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ABSTRACT

The utilization of oil palm biomass in the production of high-value products has increased substantially. Due to
the presence of sugars and starches in their tissues, oil palms have an exceptionally low natural resistance to fungi,
making them susceptible to contamination. In this study, the properties of particleboard made from oil palm
fibers, namely empty fruit bunches (EFB), oil palm trunks (OPT), and oil palm fronds (OPF) fibers and its poten-
tial for fungal attack were evaluated. The chemical composition, spectroscopic characterization, morphological
features, and elemental analysis of oil palm biomass fibers were identified and thoroughly examined. The mechan-
ical properties and dimensional stability of the boards were assessed based on Japanese Industrial Standards (JIS)
and American National Standards Institute (ANSI) guidelines. The density, strength, and moisture resistance of
particleboard made from OPT fibers may vary from those made from OPF and EFB due to inherent changes in
chemical composition and fiber structure. These differences have an impact on the overall performance of the
particleboard. Based on the ANOVA and Tukey’s test results, significant differences in elasticity properties were
observed mainly between OPT and other fibers, while bending strength revealed notable differences between
various pairs of particleboards. The evaluation also highlighted variations in dimensional stability and water
absorption capabilities. However, bending strength properties did not demonstrate any significant deviations.
For the fungi test, fungal activity on the boards was observed over a two-week period in a controlled environment.
The study revealed that oil palm-based particleboard exhibited susceptibility to fungal attacks, particularly from
Aspergillus sp., Trichoderma sp., and Paecilomyces variotii. These findings highlight the necessity for additional
treatments to control or prevent fungal growth, thereby enhancing the commercial value of the particleboards.
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1 Introduction

Biomass is the fourth most significant source of green material due to its abundance, renewability, and
potential for sustainability. It is composed of lignin, cellulose, hemicelluloses, and small amounts of other
extractives [1]. Oil palm, a biomass source, has recently emerged as a commercially important crop in
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Southeast Asian countries such as Indonesia and Malaysia. This versatile substance is used in a variety of
commercial products, including soap, cooking oil, cosmetics, and margarine [2]. Malaysia is the world’s
second-largest producer of palm oil, with extensive oil palm plantations covering approximately
5.65 million hectares, generating a significant volume of oil palm biomass [3]. The palm oil extraction
process generates large quantities of oil palm biomass. For instance, the percentage of oil palm shell
(OPS), oil palm fiber, and empty fruit bunches (EFB) in a fresh fruit bunch (FFB) ranges from 7% to
23% [4]. Furthermore, oil palm plantations generate large quantities of EFB, fronds (OPF), and trunks
(OPT) (Fig. 1).

Oil palm biomass poses environmental risks if it is not effectively utilized. Proper application will resolve
waste management concerns and produce valuable by-products [5]. Therefore, the oil palm industry needs to
be ready to take advantage of this opportunity and fully utilize the abundant oil palm biomass at its disposal in
order to turn waste into wealth [6]. For example, these biomass by-products have the potential to replace wood
in panel production. Extensive studies have been conducted all over the world to discover the best ways to
increase the market value of biomass residues for use in building materials and construction like plywood,
furniture, and lightweight materials [7]. The use of oil palm biomass in the composite industry has gained
significant attention because of its potential as an eco-friendly and sustainable raw material. This biomass,
including EFB, OPT, and OPF, is being increasingly incorporated into composite materials, enhancing their
mechanical properties while reducing their environmental impact.

Malaysia is recognized as an innovator in the production of bio-composites, especially medium density
fiberboard (MDF). The country has leveraged its abundant supply to develop advanced techniques and
technologies for MDF production, positioning itself as a key player in the global MDF market. In 2023,
Malaysia’s export of MDF reached a volume of 426,734 m3, reflecting the country’s strong production
capacity [8]. The RM760 million valuation of this substantial export volume highlights the economic
significance of MDF within Malaysia’s wood-based product industry. Furthermore, the wood-based panel
industry, including MDF, is anticipated to increase from 393.3 million m3 in 2023 to 459.7 million m3 in
2028, at a compound annual growth rate (CAGR) of 3.17% during the forecast period [9].

