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Abstract: Lignin extraction from bark can maximize the utilization of biomass waste, offer cost-effectiveness, and promote environmental friendliness when employed as an adhesive material in bark particleboard production. Particles of fine (0.2 to 1.0 mm), medium (1.0 to 2.5 mm), and coarse (2.5 to 12.0 mm) sizes, derived from the bark of Leucaena leucocephala, were hot-pressed using a heating plate at 175°C for 7 min to create single-layer particleboards measuring 320 mm × 320 mm × 10 mm, targeting a density of 700 kg/m3. Subsequently, the samples were trimmed and conditioned at 20°C and 65% relative humidity. In this study, we compared bark particleboard bonded with urea formaldehyde (UF) adhesive to fine-sized particleboard bonded with demethylated lignin adhesive. The results indicated that bark particleboards utilizing demethylated lignin and UF adhesives exhibited similar qualities. Coarse particleboard showed differences in modulus of elasticity (MOE) and modulus of rupture (MOR), while medium-sized particles exhibited significant variations in moisture content (MC) and water absorption (WA). Furthermore, the thickness swelling of coarse and medium-sized particles under wet and oven-dried conditions exhibited notable distinctions. Overall, the demethylated lignin adhesive extracted from L. leucocephala bark demonstrated similar quality to UF adhesive, with particle size correlating inversely to the strength of the bark particleboard.
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Nomenclature



	UF
	Urea formaldehyde



	MOE
	Modulus of elasticity



	MOR
	Modulus of rupture



	MC
	Moisture content



	TS
	Thickness swelling



	TS-Wet
	Thickness swelling from wet to oven dry conditions.



	TS-AD
	Thickness swelling from air-dry to oven dry conditions.



	IB
	Internal bonding



	N
	Newton



	MPa
	Megapascal



	ρ
	Density



	µm
	Micrometer



	cps
	Centipoise





1  Introduction

Bark, a waste product in the timber industry, holds the potential for conversion into valuable materials, promoting resource efficiency and waste reduction [1,2]. The use of lignocellulosic materials, such as bark particles, as a source for engineered wood products aligns with the growing interest in eco-friendly alternatives and sustainable materials [3]. The development of these materials is driven by the need to address environmental concerns and reduce reliance on fossil-based composites [4]. Through the utilization of bark and other lignocellulosic materials, the timber industry can contribute to a circular economy by transforming waste into high-value-added products [5]. This approach is in line with the goals of the Waste Framework Directive, which aims to promote recycling and shift linear economic processes towards circular ones. The utilization of bark as a raw material for engineered wood products offers a promising solution for improving resource efficiency and reducing waste in the timber industry.

Bark particleboard is a type of composite material made from particles or fibers derived from bark, which is a byproduct in the lumber industry that involves extracting small particles or fibers from various types of bark [6]. These particles are then combined with an adhesive to bind them together. The mixture is subjected to heat and pressure in a hot press to fuse the particles and create a solid board [7]. After hot pressing, the particleboard is cooled and may undergo additional finishing processes [8]. Bark particleboard offers advantages such as sustainability and cost-effectiveness [9]. However, there are challenges in achieving strong adhesion between bark particles and ensuring consistent processing. The properties of bark particleboard can be influenced by factors such as the type of bark, adhesive formulation, and manufacturing process. Researchers and manufacturers can explore different formulations and techniques to optimize the properties of bark particleboard for specific applications. Environmental considerations are vital in bark particleboard manufacturing to ensure sustainability and eco-friendliness. Bark particleboard utilizes bark as a raw material, reducing waste and maximizing resource use [10]. Adhesive selection should prioritize environmentally friendly options with low formaldehyde emissions or formaldehyde-free formulations [11].

Traditional particleboard adhesives have limitations that can affect performance, environmental impact, and health considerations. These limitations include formaldehyde emissions, health concerns, environmental impact, volatile organic compounds (VOCs), moisture sensitivity, energy intensity, global warming potential, adhesion challenges, recyclability challenges, and cost considerations. To address these limitations, there is a growing interest in developing and adopting alternative adhesives, such as bio-based adhesives and lignin-based adhesives, to create particleboard with improved sustainability and performance characteristics [12,13].

Lignin is a complex, amorphous polymer found in plant cell walls, and its structure can vary depending on the plant source. It consists of three main types of phenolic compounds: p-Hydroxyphenyl (H) units, guaiacyl (G) units, and syringyl (S) units. These units are connected by various chemical bonds, including ether linkages and carbon-carbon bonds, forming a complex three-dimensional network [14]. The macromolecular structure of lignin is illustrated in Fig. 1. The arrangement of these units can vary, resulting in different properties and applications of lignin-based materials [15].
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Figure 1: Lignin’s macromolecular structure is shown schematically (Major monolignol units are colored as sinapyl alcohol-red, guaiacyl alcohol-blue, p-coumaryl alcohol-green) [16]

Lignin can be extracted from lignocellulosic biomass through various methods, such as physical, chemical, and biological processes. The depolymerization of lignin into value-added chemicals and fuels is a challenging process due to its complex structure [17]. However, there is ongoing research on the conversion of lignin into monomeric aromatic derivatives, which can serve as building blocks for various applications, including chemical synthesis, biomaterials, and bio-oils [18]. The use of bark as a particleboard and adhesive can maximize the utilization of wood resources and minimize waste [19–21]. Bark contains a higher amount of lignin compared to wood, which imparts self-adhesive properties [22]. The structure of lignin extracted from extracted-free bark is illustrated in Fig. 2.
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Figure 2: The structure of lignin extracted from extracted-free bark [23]

The main distinction between lignin found in wood flour and bark powder is in their respective lignin compositions and structures. Bark lignin’s composition might vary from that of wood lignin; it frequently has a higher concentration of extractives and a larger percentage of certain phenolic chemicals [24]. However, the lignin found in wood flour normally originates from the plant’s woody portion, and the composition of this substance varies depending on the type of wood [25]. Bark frequently has higher concentrations of extractives than wood grain, such as tannins and resins [26]. Furthermore, differences in the arrangement of phenolic chemicals and links within the chemical structure of lignin in bark may have an impact on the reactivity and characteristics of this material [27]. Bark powder and wood flour can also have different physical properties. Bark powder is usually rougher in texture and contains a mixture of inner and outer bark layers, while wood flour is usually finer in texture and made up of pulverized wood particles [28]. The content, structure, and physical qualities of lignin differ between wood flour and bark powder, which influences the lignin’s properties and possible uses. However, the low molecular weight of lignin from bark can result in weak internal hydrogen bonds [29]. To strengthen the internal bond of bark particleboards, NaOH can be used to bleach methyl compounds and methylene groups in the bark, thereby enhancing the adhesive properties.

Demethylated lignin, derived from the bark particles of Leucaena leucocephala, is a promising alternative with attractive adhesive properties due to its ability to form cross-linkages between lignocellulosic surfaces. Lignin is a natural polymer found in plant cell walls and is a renewable resource [30]. Lignin can be obtained through various processes, such as organosolv extraction, enzymatic depolymerization, and chemical modification [31,32]. These methods allow for the conversion of lignin into high-value materials, including bio-based products, specialty chemicals, and biomaterials [33]. The combination of lignin with biopolymers, such as starch, polylactic acid, and plant proteins, has been explored to enhance the properties of biopolymeric materials. The use of lignin in agriculture as agrochemicals, such as fertilizers, pesticides, and soil improvers, has also gained attention. Demethylated lignin offers a renewable and eco-friendly alternative with potential applications in various industries, including adhesives, materials, agriculture, and biofuels.

Methylation of lignin involves the introduction of methyl (CH3) groups into the lignin structure, modifying its chemical properties. This process is commonly used to make lignin more soluble and reactive for various industrial applications. Lignin can be isolated from lignocellulosic biomass, such as wood, agricultural residues, and pulp mill by-products [34]. A methylating agent, such as dimethyl sulfate (DMS), methyl iodide, or dimethyl carbonate (DMC), is selected for the methylation reaction [35]. The reaction is typically conducted in the presence of a base, such as sodium hydroxide (NaOH), under controlled temperature and pressure conditions [36]. During the reaction, the methylating agent replaces hydrogen atoms in the lignin molecules with methyl groups, which can occur at various positions within the lignin structure [37]. Quenching the reaction with an acid or base is necessary to stop further methylations, and purification techniques, such as filtration or precipitation, are employed to remove impurities and by-products [38]. Methylation of lignin can increase its solubility, reactivity, and compatibility for applications in adhesives, coatings, and composite materials.

