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Abstract: Due to its inferior properties, oil palm wood (OPW) extracted from the inner layer of the 
oil palm (Elaeis guineensis) trunk, referred as inner OPW in this study, is frequently regarded as a 
waste. Phenolic resin treatment and lamination of inner OPW with other hardwoods may be an 
excellent way to improve the properties of the inner OPW. In this study, inner OPW were treated 
with two different concentrations (15% and 20%) of low molecular weight phenol formaldehyde 
resin (LmwPF) and compressed at different compression ratios (10%, 20%, and 30%). The physical 
and mechanical properties of the modified inner OPW’s were evaluated according to British Stand-
ards (BS) 373: 1957. The results revealed that inner OPW treated with the highest compression ratio 
(30%) and resin concentration (20%) exhibited the highest weight percent gain, polymer retention 
and density. In the following phase of the research, the treated inner OPW was used as the core 
layer in the fabrication of a three-layer laminated compreg hybrid composites, with untreated and 
treated sesenduk (Endospermum diadenum) wood serving as the face and back layers. The compres-
sion ratios of 10% and 20% and resin concentrations of 10% and 20% were used in this phase of 
study as laminated boards made with 30% compression ratio failed. The findings showed that resin 
concentration had a significant impact on both the inner OPW and the laminated compreg hybrid 
panels. Markedly, higher resin concentrations (20%) resulted in improved physical properties, i.e., 
thickness swelling and water absorption, as well as enhanced mechanical properties (modulus of 
rupture and modulus of elasticity). Although compression ratios had no significant effect on the 
properties of the laminated products, those compressed at higher compression ratios (20%) per-
formed slightly better than the panels compressed at lower compression ratios (10%).  

Keywords: oil palm trunk; Endospermum diadenum; phenolic resin; compregnation; compression  
ratio; resin concentration 
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1. Introduction 
As the world’s second-largest producer, palm oil production is vital for the national 

economy of Malaysia. The agriculture sector contributed 7.1% to the country’s Gross Do-
mestic Product (GDP) in 2019. Oil palm was the major contributor which accounted for 
35.2% of the gross value added of the national agriculture sector in 2021 [1]. In 2021, there 
are a total of 5.73 million hectares of oil palm-planted areas in Malaysia [2]. Markedly, the 
palm oil industry generates substantial amounts of waste and by-products in the form of 
lignocellulosic biomass, including oil palm trunks, oil palm fronds, and empty fruit 
bunches, estimated to approximately 40 million tonnes per year [3]. It is estimated that 
12.8 million tonnes of oil palm trunks could be generated every year during replanting 
activities [4]. This huge amount of oil palm trunk biomass could serve as an alternative 
lignocellulosic feedstock for the wood-based industries that are facing constantly increas-
ing demand for natural wood resources. This cascading use of wood waste and by-prod-
ucts, together with the optimization of the manufacturing processes, represent key bioe-
conomy principles [5–8].  

Oil palm trunk is frequently used as a raw material in the manufacture of composite 
materials such as laminated veneer lumber (LVL); plywood, flooring, furniture, and other 
composites [9–15]. However, it was reported that oil palm wood extracted from the trunk 
has four major drawbacks, i.e., low mechanical strength, inferior dimensional instability, 
poor durability, and poor machining characteristics [16,17]. As a result, Haslett [18] con-
cluded that the oil palm trunk is unsuitable for use as sawn timber. Instead, it can be used 
to make reconstituted value-added wood-based products such as particleboard, fiber-
board, and laminated board. Markedly, treatment is still required in the fabrication of 
laminated boards. According to a recent study, chemical treatments may improve the 
outer and inner surfaces of oil palm wood (OPW). Hill [19] discovered that increasing the 
bulk of low-density wood improves its quality. 

Impregnation treatment with phenolic resin and other aminoplastic resins has been 
reported to be an effective modification method to enhance the properties of low-density 
wood and oil palm trunks. For instance, numerous studies have been conducted to im-
prove the properties of low-density tropical hardwoods such as sesenduk (Endospermum 
diadenum), jelutong (Dyera costulata), and mahang (Macaranga sp.), as well as oil palm 
wood, by bulking them with low molecular weight phenol formaldehyde (LmwPF) resin 
[20–23]. As shown in another study, oil palm trunks modified by melamine formaldehyde 
exhibited better dynamic-mechanical and acoustic properties [24]. Generally, there are 
two different processes involving resin impregnation treatment. One of the processes is 
called impregnation, when the resins are forced into the wood samples by applying pres-
sure and then polymerized by curing under heat. Meanwhile, compregnation involves the 
application of compression after the impregnation process. The impregnated wood sam-
ples are often compressed under heat for the polymerization of resin to take place [25]. 

According to Lee and Ashaari [21], impregnation increases the strength and dimen-
sional stability of sesenduk and jelutong wood. Bao et al. [26] produced a hybrid poplar 
compreg with phenolic resins and discovered that the product’s dimensional stability was 
greatly improved. Ashaari et al. [22] created a compreg laminated bamboo/wood hybrid 
with sesenduk wood as the core layer. The experiment’s main goal was to compensate for 
the inferior properties of sesenduk wood, which is softer and weaker than bamboo. The 
softer and more compressible sesenduk wood, on the other hand, may help the compreg 
laminated bamboo/wood hybrid to achieve better compression and consolidation. The 
study’s findings revealed that the combined application of sesenduk wood and bamboo 
was capable of producing compreg laminated hybrid products with comparable strength 
properties to compreg laminated bamboo. 

