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Abstract

Background: Food waste contains abundant (+)-catechin, but its efficient recovery remains
challenging. This study aimed to prepare ionic liquid (IL)-modified sorbents and establish an efficient
method for (+)-catechin recovery from chocolate waste via solid-phase extraction (SPE); Methods:
Three serious of IL-modified sorbents (Sil-IL, ZIF67-IL, Sil@ZIF67-IL) were synthesized. Their
adsorption performance was evaluated under different conditions; adsorption isotherms and kinetics
were fitted to Langmuir/Freundlich and pseudo-first/second-order models, respectively. Sorbent
stability and (+)-catechin recovery from chocolate waste extracts were tested; Results: Sil@ZIF67-
Hmim showed the highest adsorption capacity (154.4 mg/g) at 25 °C within 120 min. Adsorption
followed the Langmuir model (R?=0.99), indicating chemical adsorption. Sil@ZIF67-Hmim was
subjected to repeated solid phase extraction (SPE) for five consecutive days, the recovery rate ranged
from 98.1%-99.2%, and the relative standard deviation (RSD) was 3.2%-4.4%; Conclusion: Sil@ZIF67-
Hmim is a high-efficiency sorbent for (+)-catechin recovery from chocolate waste, providing a novel
approach for food waste valorization and highlighting the application potential of IL-modified MOF-
silica composites.

Keywords: ionic liquid; ZIF67; (+)-catechin; chocolate waste; composite silica

1. Introduction

With the continuous growth of the global population, industrial-scale food production has
increased significantly. However, due to multiple factors, a substantial amount of food is discarded
as waste, resulting in approximately 1.3 billion tons of organic waste generated annually, primarily
due to inadequate storage, expiration, microbial spoilage, physical damage, and other forms of
degradation [1]. Despite this, food waste still contains abundant organic components—especially
bioactive compounds—that cannot be effectively utilized when food waste is landfilled, incinerated,
or processed into animal feed [2]. Numerous studies have shown that bioactive substances such as
polyphenols, flavonoids, hydrocarbons, and pigments can be efficiently recovered from food waste
via appropriate treatment [3-5].

Flavonoids are naturally occurring bioactive compounds renowned for their antioxidant activity,
potential anticancer properties, beneficial effects on metabolic regulation, and protective roles in
cardiovascular and cerebrovascular health [6]. (+)-Catechin is a typical flavonoid present in various
foods, including grapes, chocolate, and tea. Putra et al. and Tang et al. have reported studies on
recovering catechins from peanut skin and grape waste, respectively [7, 8]. Thus, the recovery of (+)-
catechin from food waste emerges as a promising and sustainable strategy for food waste valorization.
Currently, solvent extraction, microwave-assisted extraction, and combined extraction techniques are
frequently used to extract (+)-catechin from different sources. For isolation and purification,
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adsorption-based methods using materials such as resins or molecularly imprinted polymers (MIPs)
are considered the most efficient, owing to their high selectivity and adsorption capacity.

The core of adsorption-based methods lies in the development of functional sorbents. Toward
this goal, our research group has previously fabricated a series of modified silica sorbents for isolating
bioactive compounds from natural plants, where ionic liquids (ILs) played a key role in enhancing
adsorption performance [9]. ILs are well recognized as “green” reaction media with excellent
chemical properties; their tunable hydrophobicity, miscibility with various inorganic/organic
solvents, and specific interactions between functional groups enable their widespread application as
solvents or sorbent modifiers [9]. Several studies have demonstrated that IL-modified materials can
be used for the detection and extraction of catechins: for example, ILs have been applied to extract
flavonoids or catechins from grape seeds and tea [10, 11], while IL-modified magnetic nanoparticles,
silica, and resins have successfully adsorbed catechins from grape juice and green tea, respectively
[12-14].

These findings indicate that interactions exist between IL groups and catechin molecules,
highlighting the potential of IL-modified sorbents for the adsorption and separation of (+)-catechin
from complex matrices.