The lignin demethylation reaction as observed by Li et al. [39] is shown in Fig. 3. The free hydroxyl -group’s reactivity was hampered because one or two -OCH3 groups were replaced in the ortho positions of the aromatic hydroxyl in the nine-carbon unit of lignin. The demethylated lignin compounds would have much more free phenolic groups, and their reactivity would be greatly enhanced if the -OCH3 groups could be eliminated [40]. Some studies suggest that when attacked by nucleophiles like SO32−, S, and HS−, lignin’s -OCH3 groups will be removed by a nucleophilic substitution reaction, resulting in demethylated lignin that has a higher concentration of phenolic-OH groups and fewer -OCH3 groups [40,41].
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Figure 3: Lignin demethylation reaction

Demethylated lignin adhesives have a lower environmental impact compared to synthetic adhesives and are often biodegradable, aligning with eco-friendly practices [42]. The demethylation process improves the adhesive properties of lignin, making it suitable for bonding various materials in composite production. These adhesives exhibit good compatibility with other bio-based materials, enhancing the sustainability of composite materials [43]. They also contribute to the enhancement of mechanical properties in composites, such as strength and stiffness [44]. Demethylated lignin adhesives offer versatility in formulation, allowing for adjustments to meet specific application requirements. They may have lower formaldehyde emissions compared to traditional adhesives, making them suitable for applications where formaldehyde emissions are a concern. Depending on sourcing and processing methods, demethylated lignin adhesives can be cost-competitive, contributing to potential cost savings. These adhesives support the development of innovative and sustainable products, aligning with the demand for environmentally friendly materials and sustainable manufacturing practices.

Leucaena leucocephala bark possesses unique properties that make it suitable for various applications, including composite material production like bark particleboard. The fiber composition of the bark, including characteristics such as length, diameter, and flexibility, contributes to the overall properties of materials derived from it. The lignin content in Leucaena leucocephala bark can influence its adhesive properties, making it potentially suitable for the development of adhesives used in composite material production. The chemical composition of the bark, including the presence of secondary metabolites, can contribute to its unique properties, such as durability and resistance to decay. The bark is likely to be biodegradable due to the presence of organic materials. Leucaena leucocephala is known for its fast growth and adaptability, making the bark readily available and sustainable. The bark may contain natural extractives with antimicrobial or antioxidant properties, enhancing its resistance to biological degradation. Understanding the bark’s moisture absorption, dimensional stability, color, aesthetics, resistance to pests and decay, and specific mechanical properties is crucial for optimizing its use in various applications, including bark particleboard production [45–47].

The separation of fine, medium, and coarse particle sizes is effective in improving the quality of particleboards. The size of particles and press time are important factors in the manufacturing of particleboards, with different combinations yielding varying levels of flexural strength, modulus of elasticity, and water absorption [48]. Previous studies have shown that the separation of fine, medium, and coarse bark particle sizes can effectively improve the quality of particleboards. Fine-sized particles have been found to produce good physical quality of bark particleboards, while coarse bark particles have been shown to produce better mechanical quality compared to medium and fine particles [49].

In this study, lignin was extracted from the bark of L. leucocephala and underwent a methylation process before being modified into an adhesive in fine (0.2 to 1.0 mm), medium (1.0 to 2.5 mm), and coarse (2.5 to 12.0 mm) sized bark particleboards from the same bark species. The main objective is to compare the physical and mechanical quality of L. leucocephala bark particleboard using lignin and urea formaldehyde (UF) adhesives. A comparison was also made on lignin adhesive particleboard using particles of different sizes (fine, medium, and coarse).

2  Material and Methods

There are three phases in this research project. In phase one (collection of bark), the bark was collected, and extractives were removed before bark lignin extraction was conducted in the second phase. Particleboard manufacturing was carried out in the third phase. All the processes were conducted in the field, at the mill, in wood chemistry and wood testing laboratories.

2.1 Collection of Materials

Eleven-year-old Leucaena leucocephala bark was used in this study. The tree was harvested from UMS, Kota Kinabalu, Sabah, Malaysia. The location of this tree was surrounded by a forest area within the UMS campus. The trunk of the tree was manually peeled, and only bark from the stem of the tree was taken and identified by botanist experts from the Forestry Division, UMS. All the samples were transferred to a mill for further processing.

2.2 Preparation of Bark Particles

The bark was gently washed in tap water to remove dirt before being air-dried in the laboratory at room temperature (25 ± 2°C) for 2–3 weeks, protected from direct heat or sunlight. When dried, the stem was chipped, flaked, and pulverized into a coarse powder using a laboratory grinder. The powder was then passed through a BS 500-µm mesh sieve and retained on a 250-µm mesh sieve for lignin extraction.

For particleboard preparation, the dried bark was crushed in a four-shaft drum chipper and flaked before the particles were separated with a multiscreen separator. Using filter sieves, coarse (2.5 to 12.0 mm), medium (1.0 to 2.5 mm), and fine (0.2 to 1.0 mm) particles were collected. The particles were dried to a moisture level of 12 percent. Fig. 4 shows the preparation of bark particles from the peeling process to the separation of particle sizes using a vibrating sieve machine.
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Figure 4: Preparation of bark particles into fine, medium, and coarse sizes

2.3 Preparation of Extractive-Free Bark Particles

Approximately 40 g of bark in a thimble (Whatman) was placed in a Soxhlet extraction flask. Extraction was performed with 150 ml of an ethanol solution. A total of 427 ml of toluene was added to reach a final volume of 1 L with the addition of ethanol. The solvent was mixed well. The extraction was conducted for 6 h. Subsequently, the flask was evaporated and dried in an oven at 103 ± 2°C for 1 h before being cooled and weighed [50]. Air-dried extractive-free bark was placed in a thimble (Whatman) and used for bark lignin extraction.

2.4 Bark Lignin Extraction

Approximately 35 g of air-dried extractive-free bark powder was accurately weighed and transferred to a 500-ml tall beaker. Three hundred sixteen milliliters of 72% sulfuric acid were carefully added with a pipette, and the mixture was stirred with a small glass rod (which was left in the beaker). The beaker was placed in a cold-water bath at 20°C for 2 h while stirring every 10 min. At the end of the period, the mixture was transferred to a 1 L Erlenmeyer flask containing 560 ml of hot distilled water [51]. A condenser reflux was connected to the Erlenmeyer flask, and the sample was boiled on a hot plate for 4 h.

When refluxing was completed, the insoluble lignin was recovered by filtration through a crucible with a known weight (porosity 4). The residue was rinsed with 500 ml of hot water and dried in an oven at 103 ± 2°C for 24 h before being cooled and weighed. The lignin content was then ready for adhesive preparation.

2.5 Demethylation of Lignin

Approximately 29.5 g of lignin powder (96% solid) was slowly added to 47.6 g of water. Then, 14 g of 30% sodium hydroxide was added intermittently to maintain the pH of the solution between 12 and 12.5 for better dissolution of the lignin powder, which was also facilitated by vigorous stirring with an overhead stirrer.

The solution was transferred to a 1 L flat-bottom flask equipped with a condenser, thermometer, and magnetic stirrer. It was heated to 58°C. Subsequently, 8.75 g of sodium sulfite (40% in water) was added to the lignin solution and continuously stirred on a hot plate for 8 h [52]. The solid content of all demethylated lignin was approximately 41.5%.

2.6 Manufacturing of Lignin Adhesive Bark Particleboards

The physical and mechanical properties of fine, medium, and coarse-sized bark particleboards were tested using the JIS A5908 [53] technique with slight modifications. In a spinning drum mixer, the coarse bark particles were combined with the produced lignin adhesive (pH 11–11.5) for five minutes. Prior to mixing with the bark particles, the lignin glue was blended with 1% hardener (Ammonium chloride). The resulting mixture was manually poured onto a frame before being thermos-pressed with a hydraulic press for seven minutes to form a panel. A similar pressure, corresponding to the required pressure, was applied to all boards to close the mold with a fixed internal volume, reaching the target density.

