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[bookmark: _Hlk220030040][bookmark: OLE_LINK161]Abstract：
[bookmark: OLE_LINK19][bookmark: OLE_LINK162][bookmark: OLE_LINK163][bookmark: OLE_LINK288][bookmark: OLE_LINK266][bookmark: OLE_LINK6]The global annual fiberboard production is approximately 53 million tons, yet its current recycling rate is less than 20%. The fundamental cause lies in the synthetic adhesives used in production, such as urea-formaldehyde and phenolic resins, which form chemical bonds that are difficult to cleave during bonding, hindering the recycling and reuse of fiberboard. Therefore, a dynamically reversible bonding strategy is desirable to facilitate fiberboard recycling while maintaining adequate strength and environmental safety. Metal–polyphenol networks (MPNs) exhibit several advantages, including rapid bonding, moderate binding energy, environmentally friendly synthesis, and reversible responsiveness. This study demonstrates that coordination interactions between metal ions and polyphenolic compounds form a dynamic supramolecular network, whereby board bonding is achieved through in situ self-assembly of MPNs within the fiber network, enabling the fabrication of recyclable fiberboards with integrated bonding functionality without the addition of conventional synthetic adhesives. The internal bonding strength of the resulting recyclable fiberboard reaches 2.6 MPa, static bending strength is 46 MPa, and 24-hour thickness swelling upon water absorption is 11%, showing mechanical performance comparable to or exceeding that of most biomass adhesives. After four cycles of reuse, the bonding strength retains 76%. The formaldehyde release of recyclable fiberboard is far below the ENF (European Norm for Formaldehyde) standard, and concentrations of total volatile organic compounds (TVOCs), benzene, toluene, and xylene are all below the detection limit, demonstrating both recyclability and carbon reduction potential, thus contributing to a circular economy.
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[bookmark: OLE_LINK173]1 Introduction
[bookmark: OLE_LINK172]The circular economy, as an important model for promoting sustainable development, is gradually transitioning from a conceptual framework to systematic practice [1-4]. Within this context, the development of sustainable and recyclable materials has become a prominent topic in scientific research [5, 6]. Fiberboard is a key material in the construction and furniture manufacturing sectors, with a large production scale [7]. According to the FAO Forest Products Yearbook, in recent years, global fiberboard production has remained stable at around 53 million tons annually [8], but the current recycling rate is less than 20% [9]. Life cycle assessment (LCA) studies suggest that increasing fiberboard recycling to 30% could reduce emissions by roughly 20 million tons of CO2 equivalents, significantly mitigating its environmental impact [10]. Currently, fiberboard production relies primarily on synthetic adhesives such as urea-formaldehyde and phenolic resins, which form stable methylene and ether bonds [11-15]. These bonds are difficult to cleave during recycling, and residual adhesive materials weaken the strength of recycled boards. The addition of new adhesives further increases cost, representing a major bottleneck for circular fiberboard production. Therefore, exploring reversible bonding mechanisms between fibers is critical for developing recyclable fiberboard technology.
[bookmark: OLE_LINK15][bookmark: OLE_LINK175]In recent years, MPNs have attracted considerable attention in the field of materials science due to their unique dynamic and reversible chemical properties [16]. Specifically, they are a type of supramolecular material self-assembled through coordination bonds between natural polyphenol molecules (such as tannic acid, gallic acid) and metal ions (e.g., Fe³⁺, Al³⁺, Cu²⁺) [17, 18]. For instance, nearly 20 types of polyvalent metal ions can bind with plant polyphenols, which is reflected in the preparation processes of capsules [19-23], hydrogels [24-26], films [27-29], coatings [30-33], and modular metamaterials [34-36]. Polyphenols contain functional groups that enable hydrogen bonding, π–π interactions, and hydrophobic interactions with various substrates [37-39]. They are abundant, biodegradable, and plant-derived (e.g., from bark or tea leaves) [40]. It is possible to tune the material properties by selecting different metal ions [41, 42]. Metal-phenolic hydroxyl coordination bonds have high bond energies (typically 150–400 kJ/mol) and exhibit dynamic reversibility [43]. They can rapidly form bonds in aqueous solutions at room temperature and undergo controllable dissociation under specific stimuli,  such as pH changes or the presence of stronger chelating ligands (competitive ligands) [44, 45]. In addition, the catechol groups in polyphenols confer MPNs with universal adhesive properties, showing strong affinity for interfaces such as wood, bamboo, and polymers through hydrogen bonding and other noncovalent interactions [46-48]. These properties make MPNs an ideal candidate material for addressing the challenges of fiberboard recycling [49].
