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Abstract: Traditional formaldehyde-based adhesives rely excessively on petrochemical resources, release toxic gases, and pollute the environment. Plant-derived soybean protein adhesives are eco-friendly materials that have the potential to replace the formaldehyde-based adhesives used to fabricate wood-based panels. However, the poor water resistance, high brittleness, and poor mildew resistance of soybean protein adhesives limit their industrial applications. This article reviews recent research progress in the modification of soybean protein adhesives for improving the bonding performance of adhesives used for wood-based panel fabrication. Modification methods were summarized in terms of water resistance, solid content, and mildew resistance. The modification mechanisms and remaining problems were also discussed. Finally, the current industrial applications and the future research direction of soybean protein adhesives are discussed.
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1  Introduction

Wood-based panels play an increasingly important role in the furniture and indoor decoration industries. Due to the rapid development of the wood-based panel manufacturing industry, the consumption of wood adhesives has become an important indicator of the wood-based panel industry development level [1,2]. In the late twentieth century, the wood adhesive market was dominated by formaldehyde-based adhesives, such as urea-formaldehyde (UF) resins, phenol-formaldehyde (PF) resins, and melamine-formaldehyde (MF) resins. These formaldehyde-based adhesives accounted for more than 90% of total wood adhesives, indicating an annual consumption of about seventeen million tons of formaldehyde-based adhesives. Formaldehyde-based resins were extensively used because of their good dry-bonding performance, low price, and high production efficiency [3,4]. However, formaldehyde-based adhesives release toxic substances, such as phenol and formaldehyde, which are first-class carcinogens, according to the World Health Organization (WHO) [5]. Due to increasingly strict environmental protection regulations, petrochemical resource shortages, and improved living standards, non-toxic, renewable, and eco-friendly wood adhesives are demanded. The bio-based adhesive is made of natural polymers, in line with the current sustainable development goals [6]. Therefore, the replacement of harmful formaldehyde-based resins with bio-based wood adhesives has become an important research direction [7].

Soybean protein adhesives use a plant resource, soybean meal, as the raw material and water as the dispersion medium, which are green, non-toxic, and sustainable bio-based adhesives that mainly used in wood-based panel manufacturing [8]. Soybean protein adhesives are completely different from formaldehyde-based adhesives, they use natural soybean protein as the raw material, and completely free of harmful substances such as phenol and formaldehyde. The application of soybean protein adhesives in the wood industry can be traced back to the 1920s. In 1923, Johnson et al. [9] developed an adhesive based on defatted soy flour, but its viscosity was high, and extrusion-type sizing methods were generally used, so it was only suitable for the plywood industry. In later research, the formula added carbon disulfide, lime, sodium silicate and some anti-fungal agents [10]. Until 1942, soy adhesives occupied 85% of the American plywood market. However, due to its short pot life, low solid content, poor biocorrosion resistance, especially poor water resistance, it can only be used indoors [11]. Petroleum-based adhesives entered the wood industry in the 1940s. Compared with traditional soy protein adhesives in terms of quality, cost and bonding performance, they showed obvious advantages. Since then, soy protein adhesives have withdrawn from the dominant market of wood adhesives [12]. However, formaldehyde-based adhesives are overly dependent on petrochemical resources and release toxic gas. In recent years, petrochemical resources are gradually depleted, soybean protein adhesives have shown great development potential because of their wide range of raw materials, renewability, and degradability [13]. Soybean protein adhesives are expected to replace formaldehyde-based adhesives to become the primary adhesive product in the wood-based panel market, which will promote the sustainability of the wood-based panel industry. However, soybean protein adhesives have poor water resistance, high viscosity, brittleness, and poor mildew resistance, which restrict their industrial applications [14]. This is because the curing mechanism of the soybean protein adhesive involves thermal denaturation and dehydration of protein molecules. After curing, the adhesive strength is derived from the entanglement of protein molecules to produce a mechanical locking force and hydrogen bonding between polar groups. Therefore, the curing structure of soybean protein adhesive is easily eroded by water, resulting in poor water resistance, low bonding performance, and slow curing rate, which are different from those of the network structure formed by polycondensation of formaldehyde resin and other thermosetting resins. At the same time, the molecular weight of soybean protein is relatively high and the interaction of side chain groups increases the intermolecular friction. In addition, the soybean meal (SM) raw material also contains large amounts of polysaccharides, resulting in a high viscosity, and easy mildewing.

Many researchers have made various attempts to modify soybean protein adhesives to improve their bonding performance, including water resistance modification, such as physical [15], chemical [16], and enzyme modification [17]; increasing solid content modification; and mildew resistance modification. Modified soybean protein adhesives have been used industrially in veneer-based boards such as blockboard, engineering flooring, and plywood, but the output accounted for less than 0.1% of the total output of wood adhesives due to remaining issues that restrict their industrial applications.