The hydraulic hot press employed two 350 mm × 350 mm heating plates to press 150 single-layer 320 mm × 320 mm × 10 mm particleboards with a target density of 0.700 kg/m3. To achieve uniform thickness, the boards were hard-pressed with a sole daylight press at 140 kg/m2, and ten-millimeter-thick stops were inserted along the mat’s edges. The pressure was applied at a temperature of 175°C. The press closed in 20 s, cured in 300 s, and opened in 60 s, totaling 380 s of press cycles. The medium and fine bark particles were treated in the same way. A total of twelve bark particleboards were produced, consisting of four boards of each size. Fig. 5 depicts the manufacturing process of demethylated lignin obtained from bark and the production of lignin adhesive bark particleboards at various particle sizes, utilizing hot pressure at a temperature of 175°C for 7 min.
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Figure 5: Manufacturing process of bark particleboards with lignin adhesive

After production, all particleboards were conditioned at 20°C and 65% relative humidity until they reached equilibrium moisture content. The physical and mechanical qualities of the particleboards were then determined by cutting samples. Physical qualities were assessed by measuring moisture content, water absorption, thickness, and dimensional swelling, while mechanical properties were evaluated using the modulus of elasticity (MOE), modulus of rupture (MOR), and internal bonding (IB). Table 1 provides information on the manufacturing of the particleboards and the dimensions of the samples used for the tests.
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2.7 Evaluation of the Bark Particleboard Properties

Table 1 presents information regarding the bark particles and lignin adhesives used in the manufacturing of bark particleboards. Additionally, urea formaldehyde (UF) adhesives, with a pH of 7.7, a solid content of 51.2, and a viscosity of 138 cps, were used as adhesives in bark particleboards for comparison purposes. Each test was conducted with eight (8) replications. The determination of moisture content (MC), water absorption (WA), thickness swelling (TS), modulus of elasticity (MOE), modulus of rupture (MOR), and internal bonding (IB) was performed for the bark particleboards.

2.7.1 Determination of Moisture Content

A total of twenty-four 50 mm × 50 mm × 10 mm samples of particleboard, produced with coarse, medium, and fine particles of L. leucocephala bark, were subjected to moisture content (MC) evaluations. All samples were conditioned in a conditioning room at 25 ± 2°C and 65 ± 2% relative humidity (approximately 12% MC) until they reached a consistent weight. The samples were then weighed and oven-dried at 103 ± 2°C until a consistent weight was obtained. Finally, the oven-dry weights were recorded and used to compute the moisture content of the bark particleboards using Eq. (1).

2.7.2 Determination of Water Absorption

The bark particleboard samples (50 mm × 50 mm × 10 mm) were fully saturated in water for 24 h. Subsequently, the samples were weighed using an analytical scale and then oven-dried at 103 ± 2°C until a consistent weight was achieved. Afterward, the samples were placed in a desiccator. Eq. (1) was also applied to calculate the water absorption percentages of the bark particleboard samples.

Moisture content/water absorption,


MC/WA (%)= Wi−WODWOD × 100
(1)

where Wi represents the initial weights of the samples in grams and WOD denotes the oven-dried weights of the samples in grams.

2.7.3 Determination of Thickness Swelling

Before and after the samples were oven-dried for 48 h at 103 ± 2°C, measurements were taken (see Eq. (2)).

Thickness swelling,


TS (%) = Ti−TOTi × 100
(2)

where Ti is the initial thickness (mm) and To represents the final thickness (mm).

2.7.4 Determination of Density

Twenty-four samples (50 mm × 50 mm × 10 mm) were conditioned in a conditioning room at 25 ± 2°C and 65 ± 2% relative humidity (approximately 12% MC) until a consistent weight was achieved. We then weighed and measured all the conditioned samples. Each sample was measured in three dimensions (length, width, and thickness), with each dimension marked with waterproof ink. Measurements were taken both before and after the samples were oven-dried for 24 h at 103 ± 2°C. Eq. (3) was utilized to determine the density of the bark particleboard samples.


Density, ρ (kg/m3) =WOVg
(3)

where Wo represents the oven-dry weight in kg and Vg corresponds to the volume in m3 of the samples.

2.7.5 Determination of MOR and MOE

The samples were conditioned at 20°C and 65% relative humidity (equilibrium moisture content at 12%) until a consistent weight was achieved before measuring the MOR and MOE. Particleboard samples with dimensions of 250 mm (length) × 50 mm (width) × 10 mm (thickness) were tested in a testing room using an Instron 1195 Universal Testing Machine connected to a computer. The strength properties of the samples were evaluated according to Eqs. (4) and (5).


Modulus of Rupture, MOR= 3P′L2bh2
(4)


Modulus of Elasticity, MOE = PL34bh3d
(5)

where P represents the load at the proportional limit (N), b is the width of the specimens (mm), h denotes the depth of the specimens (mm), L is the span of the samples (210 mm), P′ is the maximum load (N), and d is the deflection at the proportional limit (mm).

2.7.6 Determination of IB

The internal bonding strength test demonstrated the quality of particle bonding by measuring the tensile strength perpendicular to the particleboard surface. The test was conducted following the European Standard BS EN 319:1993. Specimens, measuring 10 mm3 × 50 mm3 × 50 mm3 (thickness, width, and length), were subjected to stretching at a constant speed of 2 mm-1 under a static load. Eq. (6) was employed to calculate the tensile strength in the perpendicular direction, IB.


Internal bonding, IB (N/mm3) = Pmax (bL)
(6)

where Pmax is the maximum load in N, b denotes the width of the specimen in mm, and L represents the length of the sample in mm.

2.8 Statistical Analysis

To determine the differences between adhesives and particle sizes, a one-way analysis of variance (ANOVA) was conducted, and the average value for each particleboard size was compared using the least significant difference (LSD) assessment. The investigation was carried out using the Statistical Package for the Social Sciences (SPSS) software program.

3  Results and Discussions

The results and discussions of this investigation are divided into two parts. In the first stage, tests on the physical and mechanical properties of Leucaena leucocephala bark particleboard were conducted using lignin adhesive compared to urea formaldehyde (UF). In the second stage, a comparison between particle sizes (fine, medium, and coarse) was made for bark particleboard that uses lignin as an adhesive.

Fig. 6 shows the lignin adhesive bark particleboards with (a) fine (0.2 to 1.0 mm), (b) medium (1.0 to 2.5 mm), and (c) coarse (2.5 to 12.0 mm) particle sizes.
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Figure 6: Front and back surfaces of lignin adhesive-treated bark particleboard at (a) fine (0.2 to 1.0 mm), (b) medium (1.0 to 2.5 mm), and (c) coarse (2.5 to 12.0 mm) particle sizes

3.1 Physical Properties of Bark Particleboard with Lignin Adhesives

Table 2 displays the mean physical properties of fine (0.2 to 1.0 mm) bark particleboard using lignin adhesives. In this study, UF adhesive was employed as a control for comparison. The percentages of moisture content (MC), water absorption (WA), and thickness swelling (TS) results were calculated from wet to oven-dried and air-dried to oven-dried.
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The findings indicate that there was no significant difference at p < 0.05 between lignin and UF adhesives in terms of moisture content, water absorption, and thickness swelling in Leucaena leucocephala bark particleboards (Table 2). This suggests that the adhesive using lignin extracted from L. leucocephala bark exhibits similar physical qualities as UF adhesive. However, a comparison of the average values reveals that the bark particleboard with lignin adhesive has slightly higher percentages of moisture content (12.51%), water absorption (137%), and thickness swelling in wet conditions (32.83%) compared to UF adhesive (12.12%, 125.75%, and 29.32%, respectively). Under air-dried conditions, lignin adhesive shows better stability (thickness swelling of 9.93%) than UF adhesive (10.01%).