Figure 1: Oil palm biomasses (Ai–ii) Empty Fruit Bunch (EFB), (Bi–ii) oil palm trunk and (Ci–ii) oil palm
frond
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Similarly, sawmill shavings, wood chips, sawdust, and synthetic resin combine to create wood
particleboards. Particleboard is lightweight, cost-effective, easy to install, environmentally safe, and has
high density and consistency. These qualities lead to its extensive use in the production of home
furnishings for both commercial and domestic use worldwide, such as bookshelves, kitchen cabinets,
doors, windows, and wall and floor coverings. Presently, it is available in different sizes, densities,
particle geometries, and adhesive amounts [10]. The particleboard industry is an expanding sector on a
global scale. IMARC valued the global particleboard market at US$23.0 billion in 2023. Moving
forward, the IMARC Group projects that the market will attain a value of US$31.3 billion by 2032,
demonstrating a CAGR of 3.4% from 2024 to 2032 [11].

Nonetheless, the structure of particleboards can be compromised by xylophagous agents attracted to
biological sources, including wood and biomass. In its natural state, wood is susceptible to infestation by
insects and other xylophagous organisms, which cause structural deterioration. Termites and fungi are
notable examples of biological agents that impact wood by consuming cellulose, which is abundantly
present in wood [12]. These insects are responsible for attacking and degrading the anatomical
composition of wood used in both MDF and particleboard production [13]. According to Adfa et al.,
termite and fungal damage can significantly weaken wood, causing infected regions to collapse. These
xylophagous organisms have the ability to eliminate the cell wall components (lignin, hemicellulose, and
cellulose) contained in organic materials, thus damaging their natural structure [14]. Consequently,
addressing these biological threats is crucial for maintaining the integrity and durability of wood-based
products in the expanding global markets for MDF and particleboards.

Under certain conditions, such as a moisture content (MC) above 20%, oxygen availability, and
temperatures between 15°C and 45°C, wood becomes particularly vulnerable to fungal infestation.
Outdoor wooden structures are especially susceptible to fungal decay, which reduces the mechanical and
aesthetic properties of the wood and drastically shortens the lifespan of the structure [15]. Given these
vulnerabilities, it is essential to explore oil palm biomass materials and identify the fungi susceptibility to
enhance the durability of bio-based products. This study focuses on the preparation and characterization
of oil palm particleboard of different oil palm sources. Additionally, the detection and identification of
decay fungi in oil palm particleboard were investigated to better understand and mitigate the impact of
these biological threats. This research is crucial for ensuring the durability and reliability of bio-based
products in both the bio-composite markets.

2 Materials and Methods

2.1 Materials
Sulfuric acid (H2SO4) (>72% purity, Thermo Scientific, Franklin, MA, USA), ethanol, toluene and

acetic acid (>99% purity, R&M, Selangor, Malaysia), sodium chloride (NaCl) and sodium hydroxide
(NaOH) (>99% purity, Fisher Scientific, Millersburg, PA, USA).

2.2 Oil Palm Fibers Preparation
The oil palm biomasses (EFB, OPF, and OPT) were collected from a palm plantation at FELDA

Keratong, Pahang, and Ladang Stesen Penyelidikan MPOB, Hulu Paka. The biomasses were prepared
according to a recent work by [16]. The biomasses were reduced to chips with a laboratory Maier chipper
and then oven-dried at 100°C until the MC reached roughly 10%. The chips were then hammer-milled
and screened with a vibrator screener to separate particles of varying sizes and quality. The particles were
subsequently oven-dried to a moisture content of 4%–5%.

2.3 Chemical Composition Analyses
Wood sampling and preparation for analysis were conducted in accordance with TAPPI T257 cm-02,

whereas wood preparation for chemical analysis followed TAPPI 264 cm-97. Initially, various
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components of the oil palm biomass were reduced in size in order to pass through a 1.20 mesh sieve.
Chemical processing, such as acid or alkaline extraction, is required to eliminate lignin in order to extract
the holocellulose portion from the wood. Following lignin extraction, the hemicellulose were eliminated
from the remaining sample. Upon the elimination of lignin and hemicellulose, a predominantly
holocellulose or cellulose fraction remains.

