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Abstract: More than a century after its initial synthesis, urea-formaldehyde (UF) resins still have dominant applications as adhesives, paints, and coatings. However, formaldehyde in this industry produces formaldehyde emissions that are dangerous to health. Scientists have spent the last decade replacing formaldehyde and phenol with environmentally friendly substances such as glyoxal and tannin to create bio-based adhesives. This review covers recent advances in synthesizing glyoxal tannin-based resins, especially those made from sustainable raw material substitutes and changes made to synthetic processes to improve mechanical properties. The efficacy of using tannin-glyoxal adhesives in producing wood-based composites has been proven. The glyoxylate reaction forms cross-linked bridges between the aromatic sites of the tannin and glyoxal molecular structures. Glyoxal tannin adhesive with a greater percentage of glyoxal than tannin will produce an adhesive with better characteristics. The gel time reduces as the hardener concentration rises from 7.5% to 15% when glyoxal is used in adhesives. However, excessive amounts of glyoxal will result in a decrease in viscosity values. Glyoxal exhibits faster delivery degradation when it reaches a maximum temperature of approximately 130°C, although it initiates the curing process slightly slower at 110°C. Adding glyoxal to tannin-based adhesives can improve the mechanical properties of composite boards. The wet shear strength of the resulting plywood is increased by 105.4% with the addition of 5-weight percent tannin-based resin with glyoxal as a cross-linker in Soy Protein Adhesive. With glyoxal as a hardener, the panels produced showed good internal bond strengths (>0.35 MPa) and met the international standard specifications for interior-grade panels.
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1  Introduction

Particleboard, plywood panels, fiberboard, and other wood composites are constructed using wood adhesives, which are essential parts of the manufacturing process. They ascertain the bonded products′ functionality [1]. The three primary amino resins used in wood-based panel company operations are urea formaldehyde (UF) resin, melamine-formaldehyde (MF), and melamine-urea-formaldehyde resin (MUF). These resins are primarily formaldehyde-based. Adhesives containing formaldehyde are frequently used for bonding, and there is ample evidence of the harmful effects that formaldehyde emissions from panels have on the environment and public health [2]. One of the worst things about wood-based panels is the free formaldehyde emission from conventional fossil-derived synthetic resins like UF, PF, MF, and MUF resins. This also includes the formaldehyde emission from wood-based panels, particularly particleboard, plywood, and medium-density fiberboard (MDF) panels [3].

Formaldehyde (HCHO) is a common indoor contaminant with several negative health effects [4]. Negative health effects on humans, including skin sensitization, nausea, skin and respiratory tract irritation, genotoxicity, nasopharyngeal carcinoma, and leukemia, have been linked to indoor formaldehyde release. In a typical household setting, formaldehyde concentrations range from 0.02 to 0.06 mg/m3 [5]. The formaldehyde content of an interior space is influenced by several factors, including temperature, humidity, ventilation rate, building age, product usage, the presence of flammable materials, and smoking practices [6]. Because of the variations in ultraviolet (UV) light intensity and humidity, it was discovered that the air formaldehyde content was higher in the summer than it was in the winter [7]. For acute exposure (14 days or less), 0.01 ppm is the minimal risk level (MRL) of formaldehyde inhalation exposure (15 to 364 days), while 0.003 ppm is the MRL for chronic exposure (1 year or more) [8]. For the general public, formaldehyde concentrations in indoor air of 0.1 and 0.38 mg/m3 are advised to prevent sensory and eye irritation [9]. According to the World Health Organization, the maximum permissible concentration to safeguard human health against long-term consequences, such as cancer, is 0.21 mg/m3 [10]. Lowering formaldehyde emissions without affecting mechanical quality is one important concern.

The reclassification of formaldehyde as “carcinogenic to humans” in 2004 and the ensuing introduction of more stringent legislation forced resin producers to create a new generation of resins that resulted in a decrease in formaldehyde emissions to levels of natural wood, even though the free formaldehyde levels of these resins have been declining over the previous decades [2,10]. Several approaches have been investigated to decrease the release of formaldehyde, such as directly adding aldehyde to the resin to create better resin formulations [11,12]. Chemical substances or additives known as formaldehyde scavengers are used to lessen or eliminate formaldehyde emissions from various products and the environment [2,13]. Extended exposure to formaldehyde can have adverse health effects, such as allergies, irritation of the respiratory tract, and possibly even cancer. Formaldehyde scavenging agents chemically react with formaldehyde molecules to produce less hazardous or odourless non-volatile compounds. These agents can be added to product formulations or used as surface treatments to lower formaldehyde emissions. Glyoxal is a dialdehyde compound that can react with formaldehyde to form non-volatile compounds, which effectively removes formaldehyde from the environment [14]. Glyoxal is the most likely replacement for formaldehyde when making resin adhesives for wood bonding because of its structural qualities, reactivity, low volatility, non-toxicity, and reasonable cost. Glyoxal is comparatively less volatile and toxic than formaldehyde [15]. Glyoxal has been used extensively in the paper and textile industries as an ideal green environmental agent due to its well-developed production technology, affordable cost, and simple biodegradation [16–19]. Since it has been demonstrated that glyoxalated tannin can be used as an adhesive in particle board manufacturing, tannin synthesis using glyoxal can be an excellent green environmental agent [20–22].