To improve the adsorption selectivity and capacity of sorbents toward (+)-catechin, the
physicochemical properties of the substrate (in addition to the selection of suitable ILs) exert a critical
influence on adsorption efficiency. According to previous studies, metal-organic frameworks
(MOFs)—with their unique nanoporous coordination structures—facilitate specific intermolecular
interactions [15-17]. Consequently, IL-modified MOFs have attracted considerable research attention
for their tunable separation mechanisms and high enrichment efficiency [18-20].

Yang et al. applied IL-modified MOFs for the extraction and adsorption of bioactive compounds
[21], and our team has also established a theoretical foundation for the practical application of IL-
modified ZIF67 (a typical MOF) in isolating bioactive compounds from herbal plants [22, 23].
However, the stability of IL-modified MOFs in aqueous environments requires further improvement
[24]. To address this limitation, this study developed an IL-modified ZIF67-coated silica sorbent and
employed a solid-phase extraction (SPE) method for the recovery of (+)-catechin from chocolate waste.

2. Materials and Methods
2.1. Chemicals

Silica (15-31 um), (3-chloropropyl) trimethoxysilane (98.0%), 2-methylimidazole (98.0%), cobalt
nitrate hexahydrate (CO(NO;).:6H2O, 99.0%), imidazole (99.0%), N-bromosuccinimide (NBS, 98.0%),
1-chlorobutane (98.0%), 1-chlorohexane (98.0%), and (+)-catechin (97.0%) were purchased from
Aladdin Inc. (Shanghai, China). HPLC-grade acetonitrile and methanol were obtained from CINC
High Purity Solvents Co., Ltd. (Shanghai, China). Acetonitrile, triethylamine, acetic acid, and other
organic solvents were supplied by Beilian Company (Tianjin, China), with purities > 99.0%. Ultrapure
water was produced using a water purification system (UPH-I-5, Youpu, China).

2.2. Apparatus

Scanning electron microscopy (SEM) images were acquired using a MIRA3 scanning microscope
(TESCAN, Brno, Czech Republic). Fourier transform infrared (FT-IR) spectroscopy (Nicolet 6700,
Thermo Fisher, Waltham, USA) was performed using KBr pellets over the wavenumber range of
400.0-4000.0 cm™ at a scan rate of 20 scans min~'. Thermogravimetric analysis (TGA) was conducted
using a Labsys evo instrument (Setaram, Caluire Et Cuire, France) at a heating rate of 10 °C/min
under a nitrogen atmosphere. HPLC analysis was performed on an LC3000 system (CXTH, Beijing,
China) equipped with a TC-C18 column (4.6 x 150.0 mm, 5.0 um, Agilent, Santa Clara, USA). The
mobile phase was acetonitrile/water (20:80, v/v) containing 1.0% (v/v) acetic acid, with a flow rate of
0.6 mL/min at a column temperature of 30 °C. Detection was carried out at a UV wavelength of 280.0
nm, and the injection volume was 10.0 pL.
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2.3. Preparation of Ionic Liquid-Modified Sorbents

According to our previous study [24], ILs with 4-carbon (butyl) or 6-carbon (hexyl) alkyl chains
exhibit enhanced interactions with (+)-catechin due to well-matched hydrophilic-hydrophobic
properties. Based on this, nine sorbents were prepared (Figure 1).
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Figure 1. Schematic illustration of the preparation process for ionic liquid (IL)-modified sorbents. (A) Synthesis
of IL-functionalized silica (Sil) sorbents; (B) Synthesis of IL- functionalized ZIF67 sorbents; (C) Synthesis of IL-
functionalized ZIF67-coated silica (Sil@ZIF67) sorbents.

2.3.1. Step A: Preparation of IL-Modified Silica Sorbents

First, silica was stirred in a 10.0% (v/v) hydrochloric acid aqueous solution for 24 h to activate
surface -OH groups. After washing with ultrapure water until the pH reached 7.0, activated silica (Sil)
was obtained.

In a round-bottom flask, 20.0 g of Sil and 45.0 g of (3-chloropropyl) trimethoxysilane were mixed
with 150.0 mL of toluene. The mixture was heated to 80 °C and stirred for 8 h to synthesize 3-
chloropropyl-functionalized Sil. Subsequently, 30.0 g of imidazole, 0.03 g of triethylamine, and 150.0
mL of toluene were added to the flask, and the mixture was stirred at 80 °C for 8 h to produce
imidazole-immobilized Sil (Sil-imidazole).