Lignin content was determined based on the Klason lignin method [17]. The oil palm fiber sample was
treated with 72% sulfuric acid (H2SO4). This strong acid hydrolyzes the cellulose and hemicellulose
components of the fiber, leaving behind the lignin. Acid hydrolysis is typically performed under
controlled conditions of temperature and time to ensure complete digestion. Next, the sample was cooled
down and filtered to separate the insoluble residue, which mainly consists of lignin, from the liquid
phase. The residue was washed with water to remove any remaining acid and soluble materials and dried
to a constant weight. This weight represents the Klason lignin content.

The extractive components were analyzed following the TAPPI T 204 cm-97 standard method, with a
change in the ethanol-toluene ratio to 1:2. The round bottom flask (RBF) was weighed before inserting the
thimble. The Soxhlet was subsequently connected to the RBF, then the ethanol: toluene mixture was added,
and the extraction proceeded for 6 h. The thimble was first oven-dried for one night at 40°C and then for an
additional overnight at 105°C. The thimble was then dried for an additional hour before being placed in a
desiccator and weighed three times. The consistent weight was regarded as the extractives content [18].

The holocellulose content was determined using the Wise technique, as mentioned in an earlier study by
Ely and Moore [19]. The oil palm fibers were treated with a mixture of water (200 mL), 3 g of sodium chloride
(NaCl) and 10 mL of acetic acid (CH3COOH). The addition of NaCl to the CH3COOH solution is to improve
the solubility of lignin and prevent its precipitation during the acid hydrolysis process. Then, the acid-treated
sample was heated to a boil to facilitate the hydrolysis reaction and ensure complete digestion. After 30 min,
another 10 mL of CH3COOH and 3 g of NaCl were added and stirred for another 30 min. The cellulose content
was evaluated by extracting the holocellulose using 17.5% sodium hydroxide (NaOH). Approximately 1.5 g of
sample was placed in a conical flask. Then, 45 mL of 17.5% NaOHwas added and stirred for 15 min. This step
was repeated three times. Next, 100 mL of water was added to the mixture, which was mixed and allowed to
stand for 30 min. The mixture was washed with 8.3% NaOH, filtered, and rinsed with distilled water and
filtered again. The sample was immersed in 2N CH3COOH for 5 min before being washed and filtered
with distilled water until clean. The sample was then placed in the oven at 105°C for 1 h and placed in the
desiccator for another 1 h before being weighed.

2.4 Spectroscopic Characterization
Fourier transform infrared (FT-IR) spectroscopy (Perkin Elmer, Frontier) was utilized to identify the

functional groups observed in oil palm fibers. The FTIR measurements were conducted from 4000 to
400 cm−1, using 8 scans with resolution of 4 cm−1.

2.5 Morphology and Elemental Analysis
The oil palm fibers were analyzed using a Scanning Electron Microscope (SEM) that was equipped with

an Energy Dispersive X-ray analyzer (EDX) (Hitachi S-3400 N, USA) to study their surface morphology and
elemental composition.

2.6 Particle Board Production
Particleboards made from EFB, OPF and OPT were produced according to the recommendations by

[20]. Particleboards from rubberwood (RW) particle were also produced as controls, with three boards
replicated for each type. The particles prepared as in Section 2.1 were blended with urea formaldehyde
(UF) resin with a solid content of 50% or 65%. The resin content used in this study was 10%. The UF
resin was applied onto the particles by means of a rotary drum blender, resulting in the formation of mats
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composed of the resinated particles. The mats underwent cold pressing at a pressure of 50 kg/cm2 for a
duration of 3 min, followed by hot pressing at a pressure of 160 kg/cm2 at a temperature of 175°C for a
duration of 5 min. The desired density of the board was 700 kg/m3, and its dimensions were 300 mm ×
300 mm × 12 mm. The panels were subjected to a controlled environment with a temperature of 20°C ±
2°C and a relative humidity of 65% in the conditioning room until they attained an equilibrium moisture
content (EMC) (Fig. 2).

2.7 Evaluation of the Particleboard Properties
The particleboards were evaluated for their mechanical and physical characteristics, such as thickness

swelling (TS), water absorption (WA), internal bonding (IB), modulus of rupture (MOR), and modulus of
elasticity (MOE). The measurements of TS, IB and WA the particleboards were 5 mm × 5 mm while the
size of the particleboards for MOE and MOR was 300 mm × 5 mm. The evaluation was carried out in
accordance with the JIS A 5908-2003 standard and ANSI 208-1:1999 [21]. The TS and WA tests were
performed using the 24 h water immersion method. The Zwick 10 kN Universal Testing Machine (UTM)
equipped with a 10,000 N capacity load cell was used to conduct the IB, MOR, and MOE tests.