The outer portion of the oil palm trunk, which accounted for nearly 30% of the trunk 
radius, could be used to extract lumber. Due to its inferior strength properties and dimen-
sional instability, the remaining 70% of the inner part is generally regarded as waste [16]. 
However, inspired by the previous research, inner OPW can be used as the core in the 
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manufacture of laminated compreg composite products. In this work, three-layer lami-
nated compreg hybrid products were fabricated in laboratory conditions with treated in-
ner OPW serving as the core layer. Face and back layers were made of untreated and phe-
nolic resin-treated sesenduk wood. The effects of compression ratio and phenol formal-
dehyde resin concentration on the physical and mechanical properties of the laminated 
compreg composites were evaluated. 

2. Materials and Methods 
2.1. Materials Preparation 

Oil palm trees were felled in a private plantation near Taman Saujana Putra, 
Puchong, Selangor, Malaysia, for the extraction of OPW. Oil palm trunks were sawed to 
produce OPW with a thickness of 5 cm. Only the woody part of the trunk’s inner part 
(called inner wood) was used in this study. The inner part of the oil palm trunk was ex-
tracted using polygon sawing method as mentioned in Hamzah et al. [16]. 

The density of the inner wood was approximately 300 kg/m3. The OPW samples were 
cut from the trunk and air dried to roughly 50%–60% moisture content (MC). Low molec-
ular weight phenol formaldehyde (LmwPF) supplied by Malaysian Adhesive Chemical 
(MAC), Shah Alam, with a solid content of 44.6% was used as a treating solution. The 
properties of the LmwPF resin used are shown in Table 1. Distilled water was used to 
dilute the LmwPF resin to 15% and 20% (w/w) concentrations.  

Table 1. Properties of low molecular weight phenol formaldehyde (LmwPF) resin used for impreg-
nation treatment. 

Characteristic Liquid 
Specific gravity 1.24 

pH 9 
Boiling point (°C) ~100 
Solid content (%) 45 

Molecular weight (Mw) 600 
Viscosity (poise) 0.213 

2.2. Treatability and Dimensional Stability of Compreg Treated Oil Palm Inner Wood 
Prior to impregnation treatment, the air dried OPW samples were further dried in an 

oven to achieve MC of around 15%–20%. A vacuum-pressure technique using custom 
made impregnation equipment was used to optimize the treatability of the material with 
PF resin. After 15 min of vacuum treatment, the setup was filled with LmwPF solution. 
The samples were immersed for 30 min at 689 kPa. The OPW was entirely soaked in the 
PF resin to ensure total penetration. After impregnation, the samples were partially cured 
for 7 h at 70 °C. The pre-cured samples were then pressed for 45 min at 150 °C with a 
stopper bar to achieve a compression ratio (CR) of 10, 20, and 30%, as calculated using the 
formula below: 

Compression ratio (%) = (Ti ‒ Tf)/Ti × 100  (1)

where CR = compression ratio (%), Tf = final thickness of compressed (mm), Ti = initial 
thickness before compressed (mm). 

2.3. Weight Percent Gain (WPG) and Density Evaluation 
All compreg samples were conditioned to a constant weight. The WPG and density 

of the samples after impregnation treatment were determined. 
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2.4. Dimensional Stability Evaluation 
The samples were cut from the compreg OPW at nominal dimensions of 20 mm × 20 

mm × 10–20 mm, then immersed in distilled water for 24 h, and the wet weight and vol-
ume were calculated. These data were used to determine the anti-swelling efficiency 
(ASE), water absorption (WA), and thickness swelling (TS). Untreated samples were uti-
lized as a control. Equations (2)–(5) were used to determine these properties. 

S (%) = [(V1 ‒ V2)/V1] 100%  (2)

where S = volumetric swelling coefficient (%), V1 = volume of oven-dried material before 
water immersion (mm3), and V2 = volume of material after water immersion (mm3). 

ASE (%) = [(S1 ‒ S2)/S1] 100%  (3)

where ASE = anti-swelling efficiency (%), S1 = volumetric swelling coefficient of treated 
material (mm3), and S2 = volumetric swelling coefficient of untreated material (mm3). 

TS (%) = [(T2 ‒ T1)/T1] 100%  (4)

where TS = thickness swelling (%), T1 = thickness of material before water immersion 
(mm), and T2 = thickness of material after water immersion (mm). 

WA (%) = [(W2 ‒ W1)/W1] 100%  (5)

where WA = water absorption (%), W1 = weight of material before water immersion (g), 
and W2 = weight of material after water immersion (g). 

2.5. Production of Laminated Compreg Composite Products 
OPW with the highest weight percent gain (WPG) and dimensional stability obtained 

from the treatment in the first phase was used to fabricate composite laminated products. 
After pre-curing, the compreg OPW was laminated parallel with untreated or treated 
sesenduk wood to form three-layer laminae (Figure 1). The description of the laboratory-
fabricated laminated compreg composites is given in Table 2. 

 
Figure 1. Product description for laminated compreg composite products. 

Table 2. Description of the product of laminated compreg composites produced in this work. 

Label Compression Ratio (%) Face Layer Core Layer Back Layer 
P1 20 Untreated wood 15% PF treated OPT Untreated wood 
P2 20 15% PF-treated wood 15% PF treated OPT 15% PF-treated wood 
P3 20 Untreated wood 20% PF-treated OPT Untreated wood 
P4 20 20% PF-treated wood 20% PF-treated OPT 20% PF-treated wood 
P5 10 Untreated wood 15% PF-treated OPT Untreated wood 
P6 10 15% PF-treated wood 15% PF-treated OPT 15% PF-treated wood 
P7 10 Untreated wood 20% PF-treated OPT Untreated wood 
P8 10 20% PF-treated wood 20% PF-treated OPT 20% PF-treated wood 

Using a hydraulic hot press machine (Carver CMG 100H-15, Ontario, NY, USA), the 
laminae were hot pressed at 150 °C for 60 min at 10% and 20% compression ratio (CR). 
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The hot-pressing regime was selected on the basis of previous experimental work per-
formed by the authors [21]. A 20 mm stopper bar was used to control the final thickness 
of the laminated compreg hybrid during compression. 