To introduce alkyl chains, 20.0 g of Sil-imidazole was mixed with 150.0 mL of toluene, and 20.0
g of either 1-chlorobutane or 1-chlorohexane was added. The mixture was heated to 80 °C for 8 h,
yielding two IL-modified silica sorbents: Sil-Bmim (butyl-modified) and Sil-Hmim (hexyl-modified).

2.3.2. Step B: Preparation of IL-Modified ZIF67 Sorbents

ZIF67 was first synthesized as follows: 15.0 g of CO(NQO3) 2-6H>O and 65.0 g of 2-methylimidazole
were separately dissolved in 100.0 mL of methanol under ultrasonic irradiation. The 2-
methylimidazole solution was then slowly added dropwise to the stirred CO(NOs) » solution. The
mixture was stirred continuously at 25 °C for 8 h and aged at room temperature for 16 h. The resulting
precipitate was collected by centrifugation at 5000 rpm for 5 min, washed three times with methanol,
and dried in an oven at 70 °C for 10 h to obtain purple ZIF67 powder. Next, 4.5 g of ZIF67 and 4.2 g
of NBS were mixed in 80 mL of dichloromethane under ultrasonic irradiation. The mixture was
heated to 45 °C and reacted for 10 h. The solid product (ZIF67-Br) was collected by centrifugation
(5000 rpm, 5 min), washed five times with dichloromethane, and dried at 50 °C for 10 h. Then, 4.0 g
of ZIF67-Br, 2.0 g of triethylamine, and 11.5 g of imidazole were added to 150 mL of ethanol in a flask.
The mixture was heated to 70 °C and reacted for 10 h; after washing and drying (same as above),
imidazole-immobilized ZIF67 (ZIF67-Imidazole) was obtained. Finally, 4.0 g of ZIF67 Imidazole was
mixed with 100.0 mL of ethanol, and 10.0 g of 1-chlorobutane or 1-chlorohexane was added. The
mixture was heated to 80 °C for 8 h, yielding ZIF67-Bmim or ZIF67-Hmim.
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2.3.3. Step C: Preparation of IL-Modified ZIF67-Coated Silica Sorbents

Sil was first modified with 2-methylimidazole using the same method as Step A (imidazole
immobilization). Then, 30.0 g of 2-methylimidazole-modified Sil, 25.8 mL of triethylamine, and 20.0
g of CO(NO3) »6H,O were dissolved in 100.0 mL of ultrapure water. The mixture was stirred and
aged at room temperature for 16 h. The precipitate (Sil@ZIF67) was collected by centrifugation (5000
rpm, 5 min), washed three times with methanol, and dried at 60 °C for 12 h. Finally, Sil@ZIF67 was
modified with ILs using the same procedure as Step B, producing Sil@ZIF67-Bmim and Sil@ZIF67-
Hmim.

2.4. Adsorption Isotherm and Kinetics Studies

A calibration curve for (+)-catechin was constructed using seven concentrations (0.0001-0.5
mg/mL). The linear regression equation was y=0.19x +0.001 (where y is peak area and x is (+)-catechin
concentration, mg/mL) with a correlation coefficient (R?) of 0.97, indicating good linearity.

2.4.1. Adsorption Capacity Evaluation

To determine the maximum adsorption capacity of each sorbent, 0.005 g of sorbent was mixed
with 4.0 mL of 0.45 mg/mL (+)-catechin aqueous solution and shaken at 25 °C for 10 h. After
adsorption equilibrium, the residual (+)-catechin concentration was measured by HPLC.

2.4.2. Adsorption Isotherm Experiments

For isotherm studies, 0.005 g of sorbent was immersed in 4.0 mL of (+)-catechin aqueous solution
with concentrations ranging from 0.001 to 0.45 mg/mL at room temperature. The concentrations of
(+)-catechin before and after adsorption were determined by HPLC. The equilibrium adsorption
capacity (Q., mg/g) and adsorption efficiency (E%) were calculated using Equations (1) and (2):

(Co—CH)xXV
Qo = ——— 0
Co—C) XV
E%=%x100% 2)
0

where C; (mg/mL) is initial (+)-catechin concentration, C. (mg/mL) is equilibrium (+)-catechin
concentration, V (mL) is solution volume, and m (g) is sorbent mass.

