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Abstract: Despite its considerable potential, oil palm trunk (OPT) remains underutilized, largely owing to the cyclical replanting process that occurs every 25–30 years. This study aimed to address this issue by developing an eco-friendly oriented strand board (OSB) using vascular bundles (VBs) from oil palm, both in binderless form and with the incorporation of natural adhesives made from sucrose and ammonium dihydrogen phosphate (ADP). The VB was extracted from OPT using a pressure cooker and mixed with a sucrose-ADP solution at various ratios. The mixture was then pressed at temperatures of 180°C and 200°C for 10 min to form boards, which were evaluated based on the Japanese Industrial Standard (JIS) A 5908 for particleboards. Binderless OSB was also manufactured without the use of any adhesive components. Fourier-transform infrared (FTIR) spectroscopy was conducted to evaluate the VB and its board. The results indicated that the mechanical properties of the binderless OSB met the JIS A 5908 Type 8 requirements. Furthermore, the addition of sucrose-ADP improved the physical and mechanical properties of the board, with an optimal sucrose-to-ADP ratio of 85:15. The OSB with the best properties met the JIS A 5908 Type 13 requirements. The FTIR results indicated that carbonyl groups, furan rings, and lignin played important roles in the bonding properties of the OSB. In conclusion, this research demonstrated the potential of VBs as a raw material for producing environmentally friendly OSB, both in binderless form and with the use of sucrose-ADP.
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1  Introduction

The rapid expansion of oil palm plantations is a significant phenomenon in Southeast Asia, particularly in Indonesia and Malaysia. Indonesia, in particular, is a major cultivator, with a total plantation area of approximately 14.59 million hectares reported in 2020 [1]. The peak yield of fresh fruit bunches occurs between the 6th and 12th years after planting, after which it begins to decline. Replanting within a 25-year period has been observed to be optimal [2,3]. A substantial amount of biomass is generated from oil palm cultivation, especially during pruning and replanting. This biomass includes mesocarp fibers, fruit bunches, mill effluents, palm kernel shells, fronds, leaves, and trunks [4].

The potency of oil palm trunks (OPT) is particularly evident during the replanting season. According to Loh [5], the annual yield of OPT is approximately 3.6 million tons, which equates to 74.48 dry tons per hectare. Typically, the trunk is either burned or shredded and left on the plantation site for nutrient recycling [6]. However, prevalent burning practices present environmental challenges, which indicate that the utilization of OPT waste has not been fully optimized.

OPT has an anatomical structure that is mainly composed of fibers, tracheids, vessels, and ray parenchyma cells [4]. OPT has several disadvantages, including low strength, durability, dimensional stability, and machining characteristics [7]. Compared with wood, OPT is more porous, cellular, and anisotropic. Additionally, the high-density gradient along the longitudinal and radial axes makes it unsuitable for use as lumber without pretreatment [4,8]. However, OPT can be used in various wood-based products, such as pulp and paper [9,10], composite panels, plywood [11], laminated veneer lumber [12], glue-laminated timber [13], cross-laminated timber [14], particleboard [15], cement board [16], fiberboard [17], and acoustic materials [18]. Previous research has indicated that OPT fibers have acceptable strength for pulp and paper production, and composite panels show promising properties.

Hashim et al. [19,20] investigated the impact of particle geometry and temperature on OPT binderless particleboard. Their findings indicated that increased temperature enhanced the properties of the board. Additionally, OPT is characterized by high contents of holocellulose, lignin, starch, and sugars [20,21], which are crucial for self-bonding adhesion [22]. According to Ramle et al. [23], OPT can be separated into parenchyma and vascular bundles (VBs), with the VB categorized as strands based on their dimensions. The parenchyma is rich in sugars, starch, and saccharides. The separation process is driven by the non-durability of the palm stem. Nuryawan et al. [24] reported that OPT produces VB with an average length of 10.55 cm and a diameter of 0.67 mm. These dimensions align with recent research on oriented strand boards (OSBs) [25], despite differences in morphology, such as flat strands vs. cylindrical vascular bundles. OSB is defined as an engineered wood-based panel composed of strand elements (larger than chips) bonded and pressed together in layers [26,27]. OSBs play a crucial role in the construction industry and comprise approximately 66% of the structural panel market. Global production increased by more than 17% from 2020 to 2022 (from 38.5 to 45.1 million m3) and is expected to remain consistent [27,28,29]. The manufacturing process involves synthetic adhesives, which present health and environmental concerns, such as formaldehyde-based and isocyanate-based adhesives. This has led to efforts to produce environmentally friendly OSBs using natural adhesives or non-formaldehyde materials.