[bookmark: OLE_LINK290]This study aims to self-assemble coordination bonds between metal ions and polyphenolic compounds into a dynamic and reversible supramolecular network structure (Figure 1a), and construct a high-performance, recyclable fiberboard. By optimizing the types of polyphenols, metal ions, and their ratios, the study explores their effects on the mechanical properties, water resistance, and recyclability of the fiberboard, and provides an in-depth analysis of the molecular mechanisms. The process includes steps such as chemical pretreatment, formation of the metal-polyphenol network, shaping, and hot pressing (Figure 1b). The hydrogen bonds and van der Waals forces at the wood interface during pretreatment, along with the coordination bonds formed between carboxyl groups, metal ions, and tea polyphenols, work together to promote the glue-free bonding of the fiberboard. The metal-polyphenol network interaction enables recyclable fiberboard to achieve a cohesive strength of 2.6 MPa and a bending strength of 46 MPa, surpassing the performance of some traditional bio-based composites that use synthetic resins, bio-based adhesives, or inorganic adhesives [50]. The core advantage of this method lies in the elimination of synthetic resins, greatly simplifying the recycling process of wood-based solid waste. By flexibly adjusting the ratio of metal ions (such as Ca²⁺, Fe³⁺, Cu²⁺, Zn²⁺, Al³⁺) to polyphenolic substances (such as tea polyphenols, tannic acid, gallic acid), the performance requirements of various application scenarios can be met, opening up new pathways for the closed-loop recycling of wood-based products.
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[bookmark: OLE_LINK217][bookmark: OLE_LINK7]Figure 1. Synergistic Interaction between Tea Polyphenols and Wood Fibers: Constructing Multifunctional Metal-Polyphenol Network Fiberboards. (a) Traditional unsustainable production processes of wood-based fiberboards. (b) Schematic diagram illustrating the recycling mechanism of synergistic effects in OWFB/Ca-TP via metal–polyphenol networks. 

2 Experimental
[bookmark: OLE_LINK8][bookmark: OLE_LINK203][bookmark: OLE_LINK202]Materials: Poplar wood fiber was provided by Lingshou County Yigao Mineral Products Processing Plant Co., Ltd. (Hebei, China). Phosphate buffer (pH = 6.86) was ordered from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Potassium hydroxide (KOH, 95%), sodium chlorite (NaClO₂, 80%), 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO, 98%), sodium hypochlorite (NaClO, active chlorine 13–16%), anhydrous ethanol (C₂H₅OH, 99.5%), tea polyphenol (C₂₂H₁₈O₁₁, 97%), tannic acid (C₇₆H₅₂O₄₆, 98%), gallic acid (C₇H₆O₅, 98%), dopamine hydrochloride (C₈H₁₁NO₂·HCl, 98%), calcium chloride dihydrate (CaCl₂·2H₂O), iron chloride hexahydrate (FeCl₃·6H₂O), copper chloride dihydrate (CuCl₂·2H₂O), zinc chloride (ZnCl₂), and aluminum chloride hexahydrate (AlCl₃·6H₂O) were all purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). 
[bookmark: OLE_LINK14][bookmark: OLE_LINK177][bookmark: OLE_LINK195]Pretreatment of Oxidized Wood Fibers: First, suspend 40 g of dry wood fibers in 1000 mL of deionized water. Poplar wood fibers were immersed in a 2 wt% KOH aqueous solution at 90℃ for 12 hours. After hemicellulose removal, the samples were immersed in deionized water several times to remove residual chemicals. Subsequently, the hemicellulose-removed poplar wood fibers were immersed in a phosphate buffer solution (220 mL, pH 6.8) containing 2,2,6,6-tetramethylpiperidine-1-oxide (TEMPO) (0.128 g), sodium chlorite (11.3 g), and sodium hypochlorite (2.56 mL) in a beaker. The reaction was then carried out at 60℃ for 24 hours, followed by cleaning with ethanol and deionized water. 