2.8 Statistical Analysis
The data analysis was performed for the physical and mechanical properties of the oil palm

particleboards. It was conducted using single factor analysis of variance (ANOVA) to determine the
differences among the different feedstocks of the particleboards. Subsequently, a comparison between the
averages was realized using the Tukey honestly significant difference (HSD), adopting a significance
level of 5%.

2.9 Conditioning and Sampling of the Fungus on Particleboard
The boards were conditioned at 40°C and at a relative humidity (RH) of 90% until the panels reached

EMC. Then, the fungi tests and evaluation of the physical properties of the particleboards were conducted
over a 15-day period. Fungi isolation involved subculturing on Rose Bengal Agar (RBA), Potato
Dextrose Agar (PDA), and Ganoderma selective media (GSM) for 4–7 days in an incubator set at 28°C ±
2°C. The isolated pure cultures were then grouped based on the morphological characteristics and color
of the colonies. The genomic DNA was isolated using DNeasy Plant Kits (Qiagen, USA) and then
subjected to polymerase chain reaction (PCR) using universal primers targeting the internal transcribed
spacer regions (ITS1 and ITS2). Ultimately, a Blast analysis was conducted in order to obtain the names
of the species.

3 Results and Discussion

3.1 Fiber Properties
The chemical composition analysis encompasses the quantitative determination of cellulose,

hemicellulose, lignin, and extractives from oil palm EFB, OPF, OPT and RW as shown in Table 1. Values
obtained by previous researchers on kenaf and hardwood, were also tabulated for comparison. It reveals

Figure 2: Particleboard from (A) RW particles, (B) OPT particles, and (C) OPF particles (D) EFB particles
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that the OPT fibers contained the highest percentage of cellulose and holocellulose, accounting for 55% and
91%, respectively. Furthermore, it is evident that the EFB has a relatively high lignin content of 29.1%. The
high cellulose content in fibers used for particleboard making is significant for several reasons. It provides
structural strength to the board, facilitates strong bonding between particles during the pressing and curing
stages, contributes to the cohesion of particles, and enhances dimensional stability [22].

OPF was found to have the lowest cellulose, holocellulose and lignin contents of 26%, 74% and 16%,
respectively. A comparison of these values with those of previous studies [23,24] for kenaf and hardwood
indicates that it should not cause any difficulties in the production of composite panels. Low lignin
content is advantageous, as the recovery of nearly the entire cellulose makes it economically viable for
future applications. The OPT possessed the highest concentration of extractives, approximately 12%,
while the RW had the lowest concentration (0.63%). However, the presence of extractives may have a
negative or favorable effect on the panels’ characteristics [25].

FT-IR spectroscopy is a non-invasive method used to examine the physical and chemical characteristics
of lignocellulosic materials [26]. The FT-IR spectra was obtained within the wavelength range of 4000 to
450 cm−1. Fig. 3 and Table 2 display the FT-IR spectra of the samples, summarizing the spectral
properties associated with the components of oil palm. The absorption band at 3333 cm−1, as shown in
Fig. 3, was attributed to the stretching vibrations of hydroxyl (OH) groups. The OH groups may consist
of water that has been absorbed, as well as aliphatic primary and secondary alcohols found in cellulose,
hemicelluloses, and carboxylic acids in extractives. In addition, a prominent CH aliphatic compound was
observed. The shoulder observed at 2920 cm−1 in the OH stretching vibrations can be attributed to the
stretching vibrations of CH groups. This matches the aliphatic components found in polysaccharides such
as cellulose and hemicelluloses. The bands seen at 1608, 1506, 1420, 1374, and 1239 cm−1 correspond to
the vibrations of aromatic rings in lignin. The bands observed at 1160 and 1032 cm−1 are mainly caused
by the existence of carbohydrates. In general, most of these bands were associated with cellulose,
hemicelluloses, and lignin.

