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Abstract: Biomass adhesive is conducive to decreasing the dependence of the wood adhesive industry on synthetic resin based on fossil resources and improving the market competitiveness of adhesives. It is also a critical breakthrough to realize the goal of carbon peaking and carbon neutrality in the wood industry. In this study, a full biomass wood adhesive composed of tannin and sucrose was developed and applied successfully to the preparation of plywood. The preparation technique of plywood was optimized, and the chemical structure, curing performance, crystallization property and thermal performance of the adhesive were investigated. Results showed that: (1) hot-pressing temperature played a decisive role in the performances of tannin-sucrose composite adhesives and it also had a very significant influence on the water resistance of plywood. (2) The preparation of tannin-sucrose composite adhesive was a process in which sucrose was transformed into furan aldehydes and then made cross-linking reaction with tannin. These composite adhesives could only get good bonding performances when the curing temperature was above 210°C. (3) The optimal plywood preparation technique was: hot-pressing temperature of 220°C, hot-pressing time of 1.2 min/mm, m(tannin):m(sucrose) of 60:40, and adhesive loading of 160 g/m2. The wet bonding strength in boiling water of the prepared plywood was 0.83 MPa, meeting the strength requirements of Type-I plywood in the standard of GB/T 17657-2013. (4) The curing temperature of tannin-sucrose composite adhesive was further decreased by lowering the temperature during the transformation of sucrose into 5-HMF, which was a key in subsequent research.
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1  Introduction

The production process of wood products consumes less energy and has a low carbon emission level. Compared with traditional building materials such as steel, glass and cement, wood products have obvious advantages in energy saving and carbon reduction [1–4]. The CO2 emissions per 1 t production of cement, steel and glass are about 1220, 6470 and 1870 kg, respectively, but the CO2 emissions per 1 m³ of wood processing are only 30.3 kg [5,6]. With progress in reform and normalization of supervision over environmental protection in recent years, China’s wood industry is undergoing a critical stage of transformation and updating. The low-end background production capacity exits the market gradually and the industrial structure continues to develop toward low carbonization [7,8]. Under the goal of carbon peaking and carbon neutrality, China’s wood industry will surely accelerate green low-carbonization technological reform, transformation and updating.

Wood adhesive is the key material of the wood industry. Most adhesives produced around the world are used in the wood industry and the consumption of wood adhesives has become an important symbol to measure the national technological development level of the wood industry [9–11]. At present, formaldehyde-based adhesives still take the dominant role in the wood industry. It may release formaldehyde during the preparation and use of formaldehyde-based adhesives as well as the processing and use of wood-based panels prepared by formaldehyde-based adhesives, thus threatening environmental and human health [12–14]. With the continuously rising price of petrochemical products and strengthening public consciousness of environmental protection, the development and application of bio-based wood adhesives have attracted more and more attention. Relevant studies have reported tannin-based adhesives [15–17], soybean protein-based adhesives [18–20], starch-based adhesives [21,22], lignin-based adhesives [23–25], and so on. Among them, tannin-based adhesives are studied and used the most successfully, and they have been applied to industrial production successfully in some countries.