[bookmark: OLE_LINK38][bookmark: OLE_LINK286][bookmark: OLE_LINK24][bookmark: OLE_LINK211][bookmark: OLE_LINK41]Preparation of Oxidized Wood Fiberboard/Metal Ion–Polyphenol (OWFB/X-X): The dry fibers (initial moisture content 9–11%) were mixed with the solution at a ratio of 3 g of fiber to 1 mL of solution. The moisture content of the dry fibers was measured using a Lichen Rapid Moisture Analyzer (model: LC-DHS-16, Shanghai, China). Aqueous solutions of the metal ion and polyphenol compounds were prepared at concentrations of 0.5, 1, 1.5, 2, 2.5, 3 and 3.5 wt%, respectively. The prepared solutions were sequentially sprayed onto the oxidized wood fibers under mechanical stirring, while stirring was maintained continuously to ensure uniform distribution. The treated fibers were then transferred into molds (150 × 150 mm or 500 × 500 mm). The board density was controlled at 0.9 ± 0.05 g/cm³ by adjusting the amount of fiber used, and the thickness was regulated by placing steel spacers of different thicknesses between the upper and lower plates of the press. A 400 t laboratory hot press (Qingdao Guosen, model BY60×60/40, Shandong, China) was used, and the hot-pressing procedures are presented in Table S1 and S2. 
[bookmark: OLE_LINK248][bookmark: _Hlk220481609]Recycling test: Recycling tests were conducted by reprocessing the recovered OWFB/Ca-TP boards. The recycled boards were first subjected to hot-water treatment in a water bath at 80–100 °C, followed by mechanical crushing to redisperse them into fibers. The excess water was removed, and the fibers were subsequently dried. Two recycling strategies were investigated. In the first approach, the recovered fibers were hot-pressed again under identical conditions without the addition of metal ions or polyphenols. In the second approach, the recycling process was repeated for four cycles, and in each cycle the same amounts of metal ions and polyphenols were reintroduced prior to hot pressing under identical conditions. The recyclability of OWFB/Ca-TP was finally evaluated by comparing the flexural strength of the boards prepared using these two recycling methods.
[bookmark: OLE_LINK18]Microstructure and Chemical characterization: Scanning electron microscope (SEM) (GeminiSEM300, ZEISS, Germany) and energy-dispersive X-ray (EDX) analysis were utilized to characterize the microstructure and elemental distribution of the samples. The samples were cut into small pieces (5×5 mm) using a mini table saw, and the testing surfaces were polished with a sliding microtome. The images of the sample morphology and elemental distribution were captured under a vacuum operation mode at 3.0 kV. Prior to SEM scanning, it is necessary to perform pre-spraying with gold/palladium (Au/Pd) on the surface of the sample. Fourier-transform infrared (FTIR) spectroscopy was performed on a Thermo Scientific Nicolet iS20 spectrometer (Thermo-Fisher Scientific, US) to determine the functional groups of wood samples. Then, the infrared spectrum of the sample was collected with a resolution of 4 cm−1 , scanned 32 times, and tested over a wavenumber range of 400−4000 cm−1 . The relative contents and chemical valency of elements were determined by Thermo Scientific K-Alpha-type X-ray photoelectron spectroscopy (XPS). The XPS spectra were collected at 0−1200 eV and calibrated based on surface contamination C 1s (284.8 eV) as the standard.
[bookmark: OLE_LINK32]UV–Vis: The UV–vis absorbance of the CNF, tannins, iron nitrate solutions, and their combinations was recorded in a Shimadzu UV-2550 spectrophotometer (Shimadzu Corporation, Kyoto, Japan) in the wavelength range of 200–800 nm. All measurements were carried out at room temperature.