According to Dirkes et al. [30], the major free sugars in OPT are sucrose and glucose, with sugar content ranging from approximately 16.97 to 140 mg/mL. In contrast, fresh VB yielded about 7–9 mg/mL of sugar when mechanically extracted from both longitudinal and radial directions [31]. Lamaming et al. [21] found that adding sucrose to binderless particleboard made from OPT enhances both strength and dimensional stability. In this context, sucrose functions as a natural binder for wood [32] and has been identified as a binderless board in previous research [21,33]. Moreover, the effectiveness of sucrose adhesives is significantly influenced by temperature [34]. Umemura et al. [34] reported that sucrose can be converted into a highly water-resistant substance with the addition of ammonium dihydrogen phosphate (ADP). Additionally, Zhao et al. [35,36] and Sun et al. [37] investigated sucrose-ADP adhesives, which are characterized by high solid content and suitable viscosity for plywood production. Zhao et al. [38] found that the optimal recycled wood particleboard was produced via the addition of 15% ADP to a sucrose-based adhesive.

Komariah et al. [39] explored the potential for bonding between ADP and water-soluble components within the inner part of OPT. They found that adding 10% ADP during particleboard manufacturing altered the properties by converting water-soluble components into insoluble components [39]. Additionally, the incorporation of sucrose had a significant impact, which highlights its relationship with the saccharide component [15]. This research aimed to investigate the physical and mechanical properties of OSBs, both with and without the addition of sucrose-ADP adhesives. The study included varying temperatures and examined the infrared spectra of the VB and the OSB.

2  Materials and Methods

2.1 Materials

VB were extracted from a 25-year-old OPT sourced from PT. Sawit Sumber Mas Sarana, Central Kalimantan, Indonesia. The bundles were obtained through a steam explosion process using a pressure cooker. After extraction, the VB was air-dried until the moisture content (MC) reached approximately 15% before being used as raw material. Fig. 1 shows the longitudinal and cross sections of the VB. The adhesive and catalyst solution comprised sucrose (Multi Kimia Raya Nusantara Co. Ltd., Semarang, Indonesia) and ADP (Merck, Darmstadt, Germany), with no additional treatment or purification.
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Figure 1: Oil palm trunk vascular bundles, (A) longitudinal section and (B) cross-section

2.2 Preparation of Adhesive Solution

Within this framework, the solution was prepared by dissolving sucrose and ADP in distilled water to achieve a concentration of 50 wt%. The sucrose-to-ADP ratios in the solution were set at 95:5, 90:10, and 85:15 wt%. Additionally, an ADP solution was prepared by dissolving ADP in distilled water to a concentration of 30 wt%. Both solutions were prepared to achieve a 10 wt% content based on the air-dried weight of the strands.

2.3 Characterization of OPT VB

Considering this perspective, the length and diameter of OPT VB were characterized. The diameter was measured at the cross section of the VB using Dino Capture 2.0 software. For this analysis, cross-sectional images were obtained with a Digital Microscope (AM413ZT, Taiwan). In each cross section, five diameter measurements were taken at 36° intervals between two lines [40]. The average of these measurements was then calculated to determine the VB diameter.

2.4 Thermal Analysis of OPT VB

Thermal properties were characterized using a thermogravimetric analyzer (Leco TGA801, St. Joseph, MI, USA). The analysis was performed on raw OPT VB, VB sprayed with ADP solution, and VB treated with a 90:10 wt% sucrose-ADP solution, all at a 10 wt% content based on the air-dried weight of the strands. The sprayed OPT VB were oven-dried at 80°C for 4 h [41] and then pulverized and screened to a size of less than 60 mesh. The prepared samples were heated at a rate of 25°C per minute, starting from room temperature (approximately 27°C) and increasing to 500°C under nitrogen purging.