2  Modification Methods to Improve Water Resistance

2.1 Physical Modification

Physical modification mainly uses mechanical methods to change the aggregate form and polymer structure of soybean protein molecules without changing the primary structure of soybean protein. The main physical modification methods include freezing [18], heating [19], high pressure [20], shear radiation [21], and ultrasonic treatment [22]. These methods use different physical methods to process soybean protein, which essentially denatures the soybean protein molecules [23]. Zhang et al. [24] proposed a simple and clean physical high-pressure homogenization method that used an eco-friendly cross-linking agent to develop a stable, high-performance bio-based adhesive. The results showed that the high-pressure homogenization treatment reduced the soybean meal (SM) particle size by 62%, improved the uniformity of the particle size distribution, and significantly improved the adhesive stability. In addition, high-pressure homogenization exposed many active functional groups in soybean protein and increased their reactivity with cross-linking agents. This helped form a dense covalent network in the adhesive system, which improved the water resistance of the SM adhesive. The wet shear strength of plywood bonded using the modified SM adhesive was 212% higher than that of an untreated one. The principle diagram of high-pressure homogenization modification is shown in Fig. 1. To improve the adhesive properties of soybean protein adhesives, Vnučec et al. [15] proposed a new method to obtain thermally-modified soybean protein adhesives at different temperatures. The results showed that adjusting the pH to 10, increased the viscosity, adhesive penetration, and bonding strength of the adhesive. After thermal modification at 50°C, the wet shear strength was improved, but it decreased after thermal modification at 100°C. Fan et al. [25] combined thermal alkali degradation, thermal acid treatment, and cross-linking to develop a soybean protein wood adhesive with a high bonding strength, good water resistance, and processability. The results showed that thermal alkali degradation improved the processability, thermal acid treatment significantly improved the water resistance, and cross-linking significantly improved the bonding strength and water resistance of the soybean protein adhesive. The type of cross-linking agent, the ratio of hot alkali-degraded soybean protein, and thermal-acid-treated soybean protein also significantly affected the main properties of the soybean protein adhesive. Bacigalupe et al. evaluated four stages of chemical modification of soy protein isolate (SPI): unmodified (U), denatured (D), partially hydrolyzed (PH), and fully hydrolyzed (H). Rheological analysis showed that U behaved as a gel-like substance, while PH and H behaved as viscous substances. Hydrolysis results in a significant reduction in viscosity, even for high solids suspensions. In addition, compared to U and H, the viscosity at high shear strength decreased by 65% and the solids content increased by 219%. The shear strength of the adhesive can be improved by two strategies: crosslinking with epoxy resin and adding different reinforcing agents [26]. Physical modification is an inexpensive and quick modification method that does not produce toxic products. It can increase the solubility of soy protein. By changing the internal structure of soybean protein molecules and exposing internal groups, the bonding performance of soybean protein adhesive is improved. However, hydrophilic groups are exposed during the physical modification process, which will reduce the water resistance of the soy protein adhesive.
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Figure 1: The high-pressure homogenization treatment and preparation process of SM adhesive. Reprinted with permission from [24]

2.2 Chemical Modification

In recent years, chemical modification has been the main method used by researchers to improve the bonding properties of soybean protein adhesives. In chemical modification methods, macromolecular polymers are used to change the functional groups on protein molecules or polypeptide chains via chemical reactions. They can also change bonds between protein molecules and other molecules, thereby changing the molecular structure of soybean protein. Commonly used chemical modification methods include the use of surfactants, acid-base reactions, urea and guanidine hydrochloride, acylation, cross-linking, grafting, bionic, and nanomaterials modification.

2.2.1 Acid-Base Modification

Acid-base modification exploits changes in the protein structure when the pH is changed by adding either an acid or alkali. This changes the charge of the soybean protein peptide, which changes the attractive forces between peptide chains. After the soybean protein unfolding, polar and nonpolar groups are exposed [27]. Alkali denaturation occurs when the carboxyl groups (-COOH) in the protein are neutralized and form carboxylate anions under alkaline conditions, generating repulsive forces between the anions. The soybean protein molecular chains are then unfolded, opening the soybean protein spherical structure and exposing polar functional groups. Alkali denaturation can improve the dry bonding strength of adhesive, but it also expands the protein molecular chain and increases the viscosity [28]. Alkali denaturing reagents mainly include NaOH, Ca(OH)2, ammonia, and borax. Chang et al. [29] dissolved waste paper in an alkali-urea system and oxidized sodium periodate to prepare diformaldehyde cellulose (DAC), and produced an SM-based adhesive. The results showed that the wet bonding strength of the SM/DAC/PTGE adhesive reached 1.27 MPa, which was 95% higher than that of unmodified SM/PTGE adhesive. After oxidation, DAC could cross-link with the adhesive matrix through a Schiff base reaction, and hydrogen bonds formed at the interface between the DAC and bonding substrate. A good interface combination and a dense cross-linked network were formed in the SM/DAC/PTGE system. Samson et al. [30] fabricated a Rhizophora spp. particleboard using an SPI-based adhesive modified with sodium hydroxide and itaconic acid-polyamidoamine-epichlorohydrin (IA-PAE) (0, 5, 10, and 15 wt%). The results showed that the SPI-based/NaOH/IA-PAE/Rhizophora spp. particleboard with the addition of 15 wt% IA-PAE had the highest solid content, flexural strength, flexural modulus and internal bond strength, which effectively improved the mechanical properties of the particleboard. The particleboard made with modified adhesive has potential as a suitable tissue-equivalent phantom material for healthcare applications. Acid modification induces protein structure changes and increases the surface hydrophobicity and solubility of soybean protein [31]. Liu et al. [32] developed and characterized undecylenic acid (UA)-modified soybean protein to improve its water resistance. Fourier-transform infrared (FTIR) spectroscopy and ninhydrin tests confirmed that the reaction between the amine group of the protein and the carboxyl group of UA was the main chemical pathway for grafting. Thermogravimetric analysis and differential scanning calorimetric analysis indicated that UA modification reduced the thermal stability due to reduced protein unfolding and protein-protein cross-linking. The wet strength of the modified soybean protein adhesive was significantly increased by 35%−62% compared with the control one. Zheng et al. [33] used 1,2,3,4-butanetetracarboxylic acid (BTCA) as a raw material and sodium hypophosphite (SHP) as a catalyst to develop an environmentally friendly defatted soybean flour bioadhesive. BTCA cross-linked proteins and carbohydrates in defatted soy flour via the formation of esters and amides. The wet shear strength of the modified bioadhesive increased (1.36 MPa), and the sol fraction decreased by 24.8%. The modified bioadhesive displayed better thermal stability with a more uniform surface. The results suggested that BTCA can be used to prepare high-performance environmentally-friendly defatted soybean flour bioadhesives. The schematic diagram of BTCA-modified soybean protein adhesive is shown in Fig. 2. Acid-base modification of soybean protein can improve the bonding strength of soybean protein adhesive, but it is easy to cause problems such as high viscosity and difficult surface sizing. In addition, the acid-base treatment exposed the internal active groups of soybean protein and reduced the water resistance of the adhesive.
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Figure 2: The schematic diagram of 1,2,3,4-butanetetracarboxylic acid-modified soybean protein adhesive. Reprinted with permission from [33]

