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ABSTRACT: This study explores the use of black soldier fly larvae protein as a bio-based adhesive to produce
particleboards from sugarcane bagasse. A comprehensive evaluation was conducted, including rheological character-
ization of the adhesive and physical–mechanical testing of the panels according to European standards. The black
soldier fly larvae-based adhesive exhibited gel-like viscoelastic behavior, rapid partial structural recovery after shear,
and favorable application properties. Particleboards manufactured with this adhesive and sugarcane bagasse achieved
promising mechanical performance, with modulus of rupture and modulus of elasticity values of 30.2 and 3500 MPa,
respectively. Internal bond strength exceeded 0.4 MPa, complying with European standard 312-3 specifications. For
comparative purposes, a panel made with Eucalyptus grandis particles was also produced under the same conditions to
demonstrate the versatility of the adhesive system. Compared to other bio-based and synthetic adhesives, this bio-based
system showed competitive performance and derives from the bioconversion of organic residues. Protein adhesives
were synthesized from Hermetia illucens larvae grown commercially on agricultural waste from potato chip production,
emphasizing the renewable origin of both the biomass and the final adhesive. These results highlight the potential of
insect proteins as sustainable and circular alternatives for the wood panel industry.

KEYWORDS: Bio-based adhesives; circular economy; lignocellulosic composites; sustainable materials;
waste valorization

1 Introduction
In 2015, the United Nations (UN) established a set of global goals under a new sustainable development

agenda, which includes the creation of sustainable cities and communities, as well as the promotion of
responsible production and consumption. A principal aspect of this agenda is the reduction of the carbon
footprint of urban areas and human settlements. To this end, a key strategy for mitigating the environmental
impact of mass production involves the rational use of raw materials from renewable sources and the
valorization of waste, thereby advancing the principles of a circular economy [1].
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In the context of the 2030 Agenda, the timber industry is looking for more sustainable alternatives [2,3].
Particleboards are one of the main timber industry products. They are versatile and low-cost materials
that are uniform in terms of density, texture, and performance [4]. According to the Food and Agriculture
Organization of the United Nations (FAO), in the last decade, global production of boards increased by
around 25%, reaching 375 million m3 by 2022 (last year of data available), of which Asia produces 47.4%,
Europe 26.5% and America 24.3%, while the remaining 1.8% corresponds to Africa and Oceania [5].

Regarding the manufacture of particleboards, one promising alternative is the increased utilization
of waste from the forestry and agricultural sectors as raw materials. It is important to note that, in South
America, the particleboard industry currently relies on raw materials sourced from cultivated forests,
including logs of various species such as pine, eucalyptus, willow, and poplar, as well as by-products from the
industrial wood sector, primarily from sawmills [6]. Numerous authors have worked on non-conventional
sources of particles such as rice husk [7], wheat [8], corn [9], peanut shell [10], walnut shell [11], coconut [12],
barley [13], and pruning residues [14,15]. Another residue that could constitute an alternative for this use is
sugarcane bagasse, a residue from sugar mills [16], which consists of a fibrous portion of the cane composed
mainly of cellulose, hemicellulose, and lignin [17].

A critical factor in the manufacturing of particleboards is the choice of adhesive, which constitutes
between 9% and 15% of the final board’s composition. Given the production volumes, the industry requires
between 33 and 56 million cubic meters of adhesive to meet current demand. The adhesives commonly
used in the production of these boards are based on amino resins (urea formaldehyde, UF, and melamine
formaldehyde, MF), phenol-based (phenol formaldehyde, PF) or isocyanate-based (methylene diphenyl
diisocyanate, MDI) [18]. However, all these commercial resins are petroleum-based products and, as their
names indicate, most of them contain formaldehyde [19]. Therefore, their use is often limited or reduced
because they do not meet the conditions of sustainability and harmlessness to the environment and/or human
health [20].