2.4.3. Adsorption Kinetics Experiments

For kinetics studies, 0.005 g of sorbent was added to 4.0 mL of 1.0 mg/mL (+)-catechin solution
at 30 °C, and samples were collected at different time intervals (1.0-120.0 min). The experimental data
were fitted to pseudo-first-order (Equation (3)) and pseudo-second-order (Equation (4)) kinetic
models:

ln(Qe - Qt) = ane - klt (3)
t 1 t

o waete )

where Q; (mg/g) is adsorption capacity at time ¢ (min), k; (min) is pseudo-first-order rate constant,

and k; (g (mg - min)?) is pseudo-second-order rate constant.

2.5. Stability and Reusability Tests

To evaluate sorbent reusability, 0.015 g of sorbent was immersed in 1.0 mL of 1.0 mg/mL (+)-
catechin aqueous solution at 30 °C for 120.0 min. After measuring the residual (+)-catechin
concentration by HPLC, the sorbent was desorbed and rinsed with a methanol/water mixture (70:30,
v/v) for more than 10 cycles. The adsorption-desorption cycle was repeated under identical
conditions, and the adsorption capacity was determined after each cycle.
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2.6. Isolation of (+)-Catechin from Chocolate Waste Using SPE

First, (+)-catechin was extracted from chocolate waste: 10.0 g of cocoa shell waste powder (a
byproduct of chocolate production) was immersed in 20.0 mL of water at 65 °C for 8 h. The extract
was collected and filtered through a 0.22 um nylon membrane. For SPE, 0.3 g of sorbent was packed
into a standard SPE cartridge (® 0.9 cm) and preconditioned with 6.0 mL of methanol. The filtered
cocoa shell extract was then loaded onto the cartridge, and the effluent was collected. To elute (+)-
catechin, 3.0 mL of eluents with different polarities (water, acetonitrile, methanol, or methanol/water
containing 1% (v/v) acetic acid) were passed through the cartridge at a flow rate of 0.6 mL/min. The
eluate was analyzed by HPLC to determine the (+)-catechin recovery rate.

3. Results and Discussion

3.1. Characterization

The SEM microstructures of Sil@ZIF67-IL are illustrated in Figure 2. As depicted in Figure D,
well-defined rhombic dodecahedral crystals with uniform particle sizes (*200-300 nm) are distinctly
observed, which is consistent with the characteristic morphology of ZIF67, thereby confirming the
successful synthesis of the metal-organic framework. In Figure B, the crystals exhibit slightly rough
surfaces, indicative of the successful grafting of ionic liquid (IL) onto the MOF matrix. Figure A
presents the silica substrate under low magnification, while Figure C reveals numerous dodecahedral
particles uniformly dispersed on the silica surface, demonstrating that ZIF67-IL crystals are firmly
anchored onto the silica support. This hierarchical architecture is advantageous for exposing active
adsorption sites and facilitating mass transfer, thus enhancing the adsorption performance. In
summary, the SEM characterization results unequivocally verify the successful fabrication of the
Sil@ZIF67-IL clearly confirm.

Figure 2. Scanning electron microscopy (SEM) images of Sil (A), ZIF67-IL (B), and Sil@ZIF67-IL (C-D) at different

magnifications.

The FTIR spectra of the materials are presented in Figure 3. Silica (Sil) shows a prominent
absorption peak around 1100 cm™, which corresponds to the stretching vibration of Si-O-5i bonds.
ZIF67-Hmim exhibits characteristic peaks in the range of 1400-1600 cm™, attributed to the C=N and
C=C skeletal vibrations of the imidazole ring— confirming the intact presence of both ZIF67 and IL
structures. For the composite Sil@ZIF67-Hmim, the Si-O characteristic peaks (1000-1200 cm™) and
ZIF67-Hmim characteristic peaks (1400-1600 cm™) are observed simultaneously. This spectral
overlap verifies the successful fabrication of the Sil@ZIF67-Hmim composite.
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Figure 3. Fourier transform infrared (FTIR) spectra of Sil, ZIF67-Hmim, and Sil@ZIF67-Hmim.