Mechanical Property Test: Internal bonding strength and bending strength were tested using a KXWW-01C mechanics testing machine (Chengde Kebiao Testing Instrument Manufacturing Co., Ltd). According to GB/T 17657-2022 "Test Methods for Physical and Chemical Properties of Artificial Boards and Surface Decorated Artificial Boards", the bending strength of the sample was tested using the three-point bending method. The sample size was 150×50 mm (length × width), with a gauge length of 50 mm and a loading speed of 2 mm/min. Each group was tested with 5 samples, and the average value was taken. The sample size for testing internal bonding (IB) strength was 50×50 mm, with a loading speed of 2 mm/min. Five samples were tested in each group, and the average value was taken. The hardness of the samples was tested using an SLX-D type Shore durometer (Shanghai Siwei Instrument Manufacturing Co., Ltd). Ten points on the flat surface of the sample were tested, and the average value of the results was taken. All experiments were performed with a minimum of five independent replicates (n = 5), and data are reported as mean ± standard deviation (mean ± SD).
[bookmark: OLE_LINK233][bookmark: OLE_LINK263][bookmark: OLE_LINK17][bookmark: _Hlk220470965][bookmark: _Hlk220953108]Water Absorption Thickness Expansion Rate and Water Absorption Rate Test: The 24-hour water absorption thickness expansion rate and water absorption rate were tested according to GB/T 17657-2022 "Test Method for Physical and Chemical Properties of Artificial Boards and Decorative Artificial Boards". The samples were prepared with dimensions of 50 × 50 mm, and five replicates were tested for each group. Water absorption and thickness swelling were measured before and after 24 h immersion in water at room temperature. The samples were fully immersed without sealing the edges, and thickness was measured at the central region using a micrometer caliper. The results were expressed as the average of five samples. According to GB/T 11718-2021, the reference grade for humid environments is High-Density Fiberboard for Moist Conditions (HDF-GPMR), with a maximum allowed thickness swelling of 16%. Reference can be made to Figure 4b and Figure S4a.
Detection of Formaldehyde and Total Volatile Organic Compounds (TVOC) Concentrations: Formaldehyde and TVOC concentrations were detected using a 723P spectrophotometer, TD-30 thermal analyzer, and GCMS-QP 2020 GC-MS system. According to the national environmental protection standard "HJ 571-2010 Technical Requirements for Environmental Labeling Products of Wood-based Panels and Products", the concentrations of formaldehyde and TVOC in poplar fiberboard were measured.
Life-cycle assessment (LCA): The analysis follows the ISO 14040 and 14044 standard series. We evaluated the environmental impact of producing 1 m³ of OWFB/Ca-TP and compared it with conventional engineered wood panels. The system boundaries include the acquisition of raw materials, transportation, and the production process of OWFB/Ca-TP.

3 Results and discussion
3.1 Microstructural and Mechanistic Characterization
[bookmark: OLE_LINK30][bookmark: OLE_LINK187][bookmark: OLE_LINK241]Figure 2 shows the microstructure and chemical characterization during the preparation process. In natural wood fiberboard (NWFB), the fibers are noticeably separated and loosely arranged (Figure 2a). After hemicellulose removal and TEMPO oxidation treatment, Ca²⁺ was added to coordinate with the carboxyl groups to prepare Oxidized wood fiberboard/calcium ion (OWFB/Ca), where the fibers of the wood fibers noticeably filled some gaps (Figure 2b). After adding tea polyphenols to form the MPN network and subsequent hot pressing treatment, the gaps in the wood fibers disappeared and were completely filled, resulting in a dense structure (Figure 2c). Compared to NWFB, the hydroxyl groups on the cellulose chains can bond with the phenolic hydroxyl groups rich on the surface of tea polyphenols, thereby increasing the hydrogen bond density per unit area and enhancing the vibrational absorption intensity of hydroxyl groups (Figure 2d). In summary, the removal of hemicellulose and oxidation treatment increase the contact area and interaction force between fibers, constructing a synergistic metal-polyphenol network