Building on the drawbacks associated with formaldehyde-based synthetic resins derived from fos-
sil resources, recent research has increasingly focused on bio-based adhesives obtained from renewable
feedstocks for particleboard production. Anggini et al. [21] investigated tannin–glyoxal formulations for
particleboard made of Areca catechu leaf sheath, reporting good cohesion and adhesion performance. Zhang
et al. [22] developed lightweight particleboards, with a density of 550 kg/m3, using epoxidized soybean oil
foams, achieving modulus of rupture (MOR) ≈ 11 MPa, modulus of elasticity (MOE) ≈ 1.9 GPa, internal
bonding (IB) ≈ 0.56 MPa and thickness swelling ≈ 6.6%. Tene Tayo et al. [23] optimized canola protein
adhesives, where nitrite-crosslinked formulations reached IB ≈ 0.8 MPa and MOR ≈ 20 MPa, outperforming
commercial UF under selected conditions. Fagbemi and Sithole [24] used keratin hydrolysates from poultry
feather waste, obtaining MOR in the range 6–9 MPa and MOE around 1.1–1.3 GPa. Islam et al. [25] tested
natural rubber latex blended with starch as a binder for sugarcane bagasse particleboard, producing panels of
density around 830 kg/m3 with MOR ≈ 15–20 MPa and MOE ≈ 2.4 GPa, though with limited water resistance.
Finally, Grossi et al. [26] screened protein flours and concentrates from soybean, cotton, hemp, carob, grape,
maize and jatropha, demonstrating that crosslinking with polyamide-amine epichlorohydrin can raise wet
shear strength above 2 MPa, exceeding minimum requirements for interior plywood.

Recent studies on bio-based binders show promising results but also reveal significant limitations.
Protein-based adhesives offer competitive dry strength, yet often require costly chemical crosslinkers and
still exhibit reduced durability under humid conditions. Polyurethane resins from castor oil achieve excellent
properties but rely on relatively expensive feedstocks. Even with novel formulations, challenges such as poor
dimensional stability and high production costs continue to limit industry-scale applications. Against this
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background, black soldier fly larvae (BSFL) proteins emerge as a promising alternative: larvae can be mass-
reared on agricultural or food-processing wastes, ensuring a sustainable raw material supply, while their
intrinsic viscoelasticity contributes to improved adhesion and water resistance compared with conventional
plant proteins.

Building on this context, our research group has synthesized protein adhesives using BSFL (Hermetia
illucens) reared under commercial conditions on potato chip industry residues [27]. BSFL can efficiently
convert such organic residues into proteins and fatty acids [28]. In this regard, insect proteins are increasingly
recognized as renewable raw materials due to their high protein content, functional versatility, and the
possibility of obtaining them through circular economic processes. Recent reviews have highlighted the
potential of BSFL proteins not only for food and feed, but also as sustainable alternatives for the development
of bioplastics and other renewable materials [29]. For example, Falgayrac et al. [30] highlighted insect
proteins as renewable feedstocks for bioplastics and sustainable composites. González-Lara et al. [31]
reported that BSFL biomass can serve as an alternative source of chitin and chitosan, proposing their use
as functional additives in concrete to enhance strength and sustainability. Similarly, D’Amora et al. [32]
extracted eumelanin from BSFL cuticles and incorporated it into tissue-engineered scaffolds, confirming its
biocompatibility and functional benefits. More recently, Le et al. [33] developed a green extraction method to
obtain chitin and nanochitin from BSFL and demonstrated their potential in biodegradable packaging films
with antioxidant properties. Additionally, Lomonaco et al. [34] reviewed the use of BSFL frass as an organic
fertilizer, showing its nutrient content and beneficial effects on crops, further expanding the spectrum of
applications for insect-derived products in circular bioeconomy frameworks.

In our previous study, we concluded that proteins produced by BSFL are promising alternatives for bio-
based adhesives, since they show good mechanical properties (tested on pine), do not contain formaldehyde
in their composition, and add value to agricultural and forestry waste, promoting the circular economy [27].
Therefore, the main objective of this study was to develop fully bio-based particleboards using sugarcane
bagasse and a protein adhesive derived from black soldier fly larvae reared on agricultural waste, and to
evaluate their rheological and mechanical behavior in compliance with international standards, highlighting
the potential of insect-derived proteins as renewable and circular materials for the wood panel industry.
In addition, a comparative board using Eucalyptus grandis particles (a commonly used raw material in
commercial particleboard production) was included to assess the versatility of the adhesive system and to
benchmark the performance of bagasse-based panels. This research aimed to explore an ecological alternative
that integrates waste valorization with the use of renewable components in the wood panel industry.

