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Valonia tannin, a typical hydrolysable tannin, was used as the raw material 
and sucrose as the cross-linking agent to investigate the influence of 
sucrose proportion on the structure and performance of the adhesive. The 
aim was to evaluate the feasibility of utilizing hydrolysable tannins for wood 
adhesives. Fourier transform infrared spectroscopy confirmed that valonia 
tannin belongs to a typical hydrolysable gallotannin, with ester bond 
linkages and ortho-trisubstituted benzene ring structures present in the 
molecule. The bonding performance results showed that as the sucrose 
proportion increased from 66.7% to 100%, the dry strength increased from 
1.04 to 1.43 MPa, and the warm-water strength increased from 0.46 to 
0.84 MPa, meeting the requirements for Class II plywood specified in the 
GB/T 17657 (2022) standard. Increasing the sucrose proportion promoted 
the dehydration of sucrose toward 5-hydroxymethylfurfural, which is 
proposed to subsequently form a dense three-dimensional cross-linked 
network with valonia tannin based on our group’s prior condensed-tannin 
studies, effectively compensating for the deficiencies of hydrolysable 
tannins in terms of low reactivity and unstable ester bonds. This study 
provides a theoretical basis and experimental support for the high-value 
utilization of hydrolysable tannins in the field of wood adhesives. 
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INTRODUCTION 
 

The wood-based panel industry is a core sector for the efficient utilization of wood 

resources. As a key component determining the performance and environmental attributes 

of wood-based panels, the technological upgrading of adhesives is directly related to the 

green transformation of the industry. For a long time, petroleum-based synthetic adhesives, 

such as urea–formaldehyde and phenol–formaldehyde resins, have dominated the market 

due to their low cost and mature processing technology. Nevertheless, the curing and long-

term application of these adhesives are accompanied by the sustained emission of 

hazardous compounds, notably formaldehyde, which may compromise indoor air quality 

and endanger human health (Wu et al. 2021; Li et al. 2023; Wang et al. 2023, 2024; Ma et 

al. 2024). With increasingly stringent environmental regulations, the development of 

formaldehyde-free, low-toxicity, and renewable biomass-based wood adhesives has 

become an important research direction for green manufacturing in the wood industry (Li 

et al. 2025; Liu et al. 2025; Lin and Catchmark 2025; Hou et al. 2025; Zheng et al. 2025; 
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Gong et al. 2026; Yang et al. 2026). 

Tannin, as a natural polyphenolic product of plants, is regarded as an ideal 

substitute for traditional synthetic adhesives due to the abundant active phenolic hydroxyl 

groups in its molecules, which can undergo cross-linking reactions with aldehydes (Arias 

et al. 2021; Li et al. 2023; Oktay et al. 2024; Liang et al. 2024). Based on differences in 

chemical structure, tannins can be divided into two categories: condensed tannins and 

hydrolysable tannins. Among them, condensed tannins, such as bayberry tannin and acacia 

tannin, possess phloroglucinol-type structural units, where the aromatic ring reaction sites 

exhibit strong nucleophilicity and high reactivity toward electrophilic reagents, such as 

formaldehyde, resulting in dense cross-linked networks and demonstrating good 

application potential in the field of wood adhesives (Xiao et al. 2022, 2023; Liang et al. 

2025a, 2025b). In contrast, hydrolysable tannins are more abundant in nature and have 

lower extraction costs, but their utilization as adhesives has long faced bottlenecks due to 

inherent structural constraints (Virtanen et al. 2020, 2021, 2022; Engström et al. 2022; Guo 

et al. 2024). 

Sucrose, as a widely available and inexpensive natural sugar, has attracted 

considerable attention in the field of biomass-based adhesives in recent years. Studies have 

shown that sucrose can dehydrate under hot-pressing conditions to generate active cross-

linking components, whose aldehyde groups can condense with the phenolic hydroxyl 

groups of tannins to form three-dimensional cross-linked networks. This reaction pathway 

does not require exogenous formaldehyde, fundamentally avoiding formaldehyde emission 

issues while achieving full biomass-based adhesives (Zhao and Umemura 2014, 2015; 

Zhao et al. 2015, 2020). Existing research has confirmed that the compounding of sucrose 

with condensed tannins can produce fully biomass-based adhesives with excellent bonding 

performance (Xiao et al. 2022, 2023; Zhao et al. 2020; Liang et al. 2025a), but systematic 

studies on the performance and network-structure response of hydrolysable tannin–sucrose 

adhesives, particularly the influence of sucrose proportion on the cross-linked network 

structure and adhesive layer performance, are still lacking. 

