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Abstract 

Natural fiber-reinforced polyester biocomposites are promising 

lightweight materials, but their performance is often limited by 

weak fiber–matrix interaction, especially at high fiber loading. This 

study investigates the effect of combined alkali–

Vinyltrimethoxysilane (VTMS) treatment on the flexural and 

physical properties of sugar palm fiber-reinforced Unsaturated 

Polyester Resin (UPR) biocomposites. Untreated fiber composites 

(IU/UPR), NaOH-treated fiber composites (IA/UPR), and NaOH–

VTMS-treated fiber composites (IAS/UPR) were fabricated using 

the hand lay-up method at fiber loadings of 0–50 wt.%. The results 

showed that IAS/UPR exhibited the best overall performance, 

particularly at 50 wt.% fiber loading, achieving a flexural strength 

of 110.59 MPa, compared with 37.20 MPa for IU/UPR and 50.60 

MPa for IA/UPR. IAS/UPR also showed lower water absorption, 

higher density, and lower porosity. Two-way ANOVA confirmed 

that fiber treatment, fiber loading, and their interaction 

significantly affected flexural strength, water absorption, and 

porosity. FTIR analysis indicated the reduction of hemicellulose 

and lignin-related components, while SEM observations showed 

improved matrix coverage, fewer interfacial gaps, and reduced 

fiber pull-out. These results indicate that alkali–VTMS treatment 

improves interfacial compatibility and extends the effective fiber-

loading range of sugar palm fiber/UPR biocomposites. 
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1 Introduction 

The use of natural fibers as reinforcements in polymer 

composites continues to expand because of their abundant 

availability, relatively low density, and potential to support the 

development of more environmentally friendly materials than 

synthetic reinforcements [1]-[4]. In Indonesia, sugar palm fiber 

derived from Arenga pinnata is an attractive lignocellulosic 

reinforcement because of its wide availability and potential for use 

in thermoset resin-based engineering materials. Interest in sugar 

palm fiber composites is increasing in response to the growing 

demand for lightweight materials derived from local resources 

while maintaining adequate mechanical performance and physical 

stability. 

However, incorporating natural fibers into an unsaturated 

polyester matrix does not automatically produce composites with 

stable properties. The main challenge arises from the inherent 

mismatch between the two phases. Lignocellulosic fibers are 

hydrophilic because of their abundant hydroxyl groups, whereas 

unsaturated polyesters are relatively hydrophobic. This mismatch 

can reduce interfacial adhesion, hinder load transfer from the 

matrix to the fibers, increase the likelihood of void formation 

around the fibers, and increase the material’s sensitivity to moisture 

[5], [6]. In many natural fiber composites, these effects are 

reflected not only in reduced reinforcement efficiency but also in 

higher water absorption and changes in internal structural 

characteristics as fiber content increases [7]-[9]. 

Various chemical treatments have been applied to improve fiber 

surface characteristics and enhance compatibility with polymer 

matrices. Alkalization is commonly used to remove surface 

impurities, partially dissolve hemicellulose and lignin, and increase 

fiber surface roughness. Silanization, by contrast, is used to 

improve interphase bonding by forming a more compatible layer 

between the fiber and the matrix [10]-[12]. However, the 

effectiveness of these treatments depends strongly on the fiber type, 

resin system, and reinforcement content employed. In other words, 

the success of surface modification cannot be assumed to be 

uniform across all natural fiber composite systems. 

In a study by the author’s team published in 2025, sugar palm 

fiber–polyester composites treated with 2% NaOH at fiber contents 

of 0–20 wt.% showed improvements in certain mechanical 

properties, but these improvements were not accompanied by a 

consistent increase in flexural strength at higher fiber contents [13]. 

These findings indicate that increasing fiber loading alone is 

insufficient to achieve effective reinforcement when fiber–matrix 

interfacial quality remains limited. Therefore, the key issue in sugar 

palm fiber–polyester composite systems lies not only in the amount 

of fiber added, but also in how the interface is engineered to better 

sustain stress transfer, structural stability, and moisture resistance 

[14]-[16]. 

In this context, the use of silane coupling agents such as 

Vinyltrimethoxysilane (VTMS) warrants further investigation [17], 

[18]. Conceptually, VTMS can function as an interphase linker 

because its silane groups interact with the hydroxyl groups on the 

fiber surface. In contrast, the vinyl groups have the potential to 

increase compatibility with the polyester matrix during curing [17], 

[18]. Here, VTMS is considered a plausible interfacial modifier 

rather than direct proof of a specific chemical mechanism. 

Accordingly, combined alkali and VTMS treatment is expected 

not only to improve flexural strength but also to reduce water 

absorption and promote a more compact composite structure. 

However, in the sugar palm fiber–UPR composite system, the 

effect of this advanced interfacial treatment has not yet been 

adequately clarified through direct comparison among untreated 

fiber, alkali-treated fiber, and alkali–VTMS-treated fiber, 

particularly over a wider range of fiber contents and with respect to 

physical parameters related to internal structure. 