The thermal decomposition curves of Sil-IL, ZIF67-IL, and Sil@ZIF67-IL were acquired via
thermogravimetric analysis (TGA), as depicted in Figure 4. For Sil-IL (Figure 4A), the mass started to
decrease above 450 °C with a maximum mass loss of 20.45%, indicating the decomposition of the
ionic liquid (IL) grafted on Sil at elevated temperatures. For ZIF-IL (Figure 4B), a slow mass loss was
observed before 460 °C, corresponding to the gradual decomposition of organic groups in ZIF67,
followed by an abrupt drop which suggests the co-decomposition of organic groups and IL under
high temperatures. As for Sil@ZIF67-IL (Figure 4C), the material first underwent a 41.45% mass loss
and then a further decrease to a total mass loss of 61.74%, demonstrating that ZIF67 and IL moieties
modified on the Sil surface decomposed at distinct temperature intervals. These TGA results verify
the successful synthesis of the target materials.
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Figure 4. Thermogravimetric analysis (TGA) curves of Sil-IL (A), ZIF67-IL (B), and Sil@ZIF67-IL (C).

3.2. Comparison of Maximum Adsorption Capacity

Figure 5 presents the maximum adsorption capacities of all nine sorbents. The adsorption
capacities of ZIF67 and Sil@ZIF67 were significantly higher than those of Sil, which can be attributed
to the larger specific surface area of ZIF67 (nanoporous structure) compared to microscale silica.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Additionally, Sil-Bmim and Sil-Hmim exhibited a notable increase in adsorption capacity relative to
unmodified Sil, confirming the strong interactions between IL groups and (+)-catechin.
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Figure 5. The maximum adsorption capacities of the nine synthesized sorbents.

The composite sorbents (ZIF67-Bmim, ZIF67-Hmim, Sil@ZIF67-Bmim, and Sil@ZIF67-Hmim)
achieved the highest adsorption capacities, as they combined two advantages: the large specific
surface area of ZIF67 (providing abundant adsorption sites) and the specific interactions between IL
groups and (+)-catechin. These results demonstrate that the rational design of composite sorbents—
guided by the chemical structure and functional groups of (+)-catechin—effectively improves
adsorption efficiency.

3.3. Adsorption Isotherm and Kinetics Studies
3.3.1. Adsorption Isotherm Studies

Figure 6a shows the adsorption isotherms of the six IL-modified sorbents (Sil-Bmim, Sil-Hmim,
ZIF67-Bmim, ZIF67-Hmim, Sil@ZIF67-Bmim, and Sil@ZIF67-Hmim). With increasing (+)-catechin
concentration, the adsorption capacity of all sorbents increased, which is consistent with the principle
of mass transfer driving force: higher initial concentrations promote the diffusion of (+)-catechin
molecules toward sorbent surfaces.
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Figure 6. (a) Adsorption isotherms and (b) adsorption efficiencies (E%) of the six IL-modified sorbents.
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The mechanism underlying the enhanced adsorption of IL-modified sorbents involves three key
types of interactions: (1) Hydrogen bonding between the -OH/-O- groups of (+)-catechin and the
imidazole groups of ILs; (2) lonic interactions between the negatively charged phenolic groups of (+)-
catechin and the positively charged imidazolium cations of ILs; (3) 7-7t stacking between the benzene
ring of (+)-catechin and the imidazole ring of ILs (enhancing adsorption selectivity).

The Langmuir model (R?=0.99) provided a better fit than the Freundlich model (R?=0.94),
indicating that the adsorption of (+)-catechin onto the sorbents follows a monolayer adsorption
mechanism —consistent with the uniform distribution of IL groups on the sorbent surface and the
specific 1:1 interaction between IL groups and (+)-catechin molecules.

For Sil-Bmim and Sil-Hmim, the introduction of IL groups improved adsorption capacity, but
this effect was offset by the small specific surface area of silica. Additionally, the significant decrease
in E% with increasing (+)-catechin concentration (Figure 6b) suggests that the long alkyl chains of ILs
blocked some surface -OH groups of silica during modification, reducing the number of available
adsorption sites for (+)-catechin.