3.2 Morphology of Oil Palm Fibers
Oil palm fibers were assessed using scanning electron microscopy (SEM). The uneven surface

morphology of EFB (Fig. 4A) is attributed to the presence of cellulose, hemicellulose, lignin, and non-
cellulosic components. Non-cellulosic elements such as proteins, amino acids, nitrogen compounds, wax,
pectin molecules, organic acids, sugars, inorganic salts, and trace colors are mostly located in the cuticle,
primary cell wall, and lumen. EFB fibers have a surface that is coated with spherical silica bodies that are
evenly distributed and connected to the fiber surface. Their composition is mainly silicon and oxygen,
originating from soil minerals that infiltrated the cell walls and crevices between them as the plants grew.

Table 1: Chemical content of oil palm fibers rubberwood, kenaf and hardwood

Fraction Cellulose Holocellulose Lignin Extractives

Empty fruit bunches (EFB) 44.3 75.0 29.1 1.2

Oil palm frond (OPF) 25.6 73.5 16.2 1.6

Oil palm trunk (OPT) 55.0 91.3 24.1 11.8

Rubberwood (RW) 48.9 74.0 28.5 0.63

Kenaf [23] 53.8 87.7 21.2 6.4

Hardwood [24] 43.7 79.7 26.2 2.11
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Ibrahim et al. in 2015 found similar results, showing the existence of silica bodies and contaminants in
untreated EFB structures [27].

The OPF is mostly composed of parenchymatous tissues, including many fibrous strands and vascular
bundles (Fig. 4B). The OPF fibers consist of separate vascular bundles surrounded by parenchymal tissues,
and they vary in length and wall thickness. The parenchyma tissues consist of a brief sequence of
polysaccharides, mainly starch, which contributes to their soft texture. Starch content in the parenchyma
structure is around 55%, compared to 2.4% in the fibers [28]. The OPF fibers were crucial in serving as
the reinforcing mechanism for the composite when stress was passed between the matrix and the fibers.

Fig. 4C demonstrates that the OPT fibers are completely smooth and rigidly formed with well-shaped
fibrils on the external surface [29]. The OPT typically consists of primary vascular bundles embedded in

Figure 3: FTIR spectra of the oil palm fibers and rubberwood

Table 2: Summary of the FT-IR bands for oil palm fibers and rubberwood

Wavenumber
(cm−1)

Assignment

3333 Stretching vibrations of hydroxyl (OH) groups

2920 CH stretching vibrations and corresponded to the aliphatic moieties in polysaccharide
(cellulose and survived hemicelluloses)

1729 Carboxyl group occurring in xylans (hemicelluloses)

1608 Aromatic ring vibrations in lignin

1506

1420 Contributions from lignin

1374

1239

1160 Contributed by carbohydrates (cellulose and hemicelluloses) and lignin

1032
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parenchyma ground tissues. It plays a crucial role in the reinforcement mechanism of composites when stress
is transferred between the matrix (resin) and fibers. The highly porous morphology of dried OPT facilitates
the resin’s location and filling of the void space, thereby enhancing the properties of OPT polymer
composites. According to Fig. 2C, parenchyma tissues are nodule-like in shape and can provide space for
resin to fill. The OPT can maintain high moisture levels, usually ranging from 40% to 50%, due to the
substantial sap content. This remarkable and distinctive property is inherent to the OPT [30,31].
Nonetheless, the high MC in OPT causes a number of problems, such as an increased vulnerability to
fungus development and processing issues during production.

The SEM image of RW showed an even and flat surface with a broken structure and traces of small holes
(Fig. 4D). The micrograph image of RW possesses a more uniform and elongated morphology, and consists
of dense fibers with distinct growth rings, medullary rays, and vessels. The small holes might have originated
from the previous furnishing and lumbering process of the rubber tree.

3.3 Particleboard Production and Properties
The mechanical properties of the particleboards are illustrated in Fig. 5. Notably, the MOE values for all

board types are lower than the standards set by JIS and ANSI. However, in terms of MOR, EFB and OPF
particleboards exceed these standards, whereas OPT and RW particleboards fall below them. The
exceptional stiffness and strength of EFB particleboards are likely attributable to the high aspect ratio of
EFB fibers. EFB particles are typically longer and slenderer compared to other particles, enhancing their
ability to resist applied loads. This characteristic allows EFB particleboards to withstand higher loads
before failure during bending, resulting in superior bending properties for this type of panel [32].

