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Abstract 
 

Renewable bio-based adhesives help to address environmental pollution, non-renewable petrochemical resources usage and 
formaldehyde emissions in the wood-based panel industry. Soybean protein isolate (SPI) adhesive has great potential to 
replace formaldehyde-based adhesive, but it has problems such as poor antibacterial effect, poor water resistance, weak 
adhesive strength, and high brittleness. This work has extracted the active substance (SE), which contains flavonoids, and 
derived cellulose nanocrystals (CNC) from the roots of Stellera chamaejasme. The SPI lateral chains amino groups react with 
flavonoids in SE under alkaline conditions; the incorporation of flavonoids rather than widely used tannin with SPI results in 
the desired crosslinking efficiency and satisfied interfacial adhesion, while the crosslinking agent oligo(ethylene glycol) 
hydrazine derivative (BHTA) with multiple epoxy groups undergoes a ring-opening reaction to form a waterproof multiple 
cross-linked network. Mineralized CNC can improve the adhesive's load transfer and energy dissipation capabilities and 
introduce metal coordination to enhance the toughness and bonding strength of SPI adhesives. These synergistic effects 
significantly improve the water resistance and bonding strength. Consequently, the dry and wet bonding strength are 4.19 
MPa and 1.17 MPa, respectively. Furthermore, this novel adhesive performs excellent anti-decay and anti-mold effects. 
Therefore, this study could guide the future development of bio-adhesive materials.  
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1. Introduction 

Plywood is widely used, and the vast majority of their 

adhesives are based on non-renewable petroleum and 

formaldehyde such as urea formaldehyde (UF), phenol-

formaldehyde (PF), resorcinol formaldehyde (RF) and 

melamine formaldehyde (MF).[1] However, this type of 

adhesive has obvious drawbacks as it releases carcinogenic 

formaldehyde gas, phenol, toluene, etc.[2] Therefore, it is 

necessary to develop new green adhesives using renewable 

biomass resources as raw materials. Bio-adhesives mainly 

composed of soybean protein,[3] tannins,[4] lignin, and 

cellulose[5] have been developed. Among them, soybean 

protein has been widely studied due to its low cost and high 

processability.[6] However, soybean protein-based adhesive 

exhibited inferior adhesive strength, poor water resistance, 

high brittleness and weak resistance to microorganisms.[7] 

Nowadays, alkali thermal modification, soy protein 

structure denaturant, branching,[8] crosslinker,[9] nanomaterial 

filling,[10] biomimetic design,[11] biomineralization and 

enzymatic hydrolysis[12] have been proven to be effective to 

solve the above-mentioned shortcomings of protein adhesives. 

Specifically, alkali thermal modification can alter the structure 

and viscosity of soybean protein, reduce its molecular size, 

and significantly improve its dry binding performance.[13] 

Biomineralization can be achieved through the rational 

combination of organic components and inorganic minerals.[14] 

Graphene,[15] boron nitride nanosheets,[16] amino clay, 

mineralized cellulose nanocrystals (CNC),[17] 

montmorillonite,[18] etc. were introduced into soybean protein 

adhesives to improve the cohesion of adhesives and provide 
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other functions like mildew resistance. However, a single 

modification method is limited in updating the performance of 

soybean protein adhesives, and a rational design of multiple 

modification methods is required to obtain better-behaved 

adhesives. 

Due to the growing awareness of environmental pollution 

and resource exhaustion, taking advantage of the highest 

possible percentage of renewable biomass-derived materials 

to minimize or even avoid petroleum-derived chemicals has 

gradually become a new research hotspot. Tannin, as a natural 

polyphenol compound, can be generally divided into 

hydrolyzed tannin and condensed tannin, among which 

condensed tannin is often used as the wood adhesive to exert 

its phenolic properties or advantages in the number of 

hydroxyl groups. Condensed tannins are flavan 3-ols as 

monomers and their polymers. Recently, adhesives from only 

soy protein and tannin have shown the potential of preparing 

effective plywood wood panel adhesives. However, the 

molecular weight of condensed tannin is too large, and tannin-

derived adhesives are often faced with problems such as low 

crosslinking reactivity and uneven reaction. Biomass-derived 

polyphenols have been proven to react with the protein lateral 

chains amino or mercapto groups and are used as cross-linking 

agents for gelatin gel.[19] The phenolic hydroxyl group is 

oxidized to quinone derivative through its radical intermediate, 

which can subsequently react with electron-dense groups in 

proteins such as amino or thiol groups to induce covalent 

cross-linking.[20] Flavonoids contain a large amount of 

phenolic hydroxyl groups.[21] Proteins are expected to react 

more covalently with flavonoids as flavonoids have more 

reaction sites and higher crosslinking efficiency compared 

with tannins.[22] Thus, in this work, flavonoids, which are 

widely found in natural plants, are chosen to modify soy 

adhesives for wood panels.  

