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Abstract: This study aims to develop high-performance biocomposites for structural applications
using Kenaf, Bagasse, Hemp fibers and Softwood bonded with phenol-formaldehyde (PF) and
phenol-urea-formaldehyde (PUF) resins commonly used in the industry for the production of the
particleboard. A simple, low-cost fiber treatment was performed by adjusting the fiber pH from 5-
6 to 11 and 13 using a 33% NaOH solution, following a standard protocol to improve fiber adhesion.
PF and PUF adhesives were applied at a loading level of 13% (w/w), while polymeric
diphenylmethane diisocyanate (pMDI) was used as a control adhesive at 5% (w/w) for untreated
fibers. The fabricated panels were evaluated for mechanical properties, including modulus of
elasticity (MOE), modulus of rupture (MOR), and internal bond strength (IB), as well as physical
properties such as thickness swelling (TS) and water absorption (WA) after 24 hours of immersion.
Bagasse at pH 11 exhibited the highest IB values with both PF and PUF, followed by Kenaf at pH
13, exceeding the EN 312:6 (2010) standard for heavy-duty load-bearing panels in dry conditions.
The highest MOE and MOR values were obtained with Kenaf fibers at pH 11, meeting the EN 312:4
(2010) standard for load-bearing panels in dry conditions, followed by Bagasse, whereas Softwood
and Hemp showed lower performance. In terms of thickness swelling, Bagasse demonstrated the
best performance at all pH levels with both adhesives, followed by Kenaf and Hemp, outperforming
the pMDI-based composites. The findings suggest that the high pH of the fibers creates an alkaline
environment that boosts the reactivity of PF and PUF resins by enhancing the nucleophilic character
of the phenolic rings during polymerization. Kenaf and Bagasse fibers can serve as viable
alternatives to industrial softwood particles in EU panel production for structural applications.
Furthermore, PF and PUF adhesives offer cost-effective alternatives to the more expensive and toxic
pMDI. The observed performance variations among fibers are attributed to differences fiber
structure (aspect ratio), and intrinsic properties, which influence their interactions with adhesives
under varying pH conditions. The study suggested that Kenaf and Bagasse fibers could serve as
promising raw materials for the production of medium-density homogeneous particleboards, with
potential for structural application.

Keywords: bagasse; kenaf; hemp; PF; PUF; PMDI; pH alkaline treatment; structural particleboard
and softwood
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1. Introduction

There is a vital need for development of bio-based products and technologies that are not
dependent on fossil fuel as sustainability, industrial ecology, eco-efficiency, and green chemistry are
guiding the development of the next generation of materials, products, and processes [1].
Biomaterials, obtained partially or entirely from biomass sources, play a relevant role in this context
[2]. Particleboard is one of the major wood-based products with a global market reach a total value
of 21 billion US dollars in 2020 and the anticipated annual growth rate will reach 4.4% during the
next six years [3]. Particleboard manufactured by mixing wood chips or wood particles with a
suitable wood glue followed by compressing the glued bonded wood chips. Hence, the main
components in the particleboards include an adhesive (resin), fiber (particle) and additives, or filler.
Wood chips are the second most costly element after resin in particleboard production, where both
elements account for more than 50% of the overall production cost [4].

Global demand for wood and wood-based materials continues to rise steadily. Enhancing the
efficiency of wood use to meet future production needs for wood-based panels aligns with key
principles of the circular economy [5,6]. In Europe, increasing environmental concerns and the strong
emphasis on environmentally friendly initiatives and the reduction of CO, emissions have
introduced new challenges for the wood-based panel industry. These include optimizing the use of
available wood and other lignocellulosic raw materials, advancing recycling and reuse of wood and
wood-based composites, and exploring alternative resource options [7-9]. Moreover, the growing
demand from other wood-based industries and the energy sector for wood that was traditionally
used primarily in wood-based panel manufacturing has significantly increased on a global scale [10].
These challenges have forced the wood-based sector to shift towards alternative raw materials.