Known by its general name, tannin is a highly water-soluble material that can tan leather and is astringent in water [23]. The fourth most abundant compound in plant vascular tissue, after cellulose, hemicelluloses, and lignin, are tannins, which quantitatively dominate the vast majority of secondary metabolites found in plants [24]. Tannins can make up about 25% of the dry weight of plants, though the amount can vary depending on the environment [25]. Regarding chemistry, tannin combines intricate organic molecules with a phenolic structure [26]. Chemically, tannins are typically categorized into two primary groups: hydrolysable tannins (HTs) and proanthocyanidins, also called condensed tannins (CTs). Phlorotannins (PTs) are being reported in the literature as a third major class of tannins (Fig. 1). By linking a sugar moiety to either gallic acid or hexahydroxydiphenic acid esters, hydrolyzable tannins can be divided into gallotannins and ellagitannins. Proanthocyanidins, also known as condensed tannins, are polymers made up of three-ring flavonols connected by C-C bonds, which are found in many foods and beverages that humans eat, including grape seeds, apples, berries, red wine, chocolate, and cocoa [27]. Compared to HTs, CTs are found in plants in greater abundance and have a more complex structure. Proanthocyanidins are polymers formed by monomeric flavan-3-ols units connected via C-4→C-8 bonds and sometimes through C-4→C-6 linkages [28]. Procyanidins and prodelfinidins are the two types of monomers of CTs [25]. While both might serve as alternatives to phenol-formaldehyde resins, hydrolyzable tannins are a worse choice because of their low phenol substitution and lack of polymeric structure [29].
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Figure 1: Structure of tannin [30]. Open Access CC BY-NC-ND 4.0

The tannin oligomers that bark tannin its distinctive dark to black colour typically make up 65–80% of the extract when heated to high temperatures (Table 1); the remaining components include sugars, hydrocolloid gums (3–6%), pectin, hemicellulose, low molar mass (<300 Da) polyphenols, and specific amino and imino acid fractions [31–33]. Tannin extracts are more dense than synthetic resins at the concentrations typically used as adhesives in wood-based panels [34]. High molar mass hydrocolloid gums (carbohydrates) and high molar mass tannins in the extract, as well as hydrogen bonds between the various components, are the causes of the high viscosity even at moderate concentrations of the tannin solutions; this restricts the possibility of increased the possible concentration of the solutions but maintaining viscosities not too high for further processing [35,36].
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Glyoxal-based tannin synthesis can be a great green environmental agent since it has been demonstrated that glyoxalated tannin can be used as an adhesive in particleboard manufacturing [16,39,41] and researched tannin-based adhesives that were pretreated with glyoxal and then added to UF resin. Plywood made with UF resin, urea formaldehyde-tannin (UFT), and urea formaldehyde-glyoxal-tannin (UFGT) was then tested for bond strength and formaldehyde on the plywood [16]. Differential Scanning Calorimetry (DSC) results show that adding tannin and glyoxalated tannin reduces the reaction temperature and accelerates the reaction speed. Glyoxalated tannin as a modification material is an excellent way to reduce formaldehyde emissions and increase the binding strength of UF resin. While glutaraldehyde is unsuitable because of its lower reactivity with pine tannins, glyoxal can replace formaldehyde in rigid foams containing pine tannins and furanic acid, offering good insulating properties [42].

2  Characteristics of the Related Literature of Tannin-Glyoxal-Based Adhesives

The interest of researchers in creating adhesives based on tannin is evident from document searches for published papers. A visual map based on the findings of a bibliometric analysis of the keyword’s tannin-based-wood-adhesive is presented in Fig. 2. Indexing provided by keywords in published articles can aid in describing research and facilitate the study of research trends within a scientific discipline [43,44] after conducting a co-occurrence keyword analysis to find terms used together in one or more documents, 59 keywords pertinent to the creation of adhesives based on tannin were found. In the visual map produced, keywords are chosen carefully to remove redundant terms and skewed relationships between them. More articles contain related research, as indicated by the larger circle formed in the bibliometric analysis results via a visual map. Most of the reactions involving tannin-based wood adhesive involve urea and phenol formaldehyde, according to the findings of bibliometric analysis. Research on tannin-based wood adhesives still needs to use glyoxal.
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Figure 2: A visual map of keyword co-occurrences within the references considered for the development of this study. Created with VOSviewers 1.6.20