Lignin-based adhesives are being considered as potential alternatives to traditional urea-formaldehyde (UF) adhesives due to their comparable properties. Lignin, a complex organic polymer found in plant cell walls, is one of the most abundant renewable resources. These adhesives offer several advantages, including environmental friendliness and sustainability, as they are derived from renewable biomass sources [54]. They also have the potential to enhance the mechanical and physical properties of wood-based composites, such as particleboard panels, when used as binders [21]. Additionally, lignin-based adhesives can exhibit good adhesive properties, strength, and water resistance when modified with various dispersing agents and cross-linkers [55]. The incorporation of lignin into polyurethane elastomers has been shown to enhance their self-healing properties while maintaining mechanical strength [55]. Lignin-based adhesives offer a promising alternative to UF adhesives, providing a more sustainable and environmentally friendly option for the wood products industry.

Leucaena leucocephala bark particleboard using UF adhesive exhibits slightly better water resistance compared to lignin adhesive. However, lignin adhesives demonstrate greater stability in an air-dry environment. Fig. 7 illustrates the differences in physical properties between bark particleboards with lignin adhesive and urea formaldehyde (UF) adhesive.
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Figure 7: Physical properties of lignin adhesives in bark particleboard compared to UF adhesive

Bark particleboard with lignin adhesive exhibited 3.21%, 8.94%, and 11.9% higher moisture content, water absorption, and thickness swelling under wet conditions compared to UF adhesive (Fig. 7). This difference may be influenced by the lower internal bonding strength between bark particleboard and lignin adhesives, as UF adhesives were expected to have better internal bonding strength. The reduction of 0.8% in thickness swelling for lignin adhesive compared to UF adhesive suggests that environmental conditions influenced the stability of the particleboards (Fig. 7). It indicates that bark particleboard bonded with lignin adhesive performed excellently in terms of water resistance under air-dried conditions compared to UF particleboard.

Lignin adhesives derived from plant cell walls offer a bio-based alternative to synthetic adhesives in particleboard production. They offer advantages such as lower formaldehyde emissions and renewable, sustainable properties. However, particleboards bonded with lignin adhesives tend to have a slightly higher moisture content, ranging from 5% to 10%, compared to those bonded with synthetic adhesives. This can affect dimensional stability if not properly controlled during manufacturing and usage. Additionally, lignin adhesives may exhibit lower water resistance compared to some synthetic adhesives [54].

Water absorption is directly proportional to thickness swelling, where high water absorption of bark particleboard leads to increased thickness swelling. This phenomenon may be influenced by the chemical properties of L. leucocephala bark, where the high lignin content (38.24%) affects increased solubility in cold water (11.06%) and hot water (14.45%) [56].

Urea formaldehyde (UF) adhesives have traditionally been used in particleboard manufacturing due to their cost-effectiveness and excellent bonding properties [54]. However, they have faced concerns related to formaldehyde emissions and environmental impact [57]. UF-bonded boards generally exhibit lower moisture content, ranging from 3% to 7% [58], compared to lignin adhesive-based boards, resulting in improved dimensional stability [59]. UF adhesives provide excellent bonding strength, leading to high-quality particleboard [60]. However, UF adhesives can emit formaldehyde, posing potential health risks, and are derived from non-renewable resources, making them less environmentally friendly.

The physical properties revealed that lignin-adhesive bark particleboard is comparable to UF-adhesive bark particleboard (Fig. 7). The performance of bark particleboard with lignin adhesive excels in air-dry conditions, exhibiting superior bonding properties, strength, and overall quality [54]. Conversely, bark particleboard with UF adhesive performs better in terms of water resistance in wet conditions, maintaining its adhesive properties and resisting the effects of moisture [21]. The choice between these adhesives depends on the specific application and the environmental conditions the particleboard will be exposed to. Lignin adhesives are often chosen as a natural and eco-friendly alternative, while UF adhesives are commonly selected for their water-resistant properties [61]. Manufacturers make the appropriate adhesive choice based on the intended application and the performance requirements of the final product [62].

3.2 Physical Properties of Bark Particleboard with Various Particle Sizes and Lignin Adhesives

Table 3 presents the mean physical properties of bark particleboard using lignin adhesives with various particle sizes. In this study, fine particles were used as a control for comparison.
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The results demonstrate that there were significant differences at p < 0.05 for moisture content and water absorption among the medium particle sizes, while the thickness swelling of bark particleboard with fine, medium, and coarse particles under both conditions was also significant (Table 3). Medium-sized particles had the highest moisture content (12.72%) and water absorption (152.99%), followed by fine-sized particles (12.51% and 137%) and coarse-sized particles (11.92% and 123.61%), respectively. This variation can be attributed to the presence of more empty areas for absorbed water to fill, especially in cell lumens [63]. The increased surface area of the smaller, finer particles provided additional hydroxyl groups for the water to access within the cellulose nanofibrils, resulting in a higher moisture content [64].

Fine particleboard is crafted from small-sized bark particles, typically ranging from dust-like particles up to 1 mm in diameter. It features a smooth surface and a dense structure, making it ideal for applications that demand a smooth and even finish. Common uses include furniture manufacturing, cabinetry, and interior decorations. Medium particleboard, on the other hand, is composed of larger particles than fine particleboard, generally ranging from 1 to 3 mm in diameter. It strikes a balance between cost, surface smoothness, and structural integrity, rendering it suitable for general-purpose applications in furniture making, shelving, and as a substrate for laminates and veneers. Coarse particleboard is crafted from the largest particles among the three types, typically ranging from 3 to 8 mm in diameter. It possesses higher porosity and is less smooth compared to fine and medium particleboard, making it suitable for structural applications where strength and load-bearing capacity are crucial, such as in construction, flooring, and heavy-duty furniture [65–67].

Fine bark particles, which are the smallest particles obtained from bark, possess a larger surface area, leading to faster moisture absorption and evaporation. The moisture content of fine bark particles can vary from approximately 30% to 70% or higher, depending on environmental conditions and the type of bark. Medium bark particles, larger than fine particles but smaller than coarse ones, strike a balance between surface area and size, resulting in a moisture content range of 20% to 60% [68]. Coarse bark particles, the largest among the three categories, have a lower surface area compared to fine and medium particles, making them less susceptible to rapid moisture changes. The moisture content of coarse bark particles can range from about 10% to 40% [69].

Both an increase and a decrease in value are observed in thickness swelling. Fine particle size exhibited the least amount of thickness swelling when wet (32.83%), followed by medium size (61.51%) and coarse size (68.16%) (Table 3). This indicates a linear relationship between the increase in thickness and particle size, as larger particles tend to swell more. In contrast, when the particles are exposed to air-dried conditions, the thickness swelling decreases. Under air-dry conditions, the fine particles showed the largest percentage increase in thickness (9.93%), followed by medium (6.38%) and coarse (1.67%) (Table 3). Fig. 8 illustrates the differences in physical properties between medium and coarse particle sizes compared to fine particles.
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Figure 8: Physical properties of lignin adhesive in bark particleboard at different particle sizes compared to fine particles

The moisture content and water absorption of medium-sized particles are 1.68% and 11.67% higher than those of fine particles, respectively. In contrast to coarse particles, which exhibit reduced moisture content and water absorption, there is a notable difference (4.71% and 9.77%) (Fig. 8). Medium-sized particles provide more empty space for water to be absorbed and filled, especially in the cell lumen, due to the lack of particle contact with each other. Larger surface areas of particles allow for better contact among them [70].

The moisture content of coarse bark particles is generally lower than that of fine bark particles due to the difference in surface area-to-volume ratio. Fine bark particles have a higher surface area-to-volume ratio, enabling them to absorb and retain more moisture compared to coarse bark particles [68]. Coarse bark particles, on the other hand, have a smaller surface area but a larger volume, limiting their moisture absorption and retention capabilities [71]. It is important to note that the moisture content of any bark particle can be influenced by various factors, such as environmental conditions, humidity levels, drying methods, and storage conditions [72]. Therefore, the moisture content can vary widely and should be measured using appropriate testing equipment for accurate results [73].