Against this background, the present study examines whether 

interface engineering through combined alkali and VTMS 

treatment can deliver better composite properties than untreated and 

alkali-only conditions at fiber contents up to 50 wt.%. The specific 

contribution of this study lies in the comparative evaluation of three 

fiber treatment conditions, namely IU/UPR, IA/UPR, and 

IAS/UPR, at fiber contents of 0, 10, 20, 30, 40, and 50 wt.%, as 

well as in examining the relationship between flexural and physical 

properties, including hardness, water absorption, density, and 

porosity. Accordingly, this study evaluates the effects of fiber 

surface treatment and fiber content on the flexural properties and 

physical stability of sugar palm fiber-reinforced unsaturated 

polyester biocomposites, with emphasis on the role of interface 

modification. 

2 Research methodology 

2.1 Materials 

The materials used in this study were type 235 polyester resin 

obtained from a local supplier in Bitung City, Mepoxy catalyst 

from PT Justus, sugar palm fiber collected from the North Sulawesi 

region, NaOH, VTMS as the silane coupling agent, ethanol, 

distilled water, and acetic acid. The sugar palm fiber was obtained 
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from sugar palm trees, cut to a length of approximately 15–20 cm, 

washed, and dried before further treatment. 

 

2.2 Alkali and VTMS treatment of sugar palm fiber 

The specimens were divided into three groups: untreated sugar 

palm fiber composites (IU/UPR), NaOH-treated sugar palm fiber 

composites (IA/UPR), and NaOH + VTMS-treated sugar palm fiber 

composites (IAS/UPR). For the untreated composites, cleaned 

sugar palm fibers were used without further chemical treatment. 

For the alkali-treated fibers, sugar palm fibers were immersed in a 2 

wt.% NaOH solution at 70°C for 1 hour, with a fiber-to-solution 

ratio of 1:20 (w/v). The fibers were then rinsed repeatedly until a 

neutral pH was reached and dried in an oven at 60°C for 24 hours 

[19], [20]. 

For the IAS/UPR composites, the alkali treatment was followed 

by silanization using 1 wt.% VTMS. The VTMS solution was 

prepared in an ethanol: water solvent system at a 60:40 (v/v) ratio, 

and the pH was adjusted to 4.5–5.0 with acetic acid. The solution 

was stirred for 30 minutes, after which the fibers were immersed 

for 45 minutes at room temperature [17], [18]. After immersion, the 

fibers were rinsed with ethanol to remove any residual unbound 

silane, dried again at 80°C for 24 hours, and stored under dry 

conditions before use. 

 

2.3 Preparation of sugar palm fiber composites 

The composites were prepared from untreated, alkali-treated, 

and alkali–VTMS-treated sugar palm fibers using an unsaturated 

polyester resin matrix. For ease of discussion, the untreated 

composite is referred to as IU/UPR, the NaOH-treated composite as 

IA/UPR, and the alkali–VTMS-treated composite as IAS/UPR. 

Fiber contents of 0, 10, 20, 30, 40, and 50 wt.% were used, as 

summarized in Table 1. The fibers were aligned in the same 

direction within the mold, and the composites were fabricated using 

the hand lay-up method [14], [20], [21]. 

Unidirectional alignment was selected to promote more 

consistent load transfer along the specimen length during flexural 

testing and to reduce variability caused by random fiber orientation. 

The composites were cured in stages. Initial gelation was 

carried out at room temperature (25–30°C) for 3–4 hours, followed 

by curing I at 70°C for 45 minutes, curing II at 90°C for 60 

minutes, and post-curing at 100°C for 60–90 minutes. Cooling was 

performed gradually in the oven until the temperature dropped 

below 40°C [20]-[23]. 

 

Table 1. Composition of sugar palm fiber composite specimens 

Specimen type Specimen code Fiber content (wt.%) 

Untreated UPR-0 0 

IU/UPR-10 10 

IU/UPR-20 20 

IU/UPR-30 30 

IU/UPR-40 40 

IU/UPR-50 50 

NaOH-treated IA/UPR-10 10 

IA/UPR-20 20 

IA/UPR-30 30 

IA/UPR-40 40 

IA/UPR-50 50 

NaOH + VTMS treated IAS/UPR-10 10 

IAS/UPR-20 20 

IAS/UPR-30 30 

IAS/UPR-40 40 

IAS/UPR-50 50 

 

2.4 Material testing 

Flexural testing was conducted using the three-point bending 

method in accordance with ASTM D790. Hardness was measured 

using the Shore D method according to ASTM D2240. Water 

absorption was determined according to ASTM D570 using a 24-

hour immersion test. Density was measured based on Archimedes’ 

principle in accordance with ASTM D792 [24]. The overall 

treatment and fabrication scheme for the sugar palm fiber 

composites is presented in Fig. 1. 

 

 
Fig. 1. Schematic illustration of alkali–VTMS treatment of sugar palm fiber and composite fabrication. 



 

Disseminating Information on the Research of Mechanical Engineering - Jurnal Polimesin Volume 24, No. 3, June 2026 474 

The flexural test specimens were prepared as rectangular beams 

with dimensions of 127×12.7×3.2 mm³ and tested in a three-point 

bending configuration using a support span of 51 mm and a 

crosshead speed of 2 mm/min. For Shore D hardness testing, 

measurements were taken at five different points on each specimen, 

and the reported value represents the average of those 

measurements. 