Formaldehyde is used in a lot of tannin-based adhesives as a cross-linker. Alternative aldehyde compounds are necessary because formaldehyde use harms one’s health. Glyoxal is another aldehyde that is substituted for formaldehyde in the synthesis of phenolic resin. With two highly reactive aldehyde groups in its structure, it is a nontoxic aldehyde. The material’s non-volatility, affordability, and effortless biodegradability render it a viable option for replacing formaldehyde in producing phenolic adhesives. It can be made directly from glucose by retro aldol condensation or indirectly by autoxidation from a glycolaldehyde intermediate [45]. After conducting a co-occurrence keyword analysis search to find terms used together in one or more documents, 22 keywords pertinent to the creation of adhesives based on tannin, glyoxal, and wood adhesive were found (Fig. 3). Numerous thermogravimetric analyses, differential scanning calorimetry, and Fourier transform infrared spectrometry tests have been conducted in the context of research on tannin-glyoxal-based adhesives.
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Figure 3: A visual map of keyword co-occurrences within the references considered for the development of tannin-glyoxal-wood-based-adhesive. Created with VOSviewers 1.6.20

3  Synthesis of Tannin-Glyoxal-Based Adhesive

Due to their similar structures, tannin has emerged as a new raw material being studied in adhesive research to partially or entirely replace phenol in PF formulation [21,22,46]. Research has revealed that when glyoxal is utilized in biomass-based adhesives rather than formaldehyde, the resulting plywood has superior mechanical qualities since glyoxal increases the reactivity of the biomass materials before the resin’s synthesis [17,47,48]. Fig. 4 shows the possible reaction product of tannin-glyoxal polymers. The glyoxylation reaction is the process by which crosslinked bridges between the aromatic sites of the tannin molecular structure and glyoxal are formed [22]. Glyoxal-cured tannin has a relatively low crosslink density; crosslinking was primarily provided in the proanthocyanidin’s C8 position. As a result, cure at least 90°C was necessary, and the resulting polymers were predominantly elastic [49].
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Figure 4: Possible reaction product of tannin-glyoxal polymers [17]. Open Access CC BY-NC-ND 4.0

The second carbonyl group remains unreacted because a portion of the glyoxal that activates the aromatic ring does not crosslink in any way. Only at extended hot press times did the tannin from pine (Pinus radiata) that was cured with glyoxal (an additional amount of 9% at different pH) produce acceptable results [12]. The dialdehyde reacts with the two functional groups in the activated positions of the flavonoid, producing a diabolic crosslink (–CH(OH)–CH(OH)–) or its subsequent enol (–CH=C(OH)–↔–CH2(–C=O)–) [17]. These polymers lacked significant crosslinking, and the activation mostly happened in the proanthocyanidin’s C8 molecule to a lesser extent and with a higher probability. There is no crosslinking of the portion of the glyoxal that activated the aromatic ring, leaving the second carbonyl group unreacted. The glyoxal crosslinking of mimosa tannin is depicted in the following schematic [17].

Fig. 5 shows the responses of larch tannin with glyoxal and resorcinol and crosslinking via dimethylene-ether bridges. The presence of a substitution reaction between phenol and resorcinol or glyoxal indicates the formation of a reactive bi-hydroxyethyl oligomer based on tannin. Large amounts of hydroxyethyl were present in the formed oligomer, which could react with the protein’s –NH2 to form a crosslinking structure and a self-crosslinking structure. The C–O–C stretching vibration was the other peak detected at 1147 cm−1, indicating that this hydroxyethyl reacted with themselves through polycondensation to form ether bonds that link the various tannin molecules [40].
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Figure 5: The reaction process of soy protein-based adhesive with a tannin-based resin [40]. Open Access CC BY-NC-ND 4.0

The tannin-glyoxal adhesive was subjected to pyrolysis by Py-GCMS analysis, resulting in the degradation of specific molecular fractions. On the other hand, methyl glyoxal was detected at a retention time of 2.16 min and had a relative abundance of 11.37%. It was established whether tannin-glyoxal adhesive formulations contained benzene compounds. At high temperatures, tannins release benzene triol and carbon dioxide. A byproduct of the tannin structure’s decarboxylation of the outer layer of gallic acid is benzoene triol [40]. Apart from that, there is a butanedione compound formed from the reaction of tannin and glyoxal, which can be seen based on data from the pyrolysis results of the tannin-glyoxal adhesive. This compound functions as a crosslinking agent [16].

4  Characterization of Tannin-Glyoxal-Based Adhesives

4.1 The Physical Properties of Adhesive

The solids content and specific gravity can decrease when the glyoxal percentage is reduced [37]. Generally, higher solids content can contribute to increased adhesive strength. This is because a higher concentration of solid components allows for more effective bonding between surfaces. This could be explained by applying glyoxal at the ideal concentration to react with tannins. Similarly, as the rate of tannin increased, the adhesive’s viscosity value decreased [40]. This indicates that some tannins will remain unreacted when the tannin percentage is higher than the glyoxal percentage because the glyoxal will act as a limiting reagent during the reaction, lowering the viscosity value. Similar findings were made by Zhang et al. in 2023 when he created HUG (hexamethylenediamine-urea-glyoxal) resin for the manufacture of plywood [50]. The viscosity and solids content of HUG3 resin rise when glyoxal from HUG1 resin is added in molarity. This is brought on by the HU and glyoxal polymerization reaction, which raises the reaction product’s molecular weight and the viscosity and solids content.