2.2.2 Surfactant Modification

The molecular chain of soybean protein contains both hydrophilic and hydrophobic functional groups, which have different surface activities. When the surfactant is added, the surfactant combine with the polypeptide chain, destroying the hydrophilic and hydrophobic interactions on the original polypeptide chain. This combination can also break hydrogen bonds, thereby improving the bonding strength and water resistance of the adhesive. Surfactants commonly used in soybean protein include sodium dodecyl sulfate (SDS) and sodium dodecyl sulfonate (SDBS). Zhang et al. [34] studied the effects of different concentrations of sodium sulfate, urea, and sodium dodecyl sulfate (SDS) on the liquefaction properties of soybean protein. The results showed that by adding sodium sulfate, urea, SDS, and sodium hydroxide, soybean protein formed a homogeneous liquefied product with high solid content and low viscosity. Moreover, under the optimal liquefaction conditions (sodium sulfite 1.5 wt%, urea 5 wt%, SDS 1.5 wt%, and sodium hydroxide 3 wt%), the water-resistant bonding strength of the plywood bonded by the adhesive after water treatment reached 1.08 MPa, which met the commercial standard JIS K6806-2003. Xu et al. [35] developed soybean protein-based adhesives by using soybean flour as the main raw material, combining SDS and polyacrylamide (PAM). The results showed that after adding 0.2% SDS and 0.01% PAM, the water resistance of the adhesive increased by 55.4% (from 0.83 to 1.29 MPa). The holes and cracks on the fracture surface of the cured adhesive were reduced, and the plywood bonded with SM/SDS/PAM adhesive met the requirements for indoor plywood usage. SDS and cationic PAM had opposite charges, they formed chemical bonds with oppositely-charged amino acids, which made the adhesive network structure denser. The schematic diagram of a surfactant-modified soybean protein adhesive is shown in Fig. 3. Surfactant modification can effectively improve the adhesive strength and water resistance of the adhesive, but it usually increases the intermolecular force of protein, thus increasing the viscosity of the adhesive.
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Figure 3: The principle diagram of surfactant-modified soybean protein adhesive. Reprinted with permission from [35]

2.2.3 Urea and Guanidine Hydrochloride (GuHcl) Modification

Urea is a small molecule that can deform proteins, which expands the secondary helix structure of protein molecules. The amino hydrogen and carbonyl oxygen in urea can react with the hydroxyl groups of proteins to destroy internal hydrogen bonding, which causes protein molecules to expand [36,37]. Wu et al. [38] used soybean hydrolyzed protein, melamine, urea, and formaldehyde as raw materials to synthesize a soybean protein-melamine-urea-formaldehyde copolymer resin. The results showed that the thermal stability of the modified adhesive increased, the degree of crosslinking increased, and the wet bonding strength was improved. Pereira et al. [39] studied the application of soybean protein as a natural formaldehyde scavenger in the production of wood particleboard. Soybean protein was incorporated in two forms: a) as a powder during the mixing of wood particles and UF resin; b) as an aqueous solution during the UF resin synthesis. The results showed that soy protein helped reduce the formaldehyde emission from particleboard. When added as a powder or solution during resin polycondensation, the soybean protein had the best formaldehyde reduction effect without significantly affecting the physical properties of the panel.

Guanidine hydrochloride (GuHCl) is a white or slightly yellow solid substance with a structure similar to urea, and it has a similar modification effect on soybean protein [40]. Zhong et al. [41] studied the adhesion properties of GuHCl-modified soybean protein isolate (SPI) on fiberboard, and the results showed that the performance of soybean protein adhesive was affected by its conformation. After modification with GuHCl, the protein conformation loosely expanded, which improved the shear strength of the soybean protein isolate adhesive on the fiberboard. Both urea and GuHCl can break the hydrogen bonds of protein molecules in high concentration aqueous solutions, causing different degrees of denaturation. It can also increase the solubility of hydrophobic residues in water and increase hydrophobic interactions between proteins. When the urea concentration is too high, the degree of expansion of the SPI molecules would beome too large, which adversely affects the bonding strength.