Table 3 shows the ANOVA analysis for MOR and MOE for each type of particleboard, indicating
consistent trends across all board types, with the highest values for both metrics found in EFB board and

Figure 4: Surface morphology of oil palm fibers (A) EFB, (B) OPF, (C) OPT and (D) RW
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the lowest in RW board. The ANOVA analysis for MOE among different types of particleboards showed
significant differences (p < 0.05) between the group means, leading to the rejection of the null
hypothesis. This indicates a statistically significant difference in MOE values between the particleboard
types RW, OPT, OPF, and EFB. The ANOVA analysis for MOR also showed significant differences
between the group means, leading to the rejection of the null hypothesis. This confirms that there are
statistically significant differences (p < 0.05) in MOR values between the particleboard types RW, OPT,
OPF, and EFB, similar to the results found for MOE.

The Tukey’s HSD test was conducted to identify which specific groups differed significantly in their
mechanical properties (Table 3). The results indicated that EFB particleboards had significantly higher
MOR (18.31 N/mm2) and MOE (1833 N/mm2) compared to OPF, OPT, and RW. Additionally, OPF
particleboards exhibited significantly higher MOR (20.4 N/mm2) and MOE (1535 N/mm2) than both OPT
and RW. Similarly, OPT particleboards had significantly higher MOR (10.6 N/mm2) and MOE
(1231 N/mm2) than RW, which had MOR and MOE values of 9.1 and 1071 N/mm2, respectively. These
findings confirm that the observed differences in MOR and MOE among the particleboard types are
statistically significant and not due to random variation. In conclusion, the differences in mechanical
properties among EFB, OPF, OPT, and RW particleboards reflect true differences in their structural
performance, underscoring the superior performance of EFB and OPF particleboards compared to OPT
and RW.

The residue oil affects the bonding between fibers, and forms a barrier, preventing appropriate adhesion
between the fibers and resin, thus decreasing the fibers’ surface energy. These effects resulted in weaker
bonding sites and poor adhesive wetting of the fiber surface, which lowered the IB value [32]. However,
the overall MOR may not be significantly influenced by the residue oil since MOR is influenced by the
strength and distribution of the fibers. Even with poor bonding, the fibers may still distribute the load,
enabling the composite to maintain a reasonable MOR until catastrophic failure [33]. In addition, the
presence of oil has a lesser impact because MOE is more sensitive to the elastic properties of the fibers
themselves and their ability to resist deformation [34].

Figure 5: Modulus of elasticity (MOE) and modulus of rupture (MOR) of particleboards from different oil
palm fibers. Notes: a-significantly different, b-not significantly different. Mean values with different letters
are significantly different (p < 0.05)
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The thickness swelling (TS), density, and water absorption (WA) related to the IB strength of the board
are displayed in Fig. 6A,B. The results showed the TS value of the board was in the range of 28.4 41.1% for
24 h immersion. The maximum allowable TS is 12% (dash line) according to JIS A 5908 [35]. The water
absorption parameter is not required in JIS A 5809-2003, however, this value is related to the board’s
ability to absorb water. Nevertheless, the WA test revealed the highest value was observed by the RW
(71.6%) particleboard, followed by OPF (67.2%), EFB (54.5%) and OPT (49.7%). In addition, the WA
value is influenced by the density of the produced board. A higher density generally indicates a more
compact and potentially stronger board, while a low-density board will have poor IB strength compared
to a higher density wood. Thus, more wood moisture will be absorbed, so the panel will expand due to
the hygroscopicity of the wood and the breakage of the binder system [36]. However, in Fig. 6A, the
highest density of EFB (729 kg/m3) showed the lowest WA (54%) while the lowest density of RW
showed the highest WA (72%) indicating that the board was following the trend.