2.6. Mechanical Properties Evaluation 
The modulus of rupture (MOR) and modulus of elasticity (MOE) of laminated com-

preg treated and untreated composites were measured with three-point static bending 
using a Universal Testing Machine (100 kN, INSTRON, Norwood, MA, USA). The static 
bending test was carried out using a modified specimen size in line with British Standard 
BS 373: 1957 [27]. The center loading method was used to test the 350 mm × 20 mm × 20 
mm specimens with a span of 300 mm and a constant crosshead speed of 6.64 mm/min. 

2.7. Statistical Analysis 
The material treated with different treatment combinations was compared to the un-

treated material using statistical analysis. An ANOVA with a one-way factorial design 
was utilized to analyze the treatment variables’ efficacy, and Tukey’s test was utilized to 
separate the means at p ≤ 0.05. The study used the Statistical Package for the Social Sci-
ences (SPSS) version 25 (The International Business Machines Corporation (IBM), New 
York, NY, USA). 

3. Results 
3.1. Treatability of Compreg OPW 

A summary of the results obtained for the polymer retention and polymer loading as 
measured by WPG is presented in Table 3. Table 3 also depicts the density of the compreg 
OPW treated at different resin concentrations and CR. 

Table 3. Polymer retention, weight percent gain and density of inner oil palm wood treated at dif-
ferent compression ratios and resin concentrations. 

Compression Ratio (%) Resin Concentration (%) Polymer Retention (%) Weight Percent Gain (%) Density (kg/m3) 
10 15 61.56 ± 18.80 b 64.48 ± 3.53 d 612 ± 29.58 c 
20 15 64.56 ± 13.59 b 78.56 ± 2.52 c 655 ± 53.38 c 
30 15 79.20 ± 14.37 ab 94.54 ± 4.61 b 710 ± 41.95 b 
10 20 68.53 ± 9.28 b 93.09 ± 1.75 b 641 ± 45.16 c 
20 20 81.51 ± 14.68 ab 97.87 ± 2.55 b 728 ± 27.83 b 
30 20 92.12 ± 19.18 a 140.73 ± 5.26 a 809 ± 25.82 a 

Untreated Untreated - - 308 ± 25.28 d 
Note: Means followed by the same letter a, b, c, d is not significantly different at p ≤ 0.05, value after 
± sign is standard deviation. 

The polymer retention of compreg OPW was determined to be 61.56%, 64.56%, and 
79.20% for the samples treated with 15% resin concentration, and 68.53%, 81.51%, and 
92.12% for the samples modified with 20% resin concentration with CR ranging from 10 
to 30%, respectively. As the resin concentration increased, the polymer retention of the 
compreg OPW increased. CR exerted a tremendous influence on polymer retention. The 
greatest polymer retention of 92.12% was recorded for the compreg OPW samples treated 
with 20% resin concentration and 30% CR. Similarly, WPG increased significantly along 
with increasing resin concentration and CR. The highest WPG of 140.73% was recorded 
in the samples treated with 20% resin concentration and pressed with 30% CR. Such phe-
nomena are common because increasing resin concentration usually results in a higher 
polymer content in the resin, as shown by the higher polymer retention in samples with 
20% resin concentration (Table 3). Therefore, the deposition of these polymers in the wood 
becomes greater and thus increased its bulking coefficient. According to Wang et al. [28], 
impregnation pressure caused PF resin to penetrate deeply into the wood, as it was found 
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trapped in the lumens of many tracheids. The penetration rate increased as the resin con-
centration increased. However, the authors stated that a concentration of 20% resin is the 
threshold because concentrations greater than 20% reduce the permeability of the wood 
and the WPG resin. 

Table 3 shows that the density of the samples treated with different resin concentra-
tions and CR ranged from 612 kg/m3 to 809 kg/m3. The trend is similar to that of polymer 
retention and WPG. The increment in density was more than two times compared to that 
of untreated OPW (308 kg/m3) as the increment in density is directly proportionate with 
the WPG increment [21]. 

3.2. Dimensional Stability of Compreg OPW 
Figure 2 shows that the TS value of untreated OPW was 8.43%. The TS of compreg 

OPW ranged from 1.79% to 3.81%. When compared to samples with a 15% resin concen-
tration, samples with a 20% resin concentration had lower TS values. Meanwhile, CR had 
a significant impact on the TS of the samples, i.e., the higher the CR (30%), the lower the 
TS values. 

 
Figure 2. Thickness swelling of compreg oil palm inner wood. 
Note: Means followed by the same letter a, b, c, d, e is not significantly different at p ≤ 0.05 

As seen in Figure 3, the increased PF resin concentrations from 15% to 20%, and com-
pression ratios resulted in reduced WA values of the treated OPW. The untreated OPW 
exhibited an extremely high WA value of 114.19%, due to the high-water absorption ca-
pacity of parenchyma tissue. After compregnation, the WA of the OPW reduced from 
21.90% to 41.08%. Although OPW is known to be an unstable material due to its anatom-
ical features, which allows for excessive moisture absorption, compreg treatment signifi-
cantly reduced its WA. The samples treated with 20% PF resin concentration and 30% CR 
had the lowest WA of 21.90%. 
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Figure 3. Water absorption of compreg oil palm inner wood. Note: Means followed by the same 
letter a, b, c, d, e is not significantly different at p ≤ 0.05 

This finding is consistent with the findings of Aizat et al. [29], who reported that 
compreg treatment was able to reduce the WA of outer oil palm by 23.97%. In general, 
compreg OPW had lower WA values compared to other compreg wood such as jelutong 
and sesenduk. Since the PF resin was adequately filled and cured, water could not pene-
trate the inner wood of the oil palm. Collins [30] reported that during the hot pressing of 
PF resin, the methyl groups in the phenolic rings were converted to methylene bridges. 
The conversion resulted in the formation of a very highly cross-linked thermoset polymer, 
which became hard, infusible, and insoluble, eventually preventing the wood from ab-
sorbing water [31]. 

