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ARTICLE INFO ABSTRACT

Keywords: Grapefruit (Citrus x paradisi Macf.) peel, a by-product of the citrus-processing industry, possesses an important
Grapefruit peel economic value due to the richness of bioactive compounds. In this study, boron-linked covalent organic
Naringenin

frameworks integrated with molecularly imprinted polymers (CMIPs) were developed via a facile one-pot bulk
polymerization approach for the selective extraction of naringenin from grapefruit peel extract. The obtained
CMIPs possessed a three-dimensional network structure with uniform pore size distribution, large surface areas
(476 m?/g), and high crystallinity. Benefiting from the hybrid functional monomer APTES-MAA, the acylamino
group can coordinate with the boronate ligands of the boroxine-based framework to form B-N bands, facilitating
the integration of imprinted cavities with the aromatic skeleton. The composite materials exhibited a high
adsorption capacity of 153.65 mg/g, and a short adsorption equilibrium time of 30 min for naringenin, together
with favorable selectivity towards other flavonoid analogues. Additionally, the CMIPs captured the template
molecules through n-7* interaction and hydrogen bonding, as verified by FT-IR and XPS. Furthermore, they had
good performance when employed to enrich naringenin in grapefruit peels extract compared with the common
adsorbent materials including AB-8, D101, cationic exchange resin, and active carbon. This research highlights
the potential of CMIPs composite materials as a promising alternative adsorbent for naringenin extraction from
grapefruit peel.

Molecularly imprinted polymers
Covalent organic framework
Selective adsorption

1. Introduction

Grapefruit (Citrus x paradisi Macf.) is a crucial member of the Citrus
genus within the Rutaceae family and has extensive applications in the
juice and food industry. However, industrial processing of citrus fruit
results in significant waste, with approximately 50 % of its wet mass
being comprised of discarded citrus peel (Stabrauskiene et al., 2022).
Grapefruit peels are rich sources of valuable compounds, including
various flavonoids, vitamin C, fiber, pectin, essential oils, polyphenols,
and important levels of some trace elements (Mahmoud et al., 2019).
Naringenin (5,7-dihydroxy-2-(4-hydroxyphenyl) chroman-4-one) be-
longs to the flavonoid class and is well known for its beneficial health
properties such as antioxidants, antimicrobial, antimutagenic and anti-
cancer (Gercek et al., 2021). A number of extraction methods such as
liquid-liquid extraction (Barbosa et al., 2021), a fungal NRPS-PKS
enzyme that catalyzes the synthesis of flavonoid naringenin (Zhang
et al., 2022), and macroporous resin adsorption methods (Nasir et al.,
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2019) had been reported. They usually involve the use of large quanti-
ties of hazardous solvents, time-consuming or nonselective. To address
this issue, molecularly imprinted polymers (MIPs) might be a good
choice.

MIPs are synthesized through the radical co-polymerization of tem-
plate molecules that are covalently or non-covalently conjugated with
functional monomers, cross-linking agents, and comonomers, which can
form the imprinted cavities with shape locations, sizes, and functional
groups that are chemically and physically complementary to template
molecules, thereby enabling the re-identification of target molecules.
Owing to their high affinity and specificity, MIPs have received much
attention in recent years and have been widely used in aspects of sep-
arations, analysis of synthetic food dyes (Hatamluyi et al., 2021) and
pesticide residues (Zhang et al., 2021), and flavonoids enrichment (e.g.
caffeic acid and cyanidin-3-O-glucoside) in complex foodstuff matrices
(Nasir et al., 2019; Zhao et al., 2020). Their efficiency highly depended
on the number of recognition sites and surface area in them, which
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limited their uses to a large extent. Covalent organic frameworks (COFs)
integrated with the MIPs may be a solution. COFs are a versatile class of
crystalline porous polymers that allow the atomically precise integration
of organic units to form predesigned skeletons, tuneable pore structures,
and high surface areas (Grunenberg et al., 2021). They offer great op-
portunities as a new platform for designing promising organic materials
for catalysis, gas storage, adsorption (Hao et al., 2021), drug delivery
(Gan et al., 2019), active substances extraction and enrichment (Zhao
et al., 2020). Recently, the unique combination of COFs with multi-
functional monomers (**Liu et al., 2018), carbon quantum dots nano-
particles (Qi et al., 2021), MoSy nanosheets (Sun et al., 2019), and
metal-organic frameworks integrate the advantage of both materials
(Zhang et al., 2021). In terms of single MIPs, the flexible skeletons (C—C
bonds) tend to distort and aggregate into dense structures leading to a
decreased binding affinity and specificity for target molecules (Wang
et al., 2022). Based on the inherent aromatic rigid skeleton of COFs, the
incorporation of MIPs into COFs could effectively prevent the defor-
mation or collapse of the imprinted cavities and ensure the accuracy of
the recognition sites (Zhao et al., 2020). Additionally, COFs typically
contain an sp>-hybridized orbit structure and considerable delocalized =
bond at a large scale that promotes the hydrophobicity and n-n* in-
teractions between COFs and target compounds containing phenyl
groups, thereby preventing hydration and improving the stability of
target compounds during separation (Liu et al., 2021). The functional
monomer is also one of the key factors to achieve high-performance
materials. Compared to the conventional monomer, the organ-
ic-inorganic hybrid monomer as a new functional monomer combines
the advantages of organic and inorganic monomers, which can offer
high mechanical stability.