structure between ions, tea polyphenols, and wood fibers, which further improves the interfacial bonding strength of wood fibers. As shown in Figure 2e, cellulose accounts for approximately 44% of natural wood fibers, providing primary structural support to the cell wall. Removal of hemicellulose slightly reduces cellulose content, likely due to co-removal or loosening of the cellulose structure. Oxidation treatment restores cellulose content, possibly by selectively degrading lignin and releasing cellulose or filling pores with oxidation products. Hemicellulose constitutes about 18.4% of natural wood fibers and connects cellulose with lignin. Its content decreases after hemicellulose removal but partially recovers following oxidation, likely due to the breakdown of lignin–carbohydrate complexes (LCCs) that release hemicellulose. Lignin makes up approximately 31.3% of natural wood fibers, providing rigidity. Its relative content increases after hemicellulose removal but decreases significantly after oxidation, indicating effective disruption of lignin and its crosslinking with polysaccharides. Overall, hemicellulose removal exposes lignin for targeted oxidative degradation, while oxidation selectively reduces lignin and indirectly enhances cellulose accessibility [51], providing a foundation for the preparation of high-performance fiberboards. The results from the automatic potentiometric titration indicated that the carboxyl content of the raw wood increased by 175% after oxidation (Figure 2f). By comparing the UV-vis spectra of NWFB and OWFB (Figure 2g), it can be seen that after chemical treatment, the peak for NWFB exhibits a significant blue shift (from 358 nm to 286 nm). For OWFB, after adding TP and metal ions, the position of the ultraviolet-visible absorption peak remains stable (Figure S1a and S1b). However, a stronger change in the TP peak observed in the OWFB/TP system indicates stronger binding ability to metal ions, which may be due to the coordination interaction between Ca²⁺ and phenolic hydroxyl groups (Figure S1c).
[image: ]
Figure 2. Changes in Microstructure and Chemical Structure During OWFB/Ca-TP Preparation. (a) Natural wood fibers, (b) oxidized wood fibers, and (c) scanning electron microscopy (SEM) images of OWFB/Ca-TP surfaces. (d) Schematic illustration of hydrogen bonding, coordination between calcium ions and carboxyl groups, and coordination between phenolic hydroxyl groups and hydroxyl groups. (e) Chemical composition analysis showing relative contents of cellulose, hemicellulose, and lignin. (f) Carboxyl content of  Natural wood fibers and oxidized wood fibers. (g) UV–Vis.

[bookmark: OLE_LINK31]By comparing the Fourier transform infrared (FTIR) spectra of NWFB, OWFB, and OWFB/Ca-TP (Figure 3a), it can be observed that the characteristic absorption band at 1740 cm⁻¹ disappears after chemical treatment. This band is commonly attributed to the C=O stretching vibration of hemicellulose, indicating that hemicellulose was effectively removed during the treatment process. Figure 3b demonstrates that the binding energy of C=O increases from 530.5 eV to 531.1 eV, while the binding energy of -OH remains unchanged, confirming that calcium ions primarily crosslink with carboxyl groups. Energy dispersive X-ray spectroscopy (EDX) results confirm the presence of calcium ions and their uniform distribution (Figure S2). The carboxyl groups are crucial for the entry of metal ions and the formation of coordination bonds. The introduction of carboxyl groups enhances the negative charge on the cellulose molecular chains, which increases the electrostatic repulsion between cellulose microfibrils. This, in turn, enlarges the spacing between cellulose microfibrils, facilitating the penetration of metal ions. Small-angle X-ray scattering (SAXS) analysis confirmed the change in the spacing between cellulose microfibrils. The results showed that after oxidation treatment, the spacing increased from 66.28 nm to 73.01 nm (Figure 3c-f).
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[bookmark: _Hlk220967741]Figure 3. Changes in Microstructure and Chemical Structure During OWFB/Ca-TP Preparation. (a) FTIR. (b)XPS. Small-angle X-ray scattering (SAXS) images (c, e) and fitted curves of fiber spacing for NWFB (d) and OWFB (f).