2.2.4 Acylation Modification

Succinylation and acetylation are commonly used acylation reactions for soybean protein modification [42]. However, because they introduce more hydrophilic groups, modified adhesives usually have unsatisfactory water resistance. Hydrophobic maleic anhydride and octene-1-succinic anhydride are more suitable. The molecular structure of the protein is expanded after acylation, the amount of static charges is reduced, and the isoelectric points are also decreased. Matemu et al. [43] studied the effect of acylation of different saturated fatty acids on the emulsifying properties of soybean protein. The results showed that saturated fatty acids with sufficient chain lengths were ideal options for preparing soybean protein as a functional lipoprotein. Xi et al. [44] used soybean protein isolate to react with maleic anhydride first and then mixed it with hexamethylenediamine to synthesize a soybean protein isolate polyamide adhesive. The results showed that both the dry and wet shear strengths of the bonded panel were improved, and the modified adhesive was a suitable soybean protein-based wood adhesive. Qi et al. [45] studied the adhesion properties of 2-octen-1-ylsuccinic anhydride (OSA)-modified soybean protein adhesive at different concentrations. Through reactions between the amine group, hydroxyl group of the protein, and the anhydride, OSA was grafted onto the soybean protein molecule. When the OSA concentration was 3.5%, the wet strength of the two-layer plywood bonded by the soy protein adhesive was 3.2 MPa. As the OSA concentration further increased, the strength stabilized. The oily and hydrophobic long alkyl chain of OSA is the main reason for the improved bonding strength of soybean protein adhesive. A schematic of the reaction mechanism occurring between soybean protein adhesive and OSA is shown in Fig. 4.
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Figure 4: The schematic illustration of the reaction mechanism between soybean protein adhesive and OSA. Reprinted with permission from [45]

2.2.5 Graft Modification

Graft modification involves the introduction of active sites onto the soybean protein molecules through chemical reactions. These active sites can react with active groups or monomers with double bonds. When the molecular structure of soybean protein changes, the properties of the adhesive also undergo corresponding changes [46]. Based on the composition and characteristics of soybean protein, many researchers have designed and grafted functional groups and special structures onto soybean protein molecules to improve the performance of soybean protein adhesives. Gu et al. [47] used aramid fiber (AF) with a high surface roughness and grafting degree to develop co-deposited catechol/polyamine and pyrogallic acid/polyamine, which was utilized as a reinforcing agent to improve the performance of SPI-based adhesives. Polyhydrogen covalent bonds between the side chain groups of SPI and functionalized AF greatly improved the bonding strength and water resistance of the adhesive, and the wet shear strength of the plywood prepared using the adhesive was increased by 133.3% to 1.68 MPa. Moreover, the active catechol groups and pyrogallol groups provided the adhesive with enhanced bactericidal activity [47]. The grafting mechanism of functionalized AF is shown in Fig. 5. The graft modification was greatly affected by the molecular chain composition and degree of polymerization of the graft.
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Figure 5: The grafting mechanism of functional AF. Reprinted with permission from [47]

2.2.6 Cross-Linking Modification

Cross-linking agents are substances that react with and connect multiple molecules into a network structure. By adding a highly-reactive cross-linking agent, the active groups on the cross-linking agent, the amino groups/carboxyl groups on the soy protein, and the active groups on the side chains undergo cross-linking reactions [8]. As the crosslink density increases, the bonding strength and water resistance of the adhesive are usually improved. Cross-linking is the most commonly used method to modify soybean protein adhesives, and it can effectively improve the bonding performance. Jin et al. [48] prepared hyperbranched silicone and reacted it with catecholamine-based tannic acid and soybean meal to obtain a strong antibacterial bio-based adhesive with a hyperbranched cross-linked structure. In addition, copper ions are added into the adhesive to form a variety of interface coordination bonds. The results showed that the bonding strength and water resistance of the modified adhesive were improved, and it also showed good antibacterial properties because copper ion was added to the adhesive to form interface coordination bonds. The resulting metal coordination bonds and covalently cross-linked double network in the adhesive system increased the cross-linking density, as well as the cohesion of the adhesive, which improved the bonding strength and water resistance. The maximum wet shear strength of the modified adhesive was 1.27 MPa, which was 309.68% higher than the original soybean protein adhesive. Chen et al. [49] prepared non isocyanate polyurethane (NIPU) thermosetting wood adhesive by reacting soybean protein isolate (SPI) with dimethyl carbonate (DMC) and hexamethylene diamine. Linear and branched oligomers were obtained and identified, these oligomers can be further crosslinked to form hardened networks. The results show that the dry adhesive strength of plywood prepared with SPI-NIPU wood adhesive was improved, which met the requirements of relevant indoor plywood standards. However, it did not meet the requirements of wet bonding strength. Xu et al. [50] synthesized a multifunctional cross-linking agent by reacting soybean daidzein with epichlorohydrin (DDE) and combining it with soybean protein (SPI) to produce a 100% bio-based wood adhesive, with significantly improved water and mildew resistance. The results showed that after adding 6 wt% DDE to the adhesive formulation, compared with the SPI adhesive, the dry and wet shear strengths of the plywood bonded with SPI and DDE adhesives increased by 52.3% and 164.4%, respectively, compared with industrial SPI/PAE (polyamide epichlorohydrin) adhesives, The bonding strength of SPI/DDE-6 wt% were 22.3% and 69.6% higher, respectively. These improvements were attributed to the formation of a double cross-linked network and improved bonding toughness. The cross-linking mechanism of the soybean protein adhesive is shown in Fig. 6. Ghahri et al. [51] studied the feasibility of three natural tannins (quebracho, mimosa and chestnut tannins) as soybean adhesive crosslinking materials. The results showed that tannins formed ionic and covalent bonds with soybean protein at room temperature; however, at higher temperatures, covalent bonds were dominant. The hydrolyzed tannin (chestnut) and condensed flavonoid tannin (mimosa) were used to prepare two types of soybean-based adhesives (soybean powder (SF) and soybean protein isolate) for plywood. Three ply plywood was prepared by adding 300 g/m2 of the adhesive total resin solid content composed of soybean protein adhesive, urea, chestnut and mimosa tannin extract with hexamine as hardener. The results showed that the soybean-based adhesive modified by tannin had good adhesion and water resistance [52]. In addition, hydrolyzed tannin and condensed flavonoid tannin were used together with hexamine and glyoxal to improve the properties of soybean protein adhesive for the preparation of wood particleboard. The results showed that tannin effectively reduce the viscosity of soybean-based adhesive, hydrolyzed tannin extract reacted well with soybean powder and improved the adhesion of soybean powder. In addition, the internal bonding strength of particleboard prepared by tannin modified adhesive was improved, and the thickness expansion and water absorption of particleboard were reduced [53].
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Figure 6: Cross-linked network structure between DDE and SPI molecules. Reprinted with permission from [50]