ZIF67-Bmim and ZIF67-Hmim exhibited higher adsorption capacities than Sil-Bmim and Sil-
Hmim, owing to the large specific surface area of ZIF67. However, their adsorption capacities were
lower than expected, as the dense packing of IL groups on nanoporous surface caused steric
hindrance of ZIF67 —preventing some IL groups from interacting with (+)-catechin.

Sil@ZIF67-Bmim and Sil@ZIF67-Hmim achieved the highest adsorption capacities among all
sorbents, which can be attributed to two synergistic effects: (1) The ZIF67 coating on silica maintained
a large specific surface area (provided by Co?*-coordinated nanopores); (2) The unblocked -OH
groups on silica contributed additional adsorption sites via hydrogen bonding with (+)-catechin.
When the initial (+)-catechin concentration exceeded 0.3 mg/mL, the adsorption capacity of all
sorbents tended to plateau (Figure 6a), and E% decreased slightly (Figure 6b). This indicates that the
adsorption sites on the sorbents approached saturation. Subsequent studies (temperature effect,
kinetics) focused on the four composite sorbents (ZIF67-Bmim, ZIF67-Hmim, Sil@ZIF67-Bmim, and
Sil@ZIF67-Hmim) due to their higher adsorption capacities.

3.3.2. Effect of Temperature on Adsorption Capacity

Figure 7 shows the effect of temperature (25-55 °C) on the adsorption capacities of the four
composite sorbents. With increasing temperature, the adsorption capacity of all sorbents decreased.
This phenomenon can be explained by the nature of intermolecular interactions: higher temperatures
increase the kinetic energy of (+)-catechin molecules, weakening the hydrogen bonding, ionic
interactions, and m-7t stacking between (+)-catechin and sorbents [22].
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Figure 7. Effect of temperature on the adsorption capacities of the four composite sorbents.
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Notably, the adsorption capacity of Sil@ZIF67-Bmim and Sil@ZIF67-Hmim decreased less
significantly than that of ZIF67-Bmim and ZIF67-Hmim. This is because the silica substrate improved
the thermal stability of the composite sorbents: the -OH groups of silica form stronger hydrogen
bonds with (+)-catechin than the IL groups of ZIF67, making them less sensitive to temperature
changes. Based on these results, 25 °C was selected as the optimal temperature for subsequent
experiments.

3.3.3. Adsorption Kinetics

Figure 8 shows the adsorption kinetics of the four composite sorbents. The adsorption capacity
increased rapidly in the first 30 min (due to the abundance of vacant adsorption sites on sorbent
surfaces) and gradually approached equilibrium. Specifically, ZIF67-Bmim and ZIF67-Hmim reached
equilibrium at 80 min, while Sil@ZIF67-Bmim and Sil@ZIF67-Hmim required 120 min to reach
equilibrium. The longer equilibrium time of Sil@ZIF67-based sorbents is attributed to their thicker
ZIF67 coating, which increases the diffusion distance of (+)-catechin molecules into the sorbent
interior.

The pseudo-second-order model (R?=0.97) provided a much better fit than the pseudo-first-order
model (R?=0.84), indicating that the adsorption process is dominated by chemical adsorption (e.g.,
ionic interactions, hydrogen bonding) rather than physical adsorption (e.g., van der Waals forces)
[23]. Based on these results, an adsorption time of 120 min was recommended for subsequent
experiments to ensure equilibrium.
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Figure 8. Adsorption kinetics of the four composite sorbents.

3.4. Other Factors Affecting Adsorption Capacity
3.4.1. Effect of Water: Methanol Ratio

Figure 9 shows the effect of water/methanol ratio (0:100 to 100:0, v/v) on the adsorption
capacities of the four composite sorbents. For ZIF67-Bmim and ZIF67-Hmim, the adsorption capacity
decreased significantly with increasing water content. This is because water molecules disrupt the
coordination bonds between Co? and imidazole ligands in ZIF67, leading to structural degradation
of the sorbents [23].
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Figure 9. Effect of water/methanol volume ratio on the adsorption capacities of the four composite sorbents

(measured at 25 °C, initial (+)-catechin concentration was 0.3 mg/mL, adsorption time was 120 min).