Therefore, a significant cost reduction could be achieved by replacing wood chips with
lignocellulosic agricultural wastes and natural fibers [11]. Its widespread application ranges from
construction to furniture sectors and is commonly used in home construction, floor underlayment,
cabinetry, furniture, shelving, tabletops, office desks, signs, displays, countertops, bookshelves, and
more [12,13].

Natural fibers have attracted the attention of scientists due to their abundance, affordability, bio-
renewable properties, eco-friendly behaviors and low energy requirement in comparison with
synthetic fiber [14]. In addition, the growing ecological and environmental consciousness to protect
the atmosphere and the biodiversity, by enhancing the sustainability and quality of green products
have increased [15] Furthermore, some studies have shown that the price of fiber-based
particleboard, when compared to the industrial wood-based particleboards currently in use, offers a
significantly lower cost, thereby ensuring both environmental and economic viability[16].

Recently, extensive research has been performed to address the challenges allied with
manufacture of particleboard from the natural fibers. Hemp, Kenaf and Bagasse are among the
biofibers that attracted significant focus as a potential alternative to synthetic fibers [17,18]. They are
among the most commonly used fibers in manufacturing of particleboard using synthetic resins.
Previous studies on Kenaf particleboard made from UF, PF and PMDI adhesives and Kenaf core
fibers produced non load bearing materials suitable for insulation applications [19], while others
showed that Kenaf particleboard made from 8% UF can produced composites suitable for use in
general purpose, and interior fitments (including furniture) [20]. Kenaf fibers succeeded to produce
particleboard suitable for thermal insulation and sound absorption [21].

Bagasse is among the best materials for particleboard manufacturing as its particleboards
displayed satisfactory physical and mechanical properties [4] and in some cases it gave poor
mechanical properties with UF [22]. To enhance the qualities of the produced panels with UF and PU
percentages of wood were added [23,24], however, panels would not be suitable for interior uses due
to the toxicity of UF and higher prices of UP.

Furthermore, research work has shown that particleboard made from Bagasse, UF, and PF did
not meet the commercial standards for mechanical properties in all panels produced [25,26].
Additionally, another study reported that hot water-treated Bagasse fibers failed to meet the
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minimum requirements for type 2 non-structural panels intended for indoor use in dry conditions
[27]. To produce high-quality Bagasse particleboard, several studies have suggested that alkali
treatment, chemically modified Bagasse particles, and/or the addition of wood particles [28,29] could
result in panels that meet the minimum requirements for use in dry conditions.

Hemp is known as an excellent insulation material already in use for thermal insulation
composites. It has been chosen as filler material in composite manufacturing as it is one of the most
sustainable of fast-growing agricultural crops [30]. Hemp was successfully used to produce
particleboard with different resins types. The results indicated that Hemp particleboards exhibited
low mechanical properties and poor thickness swelling (TS) and water absorption (WA), when UF
resin was used, however their mechanical properties were superior to those of particleboards made
from wood when PMDI and Soybean resins were used [31,32].

To improve the properties of hemp particleboard, several studies have investigated the use of
hemp mixed with other fibers or wood particles, showing that such combinations can produce panels
with mechanical properties comparable to those made entirely from industrial wood [33—40].
Generally, most of the board properties made from agricultural and wood-based fibers are lower
than fiberboard made from virgin wood fiber. The strength properties of composites can be improved
by surface modification, chemical treatment [41] and by controlling resin types and the amount used
in the composite formulations. Some studies revealed that the particleboard fabricated from
untreated fibers often show inferior mechanical properties therefore, to enhance these properties, the
treatment of natural fibers becomes necessary for achieving good mechanical properties [42].

Several studies reported large increase in mechanical properties when fibers were treated with
alkali, Saline, acetylation and benzoylation [43]. However, using high concentration of these
chemicals lead to the breaking and fragmentation of non-cellulosic material which further decreased
the mechanical properties or enhanced marginally as the case of using silane and acetylation
treatments [44].

This study reporting a simple method of alkali treatment relay on modifying the pH of the fibers
using a normal solution of NaOH.