Water absorption testing was carried out on specimens 

measuring 76×25×3 mm³. The specimens were first dried to 

constant mass, and then immersed in distilled water at 23°C for 24 

hours according to ASTM D570. After immersion, the specimen 

surface was dried with lint-free tissue before reweighing. Water 

absorption was calculated using Eq. (1), where WA is the water 

absorption, W1 is the mass before immersion, and W2 is the mass 

after immersion. 

 

𝑊𝐴(%) =
𝑊2 − 𝑊1

𝑊1

× 100 (1) 

 

The experimental density was determined by the Archimedes 

method according to ASTM D792, using distilled water as the 

testing medium at 28°C (room temperature). The density of the 

composite was calculated using the weight of the specimen in air 

and in water, as shown in Eq. (2), where Wair and Wwater are the 

masses of the specimen in air and when immersed in water, 

respectively, ρwater is the density of water, and ρ is the density of the 

composite. 

 

𝜌 =
𝑊𝑎𝑖𝑟

𝑊𝑎𝑖𝑟 − 𝑊𝑤𝑎𝑡𝑒𝑟

× 𝜌𝑤𝑎𝑡𝑒𝑟  (2) 

 

Porosity was then calculated using Eq. (3), where ρt  is the 

theoretical density and ρe is the experimental density. 

 

Porosity (%) =
ρt − ρe

ρt

× 100 (3) 

 

The theoretical density was calculated using Eq. (4), where Wf 

is the weight fraction of fiber, Wm is the weight fraction of matrix, 

𝜌𝑓 is the density of fiber, and 𝜌𝑚 is the density of the matrix. 

 

𝜌𝑡ℎ𝑒𝑜 =
1

𝑊𝑓

𝜌𝑓
+

𝑊𝑚

𝜌𝑚

 
(4) 

 

Each test was conducted on three independent specimens for 

each composition. The values reported in the tables are presented as 

mean ± standard deviation (n = 3). For hardness testing, the value 

for each specimen was obtained by averaging five-point 

measurements, followed by averaging across the specimens. 

 

2.5 Statistical analysis 

All experimental data were expressed as mean ± standard 

deviation. Statistical analysis was performed using two-way 

Analysis of Variance (ANOVA) to evaluate the effects of fiber 

treatment, fiber loading, and their interaction on flexural strength, 

hardness, water absorption, density, and porosity. The significance 

level was set at p < 0.05. When significant effects were detected, 

Tukey’s Honestly Significant Difference (HSD) test was used as a 

post-hoc comparison to identify differences among treatment 

groups. Statistical analysis was performed based on the raw 

experimental data obtained from three independent specimens for 

each composite composition. 

 

2.6 FTIR characterization 

Fourier-Transform Infrared Spectroscopy (FTIR) was used to 

identify changes in the functional groups of sugar palm fibers after 

alkali and alkali–VTMS treatments. The FTIR analysis was 

performed using a Thermo Scientific Nicolet iS10 FTIR 

spectrometer over a wavenumber range of 4000–500 cm−1. The 

spectra of untreated, NaOH-treated, and NaOH–VTMS-treated 

sugar palm fibers were compared to evaluate changes in hydroxyl 

groups, lignocellulosic components, and silane-related bonding 

features. The FTIR results were used to support the interpretation 

of fiber surface modification and interfacial compatibility [25]. 
 

2.7 SEM observation 

Scanning Electron Microscopy (SEM) was carried out to 

observe the morphological features of the composite fracture 

surfaces and the fiber–matrix interfacial region. SEM observation 

was performed on the 50 wt.% fiber-loaded composites, namely 

IU/UPR-50, IA/UPR-50, and IAS/UPR-50, because this fiber 

loading represented the highest reinforcement content and showed 

the most distinct differences in flexural and physical properties 

among the three treatment systems. The fractured surfaces of 

IU/UPR, IA/UPR, and IAS/UPR composites were cut into suitable 

dimensions, dried, mounted on specimen stubs, and coated with 

Au/Pd before observation. SEM images were obtained using a 

Philips XL30 SEM microscope operated at an accelerating voltage 

of 15 kV. The SEM observations were used to compare fiber pull-

out, interfacial gaps, void formation, matrix cracking, resin wetting, 

and fiber–matrix adhesion among the untreated, NaOH-treated, and 

NaOH–VTMS-treated composites [26].  

3 Results and discussion 

The two-way ANOVA results confirmed that the measured 

composite properties were influenced by both fiber treatment and 

fiber loading. Treatment, fiber loading, and their interaction 

significantly affected flexural strength, water absorption, and 

porosity (p < 0.05). For hardness and density, the main effects of 

treatment and fiber loading were significant, whereas the 

interaction between the two was not significant. These results 

indicate that the effect of alkali–VTMS treatment was property-

dependent: it produced a strong interaction effect for properties 

closely associated with reinforcement efficiency and internal 

structure, while hardness and density were mainly governed by the 

individual effects of treatment and fiber content. The summary of 

the two-way ANOVA results for each measured property is 

presented in Table 2. 
 