For the reason given above, a strategy of fusion covalent organic
frameworks and molecularly imprinted polymers was developed for
preparing CMIPs, with hybrid functional monomer (APTES-MAA), by a
facile one-step polymerization process. The CMIPs were synthesized
using naringenin as the template, 3-aminopropyltriethoxysilane-metha-
crylic acid (APTES-MAA) as a hybrid functional monomer, benzene-1,4-
diboronic acid (DBA) as precursor molecules of COFs, and ethylene
glycol dimethacrylate (EGDMA) as the crosslinker and azobis (iso-
butyronitrile) (AIBN) as an initiator. The CMIPs polymers were char-
acterized using SEM, FT-IR, XRD, BET, TGA, and XPS. A series of batch
adsorption experiments were carried out to investigate their adsorption
behaviors and selectivity of CMIPs/CNIPs for naringenin. Finally, taking
advantage of their remarkable adsorption capacity and excellent
adsorption selectivity, CMIPs were further evaluated for their high-
efficiency enrichment of naringenin from real grapefruit (Citrus x
paradisi Macf.) peels.

2. Experimental sections
2.1. Chemicals and materials

Naringenin standards (>98 %) were purchased from Sigma-Aldrich
(Shanghai, China). N, N-dimethylformamide (DMF), acetic acid,
HPLC-grade methanol, and acetonitrile were obtained from Kemiou
Chemical Reagent Co., Ltd. (Tianjin, China). benzene-1,4-diboronic acid
(DBA), 1,4-dioxane, mesitylene, methacrylic acid (MAA), ethylene gly-
col dimethacrylate (EGDMA), 3-aminopropyltriethoxysilane (APTES),
azobis (isobutyronitrile) (AIBN), anthocyanin, rutin, hesperidin, and
baicalin were purchased from Aladdin Reagent Co., Ltd. (Shanghai,
China). Acetone, anhydrous ethanol, and anhydrous methanol were
supplied by Beijing Chemical Reagent Company (Beijing, China). AB-8,
D101, and cationic exchange resin were obtained by Donghong Chem-
ical Co., Ltd. (Shandong, China). Active carbon was made in the labo-
ratory. Ultra-pure water was obtained using a Milli-Q water purification
system (Millipore, Bedford, MA, American). Unless otherwise stated, all
the other chemicals were of analytical reagent grade and were used
without further purification.
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Grapefruits (Citrus x paradisi Macf.) were purchased from a local
market in Xiangtan City, Hunan province on May 7th 2021.

2.2. Preparation of CMIPs

The template molecules naringenin (32.67 mg) and MAA (41.32 mg)
were added into acetonitrile (10 mL) and stirred magnetically at 45 °C
for 4 h to obtain a homogeneous solution. Subsequently, APTES (75.27
mg), DBA (250 mg), and a 10 mL mesitylene/dioxane solution (1:1, v/v)
were added to the above solution and sonicated for 60 min to form a
prepolymer. The cross-linker EGDMA (1982.2 mg) and the initiator
AIBN (44.34 mg) were then added into the mixture dropwise. After
being deoxygenated with Ny for 10 min, the mixed solution was trans-
ferred to a stainless-steel autoclave and heated to 70 °C for 24 h. The
resulting precipitate was then filtered and washed with acetone, anhy-
drous methanol, and DMF, respectively, to remove the unreacted re-
siduals. The naringenin was removed by Soxhlet extraction with a
solution of methanol-acetic acid (v/v, 9:1) several times until there was
no template detected by HPLC. The CNIPs were prepared in the same
way in the absence of naringenin.