In this study, the ASE values of the compreg OPW varied from 75.94% to 57.69% for 
the samples treated with 15% PF resin concentration, and from 76.21% to 59.45% for the 
samples treated with 20% resin concentration, respectively (Figure 4). In terms of CR, it is 
demonstrated that ASE increased in tandem with CR, i.e., the higher the CR ratio, the 
higher the ASE values. The highest ASE value of 76.21% was recorded in the samples 
treated with 20% PF resin concentration and 30% CR.  
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Figure 4. Anti-swelling efficiency of compreg oil palm inner wood. Note: Means followed by the 
same letter a, b, c is not significantly different at p ≤ 0.05 

WPG improves dimensional stability by increasing density while decreasing poros-
ity. Fadhlia et al. [32] reported that the bulking effect of the PF resin reduces open areas, 
reduces WA, and increases the dimensional stability of treated wood samples. According 
to Bhat et al. [33] cell wall polymerization results in improved dimensional stability of 
OPW. The ASE increased over time, indicating that higher levels of phenolic resin and CR 
improve the dimensional stability of compreg OPW. 

3.3. Performance of Compreg Composites Laminated with Sesenduk 
In this phase of the study, 3-layer laminated compreg composites were fabricated by 

using inner OPW as the core and sesenduk wood (treated and untreated) as the face and 
back. 10% and 20% CR were employed for the second phase of the study as the laminated 
compreg composite products, pressed at 30% CR, were split and failed during compres-
sion as shown in Figure 5.  

 
Figure 5. Failure of laminated compreg composites pressed with 30% CR. 

The high initial moisture level of the compreg inner OPW samples resulted in com-
pression failure. After impregnation treatment, the assembled samples had a moisture 
content of 60%, which might have been relatively high when the samples were being sub-
jected to compression in a hot press. In the case of compreg inner OPW in phase 1, mois-
ture on wood surfaces, according to Haque [34], can either vaporize or penetrate into the 
wood during heating. During compression, the moisture was heated, causing it to evapo-
rate. Water vapor from the inner OPW can easily escape through any direction of wood 
to the sample surface during compression (Figure 6). 

 
Figure 6. Water vapor is released from a sample of compreg oil palm inner wood during compres-
sion. 

However, when the inner OPW samples were laminated with sesenduk, the moisture 
content could only vaporize longitudinally during compression (Figure 7). As a result, the 
vapor pressure was building in the core layer of the samples and eventually caused the 
rupture, especially when higher CR was employed. 
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Figure 7. Water vapor release from a sample of laminated compreg OPW composite laminated with 
sesenduk during compression progress. 

3.4. Properties of Laminated Compreg Composites 
The results obtained for the WPG and density for laminated compreg composites are 

shown in Table 4. Generally, the composites laminated with sesenduk wood as face and 
back (P2, P4, P6, and P8) displayed higher WPG and density. The laminated composites 
made at 20% CR and 20% PF resin concentration demonstrated the highest WPG value of 
105.52% (P4). WPG improved significantly as compression ratio and PF resin concentra-
tion were increased. 

Table 4. Mean values of WPG and density of laminated compreg composites. 

CR (%) Hybrid Description WPG (%) Density (kg/m3) 

20 

P1 U, 15%, U 63.21 ± 3.26 d 587 ± 5.09 d 
P2 15%, 15%, 15% 99.53 ± 0.95 ab 704 ± 20.47 b 
P3 U, 20%, U 63.09 ± 5.13 d 660 ± 14.80 c 
P4 20%, 20%, 20% 105.52 ± 5.16 a 749 ± 2.93 a 

10 

P5 U, 15%, U 65.37 ± 4.20 d 583 ± 24.72 d 
P6 15%, 15%, 15% 82.43 ± 2.67 c 663 ± 8.45 c 
P7 U, 20%, U 66.17 ± 1.53 d 649 ± 6.24 c 
P8 20%, 20%, 20% 95.02 ± 5.28 b 742 ± 35.20 a 

20 
Untreated Wood   412 ± 32.07 

Untreated inner OPW   308 ± 26.82 
Note: Means followed by the same letter a, b, c, d is not significantly different at p ≤ 0.05, value after 
± sign is standard deviation. 

In the laminated compreg composite samples, the increased CR was responsible for 
the increased WPG. According to this study, the WPG of 20% CR laminated compreg 
composites treated with 20% PF resin concentration was higher than that of 10% CR lam-
inated compreg panels. When resin concentration was increased from 15% to 20%, WPG 
was also increased from 99.53 to 105.52% for the composites manufactured at 20% CR. 
Meanwhile, WPG rose from 82.43 to 95.02% for the panels compressed at 10% CR. When 
20% resin concentration treated OPW was laminated with untreated sesenduk, the WPG 
value was 63.09% (P3) and 66.17% (P7), respectively. The density values for samples com-
pressed at 20% CR were found to be between 587 to 704 kg/m3 and 660 to 749 kg/m3 (P1, 
P2, P3, and P4). Density values for the samples compressed at 10% CR ranged from 583 to 
663 kg/m3 and from 649 to 742 kg/m3 (P5, P6, P7, and P8). Overall, density of laminated 
compreg composites increased with compression ratio and resin concentration. 