Stellera chamaejasme L is a type of Chinese herbal 

medicine that grows on the western Sichuan Plateau and is 

also a raw material for Tibetan paper. It has therapeutic effects 

on edema,[23] fungal infections,[24] and cancer.[25] Its roots 

contain a large amount of antibacterial active ingredients such 

as flavonoids,[26] tannin, lignans,[24] terpenoids,[27] and 

coumarins,[25] etc. Flavonoids (Dihydro flavones, 

Chamaechromone, Rutin, and so on) in the extract of Stellera 

chamaejasme (Fig. 1) can act as crosslinking agents to react 

with soy protein isolate and achieve desired crosslinking 

efficiency and satisfactory interfacial adhesion. Other active 

substances, such as coumarins and lignans, can enhance the 

anti-decay and anti-mold performance of soybean protein 

isolate (SPI). 

Here, we report a facile, green, and scalable biomass-

derived adhesive. The adhesive is yellow brown in color and 

when used alone, it affects the appearance of the wood. 

Therefore, it is more suitable for preparing plywood. The 

plywood prepared with this adhesive does not release 

formaldehyde, and its wet shear strength meets the standard of 

Class II plywood, making it suitable for indoor use, especially 

in damp indoor locations.  

As shown in Scheme 1, active substance (SE) which 

contains flavonoids and CNC are from the roots of Stellera 

chamaejasme, and the extracted flavonoids subsequently react 

with SPI. The SPI lateral chains such as amino groups 

substitute some of the phenolic hydroxyl groups of the 

flavonoids in SE under alkaline conditions to form a covalent 

cross-linked network. An active biomineralized skeleton (M-

CNC), which is achieved by the deposition of calcium 

carbonate on the surface of CNC, is incorporated to improve 

the adhesive's load transfer and energy dissipation capabilities 

and introduce metal coordination to enhance the toughness 

and bonding strength of SPI adhesives. The added crosslinking 

agent oligo(ethylene glycol) hydrazine derivative (BHTA, 

abbreviated as B) with multiple epoxy groups undergoes a 

ring-opening reaction to react with the hydrophilic hydroxyl 

and amino groups of SPI molecules and forms a multiple 

crosslinking network with SPI, SE, and M-CNC. These 

synergistic effects of hydrogen bonds, covalent bonds, and 

metal coordination significantly improve the water resistance 

and cohesive strength of the adhesive.  

Meanwhile, antibacterial active substances from SE can 

endow the adhesive with anti-decay and anti-mold effects, and 

the charge effect of mineralized CNC further enhances this 

effect. It is worth noting that in this study, Flavonoids, rather 

than tannins or flavonoids grafted with epoxy groups, were 

first used as crosslinking agents. And the antibacterial active 

substances in the roots of Stellera chamaejasme were used to 

endow SPI-based adhesives with anti-decay and anti-mold 

properties. At the same time, the fibers and active components 

in the roots of the wolf venom plant are fully utilized, 

achieving its high-value application. This study will provide 

ideas for the preparation of antibacterial and anti-corrosion 

SPI-based adhesives and the utilization of toxic plants.  

 

2 Materials and methods 

2.1 Materials 

Stellera chamaejasme L was collected from the western 

Sichuan Plateau. The type of soy protein isolate was Songshan 

Biology, type 100. Concentrated sulfuric acid (98%) and 

ethanol (95%), were purchased from Cologne Chemical 

Reagents Co., Ltd. Triethylenetetramine (>65%) and 1,6-

hexanediol diglycidyl ether (epoxy value: 0.65~0.70) were 

purchased from Aladdin. Calcium chloride (96%) and 

anhydrous sodium carbonate (99.5%) were purchased from 

Macklin. The PDA culture medium was purchased from 

Solarbio. White rot fungi and Trichoderma harzianum were 

purchased from Guangdong Provincial Microbial Species 

Preservation Center. Populus (300 mm × 300 mm × 2 mm) and 

tung (500 mm × 100mm × 1.5 mm) wood boards were 

purchased from Shijiazhuang, Hebei.  