In contrast, the adsorption capacity of Sil@ZIF67-Bmim and Sil@ZIF67-Hmim first increased
slightly (water/methanol was 0:100 to 70:30) and then decreased (water/methanol was 70:30 to 100:0).
The initial increase can be attributed to the hydrophobicity of (+)-catechin: higher water content
enhances the hydrophobic interaction between (+)-catechin and the alkyl chains of ILs, promoting
adsorption. The subsequent decrease (pure water) is due to the disruption of hydrogen bonding
between silica -OH groups and (+)-catechin by excess water molecules.

Based on these results, a water/methanol ratio of 70:30 (v/v) was selected as the optimal solvent
system. ZIF67-Bmim and ZIF67-Hmim were excluded from further studies due to their poor stability
in aqueous solutions.

3.4.2. Effect of Solution pH

The effect of solution pH (3.0-9.0) on the adsorption capacities of Sil@ZIF67-Bmim and
Sil@ZIF67-Hmim was investigated under the following conditions: water/methanol was 70:30 (v/v),
(+)-catechin concentration was 0.3 mg/mL, contact time was 120 min, and temperature was 25 °C
(Figure 10).
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Figure 10. Effect of solution pH on the adsorption capacities of Sil@ZIF67-Bmim and Sil@ZIF67-Hmim (measured
at 25 °C, 0.3 mg/mL (+)-catechin, 120 min adsorption time, water/methanol was 70:30 (v/v)).
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When pH < 7.0 (acidic conditions), the adsorption capacity decreased slightly. This is because
excess H* ions in acidic solutions compete with (+)-catechin for adsorption sites: H* binds to the
imidazole groups of ILs (protonation) and the -OH groups of silica, weakening hydrogen bonding
and ionic interactions with (+)-catechin. When pH > 7.0 (alkaline conditions), the adsorption capacity
decreased significantly. Alkaline environments cause the deprotonation of silica -OH groups
(forming SiO-) and the hydrolysis of Co?* in ZIF67, leading to structural damage of the sorbents.

Thus, a neutral pH (7.0) was determined to be optimal for the adsorption of (+)-catechin onto
Sil@ZIF67-Bmim and Sil@ZIF67-Hmim.

3.5. Stability and Reusability of Sil@Z1F67-Hmim

The adsorption capacity of Sil-Hmim, ZIF67-Hmim, and Sil@ZIF67-Hmim were tested during
the repeated adsorption and desorption processes, and after 10 adsorption-desorption cycles, the
adsorption capacities were decreased 2.5%, 3.6%, and 0.7%, respectively. The results revealed that
the stereochemical structure of Sil@ZIF67-Hmim was more stable than other sorbents.

The 0.003 mg/L of LOD and 0.02 mg/L of LOQ proved that the analysis condition was precise
enough. Then, 1.0 mg/g of standard solution was spiked into extracted solution of chocolate waste,
the recoveries of SPE were analyzed and calculated using the HPLC peak areas and the correlation
equation. Moreover, the relative standard deviations (RSDs) were analyzed by repeating the SPE
process 5 times per day (intra-day RSD) with exactly same conditions over five consecutive days
(inter-day RSD). The satisfactory recoveries of 98.1%-99.2% and RSDs of 3.2 %-4.4% revealed that the
SPE conditions with Sil@ZIF67-Hmim was accurate and precise to isolate (+)-catechin from chocolate
waste.