Cross-linking modification can consume the hydrophilic groups of protein molecules and improve the water resistance of the prepared adhesive. The preparation process of cross-linked modified soybean protein adhesives is also simple, and the performance of the adhesive is controllable, making it one of the most effective modification methods. Epoxy, emulsion, and synthetic resin cross-linking agents are also used to enhance soybean protein adhesives, and they have been applied in industrial production. Cross-linking modification can effectively improve the bonding performance of soybean protein adhesives. However, the increase of crosslinking density of crosslinked modified adhesive leads to the increase of brittleness of adhesive.

2.2.7 Bionic Modification

The use of bionic technology to modify soybean protein adhesives has become a popular research topic. Shellfish secrete sticky substances that cause them to firmly adhere to objects, such as ships and reefs, so that they can resist displacement by sea waves and seawater. By imitating the bonding mechanism of shellfish viscous substances, soybean protein adhesives were modified to improved water-resistant bonding performance. The main components of mucus secreted by mussels are lysine and 3,4-dihydroxyalanine. 3,4-dihydroxyalanine contains phenolic hydroxyl groups that can chelate with metal ions and form coordination bond. Moreover, the phenolic hydroxyl group is easily oxidized to o-benzoquinone, which can react with the amino group in protein molecules, further improving the water resistance. The amino group of dopamine can react with the carboxyl group of soybean proteins. A structure similar to 3,4-dihydroxyalanine is introduced into soybean protein adhesives, which improves the water-resistant bonding performance. The schematic diagram of the bonding is shown in Fig. 7.
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Figure 7: Mussel protein adhesion reaction mechanism

Mussel proteins contain large amounts of mercaptocysteine. Liu et al. [54] imitated the marine mussel protein adhesion mechanism and increased the content of free sulfhydryl in soybean protein, which greatly improved the strength and water resistance of wood composites bonded using modified soybean protein. By embedding modified kenaf fiber (KF), Liu et al. [55] developed a new environmentally-friendly and formaldehyde-free SM-based adhesive with excellent performance. By anchoring thiol-group functional SiO2 onto the fiber surface, KF (a green reinforcing phase) was modified to imitate a gecko-like structure. Then, by introducing pyrogallol groups from plant-derived tannic acid (TA), the surface was modified by simulating mussel adhesive chemistry. Finally, modified KF, TA, and 1,2,3-propanetriol-diglycidyl ether (PTGE) were incorporated into SM to prepare an adhesive. The results showed that the synthetic adhesive had strong mechanical interlocking and a variety of chemically cross-linked structures. Compared with pure SM adhesive, it showed a 270.7% increased wet shear strength and 14.5% increased water resistance [55]. The bionics mechanism is shown in Fig. 8. Imitating natural structure produced bionic-modified soybean protein adhesives with high adhesion performance. However, biomimetic modification processes are complicated, which make their industrialization difficult.
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Figure 8: Schematic of possible interactions among SSKF, TA, PTGE, and SPI in the SSKF/TA/SMP adhesive. Reprinted with permission from [55]