 

2.2 Extracting active constituents from the roots of Stellera 

chamaejasme 

The roots of Stellera chamaejasme were crushed, soaked in  
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Fig. 1: Structural formula of some polyphenol compounds in the extract of Stellera chamaejasme.[28] 

 
Scheme 1: Preparation process and mechanism of M-CNC/B/SE/SPI adhesive. 
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ethanol, and sonicated for 1 hour. Then, the mixture was 

poured into a larger container, mixed with ethanol with a solid-

liquid ratio of 1:10, and soaked for 10 days. The impregnation 

solution was concentrated to a dark brown viscous liquid using 

a rotary evaporator. Finally, the oil-soluble components were 

removed using petroleum ether, and all solvents were 

evaporated to obtain a reddish-brown solid (Scheme 1). A 

standard curve was drawn using rutin as the standard 

substance (Fig. S2), and the total flavonoid content in the root 

extract of Stellera chamaejasme was determined.[29] The total 

flavonoid content was 11.21%. 

 

2.3 Preparation of additives 

2.3.1 Crosslinker 

1,6-hexanediol diglycidyl ether reacted with 

triethylenetetramine with a mass ratio of 10:1 at 50 ℃ for 30 

min30 to obtain BHTA. The reaction is shown in Scheme 1. 

 

2.3.2 Mineralized CNC (M-CNC) 

Cellulose was derived from the roots of Stellera chamaejasme 

with a yield of 15.02%. The extraction process could be found in 

Supporting information S1. Then, CNC was prepared via 

sulfuric acid hydrolysis (Supporting information S2). Referring 

to the work of Li Kuang et al,[17] an equal amount of CaCl2 was 

dissolved in a 5 wt% CNC solution, stirred for 1 hour. Then, an 

equal amount of Na2CO3 was added, reacted for 2 h, and 

precipitated by suction filtration to obtain M-CNC (Scheme 2). 

 

2.4 Preparation of adhesive 

One-step blending was used to prepare M-CNC/B/SE/SPI 

adhesives. SE was added to water, pH of the solution was 

adjusted to 9.5, BHTA and M-CNC were added subsequently. 

The mixture was reacted for 15 minutes at 70 ℃. The specific 

ratio was shown in Table 1. 

2.5 Characterization 

The adhesive samples SPI, SE/SPI, B/SE/SPI, M-

CNC/B/SE/SPI were scanned using Fourier-transform 

infrared (Elemental Germany) spectroscopy with a 4cm-1 

resolution in the range of 500 to 4000 cm-1 to analyze changes 

in functional groups of the samples. And the chemical 

structures of four adhesives also were analyzed using X-ray 

diffractometer (XRD, Ultima IV, Rigaku, Japan) with a Cu-Ka 

radiation source and diffraction angles ranging from 5° to 60°. 

X-ray photoelectron spectroscopy (XPS) was performed using 

an XPS spectrometer (Thermo SCIENTIFIC ESCALAB 

250Xi USA) at a resolution of 0.1 eV at 50 eV. The cross-

sectional morphology of the cured adhesive film was observed 

using scanning electron microscope (SEM Thermo Quattro S 

USA).  Atomic force microscopy (AFM) was used to observe 

the microstructure of M-CNC with a scanning range of 1-5 µm.  

 

2.6 Crack observation 

The toughness of adhesives was evaluated by the occurrence 

of cracks after curing. The adhesive samples were evenly 

coated on the glass slides and then dried in an oven at 120 ℃ 

for 2 h. The cured adhesives were photographed with a digital 

camera to observe crack conditions and analyze samples’ 

toughness. 

 

2.7 Sol-gel test  

The initial weight (M1) was measured. Subsequently, the 

weighed adhesive samples were immersed in excessive 

boiling water for 3 h. After filtering through a 200 mesh sieve, 

the adhesives were dried until reaching a constant weight (M2). 

The insoluble fraction was then calculated using the following 

Eq. (1):  

𝐼𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) =
𝑀2

𝑀1
×  100%         (1) 

Table 1: Proportions of adhesives. 

Sample entry Proportion 

SPI M(SPI): M(Water)=12:84 

SPI/SE M(SPI): M(Water):M(SE)=12:84:3.6 

SPI/SE/BHTA M(SPI): M(Water):M(SE):M(BHTA)=12:84:3.6:2.4 

SPI/SE/BHTA/M-CNC M(SPI): M(Water):M(SE):M(BHTA): M(M-CNC)=12:84:3.6:2.4:1.8 

 
Scheme 2: Mineralization process of cellulose nanocrystals. 
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2.8 TG analysis of adhesives 

The thermogravimetric analysis of the adhesives was 

conducted in N2 atmosphere (NETZSCH STA449Germany), 

with a heating rate of 10 ℃/min. The temperature range for 

testing was between 60 ℃ and 600 ℃. 