2 Materials and Methods

2.1 Manufacturing of BSFL-Based Adhesive
For the synthesis of the bio-based adhesive, BSFL flour (kindly donated by Procens, from Balcarce,

Argentina) was used, with a composition of 58% protein, 14% lipids, 8% moisture, 8% ash, 6% fibers, 5%
Ca and 0.3% Mg (data provided by the supplier). The chemical reagents (pure for analysis—p.a. quality)
used for the manufacture of the adhesive were sodium hydroxide (NaOH) and n-hexane, purchased from
Biopack (Buenos Aires, Argentina). Eucalyptus grandis lumber was purchased from Aserradero Vagol (San
Martín, Argentina), which was subsequently chipped and milled in the laboratory to produce the particles
used for board manufacturing. Sugarcane bagasse particles were sourced from a core business unit located
in Jesús Menéndez, Las Tunas, Cuba, and were used as received, without additional pretreatment, except for
oven-drying to adjust the moisture content prior to board manufacture.
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The BSFL flour was defatted by Soxhlet extraction with n-hexane at 70○C for 6 h [35]. Then, the sample
was ground to reduce the particle size. The adhesive formulation followed the procedure described by García
et al. [27], which consisted of preparing an alkaline solution of 6 g of NaOH in 150 g of H2O and subsequently
incorporating 37.5 g of degreased BSFL. The mixture was homogenized in an industrial stirrer at 300 rpm for
1 h at room temperature. At the end of the process, a homogeneous suspension with pseudoplastic behavior
and suitable for spray application was obtained.

2.2 Rheology of BSFL-Based Adhesive
Rheological characterization of the BSFL-based adhesive was carried out using an Anton Paar MCR301

rheometer (Graz, Austria) equipped with a parallel plate geometry (diameter 50 mm, PP50). Viscosity (η)
profiles were obtained in rotational mode, applying a shear rate (γ̇) sweep from 0.01 to 1000 s−1. Viscoelastic
behavior was assessed in oscillatory mode. Initially, an amplitude sweep test was performed to determine
the linear viscoelastic region (LVR), using a constant frequency of 1 s−1 and a strain range from 0.01% to
100%. Based on this, a strain of 0.1% (within the LVR) was selected for the subsequent frequency sweep test,
which was conducted over a frequency range from 100 to 0.1 s−1. This strain level ensures that the structure of
the sample remains undisturbed during measurement. Thixotropic behavior was evaluated through a three-
interval thixotropy test (3ITT), employing an oscillation–rotation–oscillation sequence. Interval 1 consisted
of oscillatory measurement at 0.1% strain and 1 s−1 frequency to establish the baseline. In interval 2, a high
constant shear rate of 2000 s−1 was applied in rotational mode to disrupt the structure. Interval 3 repeated
the initial oscillatory conditions to monitor structural recovery post-shear. 3ITT results were analyzed by
two different methods. First, the recovery ratio was calculated through Eq. (1):

Recover y ratio = G′3
G′1
⋅ 100 (1)

where G′1 is the baseline of the storage modulus at interval 1, and G′3 is the final plateau of the storage modulus
at interval 3. The second method is the time of recovery, which means the time at interval 3 when G′ = G′′

and gel-like behavior is restored.

2.3 Characterization of Lignocellulosic Raw Material
Sugarcane bagasse fibers were used; they were crushed and dried to produce the particle board. A

hammer mill with a mesh diameter of 11 mm was used for this purpose. The sugarcane bagasse used in this
study had a moisture content of 9% and the following chemical composition (dry basis), as provided by the
supplier: 1.2% ash, 1.9% extractives (ethanol/benzene), 46.0% cellulose, 23.3% lignin, and 26.3% pentosans.
The Eucalyptus grandis particles were obtained from 50 mm × 50 mm × 3000 mm wooden slats purchased
from a local supplier and immersed in water for 24 h to increase plasticity and facilitate processing in a
chipper. The resulting chips were then processed using a hammer mill to achieve the final particle size.

At this stage, the particle size distribution of both sugarcane bagasse fibers and Eucalyptus grandis
wood particles was characterized by recording the proportion of material retained on a series of ASTM
(American Society for Testing and Materials) sieves: 4760 μm (mesh 4), 2830 μm (mesh 7), 2000 μm (mesh
10), 1000 μm (mesh 18), 500 μm (mesh 35), and 250 μm (mesh 60). The proportion retained in each size
category for both materials was analyzed using contingency table methodology. The individual dimensions
of fibers and particles retained on each sieve were measured (length and thickness) using a digital caliper
(n = 15, for each size category and material), and the slenderness ratio (length/thickness) was calculated.
These results were analyzed through analysis of variance (ANOVA), followed by a post hoc comparison using
Fisher’s Least Significant Difference (LSD) test.
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2.4 Production and Characterization of Wood Particleboards
Particleboards were manufactured from sugarcane bagasse, with a density around 400, 600, 700, and

800 kg/m3. The samples were identified as D400, D600, D700, and D800, respectively (Fig. 1). The dry
adhesive content was 12 wt.% in the final board and was applied by spraying.