2.5 Manufacture of OSBs

OSBs measuring 25 cm × 25 cm × 1 cm, with a target density of 0.75 g/cm3, were manufactured with varying adhesive contents, sucrose-to-ADP ratios, and temperatures, as shown in Table 1. The binderless OSB, with 0 wt% adhesive content, was created by hot pressing three layers of OPT VB, with the strands oriented perpendicularly (90°) between layers. A single hot pressing session was conducted for 10 min at 3 MPa. Other three layer OSBs were made by spraying ADP or sucrose solutions onto the surface of the OPT VB, which were then oven-dried at 80°C for 4 h before hot pressing. The hot-pressing process was performed for 10 min via a three-step method [41], with all treatments performed in triplicate.
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2.6 Evaluation of OSBs

Before sample preparation and property evaluation, the OSB was conditioned at approximately 27°C and 77% relative humidity for one week. Following the Japanese Industrial Standard (JIS) A 5908 [42] guidelines, a comprehensive assessment of physical and mechanical properties was conducted. The physical properties evaluated included density, MC, thickness swelling (TS), water absorption (WA), and surface roughness (Ra). Mechanical properties evaluated were internal bonding (IB) strength, modulus of rupture (MOR), and modulus of elasticity (MOE). Samples measuring 5 cm × 5 cm × 1 cm were tested for density, MC, TS, WA, and IB strength, while bending strength and Ra were assessed for samples measuring 20 cm × 5 cm × 1 cm. For the TS and WA tests, samples were immersed in water at ambient temperature for 24 h, and changes were calculated as a percentage based on the initial values. The IB test was performed by applying vertical tension to the board surface at a rate of 2 mm/min until failure occurred. The static three-point bending test was conducted by applying a load perpendicular to the board surface at a speed of 10 mm/min and with a 15 cm span. Both the IB and bending tests were performed using a universal testing machine (Model 2260, Instron, Norwood, MA, USA), while Ra was measured using a Ra tester (SRG 400, Bosworth Instrument, Cleveland, OH, USA) at six random spots on both OSB surfaces. Each test was conducted in triplicate, and results are presented as average values with standard deviations.

2.7 Fourier-Transform Infrared Analysis

Fourier-transform infrared (FTIR) analysis was performed via the potassium bromide (KBr) disk method on both OPT VB raw materials and all OSB samples. The OSB samples were boiled for 2 h and then immersed in water at ambient temperature for 1 h to remove any unreacted ADP and sucrose-ADP adhesive. The resulting mixture was ground into a powder. The OPT VB raw material was also ground directly into a powder without pretreatment. Samples with a particle size of less than 100 mesh were oven-dried at 60°C for 15 h. These samples were then scanned using an FTIR spectrophotometer (IR Prestige-21, Shimadzu, Kyoto, Japan) with 10 scans at a resolution of 16 cm−1 over a wavenumber range of 400–4000 cm−1.

3  Result and Discussions

3.1 OPT VB Characterization

The longitudinal and cross sections of the OPT VB vessels and fiber components are shown in Fig. 1A,B. The observed lengths ranged from approximately 7 to 21 cm, and the diameters ranged from 0.69 to 1.33 mm. According to these dimensions, the OPT VB was classified as a strand. According to Irle et al. [43], a wood strand is defined as any material with length, thickness, and width dimensions within the ranges of 75–150 mm, 0.3–0.7 mm, and 15–25 mm, respectively. Additionally, wood strands measuring approximately 300 mm in length, 0.8 mm in thickness, and 25 mm in width are used to laminate boards and are marketed under the name TimberStrand® [44]. Considering this perspective, Parthasarathy et al. [45] reported that the diameter of palm VB ranges from 1–3 mm, depending on the stem location and species. This diameter is similar to that of date palm midribs, which are approximately 1 mm [46], but larger than the fibro-VB of Salacca fronds [47]. Larger fibro-VB diameters are often associated with lower mechanical properties, such as tensile strength and Young’s modulus of the fibro-VB [47,48]. These factors may influence the properties of the composite board.