Based on the above background, this study used valonia tannin, a typical 

hydrolysable tannin, as the raw material and sucrose as the cross-linking agent. Through 

regulating the mass ratio of sucrose to tannin, a series of valonia tannin–sucrose adhesives 

were prepared, and their bonding performance, microstructural morphology, and thermal 

stability were investigated. The aim of this research was to evaluate the feasibility of 

utilizing hydrolysable tannins for wood adhesives and to provide a theoretical basis and 

experimental support for broadening the raw material sources of biomass-based adhesives 

and promoting the high-value utilization of hydrolysable tannin resources. 

 
 
EXPERIMENTAL 
 

Materials 

Valonia tannin (industrial grade) was supplied by Wuming Tannin Factory 

(Guangxi, China). The material, derived from the acorn cups of Quercus macrolepis 

(valonia oak), had a particle size of ~150 μm, a moisture content of 8 to 10%, and a tannin 

purity of ≥75%. Sucrose (99.0%), analytical grade, was purchased from Chengdu Jinshan 

Chemical Reagent Co., Ltd. Sodium dodecylbenzenesulfonate (SDBS, analytical grade, 

≥90% purity) was purchased from Chengdu Jinshan Chemical Reagent Co., Ltd. and used 

directly as a dispersing agent without further treatment. Poplar veneer (Populus spp., 
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moisture content 8 to 10%), with dimensions of 400 mm × 400 mm and a thickness of 1.5 

mm, was sourced from Suqian, Jiangsu, China. Poplar wood typically comprises 

approximately 45 to 50% cellulose, 20 to 25% hemicellulose, 20 to 23% lignin, and 3 to 

8% extractives on a dry mass basis (Tian et al. 2021).  

 

Preparation of Tannin–sucrose Adhesive  
Under ambient temperature conditions, 33.3 g of distilled water was added to a 250 

mL round-bottom three-neck flask equipped with a mechanical stirrer (IKA RW 20 digital 

overhead stirrer, four-bladed propeller, 200 rpm), a mercury-in-glass thermometer (0 to 

300 °C, ±1 °C), and condenser (300 mm, water-cooled). The mixture was heated to 60 °C, 

and a certain amount of sucrose was added. After complete dissolution, 30 g of valonia 

tannin was added in batches with continuous stirring until a paste-like consistency was 

obtained. Subsequently, 0.2 g of sodium dodecylbenzenesulfonate was added, and stirring 

was maintained for 5 min. On this basis, the proportion of sucrose relative to tannin was 

varied. When the sucrose proportions were 66.7% (20 g), 83.3% (25 g), and 100% (30 g) 

(based on the mass of tannin). The obtained adhesives were designated as ADH1, ADH2, 

and ADH3, respectively. 

 

Preparation of Plywood and Bonding Performance Testing 
Laboratory-made three-layer (3-ply) plywood was prepared. The adhesive was 

applied to the single side of each veneer using a manual hand roller. The spread mass per 

unit area was controlled at 160 g/ m2 on a single side. The glued veneers were hand-

assembled with the grain directions of adjacent plies perpendicular to each other, cold-

pressed at room temperature for 10 min, and then immediately transferred to the laboratory 

hot press (LabPro 300 × 300 mm, maximum temperature 300 °C, maximum pressure 5 

MPa, temperature control accuracy ±2 °C, pressure control accuracy ±0.05 MPa). The hot-

pressing parameters were as follows: hot-pressing temperatures of 215 ℃, unit pressure of 

1.5 MPa, and hot-pressing time of 1 min/mm. The bonding strength (dry strength, warm-

water strength and boiling-water strength) was tested in accordance with the national 

standard GB/T 17657 (2022). The final reported strength was the average of 12 specimens. 