Conventional adhesives for wood composites are based on four major synthetic thermosetting
resins: phenol formaldehyde (PF), urea formaldehyde (UF) melamine formaldehyde (MF), and
polymeric diphenylmethane diisocyanate (pMDI). In comparison to traditional natural adhesives,
synthetic adhesives are increasingly prevalent since they are more effective and less expensive.
Among these adhesives, UF resins are mainly used in manufacturing of particleboard and medium
density fiberboard (MDF) as it has good bonding properties, short pressing time and can be
formulated for a wide range of curing temperature resulting in a faster production rate, lower energy
consumption and hence relatively low cost. The types of adhesives used for manufacturing PB in the
European market are mainly UF (90-92%), MUF (6-7%), and pMDI (1-2%) [45]. However, UF resins
have been categorized as a carcinogenic and toxic material, with acute oral toxicity [46]. Therefore,
the selection of resins that could reduce the amount of dangerous, volatile compounds emitted,
coupled with producing high performance particleboards that have a low impact on the environment
are among the main goals of this research work.

The use of PF and PUF resins, which emit lower levels of formaldehyde compared to urea-
formaldehyde (UF) and are less expensive and less toxic than pMDI, is recommended for
manufacturing particleboards from agricultural fibers. Unlike pMDI, PF and PUF are not considered
highly toxic, making them more suitable for sustainable applications.

In this study, Bagasse, Kenaf, and Hemp fibers were combined with phenol-formaldehyde (PF)
and phenol-urea-formaldehyde (PUF) resins to produce high-performance particleboards for various
applications. A simple and low-cost fiber treatment method —based on pH modification —was
applied to enhance fiber-resin adhesion. The mechanical properties of the resulting panels were
evaluated and compared with those made from industrial softwood, commonly used in commercial
particleboard production. Additionally, panels bonded with PF and PUF were compared to those
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using polymeric methylene diphenyl diisocyanate (pMDI), a high-performance but expensive and
toxic adhesive.

The primary aim of this study was to demonstrate the effectiveness of a cost-efficient pH
modification treatment in improving resin reactivity and adhesion to agricultural fibers. The study
also investigated the role of fiber morphology in influencing the mechanical performance of the
panels, with the goal of developing sustainable, high-quality alternatives to conventional wood-
based particleboards.

2. Materials and Methods
2.1. Materials

2.1.1. Lignocellulosic Materials

Kenaf was planted at the experimental farm of Khartoum University, Sudan. Kenaf bast fibers
(KBF) were water retted and dried at room temperature according to a method reported by Bledzki,
A. etal, 2015 [47]. The Bagasse was collected from White Nile Sugar Factory at Algenaid in the White
Nile State, Sudan. The fibers were air dried and kept in polyethylene bags. Hemp, was of type SKF 2,
Super kurzfaser, it purchased from Bafa neu GmbH, Germany.

softwood was supplied by Rettenmaier & Schne GmbH + CO KG, their color was yellow and
the particle size was ranging from 300 pum - 500 pm.

Kenaf, Bagasse and hemp fibers were further grinding using cutting Mill SM 300, fibers size was
in the range of Imm or less.

2.1.2. Binding Materials

All adhesives’ materials were purchased from Dynea Company, phenol urea formaldehyde
(PUF, commercial code 10J227), PMD, PF (commercial code 4976) was used as powder and prepared
by dissolving 50/50(w/w) in water at room temperature.

2.2. Methods

2.2.1. Fibers’ pH Modification

A regular procedure for modifying the pH was used for the fibers. NaOH solution 33 %
concentration was prepared and added slowly to each of the fibers while monitoring the pH until the
recommended pH value was achieved. The excess solution was drained off and the fibers were dried
at 105°C, for overnight prior to their blending with the different adhesives.

2.2.3. Panel Manufacturing

Duplicate one-layer particleboards of 350x310x16 mm dimensions were produced from different
fibers and the binders. The level of resin loading was 13% for PF and PUF and 5% for PMDI. A range
of boards’ densities between 600 and 680 kg/m3 were used. Panels were manufactured using a
maximum pressure of 3.5-4.0 N/mm?, pressing temperature was 180°C (pressplates), and the pressing
time was30s/mm.