Conversely, OPT particleboards exhibited the highest IB value of 1.5 N/mm2, closely followed by OPF
particleboard with 1.30 N/mm2. Both values are near to ANSI 208.1 standard compared to JIS5908
2003 standard which was lower (0.2 N/mm2). The most probable cause for this observation may be the
reduced bulk density of OPT particles, leading to an increased compaction ratio that enhances
particleboard performance. The lowest IB (1.0 N/mm2) value was observed for RW, which is related to its
lowest density, which is more porous, allowing more water to enter and causing greater thickness
swelling (41.1%) [37] as can be seen in Fig. 6A.

The ANOVA revealed the significant interactions (p < 0.05) and non-significant interaction (p > 0.05)
among different type of oil palm particleboard. According to Table 3, the p-value corresponding to the F-
statistic of one-way ANOVA is lower than 0.05, suggesting that the one or more treatments are
significantly different. The Tukey HSD test was conducted to identify the type of particleboard that are
significantly different from each other for the MOE, MOR, IB, TS and WA values. These post-hoc tests
would likely identify which of the pairs of treatments (characteristics) are significantly different from
each other.

Regarding MOE, significant differences were observed only between RWand the other fibers (OPF and
EFB), with a p-value below 0.05. However, for MOR, the p-value associated with the F-statistic of one-way

Figure 6: (A and B) Thickness swelling, density and internal bonding properties for different oil palm fibers
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ANOVAwas lower than 0.01, indicating significant differences among the particleboards. Specifically, RW
vs. OPF, RW vs. EFB, OPT vs. OPF, and OPT vs. EFB pairs exhibited significant differences. Conversely,
RW vs. OPT and OPF vs. EFB pairs did not show significant differences. In terms of IB, the p-value
corresponding to the F-statistic of one-way ANOVA exceeded 0.05, suggesting no significant differences
among the particleboards. However, for TS, RW vs. OPT, RW vs. OPF, and RW vs. EFB pairs displayed
significant differences, highlighting variations in dimensional stability. Additionally, WA showed
significant differences between RW vs. OPT, RW vs. EFB, and OPT vs. OPF pairs, indicating
discrepancies in water absorption characteristics. In summary, while MOE demonstrated distinctions
primarily between RW and other fibers, MOR revealed significant differences among various
particleboard pairs. IB did not exhibit significant variations, whereas TS and WA highlighted differences
in dimensional stability and water absorption properties, respectively. These findings contribute to a
comprehensive understanding of the mechanical performance of particleboards derived from different
fiber sources, informing decision-making processes in particleboard manufacturing and material selection.

3.4 Fungi Growth Observation
The oil palm particleboards exhibited different levels of vulnerability to fungal infestations. Following a

two-week period in a growth chamber under controlled circumstances of 40°C and 90% relative humidity
(RH), Fig. 7 displays the average weight variation of the particleboards. The weight gains varied from
0.26 to 1.9 g for all samples. The OPF particleboard, which had only 1% chemical content, showed the
smallest rise in weight. The OPF particleboard, in its chemical-free state, exhibited the highest weight
rise, measuring 1.9%. The findings indicate that the primary component of OPF is petioles, which make
up the robust and woody part of the frond. This section mostly consists of parenchymatous tissues, which
are accompanied by abundant fibrous filaments and vascular bundles distributed throughout. The MC of
OPF is similar to that of OPT, due to the heightened presence of vascular bundles with a significant
capacity for absorbing water. This characteristic makes OPF useful for tasks such as soil preservation and
nutrient recycling [27].

The majority of the weight gain in particleboard after a fungal attack is caused by the development and
colonization of fungus on the surface of the particleboard and within its structure (34). Fungi are
microorganisms that develop in conditions characterized by high moisture content (MC) and organic

Figure 7: Weight difference of particleboards from different particle types
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materials. As a result, particleboard serves as an optimal substrate for fungal proliferation. Fungi undergo
reproduction and generate mycelium, which is a complex network of interconnected filaments that
permeate the structure of the particleboard. The filaments infiltrate the surface and gaps of the
particleboard, thereby deteriorating the board’s lignocellulosic structure. Multiple causes contribute to the
increase in weight, one of which is the expansion of fungal hyphae, a complex network of filamentous
structures. As the hyphae infiltrate the permeable framework of the wood, the substance increases in mass
[34]. Additionally, moisture is essential for the growth and survival of fungi. They frequently absorb
moisture from the wood or their environments, which contributes to their weight gain [35].