The thickness swelling of coarse particles was 107.61% higher than that of fine particles in wet conditions, primarily due to the high porosity of the coarse bark particleboard compared to that of fine particles (Fig. 8). Similarly, the size of medium particles resulted in an 87.36% higher thickness of swelling compared to fine particles. The results highlight that the larger the particle size, the higher the particle porosity. However, under air-dry conditions, coarse particles are 83.18% more stable than fine particles, with medium particles showing 35.75% lower swelling.

Fine bark particleboard, made from smaller particles with a higher surface area, tends to exhibit higher water absorption rates and more significant thickness swelling when exposed to wet conditions. However, it may also dry more quickly in dry conditions due to its smaller size. Medium bark particleboard, composed of particles of intermediate size, maintains a balanced composition, resulting in moderate water absorption and thickness swelling properties. It also exhibits moderate thermal expansion and contraction rates, making it less susceptible to extreme dimensional changes. Coarse bark particleboard, composed of larger particles with a lower surface area, displays lower water absorption rates and reduced thickness swelling in wet conditions. However, it may have slower drying rates in dry conditions due to its larger size. The manufacturing process, binder type, overall density, raw material quality, adhesive used, and storage/exposure conditions also impact particleboard swelling behavior [74,75].

3.3 Mechanical Properties of Bark Particleboard with Lignin Adhesives

Table 4 presents the mean mechanical properties of fine (0.2 to 1.0 mm) particle bark particleboard bonded with lignin adhesives. UF adhesive was used as a comparison to lignin adhesives.
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The results showed that there were no significant differences in MOE, IB, or density at p < 0.05 except for MOR (Table 4). This result demonstrates that the mechanical quality of bark particleboard with lignin adhesives is comparable to UF, with lignin adhesive exhibiting less rupture than UF. On average, the bark particleboard with lignin adhesive showed a higher MOE (522.67 MPa × 103) compared to the UF adhesive (385.03 MPa × 103). This suggests that using lignin as an adhesive in bark particleboard increases its elasticity compared to boards using UF adhesive. However, lignin adhesive is more fragile, with the average MOR value of the lignin adhesive board (5.00 MPa × 103) much lower than UF (5.01 MPa × 103).

UF and lignin adhesives play significant roles in improving the MOE (Modulus of Elasticity) and MOR (Modulus of Rupture) of bark particleboard [76,77]. The use of UF (Urea-Formaldehyde) adhesive in combination with tannin or lignin enhances the mechanical properties of the particleboard, resulting in higher MOE and MOR values [78]. Similarly, the use of lignin-based adhesives, such as glyoxalated lignin and magnesium lignosulfonate, improves the mechanical properties of the particleboard, leading to higher MOE and MOR values. These adhesives provide an alternative to UF adhesives, which are known to emit formaldehyde. Lignin-based adhesives show potential for reducing formaldehyde emissions while maintaining acceptable mechanical properties.

Internal bonding of bark particleboard with lignin adhesive (0.04 MPa) is lower than UF (Table 4). UF is known for its outstanding water resistance and high reactivity, which could impact the bonding strength as it reacts with isocyanate groups in the bark particleboard. However, the high-water absorption of the bark particle lignin adhesive could lead to a loss of bonding between the surface bark particles.

UF and lignin adhesives are significant factors in terms of internal bonding. The addition of sulfonated Kraft lignin to UF resin enhances thermal stability and reduces formaldehyde emissions during degradation [79]. Lignin phenol formaldehyde resins synthesized with lignin modifications, such as glyoxal, phenol, ionic liquid, and maleic anhydride, show improved adhesive properties and mechanical strength in wood particleboard panels [80]. Bioinspired wet adhesives derived from lignosulfonate and polyamidoamine-epichlorohydrin exhibit instant wet adhesion and stable bonding strength under various conditions, including high temperatures and long-term soaking [81]. Melamine-urea-formaldehyde adhesive demonstrates excellent adhesion to different micro-surfaces of wood fibers, while lignin-rich compound middle lamella surfaces show reduced adhesion to one-component polyurethane due to their lower polar character [82]. Intraparticle cross-linking of lignin nanoparticles with bisphenol A diglycidyl ether improves their stability and allows for surface functionalization, enabling their application as waterborne wood adhesives with competitive dry/wet adhesive strength [83].

The target density of Leucaena leucocephala bark particleboard manufacturing is 700 kg/m3. However, after hot pressing, the density of bark particleboard using lignin adhesive (782.79 kg/m3) was higher than that of bark particleboard using UF adhesive (762.39 kg/m3) (Table 4). During hot pressing at a temperature of 175°C, the lignin adhesive acts as a filler that fills the voids in the bark particles, while the lignin in the bark particles becomes thermoplastic and melts. UF adhesives have higher reactivity and are more resistant to water penetration.

Particleboards bonded with UF adhesives tend to have relatively higher densities compared to lignin-bonded particleboards. The high density is mainly due to the strong adhesive properties of UF, which result in better bonding between particles, leading to tighter packing and fewer void spaces within the board [54]. Particleboards bonded with lignin adhesives may have slightly higher densities compared to UF-bonded particleboards. The higher density can be attributed to the inherent properties of lignin, which might not provide the same level of adhesive strength as UF. As a result, there could be a slightly lower presence of voids within the board [60]. The specific density values of particleboards bonded with UF and lignin adhesives can vary depending on factors such as particle size and distribution, pressing conditions, and the proportion of bark particles in the formulation [84]. The choice between UF and lignin adhesives for bonding bark particleboard depends on factors such as desired mechanical properties, formaldehyde emissions regulations, sustainability goals, and cost considerations [57].

Particleboard properties can vary based on the specific formulation of adhesives, bark particle composition, and manufacturing process. UF-bonded particleboard generally has higher modulus of elasticity (MOE) and modulus of rupture (MOR) values compared to lignin-bonded particleboard [85]. UF adhesives provide strong and durable bonds, resulting in better mechanical properties [65]. UF-bonded particleboard also tends to have a higher internal bonding (IB) strength [19]. Density can be similar for both UF and lignin-bonded particleboard, depending on the adhesive amount and compaction [77]. Lignin adhesives are considered more environmentally friendly as they are derived from renewable resources [86]. However, the mechanical properties of particleboard can be influenced by various factors, including adhesive formulation, bark particle composition, pressing conditions, and the curing process.

The 35.75% increase in MOE for the bark particleboard with lignin adhesive is attributed to a 2.68% increase in density compared to the bark particleboard with UF adhesive (Fig. 9). This indicates that L. leucocephala bark particleboard using lignin adhesive has a higher quality than the board using UF adhesive.
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Figure 9: Strength properties of lignin adhesive in bark particleboard compared to UF adhesive

Particleboards made with UF adhesive tend to have a relatively higher density compared to those made with lignin-based adhesives [54,57]. UF-bonded particleboards often exhibit higher MOE values, indicating greater stiffness and rigidity [79]. They also tend to have higher MOR values, indicating better resistance to bending and external forces [62]. On the other hand, particleboards bonded with lignin-based adhesives may have lower density, MOE, and MOR values compared to UF-bonded boards [77]. Lignin adhesives offer an eco-friendlier alternative, as they are derived from renewable resources and have lower VOC emissions. However, UF adhesives are widely used in commercial particleboard production due to their excellent bonding properties and superior mechanical properties. The choice between UF and lignin adhesives for bark particleboard production depends on factors such as the intended application and environmental considerations.

Fig. 9 shows the decrement of MOR (0.2%) and IB (20%) in bark particleboard with lignin adhesive compared to UF adhesive. UF adhesives, specifically urea-formaldehyde, are widely used in the wood industry due to their ability to create strong bonds and improve the internal bonding strength of particleboard [54]. On the other hand, lignin-based adhesives, derived from a natural polymer found in wood, are considered eco-friendly alternatives to synthetic adhesives. However, achieving comparable internal bonding strength with lignin-based adhesives might be more challenging compared to UF adhesives [62]. UF-based particleboards tend to exhibit relatively high modulus of rupture (MOR) values, indicating improved load-bearing capacity and bending strength [87]. Lignin adhesives, while providing good compatibility with wood particles, may have slightly lower MOR values compared to UF adhesives [88]. This difference in MOR values can influence the suitability of lignin-based adhesives for certain load-bearing and structural applications [79].