Tannin has a polyphenol structure which is similar to the structure of phenol. So, tannin can replace phenol in phenol-formaldehyde resin partially or wholly, and then react with formaldehyde. The tannin-based adhesive is another critical application field of tannin except for the leather industry, and it even has been used successfully for industrial production in South African countries rich in tannin resources. Common tannin-based adhesives can be prepared in a simple method and it only requires adding formaldehyde before hot-pressing. However, the prepared tannin-based adhesives have a low cross-linking degree, low bonding strength, poor water resistance, and so on. This is mainly because tannin has a low degree of polycondensation with formaldehyde due to its high molecular weight, but the system viscosity increases and the liquidity decline significantly. To solve these problems, many scholars replaced the short molecular-chain formaldehyde with the long molecular-chain bond bridge extender. Phenol-formaldehyde resin, urea-formaldehyde resin, melamine-formaldehyde resin and hydroxymethyl phenol are widely studied [26–30]. However, such cross-linking agents used toxic and volatile formaldehyde, thus decreasing the advantages of tannin-based adhesives in environmental protection. Hence, the environmental protection performance of the bond bridge extender is critical to prepare environmental-friendly tannin-based adhesives. Associated studies mainly focus on epoxy resin, polyamides, isocyanate, polyurethane, and so on [31–35]. Thus, the cured tannin-based adhesives are more compact and tighter, and their bonding performances and water resistance are improved significantly. But these modifiers are still the bases of petrochemical products and the large-scale introduction of these modifiers is also against the initial R&D intention of tannin-based adhesives. They are still not absolute full biomass tannin-based adhesives.

Zhao et al. reported a tannin-sucrose adhesive used to prepare particleboard [36–38]. According to Zhao’s results, one of the essential processes for biomass transformation and utilization of sucrose lay in sucrose-catalyzed conversion and synthesis of furan aldehydes like hydroxymethyl furfurals. Accordingly, it was thought that the successful preparation of tannin-sucrose adhesives derived from the reaction between tannin and hydroxymethyl furfurals (Fig. 1). Although Zhao’s study fully indicated that tannin-sucrose adhesives could successfully prepare particleboard, plywood and particleboard were not totally the same in terms of requirements for adhesives, including molecular weight, polycondensation degree, crosslinking density, adhesive loading, and so on. This paper mainly explores the feasibility of preparing plywood with tannin-sucrose composite adhesive and the preparation technology. Influences of factors on bonding performances of plywood prepared by tannin-sucrose composite adhesives were investigated. Moreover, the appropriate preparation technique of plywood was determined, aiming to lay foundations for the R&D of fully biomass-based wood adhesives.
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Figure 1: The possible reaction scheme between sucrose and tannin

2  Materials and Methods

2.1 Materials

Waxberry tannin (160 mesh, industrial grade) was purchased from Guangxi Wuming Tannin Extract Factory (China). Sucrose (purity of 99.0%, analytically pure) was from Chengdu Jinshan Chemical Reagent Co., Ltd., China. Sodium dodecyl benzene sulfonate (purity of >90.0%, analytically pure) was from Tianjin Fengchuan Chemical Reagent Science and Technology, Ltd., China. Distilled water was prepared in the laboratory. Poplar veneer with a moisture content of 8%~10% and a size of 400 mm (length) × 400 mm (width) × 1.5 mm (thickness), was brought from Shuyang, Jiangsu Province, China.

2.2 Preparation of Tannin-Saccharose Composite Adhesives as Well as Preparation and Bonding Strength Test of Plywood

Under room temperature, distilled water, tannin and sucrose were added into a round-bottomed three-mouth flask which was equipped with a mechanical stirring rod, thermometer and condenser pipe. They were stirred to a slurry, to which 0.3 g sodium dodecyl benzene sulfonate was added and stirred for another 5 min. Solid contents, viscosity and pH of adhesives were tested in accordance with the standard of GB/T 14074-2017 (Table 1). Three-layer Poplar plywood with a breadth of 400 mm × 400 mm was prepared in the laboratory. Hot-pressing temperature, hot-pressing time, adhesive loading, and m(tannin):m(sucrose) were chosen as four factors in the test and the bonding strength in boiling water was used as the assessment index. On this basis, the experiment was designed according to the orthogonal table L16 (44) (Table 2). The prepared plywood was cut into 100 mm × 25 mm specimens and the bonding strength in boiling water was tested according to test methods for I-class plywood in the national standard of GB/T 17657-2013. The average strength of 8–10 specimens was used as the final value.
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2.3 Property Characterization of Tannin-Sucrose Composite Adhesives

The tannin-sucrose composite adhesives were put in a piece of tin foil paper which was then dried absolutely in a constant-temperature ventilation oven (60°C~70°C). The adhesives were taken out and then put into a pulverizer for grinding, and then filtered by a 200-mesh sieve, thus getting adhesive powder (to test the curing performance of tannin-sucrose composite adhesives). The above adhesive powder was collected and dried in a constant-temperature (200°C, 210°C, 220°C and 230°C) ventilation oven for 12 min. Later, the powder was taken out (to test the chemical structure, crystallization properties and thermal performance of tannin-sucrose composite adhesives).