Figure 1: Flexural test specimens on particleboards made with of black soldier fly larvae flour-based adhesive and
sugarcane bagasse particles ((A): D400, (B): D600, (C): D700, (D): D800) and eucalyptus particles (E)

For the manufacture, the impregnated particles were dried in a forced convection oven at 70 ± 1○C until
their moisture content was reduced to 8%. Subsequently, pre-pressing was carried out at 10 MPa for 5 min
at room temperature. Finally, curing was carried out in a press at 160○C using three successive compression
intervals: 7.5 MPa for 3 min, 5 MPa for 6 min, and finally 2.5 MPa for 3 min. This stepped pressure schedule
was selected based on our previous work on protein/UF adhesives [36], as it allows gradual removal of water,
reduces vapor blistering and cracks compared with constant pressure pressing, and ensures more efficient
curing and reproducibility of the panels. Once cured, panels were cut 415 mm long, 415 mm wide and
9 mm thick.

To investigate the influence of particle size on board properties, a panel with a target density of 700 kg/m3

was produced using Eucalyptus grandis particles (Fig. 1E), employing the same processing variables as those
used for sugarcane bagasse panels. It is worth noting that Eucalyptus is one of the materials commonly used
in large-scale commercial particleboard production [37]. The Eucalyptus grandis board was manufactured
following the same methodology applied for the sugarcane bagasse-based panels.

The surface texture of the particleboard was evaluated with an electronic contact roughness tester
according to the Deutsches Institut für Normung—DIN 4768 [38]. Three measurements were taken on each
sample using a SURTRONIC 3+ roughness tester, with the following parameters: measurement modulus (Rz,
cut off) of 2.5 mm and measurement length (Lm) of 12.5 mm. To qualitatively evaluate the surface porosity, a
Lancet optical microscope with 20× optical magnification and a 12-megapixel resolution camera was used.
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Regarding mechanical properties, two tests were carried out: the tensile perpendicular to the plane and
the static bending test, both performed on a universal testing machine (INSTRON 5982, Norwood, MA,
USA). The tensile perpendicular to the plane test was carried out following the guidelines of the European
Standard EN 319 [39] standard on specimens of 50 mm × 50 mm × 9 mm. A crosshead speed of 7.2 mm/min
was used. The internal bonding (IB) was calculated as the ratio between the maximum load and the cross-
section of the test piece. A total of seven specimens were tested, and results are reported as mean ± standard
deviation. The three-point bending test was performed following the guidelines of the EN 310 [40] standard
with the aim of determining the MOR and the MOE. Nine specimens were tested for each condition, and
the results are reported as mean ± standard deviation.

The swelling test was carried out following the guidelines of the EN 317 [41] standard with the aim
of determining the water absorption (WA) and the thickness swelling (TS). For this test, specimens of
50 mm × 50 mm × 9 mm were immersed in water at room temperature. The thickness and weight of the
swelled samples were measured at 2 and 24 h.

The measured MOR, MOE, IB, and TS values of the particleboards bonded with the BSFL-based
adhesive were assessed according to the classification criteria defined in the European standard EN 312 for
wood particleboards [42].

The MOR, MOE, IB, TS and WA values were compared by analysis of variance (ANOVA). Mean values
were analyzed with the Tukey-Test for paired comparisons at a significance level P 0.05 using the Origin Pro
8 software (OriginLab Corporation, Northampton, MA, USA).

3 Results

3.1 Characterization of BSFL-Based Adhesive
Fig. 2 presents the viscosity curves of BSFL-based adhesive. Given that particleboard adhesives are

typically applied by spraying under high shear conditions (above 1000 1/s), the Carreau–Yasuda model
(Eq. (2)) was employed to fit the experimental data and extrapolate viscosity values at shear rates beyond the
measurement limits of the rheometer:

η (γ̇) = η0 − η∞
(1 + (λ ⋅ γ̇)p1)

1−p
p1

+ η∞ (2)

where p1 is the Yasuda exponent, λ [s] is the relaxation time, p is the power-law index, η0 is the viscosity
zero, and η∞ is infinite shear viscosity. Based on this model, it was estimated that the viscosity of BSFL-based
adhesive in a shear rate range from 6000 to 15,000 s−1 is around 0.157 and 0.101 Pa⋅s.