3.4 Mechanical Properties of Bark Particleboard with Various Particle Sizes and Lignin Adhesives

Table 5 displays the mean mechanical properties of bark particleboard using lignin adhesives with various particle sizes. In this study, fine particles were used as a control for comparison.
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Table 5 demonstrates that there is a substantial difference at p < 0.05 between the coarse particles in MOE and the fine particles in MOR. The three particle sizes of L. leucocephala bark particleboards did not significantly vary in IB and density.

Fine bark particleboard is made from small bark particles that are finely ground or shredded. It has a smoother and more homogenous surface compared to the other types, making it suitable for applications where a smooth surface finish is required, such as furniture manufacturing and cabinetry [65]. Medium bark particleboard is made from bark particles that are larger than those used in the fine variety but smaller than the coarse one. It strikes a balance between smoothness and structural integrity, making it commonly used in applications where both appearance and strength are important, such as wall paneling and doors [19]. Coarse bark particleboard is made from larger bark particles, resulting in a more textured and rougher surface. It tends to be stronger and is commonly used in load-bearing applications, such as sub-flooring and sheathing [89]. Lignin-based adhesives, derived from renewable sources, are used to bond these particleboards. The bonding process is similar for all three types, but the efficiency may vary slightly due to differences in particle size [90].

Fine particles have the highest values in MOE (523 MPa × 103), MOR (5 MPa × 103) and IB (0.04 MPa), followed by medium (369 MPa × 103), (3.1 MPa × 103), (0.04 MPa), and coarse particles (238 MPa × 103), (2.19 MPa × 103), (0.03 MPa), respectively (Table 5). This clearly shows that the finer the particles used in the manufacture of bark particleboard, the better the strength. Fine particles performed best in MOE, MOR, and IB.

Particleboard made from bark particles of different sizes (fine, medium, and coarse) was evaluated for its modulus of elasticity (MOE) and modulus of rupture (MOR) [91]. The results showed that the mechanical properties of the particleboard decreased with increasing bark content [78]. Particleboard made from 50% black spruce bark showed the highest MOE and MOR values, which were 12% and 37% lower than the control, respectively [92]. Particleboard made from trembling aspen bark showed the lowest thickness swelling (TS) [93]. The MOE and MOR of particleboards made from 50% black spruce and trembling aspen bark met the requirements of the ANSI standard for commercial and underlayment grades [92]. However, the dimensional properties (TS and linear expansion) of all the boards did not fulfill the minimum requirements of the ANSI standard.

Fine bark particleboard, made from small bark particles, tends to have a higher internal bonding strength. The small particle size allows for better contact points between the particles and the adhesive, resulting in a stronger bond [94]. Medium bark particleboard, with particles larger than fine but smaller than coarse, typically has moderate internal bonding strength. The larger particles may not allow the adhesive to penetrate as deeply as in the fine version, leading to slightly reduced internal bonding strength [95]. Coarse bark particleboard, made from larger particles, tends to have the lowest internal bonding strength among the three types. The larger particles provide fewer contact points for the adhesive to bond effectively, resulting in lower internal bonding strength [96]. In summary, the significant difference in internal bonding strength of fine, medium, and coarse bark particleboard is primarily due to the particle size. Fine bark particleboard generally exhibits the highest internal bonding strength, followed by medium bark particleboard, and then coarse bark particleboard [97].

The density shows that medium particles have the highest value (789 kg/mm3), followed by fine particles (783 kg/mm3) and coarse particles (760 kg/mm3) (Table 5). This reveals that medium particles are slightly denser than fine and coarse particles. However, the difference in the density of fine and coarse particles is very small, only 0.8%.

The density of bark particleboard is influenced by the size of the bark particles used in the manufacturing process. Fine bark particleboard, made from small bark particles, has a higher density compared to medium and coarse particleboard [65]. Medium bark particleboard, made from larger bark particles, has a moderate density [57]. Coarse bark particleboard, made from larger bark particles that may include wood chips and flakes, has the lowest density among the three types [98]. The choice of particleboard type should align with the intended application, considering factors such as strength requirements, appearance, and cost considerations [99]. The density of bark particleboard can also be influenced by other factors such as adhesive content, pressing pressure, and the manufacturing process [100]. The type of adhesive used, such as lignin adhesive, can also impact the overall density and mechanical properties of the particleboard. Fig. 10 illustrates the mechanical properties of the particle size of bark particleboard lignin adhesive against fine particles.
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Figure 10: Mechanical properties of lignin adhesives in bark particleboard at different particle sizes compared to fine particles

Similar patterns can be seen in the MOE, MOR, and IB strength characteristics. The coarse and medium particle sizes exhibit a noticeable loss in strength compared to the fine particles at the same target density of 700 kg/mm3 after being hot-pressed at 175°C for 7 min. This finding demonstrates that when the particle size increases, the mechanical strength loss likewise increases (Fig. 10).

On MOE, the strength of coarse particles dropped by approximately 47.62%, but the strength of fine particles dropped by 29.31%. Similar findings apply to MOR, where medium particles weaken structure by 38% more than coarse particles (56.2%). In contrast to IB, there was no decrease in the strength of coarse particles and only a 25% decrease in the strength of fine particles.

Bark particleboard’s strength characteristics are impacted by different particle sizes. While the density of coarse particles decreased by 2.86% after heat pressing, medium particles were 0.79% denser than fine particles (Fig. 10). This is due to how differently the particle surfaces interact with one another. The interaction of the bark particles and the lignin adhesive used in the production of particleboards made from Leucaena leucocephala bark could also be the cause of the variations.

The reduction in strength due to the use of smaller particle sizes in bark particleboard adhesives, specifically lignin, refers to the potential decrease in the adhesive’s bonding performance and overall strength when compared to coarser lignin particles. This phenomenon is relevant in the context of particleboard production, where lignin often serves as an adhesive binder to hold the wood particles together. Reasons for this strength reduction may include reduced mechanical interlocking, inadequate penetration, increased void spaces, incompatibility with wood particles, and higher water absorption when finer lignin particles are used. To address this strength reduction, manufacturers may consider using a combination of different lignin particle sizes, incorporating other additives or modifiers, and optimizing the adhesive formulation through testing and experimentation. Regular testing and quality control are essential to ensuring the desired strength and performance of the particleboard [21,101].

When reducing the particle sizes of bark particleboard adhesives, specifically lignin, the modulus of elasticity (MOE) and modulus of rupture (MOR) can be affected. The MOE may decrease due to factors such as reduced mechanical interlocking, increased void spaces, and inadequate penetration [60]. The reduction in lignin particle sizes can also impact the MOR by weakening bonding, increasing water absorption, and making it more vulnerable to defects [102,103]. To mitigate these reductions, particleboard manufacturers can consider using a well-balanced combination of different lignin particle sizes, incorporating other additives or modifiers, and conducting thorough testing and quality control [104,105]. Striking the right balance between lignin particle size, adhesive formulation, and processing conditions is essential to achieving the desired MOE, MOR, and other mechanical properties in bark particleboard.

When reducing the particle size of bark particleboard adhesives, specifically lignin, the internal bonding strength can be affected in several ways. Coarser lignin particles tend to have more surface irregularities, leading to better mechanical interlocking with the wood particles in the bark and resulting in stronger bonds and higher internal bonding strength [106]. On the other hand, finer lignin particles have fewer prominent irregularities, leading to reduced mechanical interlocking and potentially lower internal bonding strength [107]. Additionally, finer lignin particles may have difficulty penetrating the pores and voids between the larger wood particles, resulting in weak bonding and a decrease in internal bonding strength [108]. Furthermore, finer lignin particles can create more void spaces between particles, reducing the effective contact area for bonding and weakening adhesion [109]. Finally, fine lignin particles might not form strong bonds with the wood particles due to their smaller size and surface characteristics, leading to insufficient bond strength and a decrease in internal bonding strength [110]. To address these potential issues, particleboard manufacturers can optimize adhesive formulation, incorporate additives or modifiers, fine-tune processing conditions, and implement quality control and testing.