 

2.9 Shear strength measurements 

The adhesives were evenly brushed on the surface of the 

poplar board with a dosage of 200-220 g/m2. The two boards 

were combined and pressed at 1.5 MPa and 105 ℃ for 3 min 

to prepare plywood. Before testing the bonding strength, the 

plywood should be left at room temperature for 24 h. Then, 

the plywood was cut into specimens (100 mm × 25 mm).  

The bonding strength of plywood was tested according to 

the Chinese national standard (GB/T17657-2013). The 

universal testing machine (CMT6502 Jinan) was used to test 

the dry and wet shear strength of specimens at a loading speed 

of 10 mm/min. The stress situation was shown in Scheme 3. 

Before testing the wet shear strength, the samples needed to 

be soaked in hot water at 63 ℃ for 3 h and then air dried for 

10 min. Each group was tested six times. 

 
Scheme 3: The stress situation during the sample testing process. 

 

2.10 Antimildew and antifungal properties 

6 g adhesive was evenly spread in a culture dish with a 

diameter of 6 cm, and then placed in an environment at 32 ℃ 

and 75% RH. The condition of the adhesives, including odor 

and appearance, was observed and recorded daily. Based on 

previous studies, we found that Stellera chamaejasme had 

inhibitory effects on various fungi, this study further explored 

the resistance of adhesives to white rot fungi and Trichoderma. 

15 g adhesive was added to 60 mL PDA culture medium to 

prepare a solid culture medium. 5-6 mm fungal block was 

inoculated onto solid culture medium and incubated in a 28 ℃ 

incubator for 5 days. The mycelial growth diameter was 

measured using the cross over method and the growth 

inhibition rate was calculated according to the following Eq. 

(2):[31] 

𝐺 =
( 𝑑𝐵− 𝑑𝑇)

 𝑑𝐵
× 100%                              (2) 

where G is the growth inhibition rate (%), dB is the diameter 

of blank sample (mm), and dT is the diameter of the treated 

sample (mm). The diameter of the mycelium in the culture 

medium with SPI adhesive added was dB. 

 

2.11 Mechanical properties of plywood 

According to the national standard GB/T17657-2013, a three-

point bending mechanical test was conducted on the bonded 

three-layer tung wood plywood to investigate the effect of 

different adhesives on the mechanical properties of the 

plywood. The sample size was 50 mm × 5 mm × 3.5 mm, with 

a support spacing of 20 mm. The calculation formula for static 

bending strength is as follows in Eq. (3): 

𝛿 =
3×𝐹𝑚𝑎𝑥×𝐿

2×𝑏×𝑡2 
                                    (3) 

where δ is the static bending strength of the sample (MPa), 

Fmax is the maximum load during pattern failure (N), L is the 

support spacing (mm), b is the specimen width (mm), and t is 

the style thickness (mm) 

 

3. Results and discussion 

3.1 Characterization of M-CNC 

The microstructure characteristics of pristine CNC and M-

CNC nanoparticles were analyzed by AFM images (Fig. S1). 

The rod-like fragments of CNC were uniformly dispersed and 

approximately 500 nm in length. In the height-profile image, 

CNC was approximately 3.5 nm thick. Additionally, the 

thickness of the M-CNC segment increased to approximately 

10.5 nm. This increase in thickness was attributed to the 

biomineralization-induced formation of an inorganic 

mineralization layer on the M-CNC nanoparticles. 

 

3.2 Characterization of adhesives 

It was necessary to analyze the impact of modification 

treatment on the chemical structure of SPI by analyzing the 

characterization results of the adhesives. This would help to 

understand the physical and chemical interactions that occur 

between various components in the adhesives. 