The DSC 204 F1 differential scanning calorimetry (NETZSCH, Germany) was applied to test the curing performance of tannin-sucrose composite adhesives under the conditions of N2 protection, temperature 30°C~400°C, and temperature rising rate of 10 °C/min. The Varian 1000 (USA) infrared spectrometer was used to test the chemical structure of tannin-sucrose composite adhesives under the conditions of wave number of 400~4000 cm−1, resolution of 4 cm−1, scanning number of 32, indoor temperature of 22°C~25°C, and relative humidity of ≤60%. The TTR XRD (Tokyo, Japan) was used to test the crystallization of tannin-sucrose composite adhesives under conditions of Cu target (λ = 0.154060 nm), 2θ scanning interval of 5~80°, step length of 0.02°, scanning rate of 5°/min, tube current of 120 mA, and tube voltage of 40 kV. The TG 209 F3 thermogravimeter (NETZSCH, Germany) was used to test the thermal stability of tannin-sucrose composite adhesives under test conditions of N2 protection, temperature of 30°C~700°C, and temperature rising rate of 10 °C/min.

3  Results and Discussion

3.1 Analysis of Curing Performances of Tannin-Sucrose Composite Adhesives

The results of curing performances of tannin-sucrose composite adhesives are shown in Fig. 2. Obviously, there was a broad exothermic peak at 150°C, which was attributed to water evaporation, partial sucrose pyrolysis and volatilization of micro-molecule in the adhesive system. There was a significant sharp absorption peak at 203.3°C, which was caused by cross-linking reaction between tannin and sucrose. The initial and end reaction temperatures of this peak were 197.7°C and 226.7°C, indicating that the cross-linking reaction was relatively quick, which also showed that it needed a high temperature for cross-linking of tannin-sucrose composite adhesives. Hence, the subsequent orthogonal test temperature factor was chosen 200°C~230°C.
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Figure 2: DSC curve of tannin-sucrose adhesive

3.2 The Results and Analysis of the Orthogonal Experiment

The results of bonding strength in boiling water of plywood prepared based on tannin-sucrose composite adhesives under different technological conditions as well as analysis results of range and variance is shown in Tables 3 and 4. Concerning the influences of four factors on bonding strength in boiling water of plywood, there was an order: hot-pressing temperature » m(tannin):m(sucrose) > hot-pressing time ≥ adhesive loading. Specifically, hot-pressing temperature influenced bonding strength in boiling water of plywood the most significantly and played a decisive role in the good bonding performance of plywood. The plywood prepared under the hot-pressing temperature of 200°C series had no water resistance, while the plywood prepared under 210°C series increased the wet bonding strength significantly. The bonding strength in boiling water of plywood prepared under 220°C series and 230°C series could meet the national standard requirements.
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Wood failure could be used to evaluate the bonding stability and reliability of plywood. The plywood prepared under the hot-pressing temperature of 200°C series had no water resistance, and the wood failure was 0. The wood failure plywood prepared under 210°C series was 15%~22%, indicating that the stability of the bonding strength was improved to some extent. The wood failure of plywood prepared under 220°C series and 230°C series were 42%~55% and 75%~88%, indicating the high bonding reliability of plywood.