3.5 Physical and Mechanical Properties of Bark Particleboard Demethylated Lignin Adhesives

Based on the results and discussion, Tables 6 and 7 summarize the comparison of physical and mechanical properties between bark particleboard adhesives using urea formaldehyde (UF) and demethylated lignin at various particle sizes from Leucaena leucocephala bark particles.
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4  Conclusions

The study concludes that utilizing lignin adhesives and Leucaena leucocephala bark for particleboard production is environmentally friendly and optimizes biomass resources. The following conclusions can be drawn:

1.    Lignin adhesive particleboard exhibits moisture content, air absorption, and swelling thickness comparable to urea formaldehyde (UF) particleboard, with UF outperforming in terms of water resistance. Lignin adhesive particleboard demonstrates increased stability in an air-dry environment, attributed to the enlarged surface area of fine particles.

2.    The mechanical properties of bark particleboard with lignin adhesive are on par with those of UF adhesive, except for higher fracture resistance and lower internal bond strength. UF adhesive is renowned for its water resistance, whereas the high-water absorption of lignin adhesive weakens bonds.

3.    Board properties are influenced by particle size, with medium-sized particles being denser compared to coarse and fine ones. The utilization of lignin as an adhesive enhances elasticity but results in boards that are more brittle. Fine particles exhibit superior mechanical properties.

In summary, lignin-adhesive particleboard is both environmentally friendly and comparable to UF particleboard in terms of physical and mechanical properties, with some distinctions in fracture resistance and bond strength, which are influenced by particle size.
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Table 1: Manufacturing information and sample dimensions of lignin adhesive bark particleboard

Lignin adhesives bark particleboard

Dimension size (width x length x thickness)

Target board density

Press temperature

Press pressure

Press closing time

Curing time

Press opening time

Lignin adhesives
Viscosity/26.4°C

pH value/26.4°C

Solid content/105°C
Hardener: Ammonium chloride
Particles

Fine

Medium

Coarse

Physical test

Moisture content (MC)
Water absorption (WA)
Thickness swelling (TS)
Density

Mechanical test

Modulus of elasticity (MOE)
Modulus of rupture (MOR)
Internal bonding (IB)

320 mm % 320 mm X 10 mm
700 kg/m’

175°C

140 kg/m*

20's

7 min

60 s

4180 cps

11.5

49.1

1%

Size (mm)

0.2t 1.0

1.0 to 2.5

2.5t0 12

Dimension size (mm3)
50 x 50 x 10

50 x 50 x 10

50 x 50 x 10

50 x 50 x 10
Dimension size (mm>)
250 x 50 x 10

250 x 50 x 10

180 x 50 x 10
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Table 3: Physical properties of lignin adhesives in bark particleboard at different particle sizes

Particle sizes R MC (%) WA (%) TS (%)

(mm) Wet to OD AD to OD

Fine 8 12.51 2 137.00 * 32.83 ° 9.93 €

(0.2 to 1.0) (0.29) (23.17) (4.78) (2.73)

Medium 8 12.72 ¢ 152.99 ° 61.51° 6.38°"

(1.0 to 2.5) (0.59) (13.89) (7.76) (1.82)
{1.68%} {11.67%} {87.36%} {=35.75%}

Coarse 8 11.92 * 123.61 * 68.16 € 1.67 *

(2.5 to 12.0) (0.29) (5.12) (5.98) (1.60)
(—4.72%) {=9.77%} {107.61%} {—83.18%)

Note: The mean values followed by the same letter are not significantly different (p < 0.05), and the values in parentheses are the standard deviations.
R stands for the number of renlications. { } = % differences against fine narticles.
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Table 6: Properties of bark particleboard bonded with UF and lignin adhesives

Physical Adhesives

properties Urea formaldehyde (UF) Demethylated lignin

MC The moisture content of urea formaldehyde The moisture content of lignin adhesive in
(UF) adhesive in bark particleboard is 3.21% bark particleboard is 3.21% higher than that
lower than that of lignin adhesive in bark  of UF adhesive, which can impact
particleboard. This reduced moisture content dimensional stability if not adequately
contributes to enhanced dimensional controlled during manufacturing and use.
Stabil.ity. UF adhesive exhibits excellent Lignin adhesives are frequently employed as
bonding strength, resulting in the production , atural and environmentally friendly
of high-quality particleboard. However, UF  gjternative [60].
adhesives can emit formaldehyde, posing a
potential health risk. Furthermore, UF
adhesives are derived from non-renewable
resources, which makes them less
environmentally friendly. UF adhesives are
typically preferred for their waterproof
properties [60].

WA UF adhesives are more resistant to water ~ The water absorption of lignin adhesive in
penetration compared to lignin adhesives.  bark particleboard is 8.94% higher than that
UF adhesive in bark particleboard exhibits ©f UF adhesive in bark particleboard.
8.94% lower water absorption than lignin ~ Additionally, lignin adhesives are less
adhesive in bark particleboard. waterproof than UF adhesives.

Water absorption is directly proportional to
thickness swelling, where high water
absorption in bark particleboard leads to
increased thickness swelling. This may be
influenced by the chemical properties of L.
leucocephala bark, as the high lignin content
in L. leucocephala bark (38.24%) affects
increased solubility in both cold water
(11.06%) and hot water (14.45%).

TS (wet) UF adhesive in bark particleboard Lignin adhesive particleboard exhibits better
outperforms lignin adhesive in wet quality in air-dry conditions, while UF
conditions due to its superior water adhesive particleboard performs better in
resistance in wet conditions. terms of water resistance in wet conditions.

TS (air-dry) In air-dry conditions, UF adhesive in bark  Lignin adhesive in bark particleboard
particleboard exhibits lower water resistance functions as a superior waterproofing agent
compared to lignin adhesive in bark compared to UF adhesive in air-dry
particleboard. UF adhesive in bark conditions.
particleboard has lower waterproofing
capabilities than lignin adhesive in air-dry
conditions.

Mechanical Adhesives

properties Urea formaldehyde (UF) Demethylated lignin

MOE UF adhesive in bark particleboard exhibits Lignin adhesive particleboard exhibits a
lower MOE (modulus of elasticity) strength higher MOE (modulus of elasticity) strength
than lignin adhesive in bark particleboard. = compared to UF adhesive particleboard. The
The use of lignin as an adhesive in bark use of lignin as an adhesive in bark
particleboard results in a greater degree of  particleboard results in increased elasticity
elasticity compared to particleboard that compared to particleboard that employs UF
utilizes UF adhesive. adhesive.

The higher MOE observed in lignin adhesive
bark particleboard, compared to UF
adhesive, can be attributed to its increased
density. This demonstrates that bark
particleboard made with lignin adhesive.
from L. leucocephala bark has superior
quality compared to boards using UF
adhesive. A higher MOE in lignin-adhesive
bark particleboard indicates greater stiffness
and rigidity [78].

MOR The modulus of rupture (MOR) of UF Lignin adhesive bark particleboard is
adhesive in bark particleboard is higher than comparable to UF adhesive, even though the
that of lignin adhesive in bark particleboard, modulus of rupture of lignin adhesive bark
although there is no significant difference at particleboard is lower than that of UF
p < 0.05. A higher MOR value indicates adhesive in bark particleboard. Lignin
better resistance to bending and external adhesive exhibits greater brittleness, with the
forces, reflecting superior load-bearing average MOR value of lignin adhesive board
capacity and flexural strength [87]. being 0.2% lower than that of UF adhesive.

Despite their slightly lower MOR values
compared to UF adhesives, lignin adhesives
demonstrate greater compatibility with bark
particles.

IB UF adhesive in bark particleboard exhibits a Lignin adhesive in bark particleboard
higher internal bond strength than lignin exhibits lower internal bond strength than UF
adhesive particleboard. UF adhesive is adhesive, where UF adhesive is expected to
renowned for its outstanding water resistance have superior internal bond strength.
and high reactivity, which can influence the High water absorption of lignin adhesive
strength of internal bonds by reacting with  particleboard can weaken the bond between
isocyanate groups in bark particleboard. the surface of the bark particles.

Lignin adhesive in bark particleboard has the
capacity to establish a robust bond and
enhance the internal bond strength of the
particleboard [80].

The internal bond strength of lignin adhesive
in bark particleboard is 20% lower than that
of UF adhesive in bark particleboard.