Furthermore, in order to acquire nutrients for their growth and proliferation, fungi employ the enzymatic
degradation of cellulose and lignin as part of their metabolic process. Consequently, the process of calorie
consumption generates byproducts that may contribute to weight gain [38]. The decomposition and
disintegration of organic matter in the environment are facilitated by their metabolic activities. During the
development of fungi, they released spores and other fungal matter that can accumulate on the
particleboard’s surface, thereby increasing the overall weight. There are structural modifications in wood
that can be caused by fungal decomposition, including the formation of cavities, voids, and decayed
areas. Additionally, these modifications could lead to weight gain [39].

It is essential to consider that the type of fungus involved, the temperature and humidity of the
surrounding air, and the duration of the infestation. These are some of the variables that will impact how
much weight increased in particleboard following a fungal infestation [26]. Particleboard that has gained
weight owing to a fungal infection is undesirable since it usually implies damage and degradation, which
could compromise the material’s structural integrity and performance. Proper preventative measures, such
as keeping moisture levels consistent and using preservatives, may assist with preventing fungus
infestations in wood-based materials like particle board.

3.5 Visual Appearance of Fungi Growth Observation
Fig. 8 illustrates the visual appearance of four different particleboards following exposure to conditions

of 40°C and a RH of 90% for 15 days. It is evident that the particleboard samples made from EFB and OPF
were infected with fungi. In contrast, the surfaces of the OPT and RW samples appeared free from fungi
inhibition. This observation suggests that the type of fiber used in particleboard production influences
fungal growth. The difference in fungal growth among the particleboard samples can be correlated with
the chemical composition of the fibers, as tabulated in Table 1. For example, OPT and RW fibers exhibit
lower lignin, holocellulose and cellulose contents. These components are known to provide nutrients for
fungal growth [39]. Therefore, particleboards made from OPT and RW may support slower fungal growth
due to their lower nutrient content.

Figure 8: (Continued)
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3.6 Fungi Isolation and Identification
In order to investigate the morphology of the fungi colony that grew on the particleboards, they were

isolated and identified. One isolate was selected from each sampling and served as the representative
culture for identification. Two distinct colony morphologies were observed in each sample isolate: whitish
and greenish colors, as illustrated in Fig. 9. Minimal variation was observed in the mycelial texture and
dissemination pattern. Identification, isolation, and confirmation of the fungi were accomplished on PDA.
The identification of specific fungal species is essential for understanding the severity of fungal infection
in particleboard samples and for directing efforts to prevent or mitigate such issues in the production of
wood-based products. Aspergillus species (A. niger, A. flavus, and A. nidulans), Trichoderma species (T.
spirale, T. lixii, and T. investiens), and Paecilomyces variotii were the most frequently identified isolates
through sequencing as can be seen in Fig. 10.

Figure 8: Visual appearance of fungi growth on different particleboard from (A) Empty Fruit Bunch (EFB),
(B, C) Oil Palm Frond (OPF), (D) Oil Palm Rubberwood (RW)

Figure 9: Fungi growth on Rose Bengal agar from different particleboards after 15 days under 90%
humidity and 40°C
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4 Conclusion

The oil palm biomass, consisting of cellulose, holocellulose, lignin, and extractives, has a promising
chemical composition and morphology for the production of particleboard. This is supported by the
presence of a majority of FTIR bands. The density, strength, and moisture resistance of particleboard made
from OPT fibers may vary from those made from OPF, EFB, and RW due to inherent changes in chemical
composition and fiber structure. These differences have an impact on the overall performance of the
particleboard. Based on the ANOVA and Tukey’s test results, significant differences in MOE were observed
mainly between RW and other fibers, while MOR revealed notable differences between various pairs of
particleboards. TS and WA emphasized variations in dimensional stability and water absorption capabilities.
However, IB did not demonstrate any significant deviations. These findings provide valuable insights into
the mechanical behavior of particleboards made from different fibers, aiding in material selection and
manufacturing decisions. Furthermore, it was noted that all particleboard samples were contaminated with
fungi, suggesting that the various types of fibers utilized in the production of particleboard contribute to the
observed fungal growth. The fungi isolated were subjected to sequencing and subsequent identification,
revealing them to be Paecilomyces variotii, Trichoderma spirale, and Aspergillus niger.
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