3.2 Thermal Analysis of OPT VB

The thermal analysis of OPT VB is shown in Fig. 2, with the highest weight reduction occurring between 255°C and 375°C. According to Komariah et al. [15,39], this temperature range exceeds the weight reduction temperatures observed in the inner part of OPT particles, which fall between 200°C and 350°C. The high α-cellulose content is identified as a possible reason for this difference. Additionally, the α-cellulose content in OPT VB is likely higher than that in parenchyma fibers, which are reportedly dominant in the inner part [49]. From this perspective, Wang et al. [50] and Yang et al. [51] noted that cellulose degradation in certain woods begins at temperatures above 320°C, while holocellulose experiences its greatest degradation at around 290°C.
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Figure 2: Thermogravimetric analysis of oil palm trunk vascular bundle and sprayed oil palm trunk vascular bundle

The addition of 10 wt% ADP to OPT VB showed a tendency to preserve weight during thermal degradation. The weight was maintained at 38% at 400°C, whereas only 25% of OPT VB weight was sustained without ADP addition. OPT VB sprayed with sucrose-ADP at a 90:10 ratio exhibited thermal properties similar to the raw materials, although a slight weight loss was observed. Umemura et al. [34] noted that an increase in weight loss was also detected during the thermal analysis of sucrose combined with ADP.

3.3 Effect of ADP Addition and Pressing Temperature

Table 2 presents the MC, TS, WA, and Ra of OPT OSB, with varying proportions of ADP and different pressing temperatures. In this study, the MC of the boards ranged from 9.27%–12.14%, meeting the JIS A 5908 [42] standard requirement of 5%–13%. The binderless OSB pressed at 180°C exhibited high TS and WA values of 79% and 103%, respectively, which indicates relatively low dimensional stability and water resistance. However, a decrease of 72% and 25% in these parameters was observed when the pressing temperature was increased from 180°C to 200°C, thus indicating improved dimensional stability. Hashim et al. [20] and Lamaming et al. [21] reported that the TS value at 180°C was twice as high as that of OPT particleboard under similar conditions and a 20-min pressing duration. This suggests that extending the pressing time at a lower temperature of 180°C effectively reduces TS values. Additionally, the TS values for binderless boards pressed at 200°C were consistent with previous studies conducted at the same temperature [20]. This research found that the TS values did not meet the JIS A 5908 standard requirement (maximum 12%). The high porosity of OPT VB, owing to the lumen of the vessels and fibers, contributed to the swelling of binderless OSB. Additionally, OPT VB was observed to contain free sugars, such as sucrose and glucose, as well as starch [31]. Sucrose-based particleboard was not water-resistant, and recycled wood boards manufactured with 20 wt% sucrose content at 180°C for 10 min were decomposed during the TS test [38].
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According to these findings, the TS values met the JIS standard (maximum 12%) owing to the addition of 10% ADP at a pressing temperature of 200°C. The WA value for the OSB with 10% ADP also fell within the acceptable range of 20%–75% for particleboard [52]. These findings are consistent with those obtained in various studies on binderless particleboard made from OPT [39], sucrose-based particleboard [38,41], and plywood [35]. The presence of sugar-based substances and adhesives, combined with the addition of ADP and heat treatment, enhanced the water resistance of the raw material [39].

Ra values of OSBs were observed to be smoother with increased temperature and ADP addition. All values obtained were higher than the Ra of commercial particleboard in Japan, which ranges from 3.67–5.46 µm [53]. This discrepancy is attributed to the inherently rougher surface of VB compared with the smaller particles typically used in commercial particleboard surface layers. However, the Ra of 6.36 ± 1.12 µm, achieved with 10% ADP addition and pressing at 200°C, was smoother than the commercial particleboard, which has a Ra range of 7.27 to 7.58 µm with isocyanate bonding [54,55].