Density UF adhesive in bark particleboard exhibits a After hot pressing, the density of lignin

lower density than lignin adhesive
particleboard. This difference in density may
be due to the presence of slightly higher
voids in the board.

The lower density can be attributed to the
characteristic properties of UF, which may
not offer the same level of adhesive strength
as lignin adhesives [60].

adhesive in bark particleboard is higher than
that of UF adhesive in bark particleboard.

The elevated density is attributed to the

strong adhesive properties, which facilitate a
better bond between the particles and reduce
the presence of void spaces within the board.

During hot pressing at a temperature of
175°C for 7 min, the lignin adhesive
functions as a filler, effectively occupying the
voids. within the bark particles. Additionally,
lignin exhibits thermoplastic properties,
melting when exposed to heat and hardening
when cooled.
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Table 4: Mechanical properties of fine particle bark particleboard bonded with lignin and UF adhesives

Adhesives R MOE MOR IB p
(MPa x 10°) (MPa x 10°) (MPa) (kg/mm°)
UF 8 385.03 *° 5.01° 0.05 * 762.39 *
(183.60) (1.02) (0.04) (62.04)
Lignin 8 522.67 " 5.00 0.04 ° 782.79 *
(168.51) (1.25) (0.01) (104.03)
(35.75%) {—0.2%} (—20%) {2.68%)

Note: The mean values followed by the same letter are not significantly different (p < 0.05), and the values in parentheses are the standard deviations.
R stands for the number of replications. { } = % differences against UF adhesive.
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Table 7: Properties of demethylated lignin adhesives in bark particleboard at different particle sizes

Physical Particle sizes (mm)

PrOPEties e (02 to 1.0) Medium (1.0 to 2.5) Coarse (2.5 to 12.0)

MC The moisture content of fine  The moisture content of The moisture content of rough
particles is higher than that of medium-sized bark particles is bark particles is lower than
coarse particles. This is higher than that of both fine that of fine bark particles
because fine bark particles and coarse particles. when wet. This is because
possess a greater surface area- rough bark particles have a
to-volume ratio, enabling smaller surface area but a
them to absorb and retain larger volume, which restricts
more moisture than their their capacity to absorb and
coarse counterparts. In a dry retain moisture [69].
state, fine bark particles also
dry more rapidly due to their
smaller size.

Fine bark particles, with their
higher surface area-to-volume
ratio, have the capacity to
absorb and retain greater
moisture compared to coarse
bark particles. Consequently,
they also dry faster owing to
their smaller size [68].

WA Fine bark particles are smaller Medium bark particleboard = Coarse bark particleboard,
in size, resulting in a higher  has a balanced composition  composed of larger particles
surface area. They also tend to that absorbs water to a higher with a lower surface area,
exhibit moderately high-water degree than fine and coarse  exhibits a lower water
absorption rates and particles. absorption rate and reduces
moderately significant thickness swelling in wet
thickness swelling when conditions.
exposed to wet conditions.

TS (wet) Fine bark particleboard, Medium bark particleboard  Coarse bark particleboard has
composed of smaller particles has moderate swelling when the highest swelling when
with a higher surface area, exposed to wet conditions. exposed to wet conditions.
tends to exhibit the lowest Medium bark particleboard,  This is because larger particle
thickness swelling when made of medium-sized sizes result in higher particle
exposed to wet conditions. particles, possesses a balanced porosity.

composition that results in Coarse bark particleboard,
moderate water absorption  composed of larger particles
and thickness swelling with a lower surface area,
properties. It also exhibits exhibits a lower water
moderate rates of thermal absorption rate and
expansion and contraction,  experiences the highest
making it less susceptible to  thickness swelling in wet
extreme dimensional changes. .onditions.

TS (air  Fine bark particleboard Medium bark particleboard  Coarse bark particleboard

dry) experiences the highest exhibits moderate swelling in may have a slower drying rate
thickness swelling in air-dry  air-dry conditions. in air-dry conditions due to its
conditions. larger size. Therefore, coarse

particles are 83.18% more
stable than fine particles.

Mechanical Particle sizes (mm)

Fine (0.2 to 1.0) Medium (1.0 to 2.5) Coarse (2.5 to 12.0)

MOE Fine bark particleboard has  Medium bark particleboard  Coarse bark particleboard has
the highest modulus of has a lower modulus of the lowest modulus of
elasticity compared to elasticity than fine bark elasticity compared to fine
medium bark particleboard  particleboard and is higher  bark particleboard and
and coarse bark than coarse bark medium bark particleboard.
particleboard. particleboard.

The finer the particles used in
the manufacture of bark
particleboard, the better the
strength. Fine particles
performed the best in terms of
MOE (modulus of elasticity).

MOR Fine bark particleboard has  Medium bark particleboard  Coarse bark particleboard has
the highest modulus of has a lower modulus of a lower modulus of rupture
rupture compared to medium rupture than fine bark than both fine and medium
and coarse bark particleboard and is higher  bark particleboard.
particleboard. than coarse bark
The finer the particles used in Particleboard.
the manufacture of bark
particleboard, the greater the
strength in MOR (modulus of
rupture).

IB Fine bark particleboard Medium bark particleboard, Larger particles may not
generally exhibits the highest with particles larger than fine allow the adhesive to
internal bond strength, as but smaller than coarse, penetrate as deeply as fine
does medium bark generally has an internal particles [95], potentially
particleboard, when bond strength that is similarly causing a slight decrease in
compared to coarse bark high compared to fine bark  internal bond strength.
particleboard. The small particleboard when Coarse bark particleboard,
particle size allows for better contrasted with coarse bark  ¢omposed of larger particles,
contact points between the  particleboard. typically exhibits the lowest
particles and the adhesive, internal bond strength when
resulting in a stronger bond compared to medium and fine
[94]- particles.

Fine particles performed the Larger particles provide fewer

best in terms of internal contact points for the

bonding. adhesive to effectively bond,
resulting in a lower internal
bond strength.

Density Fine bark particleboard has a Medium bark particleboard Coarse bark particleboard,

higher density than medium
and coarse bark particleboard
[65].

has a moderate density.
The density of medium bark

particleboard is 0.79% higher

than that of fine bark
particleboard [57].

composed of larger bark
particles that may include
wood chips and flakes, has the
lowest density compared to
medium and fine bark
particleboards [98].

Coarse bark particleboard
loses significant strength
compared to fine particles at
the same target density of
700 kg/mm? after hot pressing
at 175°C for 7 min.

As the bark particle size
increases, the strength loss
also increases.
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Table 2: Physical properties of fine particle bark particleboard bonded with lignin and UF adhesives

Adhesives R MC (%) WA (%) TS (%)
Wet to OD AD to OD
UF 8 12.12 2P 125.75 ® 29.32 * 10.01 ¢
(0.17) (13.06) (5.28) (1.72)
Lignin 8 12.51 ¢ 137.00 * 32.83 ° 9.93 €
(0.45) (23.17) (4.78) (2.73)
{3.22} (8.94} (11.97} {—0.80}

Note: The mean values followed by the same letter are not significantly different (p < 0.05), and the values in parentheses are the standard deviations.
R stands for the number of renlications. { } = % differences against UF adhesive.
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Table 5: Mechanical properties of lignin adhesives in bark particleboard at different particle sizes

Particle sizes R MOE MOR IB p
(mm) (MPa x 10°) (MPa x 10°) (MPa) (kg/mm>)
Fine 8 522.67 " 5.00 0.04 2 782.79 *
(0.2 to 1.0) (168.51) (1.25) (0.01) (104.03)
Medium 8 369.47 2P 3.10 ® 0.04 2 788.94 *
(1.0 to 2.5) (131.84) (1.11) (0.03) (97.42)
{—29.31%) {—38.00%} (0%} {0.79%}
Coarse 8 237.77 ® 2.19 ® 0.03 * 760.38 *
(2.5 to 12.0) (64.78) (0.37) (0.02) (61.17)
(—54.51%} {—56.2%} (—25%]} {—2.86%)

Note: The mean values followed by the same letter are not significantly different (p < 0.05), and the values in parentheses are the standard deviations.

R stands for the number of renlications. { } = % differences against fine narticles.
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