[bookmark: OLE_LINK28]3.2 Processability and Mechanical Properties
[bookmark: OLE_LINK245][bookmark: OLE_LINK36][bookmark: OLE_LINK27][bookmark: OLE_LINK35][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK294]Figure 4a shows a large-sized board of 240×150 cm, demonstrating excellent machinability suitable for large-scale applications. Additionally, OWFB/Ca-TP in varying thicknesses can be used for different settings. For example, thin boards can be used for decorative panels, while thick boards serve as substrates for flooring or furniture. By adjusting the concentrations of the metal ion and polyphenol solutions, it was observed that the mechanical performance gradually improved with increasing concentration, reaching the highest bending strength at a solution concentration of 2.5 wt% (Figure S3). Based on these results, all metal ions and polyphenols were tested at a concentration of 2.5 wt%. The thickness swelling and water absorption of OWFB/Ca-TP decreased to 11% and 17%, respectively, and the thickness change measured with a spiral gauge before and after testing indicated only an 11% expansion (Figure 4b), meeting the requirements of China’s National Standard "GB/T 11718-2021" for fiberboards used in high-humidity environments. Figure 3f shows that OWFB/Ca-TP has a low water absorption rate after 24-hour immersion. While OPFB's water absorption is higher than NWFB (thickness swelling rate of 41%, water absorption rate of 31%), the addition of Ca ions in OWFB/Ca did not significantly increase it, mainly because the coordination with the carboxyl group was insufficient without the phenolic hydroxyl groups for strong binding (Figure S4b). Furthermore, Performance tests indicated a significant optimization of key properties in OWFB/MPN compared to NWFB. The synergistic effect between Ca2+ and phenolic hydroxyl groups after chemical treatment effectively regulated interfacial bonding and microstructure, leading to a 7.6-fold and 2.3-fold increase in internal bond strength and flexural strength, respectively (Figures 4d and 4e), while the Shore hardness also improved from 74 to 86 (Figure 4f). These findings support its application in construction and decoration (e.g., ceilings, floors) as well as furniture manufacturing. The outstanding strength and water resistance of OWFB/Ca-TP primarily result from two factors: Oxidation increases the contact area and hydrogen bonding interactions between wood fibers, greatly enhancing internal bond strength. The binding energy of coordination bonds is higher than that of hydrogen bonds [52], and the interactions between Ca²⁺-carboxyl and Ca²⁺-phenolic hydroxyl groups form a stable MPN structure, strengthening interfacial adhesion. The inclusion of metal ions and polyphenols also closes the hydrophilic groups (such as carboxyl and hydroxyl) on the fiber surface. The hydrophobic benzene rings in polyphenols further enhance water resistance. To evaluate the potential for applications in high-temperature environments, the thermal insulation performance of OWFB/Ca-TP was preliminarily tested using infrared thermography. When thermal imaging was applied to NWFB, the temperature rapidly increased upon exposure to heat, with the color transitioning from cool tones (blue) to warm tones (red and yellow) over time (Figure S5). This color change indicates significant heat absorption and rapid thermal propagation, which can lead to material degradation and reduced durability. Specifically, within the first 20 seconds, NWFB exhibited considerable heat buildup and rapid heat transfer, making it unsuitable for high-temperature environments. On the other hand, OWFB/Ca-TP exhibited a significantly slower thermal response. Although the temperature increased, the overall thermal change was much more gradual. Thermal imaging showed a more controlled color shift, with less pronounced changes compared to NWFB. This suggests that OWFB/Ca-TP has a better ability to resist heat propagation, preventing thermal degradation and enhancing its stability at high temperatures. The slower thermal response may be due to stronger interactions and bonding between calcium ions, polyphenols, and wood fibers, which could act as a thermal barrier, preventing the rapid transfer of heat.
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[bookmark: OLE_LINK291][bookmark: OLE_LINK292]Figure 4. Physical and mechanical properties of OWFB/Ca-TP. (a) Large-size (240×150 cm) OWFB/Ca-TP with various thicknesses. (b) Comparison photographs of water absorption swelling rate between OWFB/Ca-TP and NWFB. (c) 24h water absorption rate and thickness swelling rate of different preparation methods. (d) Internal bond strength of different preparation methods. (e) Flexural strength of different preparation methods. (f) Shore hardness different preparation methods. 