The mechanical properties, including IB strength, MOR, and MOE, at varying ADP additions and pressing temperatures are shown in Figs. 3 and 4. The results indicate that binderless OSB can be manufactured from OPT VB through hot pressing without the need for additional adhesives. This effectiveness is attributed to chemical components such as sugars and starch, which act as bulking agents and play a significant role in the self-bonding process of the particles [22,56].
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Figure 3: Internal bonding strength of oriented strand boards at different ADP contents and pressing temperatures. Vertical lines through the bars represent the standard deviation
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Figure 4: Modulus of rupture and modulus of elasticity of oriented strand boards at different ADP contents and pressing temperatures. Vertical lines through the bars represent the standard deviation

The addition of ADP improved the mechanical properties of OSBs. However, increasing the pressing temperature had only a minor effect on the internal bonding strength of the OSB. The IB values of the binderless boards ranged from 0.16–0.22 MPa, meeting the JIS A 5908 standard requirements. Binderless boards made from the inner part of OPT exhibited slightly higher IB values, which are attributable to the higher hemicellulose content in the inner OPT that enhances the self-bonding mechanism. The addition of 10 wt% ADP also improved the IB of the board, consistent with findings from previous research [39].

The MOR and MOE for the binderless OSB were 9.55 MPa and 2.92 GPa, respectively, meeting the JIS A 5908 standard requirements. These values were higher compared with those of binderless boards made from the inner part of OPT [39,56], which were tested at the same pressing temperature but for a longer duration of 20 min. The distinct geometry of the VB contributed remarkably to the higher MOR compared with the inner part of the OPT. Additionally, the bending properties of the board improved with increasing pressing temperature. These findings indicate that the properties of the binderless board are influenced by the chemical composition of the raw materials, the particle geometry, and the processing conditions.

3.4 Effect of Sucrose-to-ADP Ratio

Table 3 presents the MC, Ra, TS, and WA of OSB produced from OPT VB using various sucrose-ADP adhesive ratios. The TS values ranged from 18.96%–9.77%. The addition of ADP reduced both TS and WA, which indicates improved dimensional stability and water resistance. Notably, all WA values were below 75%, meeting Food and Agriculture Organization (FAO) standards. The lowest TS and WA values were observed with a sucrose-to-ADP ratio of 85:15 wt%. The addition of sucrose significantly enhanced the physical properties and bonding mechanism when combined with ADP and OPT VB.
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The Ra of the board decreased with increasing ADP content in the adhesives, resulting in a smoother surface. This improvement was attributed to the more compact contact between the VB fibers and the enhanced smoothness observed after hot-pressing. However, as shown in Table 2, the pressing temperature had a more significant impact on Ra than the sucrose-to-ADP ratios.

Fig. 5 shows the IB strength values of OSBs with varying sucrose-to-ADP ratios. The addition of sucrose-ADP (90:10) increased the IB by 78% and 88% compared with the addition of sucrose-ADP (95:5) and sucrose-ADP (0:100), respectively. This ratio achieved an IB value approximately twice as high as that of binderless particleboard. The IB value for sucrose-ADP (85:15) was comparable to that of sucrose-ADP (90:10). OSBs with sucrose-to-ADP ratios of 90:10 wt% and 85:15 wt% and subjected to a pressing temperature of 180°C met the Type 18 standard (minimum IB of 0.3 MPa). Additionally, the static bending strength values, including MOR and MOE shown in Fig. 6, generally met the Type 8 standards. An exception was observed with OSB containing a sucrose-to-ADP ratio of 0:100 wt% at 180°C. Similar trends were noted in the MOR and MOE, where increases of approximately 88% and 30%, respectively, were achieved compared with binderless treatments and sucrose-ADP (90:10). Moreover, sucrose-ADP (85:15) exhibited lower MOR and MOE than sucrose-ADP (90:10). OSB with sucrose-to-ADP ratios of 90:10 wt% and 85:15 wt% exhibited the highest mechanical properties, meeting the JIS A 5908 Type 13 standards for both MOR and MOE. According to Komariah et al. [15], a similar trend was observed in particleboards made from OPT. This suggests that variations in VB extraction and geometry did not significantly impact the mechanical properties of composite boards made from OPT and sucrose-ADP. According to this analysis, the most effective treatment was achieved with a sucrose-to-ADP ratio of 90:10 and a pressing temperature of 180°C.
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Figure 5: Internal bonding strength of oriented strand boards at various sucrose-to-ADP ratios. Vertical lines through the bars indicate the standard deviation
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Figure 6: Modulus of rupture and modulus of elasticity of oriented strand boards at different sucrose-to-ADP ratios. Vertical lines through the bars indicate the standard deviation