2.2.8 Nanomaterial Modification

Nanomaterials have high strengths and specific surface areas, which can enhance soybean protein adhesives. Xu et al. [56] studied the effect of sodium dodecyl sulfonate on the unfolding of soybean protein, and the effect of nano-chitosan on the tensile properties of unfolded soy protein adhesive. The results showed that the tensile strength and water stability of the bioadhesives increased by 157% and 85%, respectively, compared with unmodified soy protein. At the same time, the dry and wet strengths of the slurry/viscose wet-laid nonwoven fabric after bonding increased by more than 43% and 100%, respectively. Sadare et al. [57] investigated the versatility and excellent properties of carbon nanotubes (CNTs) in polymer matrix nanofillers to develop nanocomposite soy-based adhesives with improved shear strength and water resistance. Nanocomposite SPI/CNT adhesives with different CNT loadings were synthesized and evaluated. The results showed that the carbon nanotubes enhanced the shear strength of the SPI/CNT nanocomposite adhesive. The shear strength and water resistance of the nanocomposite SPI/CNTs adhesive were improved by about 100% compared with the alkali-modified adhesive without carbon nanotubes. Zhang et al. [58] used thermal corrosion to degrade soybean protein, and then modified it with polyisocyanate and nano-montmorillonite to develop a new type of water-resistant soybean protein wood adhesive. Polyisocyanate cross-linking increased the molecular weight of soy protein and formed a cross-linked structure, which improved the water resistance of soy protein; however, it also significantly shortened the adhesive’s shelf life. The addition of 3 wt% nano-montmorillonite prolonged the shelf life of modified soybean protein adhesive but reduced the bonding strength. The mechanism by which nano-montmorillonite reduced the reactivity of polyisocyanate-modified soybean protein adhesive is shown in Fig. 9. Podlena et al. [59] used soy protein isolate (SPI) or soy protein flour (SF) with different co-adjuvant polymers to prepare soy protein-based wood adhesives: polyethylene oxide (PEO) with or without added sulfate lignin, hydroxyl propyl methylcellulose (HPMC), cellulose nanofibers (CNF) or polyvinyl alcohol (PVA). The results showed that the strength of the adhesive formulation containing SPI was significantly higher than that of the adhesive formulation containing SF. The dry shear strength of the adhesive depends on the co-adjuvant polymer, wood species and the amount of lignin added [59]. Nano modification can effectively improve the adhesive properties of soybean protein adhesives, but nanomaterials are expensive and increase the cost of adhesives.
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Figure 9: The mechanism by which nano-montmorillonite reduces the reactivity of polyisocyanate-modified soybean protein adhesive. Reprinted with permission from [58]

2.2.9 Oxidant Modification

Oxidant modification is to convert carbohydrates into aldehyde groups through the oxidation of oxidants, and the aldehyde groups are crosslinked with the active groups of soybean protein, so as to improve the bonding performance of the adhesive. Frihart et al. [60] studied that adding oxidants such as periodate, permanganate or iodate to soybean powder could improve the bonding strength of soybean adhesive, especially under wet conditions. Potassium permanganate had a good effect on improving wet strength, iodate also had a certain effect on improving wet strength, while nitric acid, chlorate, perchlorate and bromate had no obvious effect on improving wet strength. Sodium periodate reacted with soybean protein isolate (SPI) and insoluble soybean powder polymer carbohydrates to study the specific oxidation of o-hydroxyl groups. The reaction has been shown to produce one, two or more aldehyde-based carbohydrate oligomer fractions. The reaction of periodate with soy protein isolate could also produce some aldehydes. The in-situ reaction of periodate with soybean powder provided a higher wet strength adhesive for bonding wood products than unmodified soybean powder. This mechanism involved the oxidation of carbohydrates to aldehyde groups, which crosslinked with soybean protein and connected soybean protein together to form a strong waterproof network. The reaction not only increased the bonding strength of original soybean powder, but also increased the bonding strength of heat-treated (modified) soybean powder [61].

2.3 Enzyme Modification

Soybean protein is composed of various amino acids connected to each other, and the polypeptide chains fold to form a helix composed of large molecules with secondary, tertiary, and quaternary spatial structures. Protease modification uses biological methods to remove or add groups of the amino acid or polypeptide chain, to change its physical or chemical properties [62]. Enzymatic hydrolysis can effectively change the structure of the protein and interrupt the peptide chain, which reduces the molecular weight of the soybean protein. According to the different sources of proteases, they can be divided into plant proteases, animal proteases, and microbial proteases [63–65]. The enzyme modification of soybean protein can induce the following three changes: (1) the length of the peptide chain can be shortened, and the molecular weight of the soybean protein can be reduced; (2) the number of active groups can increase, reducing the water resistance of the soybean protein, but the soybean protein reaction activity increases after enzymatic modification, making it easier to react with chemical reagents; (3) the molecular structure of soybean protein can change. Compared with other physical and chemical modification methods, enzymatic hydrolysis is specific and produces no toxic products. It is also easy to control, and the rate of enzymatic hydrolysis can be adjusted [66]. Enzymatic hydrolysis is gentle and does not destroy the original protein function and can also be controlled by selecting specific enzyme types.