[bookmark: OLE_LINK254][bookmark: OLE_LINK297]Similarly, at the optimal ratio of 60:1, different metal ions (e.g., Fe³⁺, Cu²⁺, Zn²⁺, and Al³⁺) (Figure 5a) and polyphenols (e.g., TA, GA, and PDA) (Figure 3c) were employed to prepare OWFB/MPN with varied properties, accompanied by noticeable differences in surface color. Figure 5b shows the flexural strength and elastic modulus of fiberboards with different ions. It can be observed that these strengths are all lower than that of OWFB/Ca-TP, with Fe³⁺ showing the highest relative strength, as well as relatively higher internal bond strength. However, the strength of Al³⁺ did not meet the standard (Figure 5c). This may be attributed to the poor performance of Al³⁺ in binding with polyphenols, mainly due to the lack of strong chelation interactions and its reliance on electrostatic attraction and π–π stacking. The composite bonds have longer bond lengths and lower bond orders, resulting in weaker bonding stability compared with ions such as Fe³⁺, Cu²⁺ and Zn²⁺, which can form chelate bonds. These characteristics lead to relatively lower interaction strength and stability between Al³⁺ and polyphenols [53]. Subsequently, OWFB/Ca-TP was compared with three other polyphenols, demonstrating the best performance in static bending strength and water absorption. All polyphenols, except for GA, met the required standards (Figures 5d and 5e). This demonstrates the interchangeability and versatility of polyphenols, due to the formation of a dense interface by chemical treatment and the enhanced interfacial interactions provided by the MPN network. After the coordination effect was strengthened, the MPN network increased the energy dissipation of interfacial damage. When OWFB/Ca-TP is subjected to bending stress, the bonding interface has sufficient strength and is not easily damaged, with the fracture section showing relatively neat fiber breakage (Figure S6).
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[bookmark: _Hlk220968455]Figure 5. Physical and mechanical properties of fiberboards prepared with different metal ions and polyphenols. (a) Surface photographs of OWFB/X-TP with different ions; Surface photographs of OWFB/Ca-X with different polyphenols. (b) Flexural strength and flexural modulus of OWFB/X-TP with different ions. (c) Internal bond strength of OWFB/X-TP with different ions. (d) Flexural strength of OWFB/Ca-X with different polyphenols. (e) 24h water absorption rate and thickness swelling rate of OWFB/Ca-X with different polyphenols.

[bookmark: OLE_LINK22][bookmark: OLE_LINK205]3.3 Application and Cycle Performance
[bookmark: OLE_LINK26]OWFB/Ca-TP materials demonstrate exceptional multifunctionality and recyclability across multiple dimensions, making them ideal materials with broad application potential. Whether in building structures, interior decoration, or other high-demand application scenarios, OWFB/Ca-TP provides excellent performance, particularly excelling in environmental protection and sustainable development (Figure 6a). More importantly, this material possesses outstanding recyclability, maintaining a significant proportion of its bending strength even after undergoing multiple recycling and reprocessing cycles, indicating its long-term reliability and stability. We performed secondary processing on recycled OWFB/Ca-TP and compared its bending strength before and after recycling. Figure 6b shows the bending strength of recycled OWFB/Ca-TP, which was directly hot-pressed after high-temperature water treatment, with a retention rate of only 70%. This decline can be attributed to the loss of metal ions during the high-temperature water treatment process, which reduces the number of coordination bonds present in the recycled OWFB/Ca-TP. In contrast, after adding calcium ions and tea polyphenols post high-temperature water treatment, the bonding performance of the recycled BBM was improved, with the retention rate reaching 76% after four recycling cycles (Figure 6c). This indicates that although coordination bonds are broken during the recycling process, they are reformed when the material is reintroduced to an ion solution and subsequently hot-pressed.
Through the recycling performance tests, OWFB/Ca-TP demonstrated its remarkable cyclic performance, showcasing high recycling and reuse value. This not only solves the long-standing issue of traditional wood materials being "permanently discarded after one-time molding" but also provides strong support for promoting the application of sustainable furniture materials. With these innovative properties, OWFB/Ca-TP demonstrates its significant potential value in the fields of sustainable materials and environmental protection.