 

3.3 Fourier transform infrared spectrometer (FTIR) 

FTIR spectroscopy was used to analyze interactions within 

adhesives. As shown in Fig. 2a, the broad peak observed at 

3454 cm-1 was attributed to free and bound N-H and O-H 

groups.[32] Alkali heat treatment disrupted the secondary 

structure of SPI, exposing more active groups. Besides, SE 

contained more phenolic hydroxyl groups. Thus, compared to 

SPI adhesive, the absorption at 3454 cm-1 of SE/SPI, B/SE/SPI, 

and M-CNC/B/SE/SPI was enhanced. The absorption peaks at 

2977 cm-1 and 2936 cm-1 were C-H symmetric and asymmetric 

stretching of - CH2 and - CH3 groups. 1663 cm-1, 1524 cm-1, 

and 1234 cm-1 were typically characteristic absorption peaks 

of amide I (C=O stretching), amide II (N-H bending), and 

amide III (C-N and N-H stretching), respectively.[33] A peak 

corresponding to the COO-stretching vibration of hydroxyl 

groups bonded to carbon atoms was observed at 1403 cm-1. 

The absorption peak at 1071 cm-1 was a characteristic peak of  
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Fig. 2: FTIR (a) and XRD (b) spectra of adhesives. 

 

C-O-C. It was worth noting that due to the Michael addition 

and Schiff base reaction of polyphenols in SPI and SE under 

alkaline conditions, as well as the ring-opening reaction of 

epoxy groups from crosslinking agent with hydroxyl and 

amino groups of SPI molecules, the absorption peak at 1524 

cm-1, 1403 cm-1,1234 cm-1 gradually weakened,[30,34] the 

absorption peak at 1071 cm-1 enhanced.[35] The absorption peak 

at 873 cm-1 was a characteristic peak of CO3
2- in M-CNC. The 

red or blue shift of the absorption peak of the functional group 

proved the existence of various hydrogen bonds.[36] The FTIR 

results demonstrated the formation of hydrogen bonds, as well 

as covalent bonds of M-CNC/B/SE/SPI adhesive.  

 

3.4 X-ray diffractometer (XRD) 

Crosslinking could alter the conformational structure of 

protein chains in cured adhesives. The original SPI adhesive 

had broad diffraction peaks at 19.6 ° and 8.9 °, corresponding 

to the β-sheet and α-helix structure of the SPI secondary 

conformation, respectively. Compared with SPI (Fig. 2b), the 

peak of SE/SPI shifted to a lower degree and became sharp, 

with a weakened peak intensity,[16,37] implying the reaction 

between polyphenols of Stellera chamaejasme and SPI. The 

addition of M-CNC completely changed the secondary 

structure of the protein. The α-helix peak completely 

disappeared, and β-sheet peak significantly weakened. And 

new peaks at 29.34°, 32.66°, 43.79° corresponding to calcite 

appeared in M-CNC\B\SE\SPIA adhesive, implying that M-

CNC and SPI were well linked to achieve the toughness of 

mineral reinforced adhesives.[17]  

 

3.5 X-ray photoelectron spectroscopy (XPS) 

Further analysis of the internal structure of the adhesive was 

conducted using XPS. Compared with pristine SPI, the 

addition of SE and BHTA significantly increased the content 

of C-N and C-O in the modified adhesive, indicating 

successful crosslinking reactions (Figs. a, e, and h). An 

additional peak appeared at 398.58 eV, which was derived 

from =N-, as well as the increase in the -NH- area was 

attributed to Michael addition and Schiff base reaction 

between the amino groups of SPI and flavonoids of SE (Figs. 

3b, f, h, and i).[38] The XPS spectrum of M-CNC/B/SE/SPI 

adhesive exhibited new peaks (Fig. 3k), which were derived 

from the Ca 2p of the mineralized CNC, and a new peak at 

533.54 eV was associated with Ca-O (Fig. 3j), indicating the 

formation of an inorganic-organic hybrid composite system 

between mineralized CNC and SPI.[39] 

 

3.6 Cross section morphology of adhesive 

The fracture surfaces of the cured adhesive film were observed 

through SEM to further investigate the internal interaction 

force and structural features. As shown in Fig. 4a, SPI 

adhesive exhibited a flat and smooth surface. Evident holes 

indicated that interfacial interactions in SPI were relatively 

weak. After adding SE, the fracture surface became rougher 

with some evident microcracks due to the cross-linking effect 

of polyphenol from Stellera chamaejasme, indicating the 

enhanced cohesion by constructing a compact structure of the 

composite adhesive (Fig. 4b). After the addition of BHTA, the 

cracks became denser and continuous, implying a stronger and 

more stable adhesion structure (Fig. 4c). After incorporating 

M-CNC, the fracture surface displayed evident crack bridges, 

suggesting an enhanced anchoring effect during the fracture 

process and the enhanced toughness of the adhesive.[17,40] 

 