The solids content will rise during the solids content test because the reaction forming the cross-linked product requires more glyoxal, which will not evaporate. However, the excess glyoxal no longer reacts as the addition of glyoxal increases to HUG4, which dilutes the resin and lowers its viscosity. The excess glyoxal will evaporate during the solids content test, giving the impression that the resin’s solids content is also decreasing [18]. So, some studies use more molar ratios of glyoxal than tannin [20,51]. Research by Santos also shows that the gel time reduces as the hardener concentration rises from 7.5% to 15% when glyoxal is used as a hardener in adhesives [52]. Nevertheless, the gel time increased when the hardener concentration was raised to 20% (Table 2). This is not the same as the CS1 adhesive, which uses paraformaldehyde, tris(hydroxymethyl) nitromethane, and hexamethylenetetramine as hardeners.
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Compressing wood composite products, such as plywood, particleboard, and medium-density fiberboard (MDF), is critical in their manufacturing process. Several factors can affect the final product’s pressing process and quality. One of the factors that influences the wood composite pressing process is the adhesive used. The adhesive used in pressing wood composite products is important in glueing wood particles or fibres together to form a sturdy panel. The use of adhesive for particle board is different from adhesive for plywood. Tannin-glyoxal adhesive can be used for particle board applications because it has a low viscosity of <30 mPas [37]. The low viscosity allows for easier distribution of the adhesive while mixing with the particles.

Meanwhile, an adhesive with a higher viscosity is needed for plywood melting applications on the veneer. Chen’s 2017 research on making plywood used Soy Protein-Based Adhesives with a Larch Tannin-Based Resin, which has a viscosity of 970 mPas. Adding the TR molecule (resorcinol and glyoxal were combined with larch tannin to synthesize a tannin-based resin) to the Soy Protein molecule will reduce the intermolecular forces, thereby reducing viscosity [40]. This is in line with the previous explanation stating that adding glyoxal will increase viscosity.

4.2 The Acidity Degree of Tannin-Glyoxal Adhesive

Despite being widely used in wood bonding [53,54], tannin-based adhesives are not as long-lasting as phenol-based resins because of polyflavonoids’ high reactivity and nucleophilicity [55]. In contrast to phenolic resins, tannin-based adhesives’ reactivity exhibits a similar pH dependence [56,57]. The highest reactivity and shortest gel time were found at very high and low pH values [37]. Novolac-type resin is produced by acid catalysis, whereas resol-type resin is produced by base catalysis. Zhang et al.’s research revealed that the addition of glyoxal took one minute longer to gel than formaldehyde when comparing the gelation times of tannin-furfuryl alcohol-formaldehyde (TFF) adhesive and tannin-furfuryl alcohol-glyoxal (TFG) at a temperature of 100°C [51]. Anggini et al. found that the tannin-glyoxal adhesive gelled faster with acid hardener than with alkaline hardener at 135°C (Fig. 6). Generally speaking, NH4Cl is a conventional catalyst that produces acid when it reacts with formaldehyde during the curing process. This acid can hasten the condensation reaction and cause the adhesive to solidify.
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Figure 6: Adhesive storage time based on the pH value (a) and adhesive (b) [37]. Open Access CC BY-NC-ND 4.0

The pot-life of the solution is significantly decreased at higher pHs, as indicated by the progressively higher apparent viscosity values, according to Santos, which restricts its use in the formulation of adhesives [52]. The pot life of adhesives and resins can significantly decrease as pH increases, particularly when paraformaldehyde is used as a hardener. Research indicates that at a pH of around 6, the gel time of urea-formaldehyde resins tends to be longer, ensuring a more controlled curing process and minimizing premature hardening [58]. This balance is crucial for maintaining the material’s workability and ensuring consistent performance in various applications. In this instance, Hexamine was chosen as the hardener for tannin-based adhesives, and a lower concentration of 5% allowed for a significant improvement in adhesive pot life. The lower pH allowed for a longer pot life when using glyoxal as a hardener. Fig. 6b shows that even when the adhesive’s pH went acidic, the tannin-glyoxal glue did not harden.