3.5. Physical and Mechanical Properties of Laminated Compreg Composites 
Analysis of variance (ANOVA) was performed, and the summarized results are pre-

sented in Table 5. It can be observed that the resin concentration exerted a significant in-
fluence on the density, WA, MOR, and MOE values of the laboratory-made laminated 
compreg composites. Meanwhile, WPG, TS, and ASE were not significantly affected by 
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the PF resin concentration used in this study. On the other hand, CR did not have any 
significant influence on the properties of the compreg composites. The findings suggested 
that resin concentration is a more influential factor compared to CR. 

Table 5. Summary of analysis of variance (ANOVA) at p ≤ 0.05 of the interaction between processing 
parameters and properties of laminated compreg composites. 

Source of Variant WPG Density TS WA ASE MOR MOE 
Resin concentration (RC) 0.342ns 0.000** 0.078ns 0.004** 0.114ns 0.000** 0.000** 
Compression ratio (CR) 0.271ns 0.317ns 0.297ns 0.115ns 0.303ns 0.536ns 0.797ns 

RC*CR 0.710ns 0.654ns 0.439ns 0.786ns 0.715ns 0.921ns 0.832ns 
Note: ** significant at p ≤ 0.05; ns not significant. 

Table 6 depicts the physical and mechanical properties of laminated compreg hybrid 
products. The TS values of the laminated compreg composites manufactured at 20% CR 
and 15% PF resin concentration varied from 2.90 to 1.58% (P1 and P2), while those made 
of 20% resin concentration ranged from 2.28 to 1.23% (P3 and P4). The TS values of the 
laminated OPW panels fabricated at 10% CR with 15% resin concentration varied from 
1.69 to 2.90% (P5 and P6) while those made of 20% resin concentration varied from 1.41 to 
2.80% (P7 and P8). All laminated compreg composites, fabricated in this work, had signif-
icantly lower TS values compared to the values of OPW (8.43%). The TS values of the 
samples laminated with untreated sesenduk wood as the face layer (P1, P3, P5, and P7), 
were higher compared to the TS of the panels fabricated from treated sesenduk as the face 
layer (P2, P4, P6, and P8). Resin concentration also had a significant effect on the TS values 
as the samples treated with 20% PF resin concentration had lower TS compared to those 
modified with 15% resin. However, the effects of CR were not obvious. Untreated OPW 
had a WA value of 114.19%. Regarding the laminated compreg composites, the lowest 
WA value of 23.02% was observed in the samples treated with 20% PF resin concentration 
and compressed with 20% CR (P4). Meanwhile, the samples treated with 15% resin con-
centration and compressed with 10% CR (P5) had the highest WA value. Although PF 
resin did not penetrate the vascular bundle of the cell wall, it did penetrate the paren-
chyma cell as a bulking agent, according to Bakar et al. [35]. This resin penetration may 
obstruct the space and water absorbed. The resin’s swelling-blocking activity was respon-
sible for the significant reduction in swelling in the treated OPW. 

Table 6. Thickness swelling (TS), water absorption (WA), anti-swelling efficiency (ASE), modulus 
of rupture (MOR), and modulus of elasticity (MOE) of laminated compreg composites. 

Sample TS (%) WA (%) ASE (%) MOR (MPa) MOE (MPa) 
Untreated iOPW 8.43 ± 1.01 114.19 ± 11.94 - 15.58 ± 1.34 1034 ± 15 

P1 2.09 ± 0.67 32.66 ± 0.50 55.05 ± 0.02 33.91 ± 1.38 673 ± 28 
P2 1.58 ± 0.01 24.50 ± 0.63 71.61 ± 5.31 35.05 ± 2.11 1115 ± 78 
P3 2.28 ± 0.02 27.81± 0.67 59.12 ± 0.61 39.24 ± 3.95 854 ± 100 
P4 1.23 ± 0.04 23.02 ± 0.40 74.00 ± 6.00 40.67 ± 2.68 2534 ± 322 
P5 2.90 ± 0.07 36.38 ± 0.45 51.03 ± 0.21 32.82 ± 0.84 656 ± 27 
P6 1.69 ± 0.02 25.15 ± 1.20 68.31 ± 0.90 35.06 ± 2.11 1115 ± 78 
P7 2.80 ± 0.03 28.89 ± 0.62 58.16 ± 4.05 39.61 ± 3.44 796 ± 100 
P8 1.41 ± 0.06 25.03 ± 0.40 71.47 ± 6.95 39.51 ± 2.93 2414 ± 286 

The laminated compreg composites had ASE values ranging from 55.05 to 71.61% (P1 
and P2) and from 59.12 to 74.00% (P3 and P4) for the samples fabricated at 20% CR with 
15% and 20% PF resin loading. The high and positive ASE values indicate the efficacy of 
the phenolic resin compregnation treatment. The highest ASE value was 74% for the lam-
inated compreg composites with 20% CR and 20% resin concentration, while the lowest 
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ASE value of 51.03% was determined for products with 10% CR and 15% resin concentra-
tion. According to reports, the phenolic resin can effectively bulk up the cell wall and 
lumen while also inhibiting moisture uptake by the wood. Aizat et al. [29] obtained ASE 
values of 44 to 73% using LmwPF laminated compreg OPW (outer), whereas Rabi’atol et 
al., [36] reported ASE values of 30 to 50% on vacuum-treated compreg sesenduk and jelu-
tong strips. 