2.3. Characterization

Field emission scanning electron microscope (SEM) images were
taken using Sigma300 (Zeiss, Germany) and INSPECT F50 (FEIL, Amer-
ican), Energy dispersive X-ray (EDX) analysis and elemental mapping
were collected using an energy-dispersive X-ray spectroscope attached
to OCTANE SUPER, the Brunauer Emmett Teller (BET) measured by
Quantachrome NOVA Instruments (Quantachrome Instruments Corp.,
American), and Fourier transform infrared (FT-IR) spectra (4000-400
em™Y) recorded on a NICOLET 380 (Thermo Nicolet Corp., American) at
a scanning speed of 4 em L X-ray diffraction (XRD) pattern was ob-
tained by Bruker D8 Advanced Diffractometer System, equipped with Cu
Ka radiation (40 kV, 40 mA), and the thermo-gravimetric analysis (TGA)
measurement was performed using a Netzsch STA 429 thermoanalyser
operating at a heating rate of 10 °C/min in alumina crucibles from room
temperature to 900 °C under an air atmosphere. Inductively coupled
plasma mass spectrometry (ICP-MS) was recorded on a NexION 300X
(PerkinElmer Corp., American).

2.4. HPLC analysis of naringenin

Naringenin and flavonoid analogues including rutin, hesperidin,
anthocyanin, and baicalin were quantified by high-performance liquid
chromatography (HPLC) using a Shimadzu LC-15C system liquid chro-
matograph (Santa Clara, CA, American), equipped with ZORBAX SB-C18
chromatographic column (4.6 x 250 mm, 5 um; Agilent, American) and
SPD-15C UV-detector (Shimadzu, Japan). For naringenin analysis, the
mobile phase was methanol (A) and 0.2 % aqueous acetic acid (B).
Gradient elution was applied as below 0-5 min, 30 % A; 5-10 min,
30-85 % A; 10-17 min, 85-100 % A; 17-27 min, 100-100 % A; 27-29
min, 100-30 % A; 29-35 min, 30 % A. The flow rate, injection amount,
column temperature, and detection wavelength were 1.0 Ml/min, 20 pL,
40 °C, and 289 nm, respectively. All solutions used for HPLC were
filtered through a 0.22 ym membrane filter.

2.5. Adsorption experiments

A stock solution of naringenin of 500 mg/L was prepared in a
mixture of ethanol and deionized water. Appropriate dilutions (v:v) of
the stock solution were made with deionized water to obtain working
solutions. For the pH experiments, the initial pH of a 20 mg/L nar-
ingenin solution was adjusted to the range of 3.0-9.0 using 0.1 mol/L
HCl and 0.1 mol/L NaOH. Adsorption kinetics experiments were carried
out by introducing 10.0 mg of CMIPs or CNIPs adsorbents into a 50 mL
solution containing 40 mg/L naringenin. At different time intervals, the
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adsorbents were separated and subsequently, the supernatant was
analyzed by HPLC to determine the concentration of naringenin. The
adsorption capacity of naringenin was calculated according to Eq. (1):
g =0y W
where q; (mg/g) represents the equilibrium adsorption capacity of nar-
ingenin, Cp (mg/L) and C; (mg/L) are concentrations of naringenin at
initial and time ¢t (min); V (L) and m (g) are the volumes of solutions and
the mass of adsorbents, respectively.

For the adsorption isotherm experiments, 10.0 mg of absorbents
were added to each naringenin solution with concentrations ranging
from 20 to 400 mg/L and subsequently transferred to dark places where
they were shaken at different temperatures (288-308 K) for 4 h. The
residual concentration of naringenin in the solutions was then deter-
mined after reaching equilibrium. The adsorption capacity and
imprinting factor (IF) were calculated according to Egs. (2) and (3),
respectively.

(Ce - CU)

qge=— —V (2)
IF — qcmips 3)
qcnips

where g, (mg/g) is the amount of naringenin adsorbed at equilibrium; C,
(mg/L) and Cy (mg/L) are the initial and final concentrations of nar-
ingenin; V (L) and m (g) are the volumes of solutions and the mass of
adsorbents, individually; gcyps (mg/g) and qenps (mg/g) are the
adsorption capacities of CMIPs and CNIPs adsorbents.

2.6. Selectivity and regeneration experiments

The selectivity of CMIPs and CNIPs was compared using naringenin
and its analogues, including hesperidin, anthocyanin, rutin, and baica-
lin. Specifically, 10.0 mg of CMIPs and CNIPs were incubated in 50 mL
solutions containing 25 mg/L of naringenin or its analogues. The mix-
tures were shaken in a thermostatic oscillator at 25 °C for 2 h to make
sure the binding equilibrium was reached. The concentrations of all test
flavonoids in the supernatant were determined by HPLC. Further
experimental details can be found in SI. The distribution ratio K4 and
selectivity coefficient k*? were calculated according to Egs. (4) and (5),
respectively.