Xu et al. [67] used bromelain to enzymatically hydrolyze soybean protein molecules into polypeptide chains and added triglycidylamine (TGA) to prepare bioadhesives. The results showed that using 0.1 wt% bromelain increased the content of soybean protein isolate (SPI) from 12 wt% to 18 wt% while keeping the viscosity constant. After adding 9 wt% TGA, the residual rate of SPI/bromelain/TGA adhesive increased by 13.7%, and the wet shear strength of synthetic plywood increased by 681.3% compared with that of SPI/bromelain adhesive. The wet shear strength was 30.2% higher than that of SPI/TGA adhesive, which was attributed to the cleavage of protein molecules into polypeptide chains which allowed the adhesive to form more interlocks with the wood surface during curing. In addition, more hydrophilic groups were exposed and reacted with TGA, forming a denser cross-linked network in the adhesive. The mechanism of the enzyme-modified soybean protein adhesive is shown in Fig. 10. Chen et al. [68] used Viscozyme L to enzymatically hydrolyze polysaccharides in defatted soybean flour to produce reducing sugars and then cross-linked them with defatted soybean flour protein through the Maillard reaction. The synthetic adhesives had enhanced water resistance and bonding strength. Qin et al. [69] studied the adhesion properties of tyrosinase-modified soybean protein adhesives on pig bones. The modification of tyrosinase changed the secondary structure of soybean protein and significantly improved the viscosity, hydrophobicity, and bonding strength of the adhesive. The modification of tyrosinase expanded the protein molecules and increased the viscosity, which significantly increased the bonding strength of soybean protein adhesive to pig bones. Zheng et al. [63] developed a new method for preparing a sustainable, environmentally friendly soybean adhesive. Low-cost Aspergillus niger fermentation broth contains an enzyme complex that can hydrolyze polysaccharides in defatted soybean flour. As the concentration of reducing sugars in the hydrolysate increased, the content of water-insoluble substances decreased, and the rheological properties of the slurry were weakened, proving that the enzyme complex hydrolyzed polysaccharides in defatted soybean flour. The enzymatically treated soybean adhesive has a self-crosslinking structure. Compared with the soy protein adhesive without enzymatic hydrolysis, its adhesive strength and water resistance were significantly improved, and the wet bonding strength of two-layered plywood was increased by more than 30%. A particleboard adhesive based on natural materials was prepared by Balducci et al. [70] Soy flour (38.9 wt%), magnesium oxide (2.8 wt%) and an enzymatic hydrolysate from crops (13.9 wt%) were mixed with water and ground at 44% solids in a ball mill. Compared with urea-formaldehyde resin boards, natural adhesives have poorer internal bond strength and poorer water resistance. The addition of polyamide-epichlorohydrin significantly improved internal bonding and swelling, and for all the combinations these properties were comparable or, in most cases, better than in the urea-formaldehyde controls [70].
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Figure 10: The enzymatic hydrolysis mechanism of soybean protein adhesives. Reprinted with permission from [67]

Enzymes hydrolyze breaks the amide bond of soy protein, so that the soy protein is changed from a large molecule to a small molecule polypeptide chain, and the viscosity is reduced. Since the cohesive force of soy protein adhesives mainly comes from the entanglement of macromolecular proteins, after enzyme modification, the molecular weight decreased and the adhesive properties of soy protein adhesives decreased, the active groups in soy protein are exposed and the water resistance decreased. Enzyme modification is safe and only requires low dosages, but excessive degradation will seriously reduce the molecular weight and bonding strength of soybean protein adhesive, therefore, the protein degradation must be carefully controlled. It is usually used in conjunction with cross-linking agents to reduce the viscosity of an adhesive, increase the solid content, and improve the coating performance and bonding stability.

3  Modification Methods to Increase Solid Content and Reduce Viscosity

Soybean protein is a high molecular weight polypeptide with a complex quaternary structure. Interactions of the side chain groups of soybean protein increase the viscosity and results in a low solid content of the adhesive. During plywood production, a large amount of water is introduced into the wood, which produces unstable composite panels. In addition, the viscosity of soybean protein adhesives is too high, which makes the veneer coating process difficult, and the adhesive layer is not uniformly coated. The suitable viscosity range of the adhesive for plywood is 5000–25000 mPa⋅s [25]. Researchers have improved the adhesion by reducing the viscosity and increasing the solid content of soybean protein adhesives.

Luo et al. [71] introduced egg white (EW) into SM adhesive instead of water, then cross-linked with triglycidylamine (TGA) to develop a high-solid bioadhesive with good performance. The results showed that adding 57.1 wt% EW increased the solid content of SM adhesive to 43.32% while maintaining a suitable viscosity. It also increased the water resistance of the SM adhesive by 36.6% because the high solid content of SM/EW reduced the evaporation of water and prevented degradation of the mechanical properties of plywood. In addition, adhesives with an appropriate viscosity formed more interlocks with wood [71]. Xu et al. [72] used bromelain to degrade soybean protein molecules into small polypeptide chains. A bio-derived cross-linking agent, TGA, was used to reorganize these polypeptide chains to develop a new type of clean soy protein-based adhesive with stable adhesive properties. The results showed that by adding 0.4 wt% bromelain, the molecular weight of soy protein was reduced from 10–170 kDa to less than 25 kDa. Compared with the unmodified adhesive, adding 3 wt% TGA and 0.1 wt% bromelain reduced the viscosity of the resulting adhesive by 95% to 7,316 mPa.s, and its wet shear strength increased by 76.2% to 1.11 MPa. At the same time, the adhesive distribution and bonding stability were significantly improved because the molecular reorganization of soy protein improved the dispersion and structural uniformity of the adhesive [72]. The schematic diagram is shown in Fig. 11. Chen et al. [46] treated defatted soybean flour (DSF) with Viscozyme L, and then adjusted pH to 5.1 with hydrochloric acid containing ferric chloride to unfold the tertiary and/or quaternary structure of soy protein and expose its functional groups. The processed DSF and epichlorohydrin (ECH) were glycinated to obtain a bioadhesive. As the weight percentage of ECH increased from 5% to 25%, the grafting rate decreased to 37.8%, while the viscosity increased by 2889%, and the solid content increased by 10.5%. The wet shear strength of Masson pine plywood prepared using a bioadhesive with an ECH content of more than 10% exceeded 0.93 MPa. Increasing the solid content usually improves the bonding strength of the soybean protein adhesive, but it may also produce an undesirably high viscosity, which makes it difficult to spread the adhesive, resulting in an uneven distribution, reduces the dimensional stability of the products. In addition, high viscosity can also cause difficulties in sizing the adhesive.
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Figure 11: Schematic diagram of soybean protein molecular recombination. Reprinted with permission from [72]

4  Modification Methods to Improve Mildew Resistance

Soybean protein adhesives are mainly derived from biomass materials, which are rich in nutrients and prone to mildew formation, affects the service life of adhesives. As mildew forms, the adhesive strength of plywood gradually decreases and produces unpleasant smells. At the same time, the mildew of the adhesive after curing has a significant impact on the durability of the prepared wood-based panels, especially those used in environments with high temperatures and humidities. Therefore, mildew prevention is of great significance to soybean protein adhesive.