Table 2. Summary of two-way ANOVA for the effects of 

treatment, fiber loading, and their interaction 

Property Treatment Fiber loading Treatment × loading 

Flexural strength Significant Significant Significant 

Hardness Significant Significant Not significant 

Water absorption Significant Significant Significant 

Density Significant Significant Not significant 

Porosity Significant Significant Significant 
 

3.1 Effect of treatment and fiber content on flexural strength 

The flexural test results clearly show that both fiber treatment 

and fiber loading strongly influenced the mechanical performance 

of the composites. At a given fiber content, the alkali–VTMS-

treated composites (IAS/UPR) consistently exhibited the highest 

flexural strength, followed by the alkali-treated composites 

(IA/UPR) and the untreated composites (IU/UPR). This trend 

became apparent at 10 wt.% and became more pronounced as fiber 

loading increased. At 50 wt.%, for example, the flexural strength 

reached 37.20 MPa for IU/UPR, 50.60 MPa for IA/UPR, and 

110.59 MPa for IAS/UPR. These results indicate that fiber addition 

can enhance flexural strength, but that reinforcement efficiency is 

strongly governed by fiber surface treatment, particularly at high 

fiber loadings. 

Statistical analysis confirmed that flexural strength was 

significantly affected by fiber treatment, fiber loading, and their 

interaction (p < 0.05). The significant interaction indicates that the 

effect of fiber loading on flexural strength depends strongly on the 
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type of fiber treatment. This finding supports the observed trend in 

which IU/UPR and IA/UPR declined after 30 wt.% fiber loading, 

whereas IAS/UPR continued to increase up to 50 wt.%. Therefore, 

the superior flexural performance of IAS/UPR at high fiber loading 

cannot be attributed only to the amount of fiber added, but also to 

the effectiveness of alkali–VTMS treatment in maintaining 

reinforcement efficiency and stress transfer under fiber-rich 

conditions. 

As shown in Table 3 and Fig. 2, IAS/UPR consistently 

delivered the highest flexural strength at each fiber content. 

Compared with untreated composites, alkali treatment improved 

flexural strength across the entire fiber-loading range, indicating 

that alkalization improved fiber surface condition and promoted 

more efficient stress transfer between the matrix and the 

reinforcement [16], [20]. The most pronounced improvement was 

observed in the IAS/UPR system. In this system, flexural strength 

was higher at all fiber contents and continued to increase up to 50 

wt.%, whereas IU/UPR and IA/UPR showed declining trends 

beyond 30 wt.%. This pattern suggests that interfacial modification 

through the combined alkali–VTMS treatment is more effective at 

maintaining reinforcement efficiency at high fiber loadings. 
 

Table 3. Flexural strength of sugar palm fiber composites 

Fiber content 

(wt.%) 

Flexural strength (MPa) 

Untreated NaOH NaOH + VTMS 

0 22.35 ± 1.12 22.35 ± 1.12 22.35 ± 1.12 

10 28.90 ± 1.85 30.20 ± 3.12 31.76 ± 1.45 

20 35.70 ± 1.60 44.80 ± 2.15 47.06 ± 2.08 

30 40.91 ± 3.45 58.14 ± 3.52 62.35 ± 2.31 

40 39.10 ± 3.22 55.20 ± 2.12 81.18 ± 2.76 

50 37.20 ± 4.12 50.60 ± 0.77 110.59 ± 3.14 
 

 
Fig. 2. Relationship between sugar palm fiber content and 

composite flexural strength. 

 

The decrease in flexural strength of IU/UPR and IA/UPR after 

30 wt.% fiber loading is attributed to reduced resin impregnation, 

fiber wetting, and stress transfer at higher fiber contents. This 

explanation is supported by Norizan et al. (2018), who investigated 

sugar palm yarn fiber-reinforced unsaturated polyester composites 

with fiber loadings of 10–50 wt.% prepared using the hand lay-up 

method and reported that fiber loading strongly influences the 

mechanical behavior of sugar palm fiber/polyester composites [16]. 

In the present study, the reduction in flexural strength of IU/UPR 

and IA/UPR at 40–50 wt.% indicates that the higher fiber 

population increased the interfacial area, restricted resin flow, and 

promoted void development, thereby reducing the efficiency of 

load transfer from the matrix to the fibers. Furthermore, Asyraf et 

al. (2022) reported that the hydrophilic nature of sugar palm fiber 

increases moisture uptake and inhibits effective bonding between 

the fiber and polymer matrix; therefore, chemical treatment is 

required to improve fiber–matrix interaction [27]. Based on this 

theory, the lower performance of IU/UPR is associated with weak 

compatibility between untreated sugar palm fiber and the 

hydrophobic UPR matrix, whereas the decrease in IA/UPR after 30 

wt.% indicates that alkali treatment alone is not sufficient to 

maintain effective interfacial bonding at high fiber loading. 

In contrast, the continuous increase in flexural strength of 

IAS/UPR up to 50 wt.% fiber loading demonstrates that the 

combined alkali–VTMS treatment was more effective in 

maintaining reinforcement efficiency under high fiber content 

conditions. This behavior is explained by the complementary role 

of alkali and silane treatments. Alkali treatment removes surface 

impurities and increases fiber surface roughness, whereas VTMS 

acts as a coupling agent that improves the compatibility between 

the hydrophilic sugar palm fiber surface and the hydrophobic UPR 

matrix. This interpretation is supported by Atiqah et al. (2018), 

who investigated silane-treated sugar palm fiber-reinforced 

polymer composites at fiber loadings of 0–50 wt.% and reported 

that silane treatment improved the fiber–matrix interface, with 

SEM observations showing good bonding and linkage between 

cellulose fibers and the polymer matrix, thereby contributing to 

improved mechanical properties [17]. Similarly, Srinivasan et al. 