4.3 Thermal Behavior of Tannin-Glyoxal Based Adhesive

The shelf life of the adhesive can also be seen based on the ratio of strain to deflection, known as MOE. Because the curing process tightens the polymer network, lower deflection indicates increased stiffness (MOE). The thermo-mechanical analysis (TMA) instrument applies a constant strain during the temperature rise and records the deflection. Hexamine’s maximum value (2700 MPa) denotes a higher degree of cross-linking due to its increased structural tightness. Glyoxal’s healing rate resulted in high stiffness (MOE = 2300 MPa) [59]. Glyoxal exhibits faster delivery degradation when it reaches a maximum temperature of approximately 130°C, although it initiates the curing process slightly slower at 110°C (Fig. 7). This indicates that glyoxal begins to cure later than hexamine, increasing stiffness like hexamine, but the resulting polymer is more sensitive to higher temperatures than hexamine.
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Figure 7: Thermomechanical analysis of the quebracho–crosslinker formulations [59]. Open Access CC BY-NC-ND 4.0

The dynamic mechanical analysis (DMA) technique was used to evaluate the mechanical curing rate, which characterizes the cure in terms of the rate of rigidity development, and the DSC technique assessed the rate and extent of chemical conversion to complete the study of the curing kinetics of the adhesives [60]. Storage modulus (E′), loss modulus (E″), and tan delta all contribute to the explanation of DMA analysis. The storage modulus (E′) curve explains the stiffness properties of adhesive structures [61]. At a given temperature, E first drops to a minimum and then reaches a maximum. The adhesive may have softened initially due to temperature-induced changes in E′. Following that, the adhesive starts to gel, and a molecular network starts to form; as a result, E′ begins to rise towards a maximum.

Furthermore, a high cross-link density in the adhesive is indicated by the gradual decrease of E′ with increasing temperature. This implies the formation of a denser network structure and higher stiffness. Significant changes in E′ have been observed in Anggini et al.’s research when the percentage of glyoxal in tannin-glyoxal adhesives is reduced [37]. The tannin-glyoxal adhesive will soften at a higher temperature if the glyoxal molar ratio is lower (Fig. 8). DMA revealed that adhesives with higher glyoxal content exhibited better elastic properties and mechanical performance, especially when ammonium chloride (NH4Cl) was used as a hardener compared to sodium hydroxide (NaOH).

[image: images]

Figure 8: Storage modulus value of TG adhesive F1 (a), F2 (b), and F3 (c) using different hardeners as a function of temperature [37]. Open Access CC BY-NC-ND 4.0

The tannin-glyoxal adhesive’s loss modulus (E″) trend is comparable to E′. The adhesive softens as the stiffness drops, causing the initial drop in E″ [37]. After reaching a minimum, the adhesive increases (Fig. 9). The E″ value is the viscous response of a material, which measures the energy lost as heat due to deformation [62,63]. The ratio of the storage modulus (tan E′/E′) to the loss modulus (tan delta/tan δ) is known as the damping factor. An analysis of a material’s viscoelastic properties uses the tan delta value. Tan delta values less than or equal to one indicate a material’s tendency toward elasticity, while values greater than or equal to one indicate a material’s tendency toward density [64]. Tan delta increased for all adhesives using tannin-glyoxal-based adhesives as the temperature rose [37]. Compared to F2 (T:G ratio 1:1) and F3 (T:G ratio 2:1) adhesives, F1 (T:G ratio 1:2) adhesive exhibits a lower tan delta value during the rubber transition phase (Fig. 10). According to Goriparthi et al., this suggests a robust configuration of molecular bonds and significant molecular mobility [61]. Increased interaction between the hydroxyl groups produced by tannin and glyoxal may cause this higher tan delta value. This interaction will ultimately lead to a polymerization reaction, raising the ratio E″ to E′s value.
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Figure 9: Loss modulus value of TG adhesive F1 (a), F2 (b), and F3 (c) using different hardeners as a function of temperature [37]. Open Access CC BY-NC-ND 4.0
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Figure 10: Tan delta value of TG adhesive F1 (a), F2 (b), and F3 (c) using different hardeners as a function of temperature [37]. Open Access CC BY-NC-ND 4.0

Wood adhesives’ fire resistance and thermomechanical behavior are crucial considerations in various applications, especially in construction and manufacturing, where fire safety and structural integrity are paramount [65–67]. In wood adhesives, fire resistance is significant for the application. In contrast, if the adhesive used for the wood composite application has poor heat resistance, it will affect the construction [68]. Thermomechanical behavior refers to how a material behaves under the combined influence of temperature and mechanical loading [69]. When exposed to high temperatures, wood adhesives can experience changes in mechanical properties such as strength, stiffness, and elongation, which can affect the overall performance of the glued wood product.

The correlation between fire resistance and thermomechanical behavior in wood adhesives lies in understanding how adhesive properties change when exposed to fire or high temperatures. High-quality wood adhesives are formulated to exhibit good fire resistance by maintaining their structural integrity and adhesive strength at high temperatures [70]. Adhesives with higher thermal stability and resistance to degradation at high temperatures tend to retain their mechanical properties better when exposed to fire [71]. Additionally, the adhesive’s ability to resist heat transfer can play a role in reducing the spread of fire in glued wood products. These properties can be determined by applying fire retardant materials based on their thermal behavior.