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Figure 6. Cycling Performance. (a) OWFB/Ca-TP for various indoor applications including interior decoration, furniture, flooring, door and window frames, and roofing. (OWFB/Ca-TP fiberboard used for flooring (left) was produced in this study; the other images were newly generated by the authors for illustrative purposes only and do not depict actual experimental samples.) (b) Flexural strength comparison between OWFB/Ca-TP and recycled OWFB/Ca-TP. (c) Flexural strength of recycled OWFB/Ca-TP over four cycles with Ca-TP supplementation.

3.4 Performance comparison and environmental friendliness
Comparison with the national standard performance and market prices of conventional fiberboards highlights the superior performance and market competitiveness of OWFB/Ca-TP. OWFB/Ca-TP exhibits significant advantages in terms of recyclability, bonding strength, hardness, bending strength, water absorption swelling rate, and cost (Figure 7a). In terms of environmental safety, OWFB/Ca-TP strictly follows the "GB/T 39600-2021 Formaldehyde Emission Limits for Wood-based Panels and Products" standard, achieving an ENF-level formaldehyde emission (≤0.025 mg/m³). The concentrations of pollutants such as TVOCs and benzene compounds are all below the detection limits of gas chromatography-mass spectrometry (<0.001 mg/m³, Chinese National Standards, 2021) (Figure 7b). The environmental and energy impacts of producing 1 m³ of OWFB-Ca-TP were assessed and compared with conventional fiberboards. The results show that OWFB-Ca-TP exhibits the lowest energy consumption (EC), approximately 50,499.58 MJ, compared to 9,850,000 MJ for conventional fiberboards. Key environmental indicators, including global warming potential (GWP) and respiratory inorganics (RI), were also evaluated. The GWP of OWFB-Ca-TP is approximately 856.94 kg CO₂ eq., which is about 21.9 times lower than that of conventional fiberboards (18,800 kg CO₂ eq.) (Figure 7c). Although potassium hydroxide and sodium chlorite, commonly used in the de-hemicellulose and oxidation processes, may pose certain environmental risks, the overall environmental impact of OWFB-Ca-TP remains low across the assessed categories.
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[bookmark: OLE_LINK300]Figure 7. (a) Radar chart comparing the performance of OWFB/Ca-TP with traditional fiberboards. (b) Comparison of hazardous gas content between OWFB/Ca-TP and other formaldehyde-free fiberboards. (c) LCA.

4 Conclusion
This study employs dynamic coordination self-assembly of metal–polyphenol networks (MPNs) to successfully develop a recyclable fiberboard with integrated bonding functionality, eliminating the need for conventional synthetic resin adhesives and providing new insights into the green manufacturing of wood-based materials. The material exhibits an internal bonding strength of 2.6 MPa and a static bending strength of 46 MPa, representing increases of 7.6-fold and 2.3-fold compared with natural fiberboard, respectively. Its 24-hour water absorption thickness swelling is as low as 11%, with overall performance surpassing most bio-based adhesive boards. After four cycles of hot-pressing and dissociation, the bonding strength retains 76% of its initial value, effectively addressing the issue of traditional fiberboards being “single-use and non-recyclable,” thereby enabling repeated recycling of wood-based waste. Regarding environmental performance, the material’s formaldehyde emission meets the ENF standard (≤0.025 mg/m³), and concentrations of total volatile organic compounds (TVOCs) and benzene derivatives are below the detection limits, contributing to improved indoor air quality. The preparation process offers advantages such as a wide range of raw materials and simple operation, and performance can be tailored by selecting different metal ions (e.g., Ca²⁺, Fe³⁺, Cu²⁺, Zn²⁺, Al³⁺) and polyphenolic compounds (e.g., tea polyphenols, tannic acid, gallic acid) to suit various applications. During the pretreatment stage, hemicellulose is removed and TEMPO-mediated oxidation introduces carboxyl groups, enhancing the fiber surface reactivity. The coordination bonds in the MPN, together with hydrogen bonds, synergistically strengthen the interfacial bonding. This green bonding technology demonstrates broad application potential in areas such as building decoration, furniture manufacturing, and door/window frames, promoting the large-scale production of sustainable wood-based materials and offering a novel paradigm for the development of a circular economy in the wood industry.
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