2.2.4. Mechanical and Physical Testing

Three days prior testing, panels were stored in a conditioning room at 20°C and 65% relative
humidity until reaching equilibrium humidity. They were then trimmed and test specimens were
prepared according to BS EN (326: 1994) [48].

The mechanical properties namely internal bond (IB) strength, modulus of rupture (MOR) and
modulus of elasticity (MOE) were investigated in accordance with BS EN 319, 1993 and EN 310, 1993
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respectively [49,50]. Physical properties, such as thickness swelling (TS) was determined based on
EN 317 (1993) [51]. Samples were immersed in distilled water for 24 h before thickness measurements.

3. Results and Discussion

3.1. Mechanical Properties

3.1.1. Internal Bond

Figure 1 shows the results of the internal bond (IB) for the panels made from the three types of
fibers and the softwood. The test was conducted to determine the interfacial bonding strength of the
fibers in the panels. Among the three fibers studied, the highest mean values were achieved by the
Bagasse and the Kenaf fibers with all types of the resins used at the modified pH. The highest internal
bond (IB) value was achieved by bagasse with PUF at pH 11 (0.76 N/mm?]), followed by kenaf with
PF at pH 13(0.67 N/mm?). It is noteworthy that all IB values obtained using kenaf and bagasse with
both resins at the modified pH levels exceeded the minimum requirement specified in EN 312-6
(2010) for heavy-duty load-bearing boards intended for use in dry conditions [52].

It was also higher than the values obtained by the pMDI. It appears that the alkaline environment
created by the high pH of the fiber enhances the nucleophilicity of the phenolic aromatic rings,
thereby increasing the reactivity of phenol-formaldehyde (PF) and phenol-urea-formaldehyde (PUF)
resins during polymerization. It was observed that the best values were achieved by Bagasse,
surpassing those of Kenaf, Hemp, and wood when combined with PUF resin. This superior
performance could be attributed to the unique structure of Bagasse fibers, which include pith fibers,
as well as their lower aspect ratio (5.96) compared to Kenaf (12.27), and slightly higher than that of
Hemp (5.66) [53].

It implies that Bagasse possessed finer fibers, providing a larger surface area for adhesive
bonding, enhances the adhesive penetration and bonding strength within the panels. Similar trends
were observed, where molded products made from bagasse pith exhibited higher bending strength
compared to those made from depithed bagasse. This can be attributed to the structure of the pith
region, which contains large, thin-walled parenchyma cells. These pith particles are more easily
deformed and can pack more tightly than rind particles, resulting in an increased self-bonding area
[54]. Furthermore, alkaline conditions can break down some non-cellulosic components (such
hemicellulose and lignin) and expose more hydroxyl groups, improving adhesion.

The lower IB values unexpectedly produced by PMDI could be related to the fact that pMDI
resin can be more difficult to use in production since its sticky nature easily creates build-up on the
surfaces of the press. The Kenaf bast fibers followed the Bagasse, the best values were achieved with
the PF resin. It was observed that the obtained values were higher than those reported in the
literature, particularly those achieved using heat-treated Bagasse fibers [55], with the addition of 30%
eucalyptus particles [28], and with fibers treated with citric acid [56]. Furthermore, the values
achieved using Bagasse and Kenaf exceeded those obtained from agricultural fibers combined with
UF resin, which have generally been found suitable only for furniture applications [57].

In contrast, Hemp could not meet the standard value, this may do to the fact that the volume of
the hemp fibers was the larger among the others insufficient contact between the particles was
observed which resulted in poor quality adhesion [58].

It could also due to the fact that the modification of the Hemp pH may resulted in a
delignification process that led to weakening of the fibers which became similar to the cottons fibers
in the texture and it increase its sensitivity to moisture absorption. This phenomenon had been
observed during the process of pH modification.