3.6. Solid-Phase Extraction of (+)-Catechin from Chocolate Waste

First, the extract obtained from chocolate waste was analyzed. HPLC injection yielded a catechin
concentration of 2.24 mg/g (Figure 11A). Subsequently, 0.05 g of the adsorbent Sil@ZIF67-Hmim was
weighed out and packed into a SPE cartridge. The obtained extract was poured into the cartridge,
which was then placed in an incubator at 30 °C. After standing for 60 minutes, the adsorbent was
rinsed with hexane to eliminate interference from impurities. Then, methanol was used as the elution
solvent to desorb (+)-catechin from the adsorbent. As shown in (Figure 11B), the impurity peaks were
basically removed. Finally, the adsorbent was rinsed again with methanol/acetic acid solution. HPLC
injection results (Figure 11C) indicated that (+)-catechin had been completely eluted. The SPE method
could separate all (+)-catechin from chocolate waste, and the adsorbent could be used for subsequent
repeated adsorption experiments.
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Figure 11. High-performance liquid chromatography (HPLC) chromatograms of different steps in the solid-
phase extraction (SPE) process: (A) Chocolate waste extract; (B) Eluate with methanol; (C) Eluate with

methanol/acetic acid solution (1%, v/v).
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3.7. Comparison with Reported Sorbents for (+)-Catechin Adsorption

After reviewing previous studies, we compared the performance of several different adsorbents
for catechin adsorption. Yusoff et al. constructed a core-shell magnetite-hydroxyapatite nanoparticle
(FesO4/HA) catechin delivery system with a maximum loading capacity of 110.97 mg/g [24]. Jabbari
et al. successfully prepared UIO66-NH.@PANI nanocomposites for efficient catechin adsorption,
achieving an adsorption capacity of 69.15 mg/g at pH wasl10 [25]. In the previous study on
Sil@ZIF8@EIM-EIM, an adsorbent developed for extracting catechins from cacao shells, the maximum
adsorption capacity was 58.0 mg/g [26]. In contrast, the maximum adsorption capacity in this study
has been significantly improved. Additionally, some literature has reported other methods for
extracting catechins from plants. Rezaeinejad et al. established a high-efficiency and rapid magnetic
solid-phase extraction (MSPE) method based on ionic liquid-modified magnetic nanoparticles, using
sample-containing narrow-bore tubes to extract catechins from grape juice, with a maximum
extraction capacity of 61 mg/g [27].

Zhu, Y. et al. prepared a CS-DES lignin aerogel via solution blending and copper block freeze-
drying technology, which exhibited a maximum catechin adsorption capacity of 115.67 mg/g. After 4
cycles, the adsorption capacity decreased by 1.3% [28]. Overall, the adsorbent successfully prepared
in this study can efficiently adsorb catechins and exhibit superior adsorption performance compared
with other reported adsorbents.

Table 1. Comparison of the methods or proposed material for catechin.

Sorbent Adsorption method  Capacity(mg/g) RSD(%) Ref
FesOs/HA SPE 110.97mg/g - [24]
UIO66-NH2@PANI - 69.15mg/g - [25]
SileZIF8@EIM-EIM SPE 58.0mg/g 1.3%-3.2% [26]
FesOs@IL MSPE 61lmg/g 1.63% [27]

Nanoparticles
CS-LIG - 115.67mg/g - [28]
NR/HMS SPE 68.41mg/g - [29]
Benzimidazole/Hype - 101.7mg/g - [30]
TSL SPE 146.7mg/g - [31]
MIRs@CNF AG SPE 101.94mg/g - [32]
Pectin - 20.71mg/g - [33]

4. Conclusion

In this study, an ionic liquid-modified ZIF67-coated silica sorbent (Sil@ZIF67-Hmim) was
successfully synthesized for the recovery of (+)-catechin from chocolate waste. The composite sorbent
exhibited high adsorption capacity (154.4 mg/g) and excellent selectivity for (+)-catechin, which was
attributed to the synergistic effects of the large specific surface area of ZIF67 and the specific
interactions (hydrogen bonding, ionic interactions, and -7 stacking) between IL groups and (+)-
catechin molecules.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0882.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 January 2026 d0i:10.20944/preprints202601.0882.v1

13 of 15

Adsorption isotherm and kinetics studies revealed that the adsorption process follows the
Langmuir monolayer model and pseudo-second-order kinetics, confirming chemical adsorption as
the dominant mechanism. The sorbent also demonstrated excellent stability and reusability (after 10
adsorption-desorption cycles, the adsorption capacities decreased 0.7%), This work provides a novel
and efficient approach for the valorization of food waste (via recovery of bioactive (+)-catechin) and
highlights the potential of IL-modified MOF-silica composites for environmental and food chemistry
applications.
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