(2025) reported that combined alkali–silane treatment in natural 

fiber-reinforced polymer biocomposites enhances fiber–matrix 

bonding, removes impurities, reduces hydrophilic surface groups, 

and improves load transfer [30]. Therefore, in the present IAS/UPR 

system, the continuous increase in flexural strength from 30 to 50 

wt.% is associated with better resin impregnation, stronger 

interfacial compatibility, lower void development, and more 

effective stress transfer compared with IU/UPR and IA/UPR. This 

explanation is consistent with the porosity results, where IAS/UPR 

showed lower porosity than IU/UPR and IA/UPR at the same fiber 

loading. 
 

3.2 Effect of treatment and fiber content on hardness 

In contrast to flexural strength, composite hardness remained 

within a relatively narrow range of 85.9–87.1 Shore D. At all fiber 

contents, the differences among IU/UPR, IA/UPR, and IAS/UPR 

were small, indicating that fiber surface treatment and increasing 

fiber fraction did not markedly alter surface hardness. In other 

words, hardness was not the most sensitive parameter for capturing 

the effect of interfacial modification in this system. 

The two-way ANOVA showed that treatment and fiber loading 

had significant effects on hardness (p<0.05), whereas their 

interaction was not significant. Although the statistical results 

indicate measurable differences among treatment and loading 

conditions, the absolute hardness variation remained small. 

Therefore, hardness should be interpreted carefully as a secondary 

indicator of surface stability rather than as direct evidence of 

interfacial strengthening. The absence of a significant interaction 

also suggests that the effect of alkali–VTMS treatment on hardness 

was not strongly dependent on fiber loading. 

The hardness values of the composites at different fiber 

contents and treatment conditions are presented in Table 4 and 

illustrated in Fig. 3. 
 

Table 4. Hardness of sugar palm fiber composites 

Fiber content 

(wt.%) 

Hardness (Shore D) 

Untreated NaOH NaOH + VTMS 

0 86.6 ± 0.20 86.6 ± 0.20 86.6 ± 0.20 

10 86.4 ± 0.11 86.8 ± 0.17 87.1 ± 0.15 

20 86.1 ± 0.13 86.4 ± 0.21 86.6 ± 0.18 

30 85.9 ± 0.20 86.2 ± 0.09 86.5 ± 0.17 

40 86.1 ± 0.09 86.5 ± 0.16 86.8 ± 0.21 

50 86.0 ± 0.15 86.4 ± 0.17 86.8 ± 0.19 
 

Although the differences in hardness were limited, this 

parameter remains relevant because it shows that increasing the 

fiber content up to 50 wt.% did not cause severe surface 
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degradation. In the IAS/UPR system, hardness values tended to be 

slightly higher and more stable than those of the other two groups, 

but the differences were not large enough to support strong claims 

regarding improved interfacial quality. Accordingly, hardness is 

better interpreted here as an indicator of surface stability rather than 

as primary evidence for the effectiveness of alkali–VTMS 

treatment. 

 

 
Fig. 3. Relationship between sugar palm fiber content and 

composite hardness. 

 

This finding is consistent with the limited sensitivity of 

hardness to interfacial modification in this system. In natural fiber 

composites, hardness can be influenced by matrix stiffness, local 

fiber distribution, impregnation quality, and surface homogeneity. 

Because these factors overlap, the relatively stable hardness values 

observed across the three treatment systems more reasonably 

indicate that the manufacturing process produced fairly uniform 

composite surfaces, even though this parameter is not sufficiently 

robust to explain interphase mechanisms in detail. 

 

3.3 Effect of treatment and fiber content on water absorption 

Water absorption increased with increasing fiber content in all 

three composite systems. This trend is reasonable because the 

addition of lignocellulosic fiber increases the surface area available 

for water interaction [27]. More importantly, however, IAS/UPR 

consistently showed the lowest water absorption at each fiber 

content, followed by IA/UPR and then IU/UPR. At 50 wt.%, water 

absorption reached 5.22% in IU/UPR, 3.91% in IA/UPR, and 

3.45% in IAS/UPR. Thus, although alkali–VTMS treatment did not 

eliminate the increase in water absorption associated with higher 

fiber loading, it consistently reduced its magnitude. 

The water absorption values for IU/UPR, IA/UPR, and 

IAS/UPR composites are presented in Table 5, while the 

corresponding trend is shown in Fig. 4. 