3.3 Effects of Hot-Pressing Temperature on Bonding Strength in Boiling Water of Plywood

Effects of hot-pressing temperature on bonding strength in boiling water of plywood are shown in Fig. 3. The bonding strength in boiling water of plywood prepared under 200°C was 0, while that of plywood prepared under 210°C, 220°C and 230°C were increased to 0.67, 0.97 and 1.06 MPa, respectively (meeting requirements on the strength of I-class plywood in the standard of GB/T 17657-2013, ≥0.70 MPa). The bonding strength was positively related to hot-pressing temperature. With the increase of hot-pressing temperature, plywood was heated more quickly and the heat transfer was more uniform, thus accelerating the thermal motion among molecules, which were conducive to the spreading, diffusion and infiltration of adhesives on the wood surface, and the curing of adhesives was more uniform.
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Figure 3: Effects of hot-pressing temperature on bonding strength in boiling water of plywood

According to the results of Zhao et al. [36–38], the key for tannin-sucrose composite adhesives to get good bonding performances was that sucrose was transformed into synthetic furan aldehyde products like hydroxymethylfurfural (5-HMF). Moreover, the temperature played a decisive role in the formation of 5-HMF. The higher hot-pressing temperature was more beneficial for the transformation of 5-HMF and it was more beneficial for the improvement of cross-linking degree and cross-linking density of the adhesives. The bonding strength and water resistance also increased accordingly. Additionally, with the increase of hot-pressing temperature, (1) some cellulose and semi-cellulose of wood could degrade and produce components with cross-linking effect, which could further improve bonding performances; (2) the thermoplastic lignin intertwined on the bonding interface to some extent, which also had some contributions to the improvement of bonding performances. Although a high hot-pressing temperature was conducive to the formation of 5-HMF and improved bonding performances, it was easy to cause caramel color on the plywood surface, increase energy consumption during preparation and compression ratio of plywood, and decrease utilization of woods [39,40]. The future research shall focus on: (1) The introduction of catalyst into the adhesive system and achieving high transformation of 5-HMF under a low hot-pressing temperature; (2) Sucrose was converted into 5-HMF beforehand and then cross-linked with tannin. But for this experiment, 220°C was an appropriate hot-pressing temperature.

3.4 Effects of Hot-Pressing Time on Bonding Strength in Boiling Water of Plywood

Effects of hot-pressing time on bonding strength in boiling water of plywood are shown in Fig. 4. The bonding strength was 0.62 MPa when the hot-pressing time was 1.0 min/mm. With the increase of hot-pressing time, bonding strength increased gradually and reached the maximum (0.71 MPa) at 1.2 min/mm. As the hot-pressing time continued to grow to 1.4~1.6 min/mm, the bonding strength began to decrease. Due to the high viscosity and large contact angle with the wood surface, tannin-sucrose composite adhesives were challenging to wet and took some time to spread and infiltrate. Besides, heat is transferred from the surface to the core of plywood during hot-pressing. It took some time to produce furan aldehydes and realized cross-linking curing of adhesives. However, excessive long hot-pressing time could lead to excessive curing of adhesives, thus making the bonding layer brittle and even causing thermal decomposition of cured adhesive and wood. Finally, the bonding strength declined. Hence, the appropriate hot-pressing time of tannin-sucrose composite adhesives was determined at 1.2 min/mm.
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Figure 4: Effects of hot-pressing time on bonding strength in boiling water of plywood