 

Fourier Transform Infrared (FT-IR) Spectroscopy Testing 
A Thermo Fisher Scientific Nicolet iS20 spectrometer (USA) was used to record 

spectra in the range of 4000 to 400 cm⁻1, with a resolution of 4 cm⁻1 and 32 scans. 

 

Thermogravimetric (TG) Testing 
The cured adhesive powder was subjected to TG analysis. A Netzsch TG 209 F3 

thermogravimetric analyzer (Germany) was used under a nitrogen purge (flow rate 50 

mL/min), with a heating rate of 10 °C/min and a temperature range of 30 to 700 °C. All 

experiments were performed in triplicate. 

 

Scanning Electron Microscopy (SEM) Testing 
The cross-section of the cured adhesive layer was sputter-coated with gold using a 

Leica EM ACE200 sputter coater (gold target, 99.99%, sputtering current 30 mA, 

sputtering time 60 s, coating thickness approximately 10 nm) and then observed using a 

ZEISS GeminiSEM 300 scanning electron microscope (Germany) at an acceleration 

voltage of 5 kV and a working distance of 8 to 10 mm. 
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Statistical Analysis 
Data processing and statistical analysis were performed using Microsoft Excel 2021 

and Origin 2024. Specifically, raw data were collated and descriptive statistics (including 

mean and standard deviation) were calculated in Excel, whereas data visualization and 

inferential statistical analyses were conducted in Origin. One-way analysis of variance 

(ANOVA) was employed to assess the statistical significance of differences among 

multiple group means. Where ANOVA indicated a significant overall effect (p < 0.05), 

pairwise comparisons between groups were further examined using Tukey's post-hoc test. 

All results are expressed as mean ± standard deviation (SD), and the error bars depicted in 

the graphical representations denote the standard deviation derived from independent 

replicate measurements (n ≥ 3). 

 

 

RESULTS AND DISCUSSION 
 

Structural Analysis of Valonia Tannin 
Figure 1 presents the FT-IR spectrum of valonia tannin. Compared with condensed 

tannins, its spectral characteristics exhibited significant differences in molecular 

connection modes, benzene ring substitution patterns, and reactivity, displaying typical 

structural features of hydrolysable tannins. 

A strong absorbance peak appeared at 1725.6 cm⁻1, corresponding to the stretching 

vibration of the galloyl ester carbonyl group. Valonia tannin belongs to gallotannins, and 

its structure consists of multiple gallic acid units connected to a central skeleton via ester 

bonds. This peak directly confirmed the existence of ester bond structures and serves as a 

key marker for distinguishing hydrolysable tannins from condensed tannins (Virtanen et 

al. 2020, 2021, 2022). 

The absorptions at 1613.1 cm⁻1 and 1449.0 cm⁻1 corresponded to the C=C 

stretching vibrations of the benzene ring skeleton, while the peak at 1340.6 cm⁻1 was 

attributed to the in-plane bending vibration of the phenolic hydroxyl O–H, indicating that 

valonia tannin is rich in phenolic hydroxyl groups and aromatic structures. The 1613.1 cm⁻1 

peak position of valonia tannin was influenced by the conjugation effect of the ester 

carbonyl group, whereas the benzene ring skeleton vibrations of condensed tannins 

typically appeared as multiple peaks (Liang et al. 2025a). The absorbances at 1195.3 cm⁻1 

and 1035.3 cm⁻1 correspond to the stretching vibrations of ester bonds, reflecting the ester 

linkage mode between gallic acid units and the central skeleton. Owing to this connection 

mode, the valonia tannin molecule adopts a radial configuration characterized by 

pronounced steric hindrance, which effectively blocks aldehyde molecules from 

approaching every reaction site. In contrast, bayberry tannin and acacia tannin exhibit 

aromatic ether bond absorptions at similar positions, with their molecular chains presenting 

linear or branched morphologies that facilitate full contact and cross-linking with aldehyde 

molecules (Liang et al. 2025b). 