 

Table 5. Water absorption value of sugar palm fiber composites 

Fiber content 

(wt.%) 

Water absorption (%) 

Untreated NaOH NaOH + VTMS 

0 0.29 ± 0.03 0.29 ± 0.03 0.29 ± 0.03 

10 1.36 ± 0.09 1.24 ± 0.08 1.14 ± 0.07 

20 1.79 ± 0.30 1.63 ± 0.11 1.50 ± 0.09 

30 2.78 ± 0.21 2.46 ± 0.10 2.23 ± 0.12 

40 4.54 ± 0.13 3.86 ± 0.25 2.90 ± 0.15 

50 5.22 ± 0.11 3.91 ± 0.18 3.45 ± 0.18 

 

The two-way ANOVA confirmed that water absorption was 

significantly affected by treatment, fiber loading, and their 

interaction (p < 0.05). The significant interaction indicates that the 

ability of the treatment to suppress water absorption became more 

evident as fiber loading increased. This result is consistent with the 

sharper increase in water absorption observed in IU/UPR compared 

with IA/UPR and IAS/UPR at higher fiber contents. The lower 

water absorption of IAS/UPR suggests that alkali–VTMS treatment 

reduced moisture-sensitive pathways by improving fiber–matrix 

compatibility and limiting interfacial voids. 

This pattern supports the hypothesis that fiber surface 

modification reduces the moisture sensitivity of the composites. 

Alkalization helps clean the fiber surface, while VTMS reduces the 

effective hydrophilic character at the interface and improves 

structural homogeneity [17], [18], [28]. 

 

 
Fig. 4. Relationship between sugar palm fiber content and 

composite water absorption. 

 

Table 5 and Fig. 4 show that the alkali–VTMS-treated 

composites maintained lower water absorption even at a fiber 

loading of 50 wt.%. This is notable because, in many natural fiber 

composites, higher fiber fractions are accompanied by a marked 

rise in water absorption [28], [29]. In the present study, the 

IAS/UPR system showed that increasing fiber content did not 

produce as sharp an increase in water absorption as that observed in 

IU/UPR and IA/UPR. These data therefore support the view that 

interfacial modification influences not only flexural response but 

also the physical stability of the composites under humid 

conditions. 

 

3.4 Effect of treatment and fiber content on density 

The density results showed that composite density increased 

with fiber content for all treatments. In addition, at a given fiber 

loading, density consistently followed the order IAS/UPR > 

IA/UPR > IU/UPR. At 50 wt.%, the densities were 1.15 g/mL for 

IU/UPR, 1.20 g/mL for IA/UPR, and 1.25 g/mL for IAS/UPR. This 

trend indicates that fiber surface modification is associated with the 

formation of a denser composite structure in the more advanced 

treatment systems. 

Statistical analysis showed that density was significantly 

affected by treatment and fiber loading (p<0.05), but the interaction 

between the two was not significant. This result indicates that both 

the type of fiber treatment and the amount of fiber contributed to 

changes in composite density, but their combined effect was not 

strong enough to yield a statistically significant interaction. 

Therefore, the higher density of IAS/UPR should be interpreted as 

a general consequence of improved packing and matrix filling 

associated with alkali–VTMS treatment, rather than as a fiber-

loading-dependent interaction effect. 

The density values of the composites as a function of fiber 

content and treatment condition are presented in Table 6 and 

plotted in Fig. 5. The increase in density can be attributed to two 

factors. First, increasing fiber content increases the composite’s 
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solid fraction. Second, the density differences among the treatment 

systems suggest that matrix filling around the fibers became more 

effective in IA/UPR and, especially, in IAS/UPR. Accordingly, 

density may be considered a structural indicator of improved 

interfacial compatibility. 

 

Table 6. Density of sugar palm fiber composites 

Fiber content 

(wt.%) 

Density (g/mL) 

Untreated NaOH NaOH + VTMS 

0 1.11 ± 0.02 1.11 ± 0.02 1.11 ± 0.02 

10 1.12 ± 0.01 1.13 ± 0.02 1.14 ± 0.02 

20 1.13 ± 0.02 1.14 ± 0.03 1.15 ± 0.03 

30 1.13 ± 0.02 1.15 ± 0.02 1.16 ± 0.02 

40 1.14 ± 0.01 1.18 ± 0.03 1.22 ± 0.03 

50 1.15 ± 0.03 1.20 ± 0.02 1.25 ± 0.03 

 

 
Fig. 5. Relationship between sugar palm fiber content and 

composite density. 

 

However, higher density should not be interpreted as evidence 

that the composite is free of voids. The density data in Table 6 must 

be considered together with the porosity results in Table 7. In this 

system, density increased with fiber content, but porosity also 

increased. This indicates that the composite structure became 

denser as fiber fraction increased, while the likelihood of microvoid 

formation also rose. Therefore, density should be interpreted within 

the broader context of structural behavior rather than as an isolated 

parameter. 

 
3.5 Effect of treatment and fiber content on porosity 

Porosity increased with increasing fiber content in all composite 

systems. This can be understood as a consequence of the larger 

interfacial area and the more complex resin flow during hand lay-

up and curing. More importantly, at the same fiber content, 

IAS/UPR consistently exhibited the lowest porosity, followed by 

IA/UPR and IU/UPR. At 50 wt.%, porosity reached 18.31% in 

IU/UPR, 15.75% in IA/UPR, and 14.61% in IAS/UPR. Thus, fiber 

surface treatment did not completely prevent void formation, but it 

was clearly associated with lower porosity than in the untreated and 

alkali-only systems. 

The two-way ANOVA indicated that porosity was significantly 

affected by treatment, fiber loading, and their interaction (p<0.05). 