The FTIR analysis of VB and OSB is shown in Fig. 7. The graph illustrates changes in intensity at wavelengths of 1705, 1620, 1512, 1249, 895, and 771 cm−1, indicating potential modifications in the compounds. These changes are attributed to the hydrolysis of chemical components from VB and sucrose. Absorption in the region between 1700 and 1800 cm−1 corresponded to the stretching vibrations of the carbonyl (C=O) functional group [57,58]. The peak at 1705 cm−1 increased with rising pressing temperatures owing to the deacetylation process. Peaks between 1600 and 1638 cm−1 represented absorbed water, β-glucosidic linkages between sugar units, and hemicellulose degradation [58]. The binderless board exhibited the strongest peak at 1620 cm−1, attributed to hemicellulose, a key component in the manufacturing process [22].
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Figure 7: Infrared spectra of oil palm trunk vascular bundle and oriented strand board, (A) Effect of ADP addition and pressing temperature and (B) Effect of sucrose-to-ADP ratios at a pressing temperature of 180°C

The peak at 1512 cm−1 corresponded to the C=C aromatic ring vibrations in lignin [59] and the presence of furan in sucrose heated with ADP [37]. In the infrared spectra of OPT VB and OSB (Fig. 7), the peak at 1512 cm−1 in OPT VB showed lower intensity compared with that in the binderless, ADP, and sucrose-ADP bonded boards. This suggests that the furan ring significantly contributed to the bonding process and enhanced the physical and mechanical properties of the board. According to Cheng et al. [60] and Lee et al. [58], the peak at 1249 cm−1 corresponded to syringyl ring breathing and C-O stretching in lignin and xylan. The intensity of this peak decreased in OPT VB after heat treatment, which indicates the degradation of lignin and hemicellulose. Additionally, the peak at 895 cm−1, attributed to the depolymerization of hemicellulose [58,61], found in OPT VB and binderless boards, while other samples exhibited a reduction in this peak.

4  Conclusion

In conclusion, VB derived from OPT was effectively used as raw material for producing OSBs, both as a binderless board and with the addition of a sucrose-ADP adhesive. The results indicated that binderless OSB met the JIS A 5908 Type 8 standard for mechanical properties. However, the addition of sucrose-ADP significantly enhanced these properties. Notably, while ADP alone did not improve mechanical properties, the inclusion of sucrose-ADP allowed the board to meet the JIS A 5908 Type 13 standard requirements. This demonstrates that VB from OPT is a viable, renewable resource for producing biocomposite products.
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Table 1: Manufacturing condition of oriented strand boards

Adhesive content Sucrose-ADP ratio Concentration in solution Pressing temperature
(Wt%) (Wt%) (Wt%) (°C)
0 - - 180
0 - - 200
10 0:100 30 180
10 0:100 30 200
10 95:5 50 180
10 90:10 50 180

10 85:15 50 180
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Table 3: MC, TS, WA, and Ra oriented strand boards made with sucrose-ADP adhesives

Sucrose-ADP ratio (wt%) MC (%) TS (%) WA (%) Ra (um)
0:100 10.01 (1.03) 18.29 (2.42) 60.26 (13.20) 11.39 (4.54)
95:5 8.08 (0.98) 18.96 (2.51) 59.56 (22.28) 9.72 (4.03)
90:10 8.31 (1.56) 15.99 (3.75) 62.38 (18.82) 9.85 (2.40)
85:15 8.17 (2.16) 9.77 (3.02) 49.55 (1.79) 8.33 (2.47)

Note: Values in parentheses indicate the standard deviation (n = 3).
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Table 2: MC, TS, WA, and Ra of binderless oriented strand boards

ADP content (wt%) Pressing temperature (°C) MC (%) TS (%) WA (%) Ra (um)

0 180 12.14 (0.41) 79.05 (4.37) 113.08 (5.78) 11.08 (1.49)
0 200 10.22 (1.65) 21.98 (1.87) 84.83 (20.72) 10.85 (3.60)
10 180 10.01 (1.03) 18.29 (2.42) 60.26 (13.20) 11.39 (4.54)
10 200

9.27 (1.46) 4.07 (0.62) 36.47 (3.10) 6.38 (1.12)

Note: Values in parentheses are standard deviations (n = 3).
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