Tannin-based bio-macromolecules show promising potential for sustainable flame retardancy in various natural and synthetic polymer materials, including textiles, steel, and epoxy resins [72]. Tannic acid, as a bio-based hardener in fire-resistant epoxy resin, effectively captures oxygen radicals and forms a charcoal layer, thereby increasing building safety against the threat of fire [73]. In the study [39], the thermal stability of the adhesive was approximately 200°C after glyoxalate, with 40 tannin resin being the most efficient. This indicates that the tannin-glyoxal adhesive has good fire-resistant properties because it can resist degradation and loss of effectiveness at high temperatures.

The thermal and rheological properties of the adhesive will influence the temperature and pressure used during pressing. Proper temperature and pressure settings are critical to facilitating adhesive flow, curing, and setting while minimizing adhesive degradation or over-curing potential [74,75]. Higher temperatures can reduce the viscosity of the adhesive, making it easier to flow and penetrate the wood particles or fibres [76]. Additionally, longer pressing times typically involve more prolonged exposure to high temperatures, allowing for more thorough adhesive curing and composite material consolidation. However, pressing times that are too long can cause the adhesive to dry too quickly, decrease panel properties, or increase energy consumption.

5  Aplications of Tannin-Glyoxal-Based Adhesives

Several studies regarding the application of composite boards using tannin-glyoxal based adhesives have been carried out. Several of these studies aim to evaluate the effectiveness and performance of tannin-glyoxal adhesives in various conditions. Table 3 contains a summary of several applications of tannin-glyoxal adhesives that have been tested, along with the research results. Tannin-glyoxal-based adhesives were dominantly utilized in the manufacture of plywood and particleboard [37,40,77].
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5.1 Particleboard

According to research by Pizzi et al. [78] and Garcia et al. [79], good strength in particleboards can be achieved solely by the tannins’ auto-condensation reactions, regardless of the variations in the structure and behavior of various polyflavonoid tannins. In rare circumstances, the auto-condensation response may even be hampered by applying a hardener (co-reactant) [80]. “auto-condensation” refers to the pyran rings opening in both acidic and alkaline environments without needing an external hardener [81]. It has a unique chemical property because tannin stimulates self-polymerization to create a crosslinked polyphenolic network. The chemical makeup of the extraction source affects the tannins’ auto-condensation reaction rates [78]. It is reported that weak Lewis acids such as boric acid, silicates, aluminum chloride, and silica can influence the auto-condensation of various tannins. The issues brought on by tannins’ delayed reaction are resolved when Lewis acid catalyzes the auto condensation of tannin [82]. Additionally, the Lewis-acid-based auto-condensation system offers stronger internal bonds and shows a decrease in pressing temperature and time.

Particleboards made of one layer of wood were pressed using the various tannin-based adhesive formulations investigated. Using glyoxal as a hardener resulted in significantly higher MOE for sumac tannins extracted at 70°C and Aleppo tannins at 100°C. The TMA study also showed that the tannins extraction temperature (70°C or 100°C) and, consequently, the tannins DP (degree of polymerization) had a slight or no effect on the resins performance (Fig. 11). The interflavonoid linkages between C4 and C6 and C4 and C8 were found to be responsible for the higher DP of the tannins extracted at the lower temperature [83,84]. The produced panels met the relevant international standard specifications for interior-grade panels (MOE > 0.35 MPa) and demonstrated good internal bond strengths with glyoxal as hardeners, according to the results [85].
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Figure 11: Modulus of elasticity (MOE) of tannin-based particleboard. 70 and 100 refer to the extraction temperature of the tannin [85]. Open Access CC BY-NC-ND 4.0

The use of glyoxal as an adhesive in particleboard production offers several advantages, particularly concerning the modulus of elasticity (MOE). Glyoxal-based adhesives, including glyoxalated tannins and glyoxalated lignin, have shown promising results in enhancing the mechanical properties of particleboards. One significant advantage of using glyoxal adhesives is the improved water resistance and mechanical properties of the particleboards. Studies have shown that particleboards made with glyoxal-based adhesives exhibit higher MOE values compared to traditional adhesives [86]. For instance, research indicates that particleboards manufactured using glyoxalated lignin and oxidized dialdehyde starch crosslinked by urea demonstrate enhanced bonding and stability, resulting in better mechanical performance [87].