Qe
K,== 4
7 c, @
ot — Kasemplasemotecute ®

K referentmotecute

where Q, (mg/g) and C, (mg/L) represent the equilibrium adsorption
capacity and concentration of corresponding flavonoids, respectively.
Naringenin is selected as a template molecule while other flavonoids
serve as reference molecules. Kq template molecule @0d K referent molecule are
the distribution ratio of template molecule and referent molecules.
The reusability of CMIPs/CNIPs was investigated through six cycles
of desorption-adsorption cycles using the same procedure as the static
adsorption experiment. After reaching equilibrium, naringenin-loaded
CMIPs/CNIPs were collected by centrifugation and eluted with a
mixed solvent of methanol/acetic acid (9:1, v/v). The recovered
adsorbent was then thoroughly washed with ethanol to remove any
residual naringenin before being reused for subsequent adsorption ex-
periments. All the experiments were performed in triplicates.

2.7. Application of the CMIPs to real samples

Grapefruit peel extract was used to verify the feasibility of CMIPs.
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The fruits were washed, manually peeled, sliced into long strips, and
dried at 50 °C in a conventional oven reaching a stable dry weight. A
mixture of 2.5 g crushed grapefruit peel powder and 10 mL petroleum
ether was thoroughly blended and left to stand in a brown jar for 8 h. The
mixture was filtered through a qualitative filter paper, then mixed with
ethanol in a round-bottom flask and refluxed at 85 °C for 2 h before
being concentrated by rotary. The resulting extract was stored in a 4 °C
refrigerator before analysis. To 10.0 mg of CMIPs in a 50 mL conical
flask, 20 mL of naringenin extract (100 mg/mL) was added and left for
24 h, after which the CMIPs were eluted with 50 mL of 80 % ethyl
alcohol for 2 h. The content of naringenin in grapefruit peel extraction
was determined using the aforementioned HPLC method.

2.8. Statistical analysis

Each experiment was repeated three times, and the reported results
were processed using the SPSS statistical software package (10.1, SPSS
Inc., USA). Significant differences were calculated using analysis of
variance (ANOVA) with 0.05 of significance level. Graphs were prepared
using Origin 8.0 software.

3. Results and discussion
3.1. Preparation and characterization

A strategy of fusion covalent organic frameworks and molecularly
imprinted polymers was developed for preparing CMIPs, with hybrid
functional monomer (APTES-MAA), by a facile one-step polymerization
process (Scheme 1). Among various COFs, COF-1, whose structure
consists of benzene rings linked by B3Os3 into hexagon-shaped 2D sheets,
was selected. The CMIPs were synthesized using naringenin as the
template, 3-aminopropyltriethoxysilane-methacrylic acid (APTES-
MAA) as a hybrid functional monomer, benzene-1,4-diboronic acid
(DBA) as precursor molecules of COFs, and ethylene glycol dimetha-
crylate (EGDMA) as the crosslinker and azobis (isobutyronitrile) (AIBN)
as an initiator. Additionally, the APTES-MAA was obtained through a
dehydration condensation, which is via catalyzing the formation of
boroxine rings by forming a Lewis-type interaction with the electron-
deficient boron, contributing acylamino group from APTES-MAA to
form B-N coordination with boronate ligands (Shen et al., 2019), and
endowed the CMIPs super high stability by forming a brgnsted-type
interaction with defect sites in COF-1 (Bao et al., 2021; Du et al., 2015).

Scanning electron microscopy (SEM) was used to investigate the
morphology and hierarchical structure of CMIPs. As depicted in Fig. 1A
and C, the porous structure of CMIPs exhibited higher dispersity and
regularity compared to CNIPs, indicating that templates facilitated the
arrangement of functional monomers (Zhao et al., 2020). The network
structure of the encapsulated nanospheres was observed in both CMIPs
and CNIPs (Fig. 1B and D). However, the pore structure of CMIPs
exhibited a more uniform and regular pattern with an average diameter
of approximately 2-4 nm, which could be attributed to the release of
template cavities during extraction (Motia et al., 2021). The elements of
B, C, N, O, and Si that made up CMIPs were observed through the
energy-dispersive spectrometer analysis (Fig. S1) and the elemental
mapping (Fig. la—e) verified the existence and homogeneously distri-
bution of these elements. Furthermore, Si from APTES and B from COFs
were successfully occupied with an atomic ratio of 11 % and 6 %,
respectively. These results suggested a potential interaction between
COFs and MIPs.