3.7 Crack observation 

The cracks of different adhesives were observed (Fig. 5) to 

evaluate their toughness. A large number of small cracks and 

gas holes were observed in the SPI adhesive due to the 

inherent brittleness of the protein.[7] The cracks and gas holes 

provided access for water to infiltration, resulting in poor 

water resistance. After adding SE, the surface of the SE/SPI 

adhesive became smooth. But cracks and adhesive 

aggregation still existed. The morphology of B/SE/SPI was 

improved by the addition of crosslinker with multiple epoxy 

groups and flexible long chains, indicating that crosslinking 

could improve the toughness of the adhesive, but the effect 

was limited. M-CNC/B/SE/SPI film was smooth with no 

cracks due to the interface effects of M-CNC nanofillers. The 
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Fig. 3: XPS C 1s spectra of SPI (a), SE/SPI (e), B/SE/SPI (g), M-CNC/B/SE/SPI (h), N 1s spectra of SPI (b), SE/SPI (f), B/SE/SPI 

(h), M-CNC/B/SE/SPI (i), O1s spectra of SPI (c), M-CNC/B/SE/SPI (j), Ca 2p spectra of SPI(d), and M-CNC/B/SE/SPI (k).  

 
Fig. 4: Cross section morphology of cured adhesive films, SPI (a), SE/SPI (b), B/SE/SPI (c), and M-CNC/B/SE/SPI (d). 
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Fig. 5: Digital photos of adhesive films. 

 

toughness of the organic-inorganic hybrid composite formed 

is significantly improved and strong water resistance was 

achieved because of the lack of access for water to permeate 

and corrode.[17]  

 

3.8 Water resistance and thermal performance of 

adhesives 

The hydrophilicity of soybean protein, as well as hydrogen 

bonding made the interactions between protein and wood easy 

to be broken under humid conditions. Therefore, the water 

resistance of adhesives played a crucial role in their adhesion 

performance.[41] As shown in Fig. 6a, after adding SE, the 

insoluble fraction increased from 3% to 59.09%, while the 

addition of BHTA and M-CNC further increased the insoluble 

fraction of the adhesive, which was attributed to a decrease in 

the number of hydrophilic groups, a higher degree of 

crosslinking and thus a denser three-dimensional network with 

better water resistance. 

Meanwhile, due to the increase in crosslinking degree and 

the formation of metal coordination between M-CNC and SPI, 

the thermal stability of M-CNC/B/SE/SPI was significantly 

improved.[7] In the thermogravimetric analysis (TGA) curve 

(Fig. 6b), it could be seen that the residual mass of M-

CNC/B/SE/SPI at 600 ℃ was 55.45%, which was 17.62% 

higher than that of SPI (37.83%). The TGA curves of the 

adhesives exhibited two main degradation processes. The first 

stage from 100 ℃ to 260 ℃ was related to the destruction of 

unstable chemical interactions and the evaporation of internal 

bound water. The second stage from 260 ℃ to 550 ℃ was 

attributed to the break of covalent bonds (C-C, C-O, C-N) and 

the decomposition of peptide skeleton. The pyrolysis rate of 

M-CNC/B/SE/SPI was the lowest in these two stages, and the 

peak degradation rate of pristine SPI and M-CNC/B/SE/SPI 

appeared at 312 ℃ and 327 ℃, respectively, indicating a 

significant improvement in its thermal stability.[42] 

 

3.9 Shear strength of adhesive 

The adhesion properties of the adhesives were shown in Fig. 

7. The dry shear strength of the original adhesive was 2.15 

MPa. After adding SE, SE and SPI underwent a cross-linking 

reaction, forming a more compact network structure. The 

cohesion was enhanced, and the dry shear strength increased 

to 2.87 MPa. The wet shear strength was also increased from 

0.62 MPa to 0.78 MPa. The addition of BHTA formed a 

multiple cross-linking network, making the adhesive structure 

more compact. The wet shear strength was enhanced to 0.82 

MPa. After the addition of M-CNC, the hydrophilic groups of 

protein molecules chelated calcium ions, forming a stable 

mineralized skeleton that maintained high strength and rigidity  

 
Fig. 6: Insoluble fraction of adhesives (a) and thermogravimetric analysis curve (b). 
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Fig. 7: Dry shear strength and wet shear strength of adhesives. 

 

under humid conditions.[17] M-CNC/B/SE/SPI adhesive 

reached the maximum dry shear strength and wet shear 

strength of 4.19 and 1.17 MPa, respectively, which was 

beyond the Chinese National Standard for Class II of 0.7 MPa 

(GB/T17657−2013). 