The absorption peak at 758.7 cm⁻1 corresponded to the out-of-plane bending 

vibration of the ortho-trisubstituted benzene ring in the gallic acid structural units, 

indicating that the phenolic hydroxyl groups of valonia tannin are distributed in a 1,2,3-

ortho pattern. In contrast, the A rings of bayberry tannin and acacia tannin are of the 

phloroglucinol-type structure, with a meta-substitution pattern on the benzene ring. The 

meta-substitution activates the C6 and C8 positions of condensed tannins through the 

electron-donating conjugation effect of the dual phenolic hydroxyl groups, greatly 
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increasing the electron cloud density and enhancing nucleophilicity, resulting in high 

reactivity toward electrophilic substitution reactions with formaldehyde. The ortho-

substitution pattern of valonia tannin, however, leads to strong hydrogen bonding and steric 

hindrance between the hydroxyl groups, noticeably reducing the nucleophilic activity of 

the available reaction sites on the aromatic ring. This is the structural origin of its poor 

reactivity (Virtanen et al. 2022; Engström et al. 2022; Guo et al. 2024). 

 

 
 

Fig. 1.  FT-IR spectrum of valonia tannin 

 

The above spectral characteristics explain the limitations of valonia tannin in wood 

adhesive applications. The ester bond linkages not only result in a compact molecular 

configuration and poor accessibility of cross-linking sites, but also render the molecule 

susceptible to hydrolysis or thermal cleavage during hot-pressing curing and hydrothermal 

aging, leading to molecular chain breakage and disintegration of the cross-linked network, 

with a consequent sharp decline in the cohesive strength and water resistance of the 

adhesive layer. Furthermore, the gallic acid units with ortho-substitution exhibit far lower 

reactivity than phloroglucinol-type structures, causing the cross-linking reaction efficiency 

of valonia tannin to be noticeably lower than that of bayberry tannin and acacia tannin, 

with insufficient effective cross-linking density and difficulty in forming a dense three-

dimensional network. 

 

Bonding Performance of Valonia Tannin-sucrose Adhesive 
As shown in Fig. 2, as the sucrose proportion (based on tannin mass) rose from 

66.7% to 100%, a gradual increase in dry strength, warm-water strength, and boiling-water 

strength was observed for all three adhesive formulations (ADH1, ADH2, and ADH3). 

The increase in water-resistant strength was markedly higher than that of dry 

strength, reflecting that the sucrose dosage was crucial for the densification of the cross-

linked network and the improvement of water resistance. For reference, the pure tannin 

adhesive exhibited merely 0.28 MPa of dry bond strength, indicating the intrinsically weak 

adhesion of tannin alone. By contrast, the pure sucrose adhesive achieved 0.89 MPa dry 

strength, 0.33 MPa warm-water strength, and 0.10 MPa boiling-water strength, 

demonstrating that sucrose itself possessed considerable bonding and cross-linking 

capability. Therefore, the progressive enhancement in adhesive strength with increasing 
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sucrose proportion, particularly the pronounced improvement in water resistance, further 

confirmed that sucrose played a dominant role in constructing a compact, water-resistant 

cross-linked network. 

The dry strength increased from 1.04 MPa for ADH1 to 1.19 MPa for ADH2, 

reaching 1.43 MPa for ADH3, representing an increase of 37.5%. During hot pressing, 

sucrose is expected to dehydrate to generate 5-HMF. Drawing on the mechanism 

established for condensed tannin–sucrose adhesives (Xiao et al. 2022, 2023; Liang et al. 

2025a,b), the aldehyde groups of its furan ring likely condense with the phenolic hydroxyl 

groups of valonia tannin to form a three-dimensional cross-linked network. The observed 

improvements in dry strength and water resistance are consistent with this proposed 

pathway, although direct spectroscopic evidence of the specific condensation adducts in 

the hydrolysable tannin system remains to be obtained. As the sucrose proportion 

increased, the yield of 5-HMF increased, the density of effective cross-linking points per 

unit volume increased, the intermolecular binding forces were enhanced, and the bulk 

strength of the adhesive layer improved. Simultaneously, the greater amount of 5-HMF 

improved the wetting and penetration of the adhesive on the wood surface, increasing the 

effective contact area and enhancing the interfacial mechanical interlocking effect, thereby 

leading to a steady increase in dry strength. 