The Ny adsorption—desorption isotherms of CMIPs and CNIPs were
analyzed to determine their pore structure and surface areas. As shown
in Fig. 2A, a typical type IV isotherm with a hysteresis loop behavior for
CMIPs and CNIPs was observed. The specific surface area of CMIPs (476
m?/g) was significantly higher than that of CNIPs (259 m?/g), which can
be attributed to the ordered arrangements of imprinted cavities during
synthesis (Yang et al., 2017). The pore size distribution of CMIPs
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Scheme 1. The schematic diagram of the preparation of CMIPs.

(Fig. 2a) showed a concentrated peak at a pore diameter of 2.27 nm,
indicating the existence of considerable mesoporous structure (Sun
et al., 2021), which can provide excellent recognition sites for template
molecules under free solvents and low pressures (Saad et al., 2021).
Consequently, some imprinted cavities were found after the elution of
the template molecules, which was consistent with the results of SEM
images.

FT-IR analysis showed that the characteristic peak of CMIPs and
CNIPs existed at 1631 cm™! (Fig. 2B), respectively, corresponding well
to the typical C=O stretching vibration of amide groups. The amide
groups (O—C-NH-) stemmed from the hybrid functional monomer
APTES-MAA and the reaction equation for APTES-MAA was shown in
Scheme S1. The absorption peaks at 1386 and 1039 cm ™! represented
the stretching vibration of the B-O and B-C bond (Gan et al., 2019),
whereas those at 3440 and 2983 cm ™! were the stretching vibration of
the N—H in APTES-MAA and -CH3 in EGDMA (Pan et al., 2020; Zhang
et al.,, 2019b). These results confirmed the presence of the functional
monomer and the cross-linker in the CMIPs.

To verify the crystallinity and structural integrity of CMIPs and
CNIPs, the XRD analyses were performed. As shown in Fig. 2C, CMIPs
and CNIPs have the same diffraction peaks at 28.3°, 32.8°, 47.2°, and
56.0°, indicating that the crystalline framework of CMIPs remained
stable during the preparation of CMIPs (Lu et al., 2021; Sun et al., 2018).
Interestingly, an amorphous diffraction pattern at 28° was observed in
both CMIPs and CNIPs, which underlined that the amorphous silica was
involved in the formation of the frameworks.

The thermal stabilities of CMIPs and CNIPs were compared by the
thermogravimetric curves at 30-900 °C in an Ny atmosphere (Fig. 2D).
Results showed that the whole decomposition process for both CMIPs
and CNIPs was divided into three main stages. Firstly, 5.01 % weight loss

occurred at 100 °C due to the removal of the residual solvent. Then, a
rapid weight loss at 200-380 °C was observed, which was normally
caused by the disintegration of the oxygen-containing functional groups
(Wang et al., 2021). At last, when the temperature was above 380 °C, the
thermal weight loss became moderate owing to the carbon dioxide
release induced by the burning of carbon atoms in the framework
(Zhang et al., 2019a). However, the DTG values of CNIPs were signifi-
cantly lower than those of CMIPs, indicating that the thermal stability of
CMIPs was higher than that of CNIPs.

3.2. Bach adsorption

3.2.1. Effect of pH on the adsorption capacity of CMIPs

Given that both the surface binding sites of CMIPs and the chemical
properties of naringenin were influenced by the pH of the sample so-
lution, the effect of pH on the adsorption capacity of CMIPs was inves-
tigated. As shown in Fig. 3A, the adsorption capacity of CMIPs for
naringenin gradually decreased from pH 3.0 to 6.0, and then remained
nearly stable at pH 7.0. This phenomenon can be attributed to the fact
that the carboxyl and hydroxyl groups would be deprotonated to form
—COO" and -O" groups and thereby subduing non-covalent interactions
between the functional group in the cavity and the naringenin molecules
(Fazary et al., 2016). The sharp decline between pH 6.0-7.0 could also
be caused by the weakened n—n* interaction between naringenin and
CMIPs (Tang et al., 2020). In contrast, there was no difference in the
adsorption capacity of CNIPs for naringenin under acidic and neutral
conditions. The results showed that it could be used to recover nar-
ingenin from acidic media.
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Fig. 1. SEM images of CMIPs (A, B) and CNIPs (C, D); SEM-EDX elemental mapping images of B (a), C (b), N (c), O (d) and Si (e) for CMIPs.