The internal bonding (IB), a direct indicator of the adhesives’ effectiveness, was established [88,89]. For the Particle Board, SNI 03-2105-2006 type 8 stipulates that the IB strength must be at least 0.15 MPa. To create PB that satisfies the adhesive firmness requirements, the F1 adhesive formula combined the hardener NH4Cl with NaOH (Fig. 12). As the glyoxal percentage in the TG adhesive ratio decreased, so did the adhesive firmness. However, according to Zhang et al.’s study from 2022, the addition of too much glyoxal may have led to a weakening trend in the synthetic resin’s bonding performance, particularly in plywood’s wet shear strength [1]. This is because aldol condensation from glyoxal can form linear oligomerization with hydrophilic hydroxyl groups, which lowers the resin’s water resistance [90]. Another investigation of tannin-glyoxal adhesives found that these adhesives achieve internal bond strengths above 0.4 MPa, making them competitive with conventional adhesives in terms of performance as well as environmental friendliness [91]. Additionally, research on zero-emission tannin-glyoxal adhesives highlights their potential use in wood panels, emphasizing their non-toxicity and adequate bonding properties.
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Figure 12: Internal bonding strength of areca particleboard bonded with different TG adhesive formulations [37]. Open Access CC BY-NC-ND 4.0. The significant effect is indicated by different letters (a, b, bc, c, d)

5.2 Plywood

In comparison to tannin-furfuryl alcohol-formaldehyde (TFF) and phenol-formaldehyde (PF) adhesive, the use of an environmentally friendly furfuryl alcohol-glyoxal (FA-G) resin in tannin-based adhesives improves wet shear strength and water resistance [51]. The hydrophobic characteristics of FA-G resin contribute to the resistance of bonded joints to water and decrease in moisture absorption, enhancing their durability in damp conditions. Fig. 13 illustrates the maximum rupture of plywood glued with 100% Mimosa Tannin, Mimosa Tannin-Glyoxalated Lignin (75%–25%), PF, and UF. Comparative research demonstrates that tannin solution adhesives’ mechanical qualities are enhanced by the addition of lignin glyoxalate. Tensile tests for mimosa tannin and mimosa tannin-glyoxalate lignin adhesives (75%–25%) showed a shift from 2173 N to 2637 N, respectively. Furthermore, the tensile measurements of this adhesive formulation are even higher than UF and very similar to measurements made with commercial adhesives, which are commonly used to glue plywood. In addition, in Xu’s research it was found that the strength of UF-glyoxalated tannin was higher than UF-tannin [92]. This may have been caused by the tannin macromolecule’s low reaction activity and few reaction sites with UF resins, resulting in low shearing strength and UFT curing degree. When UF resin and UFGT resin are compared, the UF resin modified by glyoxylate tannin exhibits a higher bonding strength. Raising to 0.87 MPa was the dry strength. The wet strength rose from 0.22 to 0.79 MPa, satisfying the GB/T 9846-2015, ≥0.70 MPa, Chinese national standard. The addition of glyoxylate tannin impacts the bonding strength of UF resin. The glyoxal pretreatment of the tannins may have contributed to the improvement in hydrolysis resistance because of the high reactivity of the glyoxalated tannin and UF resin, as well as the complex structure and higher curing degree. This may also explain why the bonding strength of UFGT is superior to that of UFT.

[image: images]

Figure 13: Comparison of maximum rupture of commercial and bio-adhesives using for bonding plywood panels [93]. Open Access CC BY-NC-ND 4.0

Formaldehyde can be partially or wholly substituted with glyoxal to prepare and study the structure and reaction mechanism of environmentally friendly urea-based amino resins. This has led to significantly decreased or eliminated formaldehyde emission [94–96]. Formaldehyde emissions of PF were 2.78 mg/L, higher than tannin-glyoxalated lignin resin (1.27 mg/L) (Table 4). It also meets the E1 level requirements (≤1.5 mg/L) of Chinese National Standard GB 18580-2001. Plywood panels bonded with lignin glyoxalated and mimosa tannin showed a reduction in formaldehyde emissions of 24%–67% compared with plywood made with commercial PF resin (for mimosa tannin (100%), respectively) and macerated mimosa tannin-lignin glyoxalated.

[image: images]

The combination of tannin and lignin with glyoxal forms a stable polymer structure with fewer bonds resulting in free formaldehyde [97]. In addition, the reaction between tannin or lignin and glyoxal is more likely to involve the aldehyde group of glyoxal rather than the formation of free formaldehyde so that the resulting formaldehyde emissions are less [98]. Plywood bonded with phenol formaldehyde adhesive can emit formaldehyde due to unreacted formaldehyde present in the adhesive. During the production of phenol formaldehyde adhesives, formaldehyde may not fully react with phenol, leaving free formaldehyde that can be released into the environment over time [99,100]. Emissions are typically highest immediately after manufacturing and decrease gradually.