Li et al. [73] used three materials, nano-Ag/TiO2, zinc pyrithione, and 4-cumylphenol, to improve the mildew resistance of soybean meal adhesive by destroying mildew’s cell structure. The results showed that the use of all three materials helped improve the antifungal and mildew resistance of soybean meal adhesive. The composite modified with nano-Ag/TiO2 and zinc pyrithione displayed an antifungal function for soybean meal-based adhesives. The antifungal properties of 4-cumylphenol modified soybean meal were also greatly improved, which might be caused by the reaction between COO- groups of soy protein [73]. The schematic diagram of the anti-mold soybean protein adhesive is shown in Fig. 12. Bai et al. introduced a process to prepare bioadhesives using soybean meal and blood meal. Inspired by marine mussels and brown algae, metal coordination was introduced into protein systems to build multiple chemically-crosslinked networks. The alkali-modified blood powder was mixed with soybean meal, 1,6-hexanediglycidyl ether (HDE), and zinc ions to prepare SM and blood powder-based adhesive. The obtained adhesive had good thermal stability, water resistance (wet shear strength reached 1.1 MPa), and mildew resistance. These excellent properties were attributed to the reaction of 1,6-hexanediol glycidyl ether with proteins to form a pre-gel. Then, the coordination of zinc ions with amino or carboxyl groups made the adhesive tougher. Finally, calcium ions solidified the adhesive and increased the network density [74]. Xing et al. [75] studied the inhibitory effect of p-cumylphenol by observing the mold growth of the preservative-modified soybean flour adhesive and evaluating the bonding strength of poplar plywood and mold growth on the surface. The results showed that p-cumylphenol delayed the initial erosion by microorganisms and reduced the overall degree of microbial erosion. Adding p-cumylphenol to the soybean-based adhesive as a glue line treatment may improve its mildew resistance [75]. Adding an antifungal agent or introducing an active group that has an inhibitory effect against fungi, which increase the pot life of the soybean protein adhesive and the antifungal ability after curing. These will improve the durability of the wood-based panel products.
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Figure 12: Schematic diagram of anti-mold soy protein adhesive. Reprinted with permission from [73]

5  Conclusion

Traditional formaldehyde-based adhesives release toxic gases such as formaldehyde and phenol and rely almost exclusively on petrochemical resources. With the implementation of sustainable development strategies, the use of soybean protein adhesives instead of traditional formaldehyde-based adhesives has become a popular research topic. Many researchers have developed modified soybean protein adhesives whose bonding strengths have exceeded commercial UF resins and can be used in the production of plywood, blockboard, and engineering flooring substrates. However, the modified soybean protein adhesive still has some problems in the industrial production process. This article reviewed methods to modify the water resistance, solid content, and mildew resistance of soy protein adhesives and compared their advantages and disadvantages. The results show that the effect of a single modification method is often difficult to meet the production requirements, and the effect of synergistic use of multiple modification methods is better. In addition, the industrial production of soybean protein adhesive faces the problems of complex technology and high cost.

6  Outlook

The water-resistant bonding performance of soy protein adhesives has been improved through modification studies, and can be used in the industrial production of plywood, blockboard, and engineering flooring substrates. However, there are still some problems in the production process.
1.    Chemical modification is the primary method to modify soybean protein adhesives; however, chemical modification processes often used excessive amount chemical modifiers, making it not sustainable. Moreover, the large dosage of crosslinking modifier would result in an increased cost and brittleness of the adhesive.

2.    In addition, in recent years, new soybean protein adhesive systems with high bonding strength, toughness, and mildew resistance have been developed. However, as the natural biomass adhesive, the durability of the resultant board needs to be verified.

3.    During actual production, the plywood prepared with soybean protein adhesive has poor precompression performance, so that the prepared plywood slab is easy to crack after pre-compression, which makes it difficult to put veneer stack into the hot press, and affects the production efficiency. Therefore, it is still challenging to develop high-performance soy protein adhesives with good pre-compression properties.

4.    More importantly, the modified soybean protein adhesive has the problems of high cost and complicated process. Soybean meal is a bulk commodity, the price fluctuates greatly. The price of soybean meal has a significant upward trend, resulting in high adhesive costs. Therefore, the cost of resultant adhesive is about 1.5 times than that of urea-formaldehyde resin. Also, the productivity of modified soybean protein adhesive during the production process is low because of the low coating ability, low pre-compression ability, easy drying of the resultant adhesive, which increases the productivity cost of board. Therefore, it is very necessary to develop a soybean protein adhesive with low-cost and simple process.

By performing an in-depth study of soy protein adhesives and solving the practical application issues mentioned above, formaldehyde-free soybean protein adhesives have great potential to replace large portion of the formaldehyde-based adhesives to produce wood-based panels. This could help ease reliance on petrochemical resources and promote sustainable development of the wood industry.
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