3.2.2. Effect of naringenin concentrations on the adsorption capacity of
CMIPs

The uptake of naringenin by CMIPs was drastically influenced by the
naringenin concentrations. As shown in Fig. 3B, concentrations of nar-
ingenin lower than 40 mg/L at 25 °C led to a rapid increase in the
adsorption capacity of CMIPs. Similar results were also observed in
CNIPs, but its peak value (113.60 mg/g) was significantly lower than
that of CMIPs (198.26 mg/g). This result was consistent with those by
SEM and BET analysis, which confirmed a previous report describing
that the addition of template molecules could lead to the direct rear-
rangement of the functional monomers. It was the rearrangement that
enabled imprinted cavities on the surface to specifically recognize and
match the naringenin molecule in chemical structure and spatial
arrangement (Zhao et al., 2020). Therefore, 40 mg/L was chosen as the
optimum concentration for subsequent adsorption experiments.

3.2.3. Adsorption kinetics

The kinetics curves of CMIPs and CNIPs were shown in Fig. 3C.
During the initial 30 min, the adsorption capacity increased rapidly.
Then it increased gradually and reached its adsorption saturation

(183.72 mg/g) at 90 min. This phenomenon can be caused by the
considerable unoccupied cavities in CMIPs at initial adsorption whereas
their number became poor with time prolonging and thus prevent the
arrival of naringenin (Cui et al., 2020). To further investigate the po-
tential mechanism the pseudo-first-order model (Eq. (6)), pseudo-
second-order model (Eq. (7)), and intra-particle diffusion model (Eq.
(8)) were applied to fit and analyze the experimental data.

In(q. — q,) = Inq, — kit (6)
t 1 t
- 4 @)
9 kg q.
q: = k3[% +c (8)

where t was the adsorption time (min); g, and g, were the theoretical
adsorption capacities (mg/g) at equilibrium and the adsorption capac-
ities (mg/g) at the time of t; c was the intercept reflecting the effect of the
boundary layer; k; (1/min), k2 (g/mg/min) and ks (g/mg/min) repre-
sented the first-order rate constant, second-order rate constant and
intra-particle diffusion rate constant, respectively.
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288, 298, and 308 K, respectively.

The related parameters and the correlation coefficients (R?) were
summarized in Table S1. As shown in Table S1, the adsorption of nar-
ingenin by CMIPs matched better with the pseudo-second-order model,
evidenced by the higher R? value of 0.9665 than in the pseudo-first-
order model (RZ = 0.9653), indicating that the target molecules had
different binding energies at the surface CMIPs. These results suggested

that the square of the number of unoccupied adsorption sites is a rate-
limiting step in the adsorption process for naringenin.

3.2.4. Adsorption isotherms
The adsorption isotherm shows the relationship between the amount
of adsorbate in a liquid and the amount of adsorption on a solid surface
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at a specific temperature (Wang and Guo, 2020). To understand the
adsorbent capacity, adsorption isotherms studies were carried out with
the initial concentrations of naringenin from 20 to 400 mg/L at
288-308 K. The relationship between equilibrium adsorption amount g,
and residual naringenin concentration C, is shown in Fig. 3D. As shown
in Fig. 3D, the adsorption capacity increased quickly with the increase of
naringenin concentration, and the equilibrium adsorption capacities of
naringenin were 1311.6, 1123.7, and 804.8 mg/g at 288, 298, and 308
K, respectively. This indicated that the higher concentration gradient of
naringenin could have facilitated the diffusion of naringenin molecules
toward CMIPs. Compared to CMIPs, CNIPs had lower adsorption ca-
pacities, indicating that CMIPs possessed specific sites or specific func-
tional groups on their surface that interacted with naringenin repeatedly
due to the molecular imprinting effect (Ahmed et al., 2017). Addition-
ally, low temperatures were found to be conducive to the naringenin
adsorption, likely due to the enhanced mobility of naringenin at higher
temperatures, which hindered the CMIP’s effective capture of its mole-
cules (Cui et al., 2020). To further clarify this process, three classical
isotherm models, Langmuir (Eq. (9)), dual-site (Eq. (10)), and Freund-
lich models (Eq. (11)), were adopted.

QmaxKLCz
— Zmaxl e 9
9 1+K,C, ®
= Onax | 1 + : ) 1+ ! ) -1 10
e = max 2K,C, 2K,C,
4. = K;C: an

where ¢, and ¢, were the same as described before; Qmq, (mg/g) was the
maximum adsorption capacity calculated from the models; K, (L/mg)
was the Langmuir constant reflecting the affinity between the adsorbate
and binding sites; Ky and n were the Freundlich constants.