3.5 Effects of Adhesive Loading on Bonding Strength in Boiling Water of Plywood

Effects of adhesive loadings on bonding strength in boiling water of plywood are shown in Fig. 5. Clearly, the maximum bonding strength was 0.72 MPa when the adhesive loading was 140 g/m2, indicating that adhesives could be coated on plywood uniformly at this moment. When the adhesive loading increased to 160~200 g/m2, the bonding strength was 0.65~0.69 MPa, which was decreased to some extent. According to the bonding theory, the bonding layer became thinner and the bonding performances were better after adhesives formed a layer of uniform film on the wood surface. On the one hand, excessive adhesive loading could make adhesives spill over during hot-pressing, thus causing some waste of adhesives. On the other hand, it could increase the thickness of the curing bonding layer, making the cohesion of the bonding layer more diminutive than the bonding force between adhesives and the wood, which caused significant curing stresses of adhesives, and thereby influenced the bonding strength to some extent [41,42]. Although adhesive loading had insignificant influences on the bonding performances of plywood in this experiment, the appropriate resin content was determined at 160 g/m2 in this study with consideration of the increased liquidity and infiltration of adhesives during the hot-pressing.
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Figure 5: Effects of adhesive loading on bonding strength in boiling water of plywood

3.6 Effects of Mass Ratio of Tannin to Sucrose on Bonding Strength in Boiling Water of Plywood

Effects of m(tannin):m(sucrose) on bonding strength in boiling water of plywood are shown in Fig. 6. Clearly, the bonding strength remained constant when m(tannin):m(sucrose) was 60:40, 50:50 and 40:60, and it began to decrease at 30:70. The pH of the adhesive system also played an essential role in the transformation of sucrose into furan aldehydes, except for temperature. Tannin presented some acidity in an aqueous solution and it could promote transformation into furan aldehydes to some extent. With the reduction of tannin and sucrose, the acidity of the system decreased and the transformation rate of furan aldehydes reduced accordingly. Additionally, the curing of adhesives was influenced if excessive micromolecular sucrose was scattered in the adhesive system, thus decreasing the bonding strength. So, the appropriate m(tannin):m(sucrose) was determined at 60:40.
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Figure 6: Effects of mass ratio of tannin to sucrose on bonding strength in boiling water of plywood

Plywood was prepared by choosing the optimal technological parameters: Hot-pressing temperature of 220°C, hot-pressing time of 1.2 min/mm, adhesive loading of 160 g/m2, and m(tannin):m(sucrose) of 60:40. The bonding strength in boiling water of plywood prepared under these optimal conditions was 0.83 MPa (meeting requirements for I-class plywood in the standard of GB/T 17657-2013).

3.7 Analysis of the Chemical Structure of Tannin-Sucrose Composite Adhesives

The FT-IR curves of cured tannin-sucrose composite adhesives under different curing temperatures are shown in Fig. 7, and the structural attribution is shown in Table 5. The control group was a mixture of tannin and sucrose. The wavenumber peak at 1622.6 cm−1 was the skeleton carbon absorption peak on the benzene ring of tannin [26,29], and 843.6 cm−1 was the C-H bending vibration absorption peak on the aromatic ring of tannin. The wavenumber peak at 1137.4 cm−1 was assigned to glycosidic linkage (C–O–C) of sucrose, and 929.9 and 989.9 cm−1 were attributed to the hydroxymethyl of pyranose ring of sucrose, and 1049.8 cm−1 was the ether bond absorption peak of the sucrose.
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Figure 7: FT-IR curves of cured tannin-sucrose adhesives at different temperatures
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FT-IR curves of curing products of tannin-sucrose composite adhesives under different temperatures were significantly different from that of the blank control group. The wavenumber at 1137.4, 989.9 and 929.9 cm−1 disappeared. This indicated the depolymerization of the hexatomic pyranose ring of sucrose. The new absorption peaks produced at 1706.1, 1515.8 and 774.7 cm−1 resulted from the characteristic of C=O, C=C stretching vibration and unsubstituted CH=CH of furan aldehydes such as furfural and 5-HMF. The ether bond at the curing temperature of 200°C was shifted to 1038.6 cm−1. The ether bond peaks at 210°C, 220°C and 230°C were further shifted to 1033.0 cm−1. The shifts of the ether bond signal in the heterocyclic ring as the temperature increases, were possibly attributed to heterocyclic rearrangement after unfolding or reaction with tannin [36–38]. The decrease and disappearance at 843.6 cm−1, indicated that tannin reacted with sucrose and a high curing temperature requirement for the cross-linking reaction of tannin-sucrose adhesive. However, it was difficult to ensure the reaction of tannin with furfural or 5-HMF by FT-IR only. Therefore, other chemical analysis methods will be carried out in our further research to verify the mechanism.