The variation pattern of water-resistant strength better reflected the hydrolysis 

resistance of the cross-linked network. The warm-water strength increased from 0.46 MPa 

for ADH1 to 0.67 MPa for ADH2, reaching 0.84 MPa for ADH3, representing an increase 

of up to 82.6%; the boiling-water strength increased from 0.38 MPa to 0.45 MPa, reaching 

0.67 MPa for ADH3, an increase of 76.3%. The increase in water-resistant strength was 

far greater than that of dry strength, indicating that increasing the sucrose dosage 

contributed particularly prominently to improving the water resistance of the adhesive 

layer. The reason lies in the fact that the covalent cross-linking bonds formed between 5-

HMF and the phenolic hydroxyl groups of tannin possess strong hydrophobicity and 

chemical stability. The high cross-linking density effectively reduced the number of free 

hydroxyl groups in the adhesive layer, thereby decreasing the adsorption and penetration 

sites for water molecules. In addition, the dense three-dimensional network structure 

physically blocked the diffusion channels of water molecules, enabling the adhesive layer 

to maintain high structural integrity under hot water immersion conditions. The warm-

water strength of ADH3 (0.84 MPa) met the requirement for Class II plywood (not less 

than 0.70 MPa) specified in the GB/T 17657 (2022) standard, and it also exhibited certain 

boiling-water resistance, indicating that when the mass ratio of sucrose to tannin reached 

100%, the cross-linking reaction was relatively sufficient and the network structure was 

sufficiently dense. Xiao et al. (2022) achieved a dry strength of 1.42 MPa and a wet 

strength of 0.92 MPa using bayberry tannin with sucrose under optimized hot-pressing 

conditions (200 °C, 1.5 MPa), while Zhao and Umemura (2014) reported a dry strength of 

1.15 MPa for a tannin–sucrose particleboard adhesive. The dry strength of ADH3 (1.43 

MPa) is comparable to these condensed tannin benchmarks, although its warm-water 

strength (0.84 MPa) was slightly lower than the best-performing condensed tannin 

formulations. This comparison highlights that, despite the inherent structural disadvantages 

of hydrolysable tannins (low reactivity, unstable ester bonds), a sufficiently high sucrose 

proportion can compensate to yield bonding performance that approaches the levels 

previously reported only for condensed tannin systems. 

In summary, the sucrose dosage directly determined the yield of 5-HMF and the 

degree of cross-linking with tannin. Increasing the sucrose proportion evidently increased 
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the cross-linking density, constructed a denser and more stable network structure, and 

simultaneously improved both dry strength and water resistance, with particularly 

prominent improvement in water resistance. Although valonia tannin is a hydrolysable 

tannin and its ester bond linkages and ortho-substitution pattern result in lower reactivity 

compared with condensed tannins, when the sucrose proportion was increased to a mass 

ratio of 100% relative to tannin, a sufficiently dense cross-linked network could still be 

formed, enabling the adhesive to meet the requirements for Class II plywood and 

successfully achieving its application in the field of wood adhesives. 

 

 
 

Fig. 2.  The bonding strength test results of the valonia tannin-sucrose adhesive 

 

SEM Analysis 
Figure 3 shows the cross-sectional microstructural morphologies of the cured 

products of valonia tannin–sucrose adhesives at different sucrose proportions. The cross-

section of ADH1 was relatively smooth overall, accompanied by a certain degree of 

cracking and small wrinkled regions. This morphological characteristic was directly related 

to its lower sucrose proportion. When the sucrose proportion was 66.7% relative to tannin, 

the amount of sucrose available for conversion to 5-HMF during hot pressing was relatively 

limited, and the effective cross-linking sites with the phenolic hydroxyl groups of valonia 

tannin failed to react sufficiently, resulting in a relatively low cross-linking density. The 

even surface morphology suggested that cross-linking proceeded with reasonable spatial 

homogeneity, yet the considerable distance between cross-linking loci, coupled with the 

high segmental mobility of molecular chains, resulted in a loosely constructed network 

after cure. Under external force or internal stress, such a low-cross-linking network could 

not effectively dissipate energy through local deformation, and stress tended to concentrate 

in weak regions, thereby inducing crack initiation and propagation, manifested as the 

visible cracking phenomena on the cross-section. The presence of small wrinkled regions 

indicated that there were still a few locally dense cross-linking regions in the system, which 

produced slight plastic deformation during curing shrinkage, but due to their limited 

proportion, their contribution to overall toughness was insufficient. 