As shown in Table S2, the values of R? in the Langmuir isotherm
models were larger than those of Freundlich and dual-site models, which
indicated that the adsorption process could be well described by the
Langmuir isotherm model. This suggested that monolayer adsorption
occurred and the active site in CMIPs was homogeneous distribution
(Wang et al., 2021), which was consistent with the previous results of
EDS. The maximal adsorption capacities of CMIPs were calculated to be
1698.14, 1628.05, and 1050.03 mg/g at 288, 298, and 308 K, respec-
tively. These results suggested that the CMIPs have the potential as a
promising adsorbent for the efficient adsorption of naringenin
molecules.

3.2.5. Adsorption thermodynamics

To estimate the feasibility of the adsorption process and the change
in energy, the adsorption thermodynamic parameters such as the Gibbs
free energy (AG®), enthalpy change (AH®), and entropy change (AS°)
were calculated according to Egs. (12)-(14):

AG" = AH® —TAS° 12)

AG’ = — RTLn(K) 13)
AS®  AH®

Ln(K) = X " RT a4

where K represented the equilibrium constant; T was the temperature (in
Kelvin) during adsorption, and R (8.3145 J/mol/K) was the ideal gas
constant.

Calculation of the thermodynamics was carried out for the adsor-
bents at 288, 298, and 308 K and the related parameters were shown in
Table S3. The negative values of the AH® and AS® indicated that the
adsorption was exothermic and an entropy-decreasing process (Cui
et al., 2018). The negative AG® values and the decreased absolute AG°®
values with raised temperatures indicated that the uptake of naringenin
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was spontaneous and favorable at lower temperatures. Generally, the
absolute AG° value in the process of physical adsorption (—20 ~ 0 kJ
mol~1) was smaller than that of chemical adsorption (—80 ~ —400 kJ/
mol) (Fu et al., 2015). Therefore, the adsorption of naringenin onto the
CMIPs can be classified as physical adsorption, as evidenced by the AG®
values falling within the range of —6.1 ~ —4.2 kJ/mol.

3.3. Adsorption mechanism

To reveal the adsorption mechanism of CMIPs, the changes in func-
tional groups on the CMIPs before and after naringenin adsorption were
monitored by FT-IR and XPS. As shown in Fig. 2B, compared to nar-
ingenin, the stretching vibration of N—H had been weakened and
broadened for the naringenin loaded on CMIPs, which was probably due
to the generation of hydrogen bond between hydroxyl groups from
naringenin and nitrogen-containing groups in CMIPs (Zhao et al., 2020).
The elemental chemical composition and binding energy changes before
and after adsorption were analyzed by XPS and the high-resolution
spectra for Cls and Ols of naringenin were shown in Fig. 4. In
Fig. 4A, there were four peaks in high-resolution Cls spectra of CMIPs.
The binding energy peak at 284.97, 287.80, 288.92, and 290.35 eV was
attributed to C—C, C—N, C=0, and the n—* bonds, respectively. After
adsorption, the n—r* bonds peaks from the pristine CMIPs at 290.18 eV
shifted to lower values of 290.35 eV and the relative content increased
from 1.58 % to 2.50 %, while the relative content of C—C decreased
from 76.61 % to 74.38 % which revealed the n—n* interactions occur
between the phenyl rings of naringenin molecules and that of CMIPs.
The high-resolution spectrum of Ols (Fig. 4B) was de-convoluted into
representative chemical groups of B-O-B, O—H, and C—=O0 bonds, which
emerged at binding energies of 531.65, 532.08, and 533.08 eV,
respectively (Oprea et al., 2013). After adsorption, the relative content
of O—H in CMIPs increased from 24.48 % to 25.80 %, while the relative
content of B-O-B and C=O slightly decreased, possibly due to the
abundant hydroxyl groups present in naringenin loaded onto the CMIPs.
The C=O content, accounting for more than half that of the total
chemical groups, indicated the crucial role played by APTES-MAA in the
formation of the framework. Furthermore, the peaks of B-O-B, O—H and
C=O0 remained almost unchanged before and after adsorption, indi-
cating excellent stability of the CMIPs framework. These results
demonstrated that prepared CMIPs had a strong affinity towards nar-
ingenin molecules through hydrogen bonding and n-n* interactions.