3.8 Analysis of Crystallization Properties and Thermal Performance of Tannin-Sucrose Composite Adhesives

The crystallization properties test results of curing products of tannin-sucrose composite adhesives under different temperatures are shown in Fig. 8. The degree of crystallization reflected the degree of ordered molecular arrangement and it also could reflect the degree of cross-linking reaction between tannin and sucrose to some extent [43,44].
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Figure 8: XRD curves of cured tannin-sucrose adhesives at different temperatures

Based on the above analysis, the temperature had significant influences on the transformation of sucrose into furan aldehydes. When the curing temperature was 200°C, the transformation rate of furan aldehydes was low and its cross-linking reaction with tannin was insufficient, accompanied by the minimum degree of crystallization (7.72%). The degrees of crystallization of curing products were 18.16% and 33.13% under 210°C and 220°C, indicating the high transformation rate of furan aldehydes and sufficient cross-linking reaction with tannin. The cross-linking density and degree of crystallization increased obviously. Generally speaking, cross-linking and crystallization are contradictory processes for high-molecular polymers. The excessive cross-linking reaction may hinder the directed arrangement of molecules, thus decreasing the degree of crystallization [45,46]. Although the transformation rate of furan aldehydes could be further increased at 230°C, the degree of crosslinking reaction with tannin was too high and the cross-linking density was excessively high, thus decreasing the degree of crystallization. Besides, the decomposition of cured adhesives could also influence the degree of crystallization greatly as the curing temperature was increased.

Thermal performance results of cured tannin-sucrose composite adhesives under different temperatures are shown in Figs. 9 and 10. Mass loss in the 30°C~150°C stage was mainly caused by water evaporation of adhesives in the adsorption air. The adhesive suffered a great mass loss since 200°C and the residual mass was constant until 700°C. The temperatures for maximum mass thermal weight loss of cured tannin-sucrose composite adhesives when the curing temperature was 200°C, 210°C, 220°C and 230°C were 288.4°C, 298.4°C, 304.5°C and 290.3°C, respectively. The variation trend was consistent with XRD results. The XRD and TG/DTG test results further proved that cross-linking structure was established in tannin-sucrose composite adhesives. To ensure the degree of cross-linking reaction and thermal stability of cured adhesives, the curing temperature of tannin-sucrose composite adhesives should not be higher than 220°C.
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Figure 9: TG curves of cured tannin-sucrose adhesives
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Figure 10: DTG curves of cured tannin-sucrose adhesives

4  Conclusions

Biomass adhesive is a vital breakthrough to realize the goal of carbon peaking and carbon neutrality in the wood industry. In this study, a kind of fully biomass wood adhesive composed of tannin and sucrose was developed and used successfully in the preparation of plywood. Results showed that:

(1)   Hot-pressing temperature played a decisive role in the performances of tannin-sucrose composite adhesives. It had very significant influences on the water resistance of plywood. Hot-pressing time, adhesive loading and m(tannin):m(sucrose) had insignificant influences on the water resistance of plywood.

(2)   The preparation of tannin-sucrose composite adhesive was a process in which sucrose was transformed into furan aldehydes and then made cross-linking reaction with tannin. The transformation of sucrose into 5-HMF required a very high temperature. Therefore, the tannin-sucrose composite adhesives could only get good bonding performances when the curing temperature was above 210°C. However, on the one hand, excessive curing temperature might induce the degradation of adhesives. On the other hand, it could decrease cross-linking density and thermal stability of adhesives.