The significant interaction suggests that the effect of fiber loading 

on porosity differed among the three treatment systems. Although 

porosity increased with increasing fiber content in all composites, 

the increase was less severe in IAS/UPR than in IU/UPR and 

IA/UPR. This result supports the interpretation that alkali–VTMS 

treatment improved wetting and matrix filling around the fibers, 

thereby reducing void development, particularly at higher fiber 

loadings. The porosity values of the composites with different fiber 

contents and treatment conditions are presented in Table 7, and the 

corresponding trends are shown in Fig. 6. 
 

Table 7. Porosity of sugar palm fiber composites 

Fiber content 

(wt.%) 

Porosity (%) 

Untreated NaOH NaOH + VTMS 

0 4.13 ± 0.21 4.13 ± 0.21 4.13 ± 0.21 

10 7.42 ± 0.13 7.18 ± 0.27 6.95 ± 0.34 

20 11.12 ± 0.61 9.56 ± 0.45 8.17 ± 0.40 

30 13.10 ± 0.82 12.30 ± 0.32 11.79 ± 0.52 

40 14.85 ± 0.35 13.82 ± 0.54 12.90 ± 0.58 

50 18.31 ± 0.55 15.75 ± 0.12 14.61 ± 0.63 
 

The porosity trend should be considered together with the 

simultaneous increases in density and flexural strength. Although 

porosity increased at higher fiber loadings, the increase was gradual 

and should be considered alongside the simultaneous increases in 

density and improvement in flexural strength. This combined 

pattern suggests that the voids formed were more likely dispersed 

microvoids than macro-defects that directly impaired composite 

properties. Accordingly, the porosity results are better interpreted 

not as evidence of processing failure, but as an indication of the 

practical limits of fiber packing, particularly at 40–50 wt.%. 
 

 
Fig. 6. Relationship between sugar palm fiber content and 

composite porosity. 
 

Structurally, the increase in porosity at high fiber loadings is 

due to fiber crowding, in which a high fiber population begins to 

interfere with uniform resin distribution. Nevertheless, the lower 

porosity of IAS/UPR relative to IA/UPR and IU/UPR suggests that 

alkali–VTMS modification likely improved wetting and matrix 

filling at the interface. Although not direct evidence of an 

interfacial mechanism, this pattern is consistent with improved 

structural compatibility. 
 

3.6 FTIR analysis of treated sugar palm fibers 

The FTIR spectra of untreated, NaOH-treated, and NaOH–

VTMS-treated sugar palm fibers are shown in Fig. 7. The broad 

absorption band around 3307 cm−1 is associated with O–H 

stretching vibration from hydroxyl groups in cellulose, 

hemicellulose, and lignin. The absorption bands at approximately 

2907 and 2867 cm−1 correspond to asymmetric and symmetric C–H 

stretching vibrations, respectively. In the untreated fiber, the band 

around 1730 cm−1 is attributed to C=O stretching of hemicellulose, 

whereas the bands near 1600 and 1510 cm−1 are related to aromatic 

lignin vibrations. The band at approximately 1186 cm−1 is 

associated with C–O vibration of lignin and hemicellulose-related 

components, while the band around 1030 cm−1 is mainly assigned 

to C–O stretching in the cellulose-rich region. The band at 895 

cm−1 indicates β-glycosidic linkage in the cellulose structure. 
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Fig. 7. FTIR spectra of untreated, NaOH-treated, and NaOH–VTMS-treated sugar palm fibers showing changes in functional groups after 

surface modification. 

 

After NaOH treatment, the intensity of several absorption bands 

associated with hemicellulose and lignin decreased particularly 

those around 1730, 1600, 1510, and 1186 cm−1. The reduction of 

the 1730 cm−1 band indicates the partial removal of hemicellulose, 

while the decrease in the bands around 1600, 1510, and 1186 cm−1 

suggests the reduction of lignin-related aromatic and C–O 

vibrations. These changes indicate that alkali treatment removed 

part of the non-cellulosic components, waxes, and surface 

impurities from the sugar palm fiber. Such removal is important 

because it exposes a cleaner cellulose-rich surface and can increase 

the accessibility of the fiber surface for further modification. 

For the NaOH–VTMS-treated fiber, the most relevant spectral 

change is observed in the fingerprint region around 1030 cm−1. This 

band is mainly associated with C–O stretching of cellulose; 

however, in the NaOH–VTMS-treated fiber, this region may also 

overlap with Si–O–Si or Si–O–C vibrations associated with silane 

treatment. Therefore, the FTIR result is interpreted as supporting 

evidence of surface modification after NaOH–VTMS treatment, 

rather than definitive proof of an isolated Si–O interfacial layer. 

The absence of a clearly separated Si–O peak indicates that the 

silane-related contribution may be weak or overlapped with the 

strong lignocellulosic C–O band in this region. 

FTIR spectra indicate that NaOH treatment reduced 

hemicellulose and lignin-related components, while subsequent 

VTMS treatment further modified the chemical environment of the 

fiber surface, particularly in the cellulose-rich fingerprint region. 