3.4. Selectivity and reusability

The adsorption selectivity of CMIPs was a vital index for evaluating
the specific recognition of naringenin in actual complex samples. To
investigate the selectivity of CMIPs, structurally similar flavonoids were
selected including rutin, hesperidin, anthocyanin, and baicalin, with the
structure shown in Fig. S2. Under the same adsorption conditions, the
adsorption capacity of naringenin to CMIPs was significantly higher
than that of other substrates (Fig. 4C). The selectivity of CMIPs mainly
resulted from imprinted pores matched with the target molecules in
shape, size, and distribution of functional groups (Zhao et al., 2020). As
shown in Table S4, the selectivity factor (k*%) for analogues was greater
than 7. Especially, the K for anthocyanin reached 16. The poor affinity
was ascribed to the lack of a carbonyl group for anthocyanin. Conse-
quently, CMIPs had excellent selectivity for naringenin. k°¢ of CNIPs for
analogues was between 2.0 ~ 2.5. The selectivity of CMIPs was more
targeted at the structure rather than the size-exclusion effect of the pore.

The regeneration of the CMIPs was also studied by performing
consecutive adsorption—desorption cycles under the same conditions to
evaluate its practical reusability. As shown in Fig. 4D, the adsorption
capacity of CMIPs for naringenin only decreased slightly throughout the
six adsorption-desorption cycles. After five cycles, the removal effi-
ciency leveled to a stable value of 89 % (P > 0.05), which indicated that
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Fig. 4. (A) Cls and (B) O1s XPS spectra of CMIPs before and after naringenin adsorption; (C) Adsorption selectivity of CMIPs/CNIPs for naringenin; (D) Regeneration

performance of CMIPs for naringenin adsorption.

the polymers had good stability and promising application prospects.

3.5. Application of the CMIPs to real samples

To further evaluate the specific selectivity of the CMIPs for practical
applications, they were utilized to enrich naringenin in grapefruit peel
extract. As depicted in Fig. 5, the retention time of the naringenin
standard was observed at 13.42 min (Fig. 5a). After treatment with
CMIPs (Fig. 5e), a significant decrease in the peak area of naringenin was
detected, resulting in an extraction efficiency of nearly 70 % from
grapefruit peel extract solution. In contrast, treatment with CNIPs
(Fig. 5f) had a negligible impact on the peak area of naringenin. An 80 %
alcohol extract of CMIPs and CNIPs was analyzed to determine if the
ligand had desorbed from the adsorbents. As shown in Fig. 5b and c, the
absence of any discernible peaks confirmed no ligand dissolution from
the adsorbents. A comparison was made between these adsorbents and
other commonly used methods for separating and purifying flavonoids
in grapefruit peel extracts to evaluate their practical applications. As
shown in Fig. 5B, the adsorption efficiency of CMIPs was higher than

that of other adsorbents, including ethylene benzene polymer AB-8,
D101, cationic exchange resin, and active carbon. Notably, AB-8 and
D101 exhibited a relatively high adsorption efficiency despite their
ability to only form n—n* interactions with naringenin. This observation
suggested that the n—x* interaction played a dominant role. After puri-
fication by CMIPs, the purity of naringenin reached ~90 %. Further-
more, the stability of CMIPs was important in practical applications. The
leakage of boron in the alcohol extract of grapefruit peel after adsorption
was determined by the inductively coupled plasma mass spectrometry
(ICP-MS), and the boron element was not detected which indicated that
the CMIPs had strong stability. Therefore, CMIPs can be used as an
alternative to traditional adsorbents for the separation and purification
of naringenin.

4. Conclusions
A strategy of fusion covalent organic frameworks and molecularly

imprinted polymers was developed for preparing the CMIPs and used for
the highly efficient enrich naringenin from grapefruit peels. The
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Fig. 5. (A) Chromatograms of grapefruit extract (a) the standard of naringenin; (b) 80 % alcohol extract of CMIPs; (c) 80 % alcohol extract of CNIPs; (d) Initial
samples; (e) sample after extraction by CMIPs; (f) sample after extraction by CNIPs; (B) the adsorption efficiency of AB-8, D101, cationic exchange resin, active

carbon and CMIPs.
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characterization demonstrated that the naringenin was successfully
imprinted and generated imprinted defective mesopores into the struc-
ture of CMIPs. The synergy effect between the MIPs and covalent organic
building units endowing the CMIPs composites considerable mesopore
structure and imprinted cavies thus displayed high adsorption capacity,
fast adsorption rate, excellent selectivity, and stable reusability. The
selective naringenin adsorption mechanism was based on n—n* interac-
tion and hydrogen bond. Most importantly, the CMIPs exhibited excel-
lent adsorption affinity in grapefruit peel extraction, achieving a purity
of naringenin ~90 %. Additionally, CMIPs showed outstanding chemical
stability and high resolution. Therefore, CMIPs can be used as an
alternative to traditional adsorbents for the separation and purification
of naringenin in practical applications. Moreover, the CMIPs synthesis
strategy and the functional hybrid monomer of MIPs may provide some
ideas for future studies.
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