Notably, the values obtained using Bagasse with PUF exceeded those achieved with softwood
using the same adhesive. In addition, the internal bond (IB) values for both Bagasse and Kenaf with
PF surpassed the EN 312-6 standard requirements [52]. This finding is significant from both economic
and environmental perspectives, as it suggests that these fibers could effectively replace softwood
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particles while utilizing more affordable adhesives like PUF. Moreover, the use of pMDI is restricted
in some countries due to health and safety concerns for workers, further highlighting the potential
advantages of alternative adhesives.
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Figure 1. Internal bond for the biocomposites made from the four fibers.

3.1.2. Modulus of Elasticity (MOE) and Modulus of Rupture (MOR)

Figures 2 and 3 show respectively (MOR) and MOE results of the four fibers used to fabricate
particleboards with different resins. It was observed that the highest mean MOR and MOE values
were produced by the Kenaf particleboard and PUF at pH11.

These results showed that the modification of pH has significantly affected the bending strength,
both MOR and MOE values surpassed the standard requirements (15 N/mm?) specified in EN
312:4(2010) for Load bearing board in dry conditions [59]. Furthermore, they also higher than the
values achieved by the softwood fibers. However, it seems that pH beyond 11 did not have a great
effect on the MOR and MOE as the values obtained at pH 13 with both PF and PUF were slightly
decreased. This observation is very important from economic and environmental point of view. It
appears that both resins cured effectively at pH11. Same effect was noticed on particleboard made
from Bagasse; however, the values were lower than the ones achieved by the Kenaf although their
densities were comparable.

As for the Hemp fibers, no improvement in MOR and MOE values was noticed, the best values
where produced when PMDI was used and it was below EN standards. It worth noting that the
values produced by the PF and PUF were higher than the values produced by the PMDI. This could
be attributed to the lower level of resin loading used (5%) compared to the light weight of the fibers
and hence bigger volume as it didn’t allow sufficient covering of the fibers surfaces [60,61]. Overall,
based on mechanical performance Kenaf and Bagasse with a modified pH could be considered as
alternate biomass for high performance particleboards production. They could effectively replace the
wood fibers in different applications.
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Figure 2. MOR for the biocomposites made from the four fibers.

Overall, based on mechanical performance, Kenaf and Bagasse with modified pH treatment can
be considered promising alternative biomass sources for the production of high-performance
particleboards. These fibers demonstrated the potential to effectively replace conventional wood
fibers in various applications. In contrast, Hemp did not perform well with any of the adhesives used
in this study. This was primarily attributed to its high content of fine particles, which led to uneven
resin distribution during panel fabrication [62,63]. As a result, resin adhesion was poor, producing
low-density panels with suboptimal mechanical properties. Notably, particleboards made from
Hemp exhibited the lowest density (Table 1) among the tested fibers, while those made from Kenaf
achieved the highest]. Furthermore, the significantly lower bulk density of hemp fiber compared to
wood presents challenges in forming a uniform pressing mat. This often necessitates a reduction in
target board density, which can further compromise the mechanical performance of the final
product[64].
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Figure 3. MOE for the biocomposites made from the four fibers.

Table 1. Average densities of the fibers-based particleboard.

Fibers Mean Density(kg/m?3) Values
Kenaf 671.20
Bagasse 662.40
Hemp 604.70
Wood 691.40

3.2. Physical Properties

3.2.1. Thickness Swelling for 24hrs

The thickness swelling test, though not required for the type of boards targeted in this study,
was performed to assess the effect of pH modification on the physical properties of the produced
boards. The results of thickness swelling for 2 hours and 24 hours are presented in Figures 4 and 5.

Bagasse-based boards, regardless of the adhesive used, consistently showed lower thickness
swelling values than those specified in EN 312-4 [59]. These values were also lower than those
reported in the literature, although the authors of those studies attributed their lower values to the
use of a high pressing temperature of 260°C [65]. The results obtained in this study are particularly
noteworthy, considering that one of the main limitations of using bagasse in particleboards is its low
dimensional stability due to a high tendency to absorb water. This is primarily because of the
presence of short fibers explained by its lower aspect ratio which is comparable to wood and lower
than Kenaf and hemp fibers. In addition the presence of the parenchyma cells(pith) which was
reported to have high compaction ratios resulted in compact board [66,67].