(3)   The optimal plywood preparation technique based on tannin-sucrose composite adhesive was: hot-pressing temperature of 220°C, hot-pressing time of 1.2 min/mm, m(tannin):m(sucrose) of 60:40, and adhesive loading of 160 g/m2. The wet bonding strength in boiling water of the prepared plywood was 0.83 MPa, meeting the strength requirements of Type-I plywood in the standard of GB/T 17657-2013.

(4)   In the following work, we will consider using catalysis to reduce the curing temperature of tannin-sucrose composite adhesive and sucrose was converted into furan aldehydes beforehand and then cross-linked with tannin.
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Table 1: Solid content, viscosity and pH of the prepared tannin-sucrose adhesives

m(tannin):m(sucrose) Viscosity/mPa-s Solid content/% pH
60:40 951.1 60 5.7
50:50 866.7 60 5.8
40:60 257.2 60 5.8

30:70 134.6 60 5.8
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Table 3: The results and range analysis of the orthogonal experiment

Trial Hot-pressing Hot-pressing Adhesive m(tannin):  Bonding Wood
number temperature/°C  time/(min/mm) loading/(g/m?) m(sucrose) strength/MPa failure/%
1 200 1.0 140 60:40 0 0
2 200 1.2 160 50:50 0 0
3 200 1.4 180 40:60 0 0
4 200 1.6 200 30:70 0 0
5 210 1.0 160 40:60 0.62+0.05 22
6 210 1.2 140 30:70 0.70 £0.05 20
7 210 1.4 200 60:40 0.68 £0.13 15
8 210 1.6 180 50:50 0.69 £ 0.10 15
9 220 1.0 180 30:70 0.81 £0.10 55
10 220 1.2 200 40:60 1.03 +£0.13 53
11 220 1.4 140 50:50 1.06 £ 0.04 48
12 220 1.6 160 60:40 098 £0.10 42
13 230 1.0 200 50:50 1.03 +£0.10 75
14 230 1.2 180 60:40 1.09 +£0.16 78
15 230 1.4 160 30:70 1.01 £0.11 86
16 230 1.6 140 40:60 1.11+£0.12 88
Bonding strength

K1 0.00 0.62 0.72 0.69 — —
K2 0.67 0.71 0.65 0.70 — —
K3 0.97 0.69 0.65 0.69 — —
K4 1.06 0.70 0.69 0.63 — —
R 1.06 0.09 0.07 0.07 — —
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Table 4: The variance analysis of the orthogonal experiment on wet bonding strength in boiling water

Factors Sum of squares of Degree of Mean square Significance
deviations (DEVSQ) freedom (DOF) error (MSER)

Hot-pressing 2.764 3 691.000 *

temperature

Hot-pressing time 0.020 3 5.000

Adhesive loading 0.013 3 3.250

m(tannin):m(sucrose) 0.011 3 2.750

Error 0.000 3
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Table 2: Orthogonal experiment of plywood with tannin-sucrose adhesives

Levels Factors
Hot-pressing Hot-pressing Adhesive m(tannin):m(sucrose)
temperature/°C  time/(min/mm) loading/(g/m®)

1 200 1.0 140 60:40

2 210 1.2 160 50:50

3 220 1.4 180 40:60

4 230 1.6 200 30:70
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Table 5: The main wavenumber peaks of FI-IR and their assignment

Wavenumber/cm

Chemical structure assignment

1706.1
1622.6
1515.8
1137.4
1049.8
1038.6, 1033.0

989.9, 929.9
843.6
774.7

C=O0 stretching vibration of furan ring
C=C stretching vibration of benzene ring
C=C stretching vibration of furan ring
Glycosidic linkage of sucrose

Ether bond of sucrose

Ether bond of heterocyclic rearrangement of sucrose
or product of reaction with tannin

Hydroxymethyl of pyranose ring of sucrose
C-H bending vibration of aromatic ring
CH=CH of furan ring
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