In terms of mechanical properties, the MOR value of the untreated inner OPW was 
15.58 N/mm2. After being compressed into laminated compreg composites, the MOR val-
ues were found to almost double compared to that of untreated OPW. The MOR of the 
laminated compreg panels produced with 20% CR ranged from 33.91 N/mm2 to 35.05 
N/mm2 and 39.24 N/mm2 to 40.67 N/mm2 for 15 and 20% PF concentrations, respectively. 
Meanwhile, the MOR values of the laminated panels manufactured with 10% CR ranged 
from 32.82 N/mm2 to 35.06 N/mm2 and 39.61 N/mm2 to 39.51 N/mm2 for 15 and 20% PF 
concentration, respectively. It can be observed that laminated compreg composites com-
pressed at a higher CR of 20% and treated with a higher PF resin concentration of 20% 
exhibited higher MOR. According to Ang et al. [37], higher compression increases the 
density of the samples while also increasing their rigidity and hardness. According to 
Nemli et al. [38], higher product density due to high compression during pressing may 
result in increased MOR. Researchers discovered that polymerizing phenolic resins inside 
cell walls improved cell reinforcement while improving mechanical properties in another 
study [31,39]. Similarly, the highest MOE value of 2534 N/mm2 was found in the laminated 
compreg composite manufactured with 20% CR and 20% PF resin concentration, while 
the lowest MOE (656 N/mm2) was found in the laminated compreg composites produced 
with 10% CR and 15% resin concentration (P5). 

According to Kultikova [40], the phenolic resin in cell wood transforms treated wood 
into a plastic-like material. Higher resin concentration and compression ratios, according 
to that explanation, were expected to be the primary causes of improved static bending of 
the laminated compreg composites. However, it should be noted that the three-layer lam-
inated compreg panels laminated with untreated sesenduk wood as face and back layers 
(P1, P3, P5, and P7) displayed significantly inferior mechanical properties compared to 
the treated counterparts (P2, P4, P6, and P8). This finding demonstrated the significance 
of phenolic resin treatment. The properties of the laminated compreg composites were not 
solely determined by the bond line formed between layers. The face and back layer sur-
faces are equally important. Treatment on the surface and back layer may confer increased 
rigidity as well as exceptional water resistance to these layers, resulting in improved per-
formance of the composites produced. 

4. Conclusions 
In this work, the inner OPW was treated with PF resin and compressed at different 

compression ratios. The treatment was found to be effective in lowering the TS and WA 
values of the inner OPW. The dimensional stability of the treated OPW was higher com-
pared to that of untreated samples. PF resin-treated OPW was used as the core layer for 
manufacturing three-layer laminated compreg composites, laminated with untreated and 
treated sesenduk wood serving as the face and back layer. It was determined that PF resin 
concentration was a significant factor influencing the physical and mechanical properties 
of the laminated composite products. The higher resin concentration of 20% resulted in 
enhanced properties of the panels produced. The compression ratio had no significant 
effect on the performance of the laminated composites. On the other hand, the higher 
compression ratios applied resulted in slightly better physical and mechanical properties 
of the panels. It was also concluded that the use of untreated sesenduk wood as the face 
and back layer of the composites is not suitable since the laminated composites exhibited 
significantly lower TS, WA, MOR, and MOE values. Future research on the topic should 
be aimed at studying the penetration mechanism of low molecular weight PF resin in 
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OPW at the microcellular level, optimizing the modification parameters, and investigat-
ing the chemical interaction between PF resin and OPW to achieve an optimal perfor-
mance. 

Author Contributions: Conceptualization, S.S. and L.S.H.; methodology, S.S.; software, M.A.A.G.; 
validation, W.F., P.A. and M.A.R.L.; formal analysis, W.N.A.; investigation, W.N.A.; resources, S.S.; 
data curation, W.N.A., R.A.M.A.; writing—original draft preparation, W.N.A., R.A.M.A.; writing—
review and editing, L.S.H., W.F., P.A. and M.A.R.L.; visualization, M.A.A.G.; supervision, S.S., 
L.S.H., P.M.T.; project administration, S.S.; funding acquisition, S.S. All authors have read and 
agreed to the published version of the manuscript. 

Funding: This research was funded by the Fundamental Research Grant Scheme (FRGS 2018-1), 
Reference code: FRGS/1/2018/WAB07/UPM//1 and Higher Institution Centre of Excellence 
(HICoE)(UPM/INTROP/100-13/9/3/6369113/H), provided by Ministry of Higher Education, Malay-
sia. 

Data Availability Statement: Not applicable. 

Acknowledgments: Authors would like to thank M. Rasyidur Ridho, S. Hut and Muslimatul Rahmi 
DN for providing assistance in adjusting to the Forests template. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Department of Statistics Malaysia (DOSM). Selected Agricultural Indicators, Malaysia, 2020. Available online: 

https://www.dosm.gov.my/v1/index.php?r=column/cthemeByCat&cat=72&bul_id=RXVKUVJ5TitHM0cwYWxlOHcxU3dKdz
09&menu_id=Z0VTZGU1UHBUT1VJMFlpaXRRR0xpdz09 (accessed on 16 September 2022). 

2. Malaysian Palm Oil Board (MPOB). Oil Palm Planted Area 2021. Available online: 
https://bepi.mpob.gov.my/images/area/2021/Area_summary2021.pdf (accessed on 16 September 2022). 

3. Kabashi, N.A.; Alam, Z.; Ainuddin, M. Bio-Composting Process Development by SSF for Utilization Agro-Industrial Wastes. In 
Proceedings of the 3rd Kuala Lumpur International Conference on Biomedical Engineering 2006, Kuala Lumpur, Malaysia, 11–
14 December; Springer: Berlin, Heidelberg, Germany, 2007; pp. 464–468. 