Kenaf fibers present structural characteristics such as high aspect ratio [53], suggest the presence
of thinner fibers that combined with a bulk density ranging from 0.10 to 0.20 g/cm? [21], can occupy
a larger volume relative to the resin content. This may lead to the formation of more porous boards,
which are more susceptible to water absorption and result in compromised dimensional stability.
Supporting this, some studies have reported that kenaf fibers undergo significant swelling and micro-
cracking when exposed to moisture, further increasing their water absorption capacity [68]
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Hemp-based panels displayed varying physical properties. When bonded with pMD]I, they
achieved comparable thickness swelling to the other fibers. However, when PF and PUF were used,
hemp panels exhibited the highest swelling values among all studied fibers.
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Figure 4. TS 2hrs for the biocomposites made from the four fibres.
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Figure 5. TS 24hrs for the biocomposites made from the four fibres.
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This can be linked to the highly absorbent nature of hemp, which is well-documented in the
literature [69], and may also be associated with its low lignin content, as lignin is the primary
contributor to water resistance in plant fibers [70].

Beyond fiber morphology, density (Table 1) was found to significantly influence the physical
performance of the panels. Hemp fibers, for example, possess lower boards density which leads to
weak physical properties. Bagasse board showed low density than Kenaf board however, their
physical properties were better than Kenaf. This could be attributed to morphological characteristics
of the Bagasse which is closer to wood.

In conclusion, while panel density plays a role in the physical performance of particleboards,
this study shows that fiber morphology, chemical composition, and the presence of fine particles are
equally if not more important in determining dimensional stability and overall performance. A
comprehensive understanding and optimization of these parameters are essential to improve the
quality of agricultural-fiber-based particleboards.

4. Conclusions

This study highlights the potential of Kenaf and Bagasse fibers as viable alternatives to industrial
softwood for the production of high-performance biocomposite panels. When treated using a simple
and cost-effective pH modification protocol and bonded with phenol-formaldehyde (PF) and phenol-
urea-formaldehyde (PUF) resins, these fibers demonstrated superior mechanical and physical
properties.

Bagasse achieved the highest internal bond (IB) strength of 0.76 MPa with PUF at pH 11,
followed closely by 0.70 MPa with PF at the same pH —both exceeding the EN 312:6 (2010) standard
for heavy-duty load-bearing panels in dry conditions. The highest modulus of rupture (MOR) values
were recorded with Kenaf at pH 11 for both adhesives, surpassing the EN 312:4 (2010) requirements
for load-bearing boards, with Bagasse also performing comparably to industrial softwood. The
highest modulus of elasticity (MOE) was reported for Kenaf bonded with PUF at pH 11, followed by
Bagasse under similar conditions. Both Kenaf and Bagasse outperformed softwood in terms of MOR
and MOE when used with PF and PUF adhesives.

In terms of dimensional stability, Bagasse consistently exhibited the lowest thickness swelling
(TS) and water absorption (WA) values across all pH levels and adhesive types, with TS values falling
below those specified in EN 312:4 (2010) and comparable to those of softwood-based panels.

The study also demonstrated that PF and PUF adhesives offer safer and more cost-effective
alternatives to the more expensive and toxic pMDI, without compromising panel performance.
Conversely, Hemp fibers showed the lowest mechanical and physical properties, attributed to their
higher content of fine particles, which led to poor resin distribution, lower panel density, and
inadequate bonding.

Overall, this study concludes that the use of pH-modified Kenaf and Bagasse fibers —combined
with PF or PUF adhesives—offers a promising approach for producing medium-density
homogeneous particleboards. The simplicity and cost-effectiveness of the fiber treatment process,
alongside the strong performance of the resulting panels, underscore their potential for commercial
application in the construction industry.
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