 

3.10 The antimildew and antifungal effect of adhesives 

The mold resistance of adhesives was important for plywood 

storage and industrial applications. SPI adhesives were prone 

to spoilage and mold, which could reduce their adhesion and 

spreading ability.[40] As shown in Fig. 8, after being placed at 

30 ℃ and 75% RH for 72 h, SPI was infected with mold, 

showing obvious discoloration, deterioration, and emitting a 

foul odor. Due to the antimold properties of SE, it had a 

protective effect on SPI. SE/SPI and showed partial moldy 

growth. The synergistic effect of imine linkages in BHTA and 

SE enhanced the anti-mold activity of B/SE/SPI, M-

CNC/B/SE/SPI, and after 72 h, there was basically no mold 

infection.[43]  

In the study, the effects of adhesives on white rot fungi and 

Trichoderma were further evaluated. The addition of SE 

significantly increased the growth inhibition rate of adhesive 

on white rot fungus and Trichoderma harzianum by 51.00% 

and 30.93%, respectively, compared to that of pristine SPI. 

The addition of BHTA had no effect on the growth inhibition 

rate of white rot fungi and Trichoderma harzianum. The 

addition of M-CNC increased the growth inhibition rates of 

adhesive against white rot fungus and Trichoderma harzianum 

to 58.12% and 48.33%, respectively (Fig. 9). Based on the 

above results, it could be seen that the adhesive itself had the 

effect of antimold and and antifungal properties, which could 

provide plywood with anti-decay effect. 

 

3.11 The effect of adhesives on the mechanical properties 

of plywood 

The static bending strength of plywood was measured using 

the three-point bending method, and the influence of different 

adhesives on the mechanical properties of plywood was 

explored. When subjected to 200 g loading, the piled veneers 

deformed apparently, while the plywood had almost no 

deformation (Fig. 10d). As shown in Fig. 10c, the mechanical 

property of the piled veneers was poor, with a static bending 

strength of 5.68 MPa. The mechanical performance of 

plywood prepared by SPI adhesive was improved, and the 

static bending strength has been increased to 14.01MPa. The 

plywood prepared with M-CNC/B/SE/SPI adhesive had the 

 
Fig. 8: Digital photos of the adhesives in their original state and after 72 h of storage. 
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Fig. 9: Colony diameter of white rot fungus and Trichoderma on mixed adhesive culture medium (a), growth inhibition rate (b), and 

growth status of white rot fungus and Trichoderma (c).

 
Fig. 10: Assembly sequence of plywood (a), digital photos of sample testing (b), static bending strength of sample (c), and state of 

sample under stress (d). 
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Fig. 11: The shear strength of plywood prepared with different adhesive consumption (a) wet shear strength and (b) dry shear strength. 

 

highest static bending strength of 17.22 MPa. M-

CNC/B/SE/SPI adhesive could significantly improve the 

mechanical properties of the plywood. 

This study further investigates the influence of hot-

pressing temperature and adhesive consumption on the 

bonding strength of modified adhesives. At an adhesive 

consumption of 260 g/m2, the wet bonding strength of M-

CNC/B/SE/SPI can exceed 2 MPa (Fig. 11a). However, the 

dry shear strength is generally superior at an adhesive 

consumption of 220 g/m² compared to both 180 g/m² and 260 

g/m² (Fig. 11b). It is likely that excessive adhesive application 

leads to suboptimal curing and heat transfer effects under 

identical hot-pressing conditions. Furthermore, practical 

observations revealed that samples with higher adhesive 

consumption tended to be extruded during hot pressing, 

resulting in gaps along some wood edges; this diminished the 

actual bonding area relative to the intended area, thereby 

reducing overall bonding strength. 

As illustrated in Fig. 12b, an increase in hot-press 

temperature correlates with a rise in the dry shear strength of 

plywood. Elevated temperatures disrupt the conformation of 

SPI, facilitating more comprehensive reactions among SE, 

BHTA, M-CNC, and SPI molecules. This results in enhanced 

molecular bonding and a denser three-dimensional network 

structure, thereby improving the bonding strength of the 

plywood. The overall trend observed for wet shear strength 

mirrors that of dry shear strength (Fig. 12a). 

 

3.12 Comprehensive performance comparison 

Compared with representative bio-based adhesives reported in 

recent years (Table 2), M-CNC/B/SE/SPI adhesive had 

excellent comprehensive properties such as high bonding 

strength, mold resistance, antifungal effect, and enhanced 

mechanical strength of plywood. Therefore, using Stellera 

chamaejasme plant extracts to construct multiple cross-linked 

and biomineralized structures provided a new approach for 

developing powerful biomass-derived adhesives and 

achieving high-value utilization of plants. 