4. Aljuboori, A. Oil palm biomass residue in Malaysia: Availability and sustainability. Int. J. Biomass Renew. 2013, 2, 13–18. 
5. Mantanis, G.; Athanassiadou, E.; Nakos, P.; Coutinho, A. A new process for recycling waste fiberboards. In Proceedings of the 

38th International Wood Composites Symposium, Washington, DC, USA, 6–8 April 2004; pp. 119–122. 
6. Iswanto, A.H.; Madyaratri, E.W.; Hutabarat, N.S.; Zunaedi, E.R.; Darwis, A.; Hidayat, W.; Susilowati, A.; Adi, D.S.; Lubis, 

M.A.R.; Sucipto, T.; et al. Chemical, physical, and mechanical properties of belangke bamboo (Gigantochloa pruriens) and its 
application as a reinforcing material in particleboard manufacturing. Polymers 2022, 14, 3111. 
https://doi.org/10.3390/polym14153111. 

7. Lee, S.H.; Lum, W.C.; Boon, J.G.; Kristak, L.; Antov, P.; Pędzik, M.; Rogoziński, T.; Taghiyari, H.R.; Lubis, M.A.R.; Fatriasari, 
W.; et al. Particleboard from agricultural biomass and recycled wood waste: A review. J. Mater. Res. Technol. 2022, 20, 4630–4658. 
https://doi.org/10.1016/j.jmrt.2022.08.166. 

8. Antov, P.; Savov, V. Possibilities for manufacturing eco-friendly medium density fibreboards from recycled fibres—A review. 
In Proceedings of the 30th International Conference on Wood Science and Technology—ICWST 2019 “IMPLEMENTATION OF 
WOOD SCIENCE IN WOODWORKING SECTOR” & 70th Anniversary of Drvna industrija Journal, Zagreb, Croatia, 12–13 
December 2019; pp. 18–24. 

9. Rizal, S.; Fizree, H.M.; Saurabh, C.; Gopakumar, D.; Aprilia, N.; Hermawan, D.; Banerjee, A.; Fazita, M.R.M.; Haafiz, M.K.M.; 
Abdul Khalil, H.P.S. Value-Added Utilization of Agro-Waste Derived Oil Palm Ash in Epoxy Composites. J. Renew. Mater. 2019, 
7, 1269–1278. https://doi.org/10.32604/jrm.2019.07227. 

10. Yusof, N.S.B.; Sapuan, S.M.; Sultan, M.T.H.; Jawaid, M. Manufacturing Process Selection of “Green” Oil Palm Natural Fiber 
Reinforced Polyurethane Composites Using Hybrid TEA Criteria Requirement and AHP Method for Automotive Crash Box. J. 
Renew. Mater. 2020, 8, 647–660. https://doi.org/10.32604/jrm.2020.08309. 

11. Hashim, R.; Sarmin, S.N.; Sulaiman, O.; Yusof, L.H.M. Effects of cold setting adhesives on properties of laminated veneer lumber 
from oil palm trunks in comparison with rubberwood. Eur. J. Wood Wood Prod. 2011, 69, 53–61. https://doi.org/10.1007/s00107-
009-0405-2. 

12. Komariah, R.N.; Miyamoto, T.; Tanaka, S.; Prasetiyo, K.W.; Syamani, F.A.; Subyakto; Umezawa, T.; Kanayama, K.; Umemura, 
K. High-performance binderless particleboard from the inner part of oil palm trunk by addition of ammonium dihydrogen 
phosphate. Ind. Crops Prod. 2019, 141, 111761. https://doi.org/10.1016/j.indcrop.2019.111761. 

13. Yusof, M.; Lamaming, J.; Hashim, R.; Yhaya, M.F.; Sulaiman, O.; Selamat, M.E. Flame retardancy of particleboards made from 
oil palm trunk-poly(vinyl) alcohol with citric acid and calcium carbonate as additives. Constr. Build. Mater. 2020, 263, 120906. 
https://doi.org/10.1016/j.conbuildmat.2020.120906. 



Forests 2023, 14, 83 13 of 14 
 

14. Saari, N.; Lamaming, J.; Hashim, R.; Sulaiman, O.; Sato, M.; Arai, T.; Kosugi, A.; Wan Nadhari, W.N.A. Optimization of 
binderless compressed veneer panel manufacturing process from oil palm trunk using response surface methodology. J. Clean. 
Prod. 2020, 265, 121757. https://doi.org//10.1016/j.jclepro.2020.121757. 

15. Nuryawan, A.; Sutiawan, J.; Rahmawaty; Masruchin, N.; Bekhta, P. Panel products made of oil palm trunk: A review of potency, 
environmental aspect, and comparison with wood-based composites. Polymers 2022, 14, 1758. 
https://doi.org/10.3390/polym14091758. 

16. Hamzah, N; Bakar, E.S.; Zaidon, A.; Lee, S.H. Assessment of oil palm wood quality improvement through integrated treatment 
process as function of sawing pattern and slab thickness. J. Oil Palm Res. 2017, 29, 366–372. 
https://doi.org/10.21894/jopr.2017.2903.09. 

17. Abdul Khalil, H.P.S.; Amouzgar, P.; Jawaid, M.; Hassan, A.; Ahmad, F.; Hadiyana, A.; Rudi, D. New approach to oil palm trunk 
core lumber material properties enhancement via resin impregnation. J. Biobased Mater. Bioenergy 2012, 6, 299–308. 
https://doi.org/10.1166/jbmb.2012.1212. 