The cross-section of ADH3 presented a complex structure composed of both flat 

regions and wrinkled regions, with the degree of wrinkling notably increased. When the 

sucrose proportion was increased to 100%, the yield of 5-HMF was sufficient, and the 

cross-linking reaction with valonia tannin was more complete, resulting in a substantial 
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increase in cross-linking density. The flat regions corresponded to highly cross-linked 

dense networks where molecular chain segments were tightly constrained, exhibiting rigid 

load-bearing behavior under external force and imparting high cohesive strength to the 

adhesive layer. The formation of wrinkled regions originated from volume shrinkage and 

internal stress during the curing process under high cross-linking density. The generation 

of numerous cross-linking points restricted the free movement of molecular chain 

segments, and stress could not be uniformly released through chain slippage, instead 

prompting local regions to undergo wrinkling deformation. This wrinkled structure can 

absorb and dissipate energy through its own geometric deformation when subjected to 

force, reducing the degree of stress concentration and thereby imparting certain toughness 

characteristics to the adhesive (Liang et al. 2025a,b). Compared with ADH1, the proportion 

of wrinkled regions on the cross-section of ADH3 increased markedly, indicating that the 

high sucrose proportion promoted the formation of a more extensive and denser cross-

linked network, enabling the adhesive layer to possess high rigidity while achieving stress 

buffering through the wrinkling mechanism. 

However, due to the inherent limitations of the hydrolysable structure of valonia 

tannin, even though the cross-linking density of ADH3 had reached a relatively optimal 

level, the regularity and density of its wrinkled structure still lagged behind those of 

condensed tannin adhesives. The ortho-substitution pattern of valonia tannin exhibited low 

reactivity, and the ester bond linkage mode resulted in a compact molecular configuration. 

Although the high sucrose proportion compensated to some extent for the insufficient 

cross-linking sites, the thermal instability of ester bonds and steric hindrance still left 

microscopic defects in the network. Therefore, although the cross-section of ADH3 was 

notably improved compared with ADH1, the energy dissipation efficiency of the wrinkled 

structure and the overall density of the network were still intrinsically constrained by the 

molecular structure of hydrolysable tannins. 

 

 

Fig. 3. SEM results of the cross-section of the cured valonia tannin-sucrose adhesive. Note: SEM 
images of ADH2 were not acquired in the original study. Its microstructural morphology is 
expected to be intermediate between ADH1 and ADH3. 

 
Thermal Stability Analysis 

Taking ADH3 as an example (Fig. 4), the thermal decomposition process of the 

valonia tannin-sucrose adhesive exhibited obvious multi-stage characteristics, with each 

weight loss stage corresponding to the pyrolytic behavior of different structural hierarchies, 

and the overall thermal stability was closely related to the molecular structure of its 

hydrolysable tannin. 
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Fig. 4. TG and the derivative results of the cured valonia tannin-sucrose adhesive 

 

In the low-temperature stage, the first thermal decomposition peak appeared near 

86.2 ℃, which was mainly attributed to the removal of residual moisture and low-

molecular-weight volatiles in the adhesive. Because valonia tannin possesses numerous 

hydrophilic phenolic hydroxyl groups, and because distilled water and small-molecule 

additives introduced during synthesis were not fully removed by drying, the earliest 

weight-loss stage was dominated by physical dehydration and the release of low-boiling-

point volatiles, resulting in a moderately paced mass reduction. 

Entering the medium-temperature stage, T5% was 107.6 ℃, indicating that 

substantial chemical decomposition of the adhesive began near this temperature. As the 

temperature continued to rise, T10% was reached at 199.3 ℃, the weight loss rate gradually 

accelerated, and the maximum weight loss rate peak appeared at 274.7 ℃. This stage was 

the primary interval for the breakage of the most unstable ester bonds in the valonia tannin 

structure. As a hydrolysable tannin, the gallic acid units of valonia tannin are connected to 

the central skeleton via ester bonds, and the thermal stability of ester bonds is far lower 

than that of the C-C bond skeleton in condensed tannins (Virtanen et al. 2021, 2022; 

