. 
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Table 1. Parameters of the Langmuir and Freundlich adsorption models.
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Samples

	
Langmuir Isotherm

	
Freundlich Isotherm




	
K1

(mL mg−1)

	
R2

	
Qm

(mg g−1)

	
K2

(mL mg−1)

	
R2

	
1/n






	
Bi-MIPs

	
0.1370

	
0.9953

	
209.64

	
34.20

	
0.9669

	
1.106




	
Bi-NIPs

	
0.1935

	
0.9946

	
106.72

	
25.77

	
0.9788

	
1.116




	
Si-MIPs

	
0.1193

	
0.9912

	
60.350

	
30.20

	
0.9736

	
1.183




	
Si-NIPs

	
0.3417

	
0.9905

	
176.99

	
23.75

	
0.9596

	
1.046
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Table 2. Kinetic data of the PFO and PSO kinetic models.
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Samples

	
PFO Kinetic

	
PSO Kinetic




	
K3 (min−1)

	
R2

	
K4 (g mg−1 min−1)

	
R2






	
Bi-MIPs

	
0.0533

	
0.9153

	
0.00015

	
0.9903




	
Bi-NIPs

	
0.0421

	
0.9746

	
0.00023

	
0.9816




	
Si-MIPs

	
0.0466

	
0.9751

	
0.00020

	
0.9841




	
Si-NIPs

	
0.0275

	
0.9750

	
0.00026

	
0.9808
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