18. Haslett, A.N. Suitability Of Oil Palm Trunk For Timber Uses. J. Trop. For. Sci. 1990, 2, 243–251. 
19. Hill, C. Wood Modification—Chemical, Thermal and Other Processes; Wiley and Sons: Chichester, UK, 2006. 
20. Hu, W.G.; Wan, H. Comparative study on weathering durability property of phenol formaldehyde resin modified sweetgum 

and southern pine specimens. Maderas. Cienc. Y Tecnol. 2022, 24, 1–14. https://doi.org/10.4067/s0718-221x2022000100417. 
21. Lee, S.H.; Ashaari, Z. Durability of phenolic-resin-treated sesenduk (Endospermum diadenum) and jelutong (Dyera costulata) wood 

against white rot fungus. Eur. J. Wood Wood Prod. 2015, 73, 553–555. https://doi.org/10.1007/s00107-015-0912-2. 
22. Ashaari, Z.; Lee, S.H.; Mustamel, M.N.; Salleh, N.F.M. Strength improvement of jelutong (Dyera costulata) wood via phenolic 

resin treatments. J. Indian Acad. Wood Sci. 2015, 12, 132–136. https://doi.org/10.1007/s13196-015-0156-0. 
23. Ghani, A.; Ashaari, Z.; Lee, S.H.; Bakar, E.; Bawon, P. A comparison between the properties of low and medium molecular 

weight phenol formaldehyde resin-treated laminated compreg oil palm wood. Int. For. Rev. 2017, 19, 2017–2018. 
https://doi.org/10.1505/146554817828562305. 

24. Manik, T.; Nuki, S.; Fauziyah, N.; Mashuri, M.; Zainuri, M.; Darminto, D. Structure, Dynamic-Mechanical and Acoustic 
Properties of Oil Palm Trunk Modified by Melamine Formaldehyde. J. Renew. Mater. 2021, 9, 1647–1660. 
https://doi.org/10.32604/jrm.2021.016089. 

25. Sandberg, D.; Kutnar, A.; Mantanis, G. Wood modification technologies—A review. Iforest Biogeosci. For. 2017, 10, 895–908. 
https://doi.org/10.3832/ifor2380-010. 

26. Bao, M.; Huang, X.; Zhang, Y.; Yu, W.; Yu, Y. Effect of density on the hygroscopicity and surface characteristics of hybrid poplar 
compreg. J. Wood Sci. 2016, 62, 441–451. https://doi.org/10.1007/s10086-016-1573-4. 

27. BS 373:1957; Methods of Testing Small Clear Specimens of Timber. CEN: Brussels, Belgium, 1957. 
28. Wang, X.; Chen, X.; Xie, X.; Yuan, Z.; Cai, S.; Li, Y. Effect of Phenol Formaldehyde Resin Penetration on the Quasi-Static and 

Dynamic Mechanics of Wood Cell Walls Using Nanoindentation. Nanomaterials 2019, 9, 1409. 
https://doi.org/10.3390/nano9101409. 

29. Aizat, A.G.; Zaidon, A.; Nabil, F.L.; Bakar, E.S.; Rasmina, H. Effects of diffusion process and compression on polymer loading 
of laminated compreg oil palm (Elaeis guineensis) wood and its relation to properties. J. Biobased Mater. Bioenergy 2014, 8, 519–
527. https://doi.org/10.1166/jbmb.2014.1470. 

30. Collins, P. Current research activities on wood adhesives at CSIRO. In Proceedings of the 25th Forest Research Conference, 
Victoria, Australia, 18–21 November 1996. 

31. Hon, D. Analysis of adhesives. In Handbook of Adhesives Technology, Pizzi, A., Mittal, K.L., Eds.; Marcel Dekker Inc: New York, 
NY, USA, 2003. 

32. Fadhlia, F.; Paridah, M.T.; Anwar, U.M.K.; Juliana, A.H.; Zaidon, A. Enhancing mechanical properties and dimensional stability 
of phenolic resin-treated plybamboo. J. Trop. For. Sci. 2017, 29, 19–29. 

33. ul Haq Bhat, I.; Abdullah, C.K.; Abdul Khalil, H.P.S.; Hakimi Ibrahim, M.; Nurul Fazita, M.R. Properties enhancement of resin 
impregnated agro waste: Oil palm trunk lumber. J. Reinf. Plast. Compos. 2010, 29, 3301–3308. 
https://doi.org/10.1177/0731684410372262. 

34. Haque, M.N. Analysis of heat and mass transfer during high-temperature drying of pinus radiata. Dry. Technol. 2007, 25, 379–
389. https://doi.org/10.1080/07373930601184551. 

35. Bakar, E.; Tahir, P.; Sahri, M.; Yap, H. Oil palm wood treated with PF resin by the compreg method: Influence of solution 
concentration and impregnation period. In Proceedings of the The International Symposium on Wood Sciences and Technology, 
Tokyo, Japan, 15–17 March 2005. 

36. Rabi'atol Adawiah, M.A.; Zaidon, A.; Nur Izreen, F.A.; Bakar, E.S.; Mohd Hamami, S.; Paridah, M.T. Addition of urea as 
formaldehyde scavenger for low molecular weight phenol formaldehyde-treated compreg wood. J. Trop. For. Sci. 2012, 24, 348–
357. 

37. Ang, A.F.; Zaidon, A.; Bakar, E.S.; Hamami, S.M.; Anwar, U.M.K.; Jawaid, M. Possibility of improving the properties of mahang 
wood (Macaranga sp.) through phenolic compreg technique. Sains Malays. 2014, 43, 219–225. 

38. Nemli, G.; Ozturk, I.; Aydin, I. Some of the parameters influencing surface roughness of particleboard. Build. Environ. 2005, 40, 
1337–1340. https://doi.org/10.1016/j.buildenv.2004.12.008. 

39. Gindl, W. Tensile shear strength of UF and MUF-bonded veneer related to data of adhesives and cell walls measured by 
nanoindentation. Holzforschung 2010, 64, 337–342. 



Forests 2023, 14, 83 14 of 14 
 

40. Kultikova, E. Structure and Properties Relationship of Densified Wood. Master’s Thesis, Virginia Tech, Blacksburg, VA, USA, 
1999. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