Engström et al. 2022). In the 200 to 300 ℃ range, ester bonds underwent thermal cleavage, 

galloyl groups detached from the skeleton and further decomposed, releasing small-

molecule carboxylic acids, phenols, CO2, and other volatile products, resulting in rapid 

mass loss. Simultaneously, the cross-linked network formed by 5-HMF converted from 

sucrose and the phenolic hydroxyl groups of tannin also began preliminary degradation in 

this stage, with some ether bonds and hydroxymethyl structures undergoing cleavage. In 

contrast, condensed tannins, such as bayberry tannin and acacia tannin, whose molecular 

skeletons are composed of stable C-C bonds, typically exhibit higher main-chain pyrolysis 

temperatures, slower weight loss rates in the medium-temperature stage, and markedly 

superior thermal stability compared with valonia tannin systems. 

The high-temperature stage was marked by the third thermal decomposition peak 

at 573.1 °C, corresponding to the deep pyrolysis of the aromatic ring skeleton and further 

thermal decomposition of the residual char via condensation, cleavage, and rearrangement 

reactions. T30% reached 317.8 ℃, indicating that 30% of the mass loss had been completed 

by this temperature, with the remaining portion mainly consisting of primary char layers 

formed during pyrolysis and incompletely decomposed aromatic structures. Near 573.1 ℃, 

the residual aromatic rings underwent condensation, cleavage, and rearrangement 

reactions, releasing methane, hydrogen, and small amounts of benzene-series volatiles, and 
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the weight loss rate exhibited another peak. As the temperature continued to rise, the char 

layer still retained a residual char rate of 28.8% at 700 ℃. Although this residual char rate 

indicates that the polyphenolic structure of valonia tannin can form a certain amount of 

char layer through dehydration condensation and aromatization reactions during pyrolysis, 

it is evidently lower than that of condensed tannin adhesives. 

It should be noted that the interpretation of the reaction pathway in this study relies 

on the mechanistic framework previously established for condensed tannin–sucrose 

adhesives (Xiao et al. 2022, 2023; Liang et al. 2025a,b). While the FT-IR, SEM, and TG 

results presented herein are consistent with 5-HMF-mediated cross-linking, direct 

confirmation of the specific condensation products between 5-HMF and hydrolysable 

tannin subunits (e.g., galloyl units) by techniques such as solid-state NMR, Py-GC/MS, or 

model compound reactions was not performed. Therefore, the cross-linking mechanism 

proposed for the valonia tannin–sucrose system remains a working hypothesis that warrants 

further fundamental investigation. 

 

 

CONCLUSIONS 
 
1. The Fourier transform infrared (FT-IR) analysis confirmed that valonia tannin belongs 

to a typical hydrolysable gallotannin, with ester bond linkages and ortho-trisubstituted 

benzene ring structures present in the molecule. 

2. Increasing the sucrose proportion promoted the generation of 5-HMF during hot 

pressing. Consistent with the cross-linking mechanism previously validated for 

condensed tannin–sucrose systems, the aldehyde groups of its furan ring are inferred to 

form a dense three-dimensional cross-linked network with the phenolic hydroxyl 

groups of valonia tannin, effectively compensating for the deficiencies of hydrolysable 

tannins in terms of low reactivity and unstable ester bonds. As the sucrose proportion 

increased from 66.7% to 100%, the dry strength increased from 1.04 to 1.43 MPa, and 

the warm-water strength increased from 0.46 to 0.84 MPa, meeting the requirements 

for Class II plywood specified in the GB/T 17657 (2022) standard. 

3. Analysis of the microstructural morphology and thermal stability of the adhesive 

showed that although the thermal instability of ester bonds resulted in a faster weight 

loss rate compared with condensed tannin systems, the dense cross-linked network 

formed at a high sucrose proportion delayed the thermal degradation process to a 

certain extent and improved the overall thermal stability. 

4. This study demonstrated a promising laboratory-scale approach that hydrolysable 

tannins have long been difficult to utilize in wood adhesives due to their low reactivity 

and poor thermal stability of ester bonds, providing preliminary experimental support 

that warrants further investigation under industrially relevant conditions. 
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