This chemical evidence supports the interpretation that the 

combined NaOH–VTMS treatment reduced the hydrophilic 

character of the fiber surface and improved its compatibility with 

the unsaturated polyester matrix. These changes are consistent with 

the lower water absorption, lower porosity, and higher flexural 

strength observed in the IAS/UPR composites compared with the 

IU/UPR and IA/UPR composites. 

 

3.7 SEM morphology of fiber–matrix interface 

SEM micrographs of 50 wt.% fiber-loaded IU/UPR, IA/UPR, 

and IAS/UPR composites are shown in Fig. 8. The untreated 

composite (IU/UPR) showed visible fiber pull-out, interfacial gaps, 

voids, and matrix cracking, indicating weak adhesion between the 

hydrophilic sugar palm fiber and the hydrophobic UPR matrix. The 

NaOH-treated composite (IA/UPR) exhibited improved fiber–

matrix contact with fewer interfacial gaps than IU/UPR. This 

improvement is attributed to the removal of surface impurities, 

hemicellulose, waxes, and part of the lignin during alkali treatment, 

which produced a cleaner and rougher fiber surface for better 

mechanical interlocking. 

The NaOH–VTMS-treated composite (IAS/UPR) showed the 

most compact interfacial morphology, with better matrix coverage, 

fewer visible gaps, and reduced fiber pull-out. This morphology 

indicates improved resin wetting and stronger fiber–matrix 

adhesion after the combined NaOH–VTMS treatment. The SEM 

observations support the FTIR and statistical results, showing that 

alkali–VTMS treatment improved interfacial compatibility. This 

improved interface helps explain the higher flexural strength, lower 

water absorption, higher density, and lower porosity of IAS/UPR 

compared with IU/UPR and IA/UPR. 
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Fig. 8. SEM micrographs of 50 wt.% sugar palm fiber/UPR composite fracture surfaces showing the fiber–matrix interfacial morphology: 

(a) IU/UPR-50, (b) IA/UPR-50, and (c) IAS/UPR-50. 

a 

b 

c 
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3.8 Integrated interfacial mechanism 

When the results are considered collectively, alkali–VTMS 

treatment produced the most consistently favorable performance 

among the three composite systems. At a given fiber content, 

IAS/UPR exhibited the highest flexural strength, the lowest water 

absorption, the highest density, and the lowest porosity, while 

hardness remained within a stable range. The two-way ANOVA 

also confirmed that treatment, fiber loading, and their interaction 

significantly affected flexural strength, water absorption, and 

porosity. These findings indicate that the superior performance of 

IAS/UPR was not due solely to fiber addition, but to the combined 

effects of fiber loading and improved interfacial compatibility. 

The FTIR results indicate that NaOH treatment reduced 

hemicellulose and lignin-related components, while NaOH–VTMS 

treatment further modified the chemical environment of the fiber 

surface, particularly in the cellulose-rich fingerprint region. 

Although the possible silane-related band overlaps with 

lignocellulosic C–O vibrations, the spectral changes support the 

occurrence of surface modification after chemical treatment. This 

chemical modification is consistent with the lower water absorption 

of IAS/UPR, suggesting reduced moisture-sensitive pathways in 

the composite. 

The SEM observations provide microstructural support for this 

interpretation. Compared with IU/UPR and IA/UPR, the IAS/UPR 

composite showed better matrix coverage, fewer visible interfacial 

gaps, and reduced fiber pull-out. These features indicate improved 

resin wetting and stronger fiber–matrix adhesion. Therefore, the 

improved flexural response of IAS/UPR can be attributed to more 

effective stress transfer. At the same time, its lower porosity and 

higher density indicate better matrix filling and reduced void 

formation at the interface. 

Overall, the combined statistical, FTIR, and SEM results 

support the proposed mechanism that alkali treatment cleans and 

roughens the fiber surface, while VTMS treatment improves 

compatibility between sugar palm fiber and the UPR matrix. This 

integrated mechanism explains why IAS/UPR maintained superior 

performance even at 50 wt.% fiber loading. The main contribution 

of this study is therefore the demonstration that alkali–VTMS 

interface engineering can extend the effective fiber-loading range 

of sugar palm fiber/UPR biocomposites. 

4 Conclusions 

This study evaluates the role of alkali–VTMS treatment as an 

interfacial modification strategy for high-loading sugar palm 

fiber/UPR biocomposites. Based on the experimental results, 

several conclusions can be drawn: (1) Combined alkali–VTMS 

treatment improved the overall performance of sugar palm 

fiber/UPR biocomposites. Across the fiber-loading range of 0–50 

wt.%, IAS/UPR showed better performance than IU/UPR and 

IA/UPR. Physical properties were also improved by the combined 

treatment. IAS/UPR showed lower water absorption, higher 

density, and lower porosity than untreated and alkali-treated 

composites; (2) Statistical analysis confirmed the significance of 

treatment and fiber loading. Fiber treatment, fiber loading, and their 

interaction significantly affected flexural strength, water 

absorption, and porosity, while hardness and density were 

influenced mainly by the individual factors; (3) Microstructural and 

chemical analyses support the interfacial improvement mechanism. 

FTIR indicated the reduction of hemicellulose and lignin 

components, while SEM showed improved matrix coverage, fewer 

interfacial gaps, and reduced fiber pull-out. Future studies should 

include interfacial and durability analyses to further validate the 

bonding mechanism. 
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