 
Fig. 12: Shear strength of plywood prepared at different hot-pressing temperatures, (a) wet shear strength and (b) dry shear strength. 
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Table 2: Comprehensive performance comparison between M-CNC/B/SE/SPI adhesive and representative bio-based adhesives 

reported in recent years. 

Soy-based adhesive 

Wet shear 

strength 

(MPa) 

Dry shear 

strength 

(MPa) 

Anti-

mold 

time 

(Days) 

growth 

inhibition 

rate% 

mechanical 

properties of 

plywood 

Pressing pressure, 

temperature and 

time 

Reference 

M-CNC/B/SE/SPI 1.17 4.19 3 58.12 17.22 1.5MPa 105 ℃ 180s This work 

SP/PUSD 1.74 3.03 / / / 1MPa 120 ℃ 315s [36] 

SPAE(polyamidoamine-

epichlorohydrin)-FA(folicacid)-

CaCO3 

0.96 1.73 / / / 1MPa 120 ℃ 315s [38] 

SM/TCu(CuSO4, tannin) 

/HBSi(hyper-branched silicone) 
1.27 1.98 / / / 1MPa 120 ℃ [7] 

HSM/PAE(thiol-grafted 

polyamide-epichlorohydrin)-

SH/LS(lignosulfonate) 

1.41 2.82 10 / / 

 

1MPa 120 ℃ 315s 

 

[42] 

SP/OCNF(Oxidation of 

Carboxymethylated CNFs)-CA 
1.35 4.21 / / / 1MPa 120 ℃ 300s [44] 

SP/AA(acrylic 

acid)/CSA(calcium 

sulfoaluminate) 

1.21 2.03 15 / / 1MPa 120 ℃ 315s [45] 

SM/CS/CT@BNNSs(catechol-

rich condensed tannin-

functionalized boron nitride 

nanosheets) 

1.46 2.38 / / / 1MPa 120 ℃ 330s [16] 

SPI/DDE(daidzein) 1.56 2.3 5 / / 1MPa 120 ℃ 360s [40] 

SF/pAS@CNF(pDA/ASC-

functionalized CNF) 
1.53 4.6 / / / 1MPa 120 ℃ 315s [46] 

SM/MCF/LAQ@AC(cationic 

long-alkyl-chain quaternary salt ) 
1.87 2.58 3 / / 1MPa 120 ℃ 360s [17] 

SPI/Tannin 0.81 1.3 / / / 1.1MPa 160 ℃ 660s [35] 

SP/o-DP@MMT(phenolic 

polymer, montmorillonite ) 
0.84 1.95 12 / / 1MPa 120 ℃ 360s [47] 

SF/UF(urea-formaldehyde) 1.23 2.17 / /   /  1.5MPa 130 ℃ 300s [2] 

Tannin 0.57 1.69 / /   /  1.75MPa 160 ℃ 180s [48] 

4. Conclusion 

This study prepared an antimold, antifungal and thermally 

stable biomass-derived adhesive M-CNC/B/SE/SPI with 

excellent adhesion property using active substances from the 

roots of Stellera chamaejasme, mineralized cellulose 

nanocrystals, and SPI as raw materials. Compared with pure 

SPI, the dry shear strength of the modified adhesive increased 

from 2.15 MPa to 4.19 MPa, which was higher than most of 

SPI based adhesives. The wet shear strength was1.17MPa, 

which was 88.72% higher than that of SPI and met the national 

requirements for Class II plywood (GB/T17657-2013). This 

was mainly due to the synergistic effects of hydrogen bonds, 

covalent bonds, and metal coordination. Besides, the antimold 

and antifungal activity of the adhesive was improved by the 

inherently antimold properties of flavonoids, coumarins, and 

other active substances in Stellera chamaejasme root extract 

as well as imine linkages of BHTA and positively charged M-

CNC. M-CNC/B/SE/SPI was expected to have greatly 

extended shelf life of 72 h. Its growth inhibition rates against 

white rot fungi and trichoderma were 58.12% and 48.33%, 

respectively. Futhermore, the fabrication process of M-

CNC/B/SE/SPI adhesive was facile, green and scalable. 

Therefore, the novel and sustainable strategy proposed in this 

article would provide potential high-performance, 

environmentally friendly biomass-derived adhesives in 

industrial production and applications.  
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