6  Conclusion

The solids content and specific gravity of glyoxal tannin adhesive can decrease if the glyoxal percentage is reduced. This shows that some tannins will remain unreacted when the tannin percentage is higher than the glyoxal percentage because glyoxal will act as a limiting reagent during the reaction, which can also reduce the viscosity value. Increasing this percentage also affects the gelatinization time to be faster. A high glyoxal percentage increases the percentage of crystallinity in the adhesive, forming better polymer bonds and improving cohesion and adhesion properties for areca-based particleboard. However, excessive amounts of glyoxal will cause a lot of glyoxal not to react, reducing the adhesive’s viscosity. Excess glyoxal will also evaporate when testing the solids content, giving the impression that the resin solids content is also decreasing. However, adding too much glyoxal may have led to a trend toward weakening the bonding performance of synthetic resins, especially the wet shear strength of plywood. The tannin:glyoxal ratio 1:2 produces adhesive and particle board characteristics that meet standards.
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Table 1: Types of tannin-glyoxal-based adhesives

No. Resin Observation result Ref.

1  Glyoxalated Tannin (TG) of mangium bark  The F1 (T:G ratio 1:2) adhesive formulation [37]
exhibited good adhesive and cohesive
properties characterized by its rheological
properties and viscoelastic abilities.

2 Chestnut shell tannins for their application as The curing rate of glyoxal resin 1s better than [38]
wood adhesives without formaldehyde Hexamine at a certain temperature and pH.
emission with glyoxal as hardener

3  Tannin-glyoxalated lignin adhesive The lignosulfonate degradation began at [39]
125°C following glyoxalation, as opposed to
171°C for non-glyoxalated lignosulfonates.

4  Tannin-based copolymer resins with glyoxal Create an elastic solid that cures at a minimum [17]

as hardener of 90°C. The resulting polymers are typically
elastic.
5  Larch tannin-based adhesives using soy The soy protein adhesive’s air absorption, [40]
protein residue rate, and shear strength were all

enhanced by the addition of glyoxal-based
tannin resin.
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Table 3: Aplication of tannin-glyoxal based adhesive for wood-based composites

No. Adhesive

Aplication

Main results Ref.

1

Larch tannin-based adhesives using Plywood

SOy protein

Maritime pine (Pinus maritimus)

Particle

bark’s tannin based adhesive with board

glyoxal as hardener

Glyoxalated-tannin from
Mangium bark tannin based
adhesive

Particleboard

The wet shear strength of the resulting [40]
plywood increased by 105.4% with the
addition of 5 weight percent Tannin based
resin with glyoxal as cross linker in Soy
Protein Adhesive.

At pH 5.3, the combination of tannin and [77]
glyoxal produced IB levels above the
required limits.

Particleboards based on areca showed [37]
better properties when NH,4Cl was used as

a hardener instead of NaOH when it came

to bonding.
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Table 4: Formaldehyde emission result for plywood panels prepared with the experimental adhesive [93]

Adhesive formulation Formaldehyde content Conclusion test Class of
(mg/L) (EN 717-2) Emmision

PF 2.78 £ 0.45 Conform E,

Mimosa tannin (100%) 2.11+0.25 Conform E,

Tannin-glyoxalated lignin (75%—25%) 1.27 £ 0.08 Conform E;

MW tannin-glyoxalated lignin (75%-25%) 1.07 + 0.03 Conform E;

Wood control 0.62 + 0.08 Conform E,






OEBPS/Images/JRM_51854-fig-3.png
woodpanels

adhesive @ mulation
ood aihefives

lig
fourier transfdn infrared spe
condens@g tannins
formald ~differential sc@Pning calorime
thermal@nalysis S
furfu Icohol

thermograyi

agent

mass sp

rivative





OEBPS/Images/JRM_51854-fig-10.png
©
8
h

Tan delta
o <
g

0.104

0.05+4

0.00

—F1 (a)

00 1% 200 250
Temperature (°C)

a4

0.354

0.30 4

0.054

—F2 (b)

0.00

T T T T T T
50 100 150 200 250 300

Temperature (°C)

0.25 4

Tan delta
o © o

0.05 4

—F3

©

180 200
Temperature (°C)






OEBPS/Images/logo.png





OEBPS/Images/JRM_51854-fig-12.png
s or

777\ NH CI
V//77) NaOH

Adhesive formulation

=) © F<
e .
2z 2%
g &3
£3 £8,
25 0 &y
Q 9 *
RS-\
mm o9,

I

o o = o py

2 —

(edW) (g1) Buipuog |eusaju|






OEBPS/Images/table-2.png
Table 2: Influence of hardener type and concentration on the gel time of adhesive chestnut shell tannin
extract (CS1) at the natural pH [52]

Adhesive formulation Hardener concentration (% on extract weight) Gel time (s)
CS1 + Paraformaldehyde 7.5 110 £ 8
10 72 +3
15 49 £2
20 39+4
CS1 + tris(hydroxymethyl) nitromethane 7.5 1100 + 45
10 600 + 42
15 500 + 4
20 400 + 13
CS1 + Hexametilentetramine 7.5 73+5
10 55+2
15 40 £2
20 36 £1
CS1 + Glyoxal 7.5 145+ 6
10 138 £ 8
15 157 £2

20 216 £ 17
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