Amplitude sweep tests were conducted to identify the linear viscoelastic region (LVR). For the BSFL-
based adhesive, the LVR was found to extend up to 0.1% strain (Fig. 3A), where both the storage modulus
(G′) and loss modulus (G′′) remained constant with increasing deformation. Additionally, the flow point,
defined as the crossover between G′ and G′′, was observed at a shear stress of approximately 10 Pa (Fig. 3B).
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Figure 2: Viscosity and shear stress curves of BSFL-based adhesive. Experimental data were fitted by Carreau-Yasuda
model (R2 = 0.99934)

0.01 0.1 1 10 100

10

100

1000

0.1 1 10

10

100

1000

G'
G"

]a
P[''

G'
G

Strain [%]

A

G'
G"

G
' G

'' 
[P

a]

Shear Stress [Pa]

B

Figure 3: Amplitude sweeps results of BSFL-based adhesive. (A): as a dependence of shear strain, and (B): as a
dependence of shear stress

The frequency sweep test was carried out within the previously determined LVR to evaluate the
viscoelastic behavior of the BSFL-based adhesive. As shown in Fig. 4, G′ remained higher than G′′ across the
entire frequency range tested, indicating a predominantly elastic response. Both G′ and G′′ showed a slight
increase with frequency, suggesting the presence of a weak gel-like network structure. The complex viscosity
(η*) exhibited a decreasing trend with increasing frequency, consistent with shear-thinning behavior.

The 3ITT was performed to evaluate the structural recovery behavior of the BSFL-based adhesive under
shear. As shown in Fig. 5, the crossover between G′ and G′′ occurred 12 s into Interval 3, indicating a
rapid transition back to a solid-like structure after shear cessation. The recovery ratio was approximately
36.1%, which shows that the material quickly regained a gel-like character but only partially rebuilt its
internal structure.
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Figure 4: Complex viscosity, storage and loss modulus as a function of angular frequency of BSFL-based adhesive
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Figure 5: Three-interval thixotropy test (3ITT) of BSFL-based adhesive

3.2 Morphological Characterization of Sugarcane Bagasse Particles
The morphological characterization of the bagasse particles is shown in Table 1. Analyzing the propor-

tion of material retained in each mesh, a bimodal distribution was observed, with two peaks corresponding
to mesh sizes 7 and 18. When comparing the morphometry of the retained fractions, differences were found
in all three measured variables (length, thickness, and slenderness), although similar trends were observed
for both length and thickness, with particle dimensions decreasing as the mesh number increased. However,
the slenderness ratio remained statistically unchanged across mesh sizes for bagasse particles, ranging from
74.1 (mesh 10) to 87.8 (mesh 7), with a mean value of 78.2 for all sieves.
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Table 1: Proportion of total weight, length, thickness, and slenderness index for each mesh size category in the screening
process

Particle types Mesh Proportion of
total weight (%) Length (mm) Thickness

(mm)
Slenderness

index

Sugarcane bagasse

4 15.2 36.3 ± 13.0 a 0.60 ± 0.27 a 76.8 ± 50.6 a
7 21.4 32.3 ± 14.9 ab 0.55 ± 0.34 a 87.8 ± 73.1 a
10 14.1 29.7 ± 14.0 abc 0.53 ± 0.30 a 74.1 ± 47.4 a
18 26.7 24.2 ± 13.0 bc 0.35 ± 0.16 b 78.1 ± 45.5 a
35 17.4 22.1 ± 11.7 cd 0.29 ± 0.11 bc 76.6 ± 33.1 a
60 5.2 13.6 ± 7.5 d 0.18 ± 0.08 c 75.7 ± 29.7 a

E. grandis

4 24.9 15.7 ± 3.9 a 2.49 ± 0.82 a 7.3 ± 4.2 b
7 51.2 14.0 ± 4.9 a 1.51 ± 0.45 b 10.4 ± 5.8 b
10 17.9 14.3 ± 5.9 a 1.04 ± 0.29 c 15.0 ± 8.5 b
18 5.8 12.9 ± 3.4 a 0.61 ± 0.23 d 26.4 ± 18.0 a
35 0.2 9.6 ± 2.5 b 0.33 ± 0.11 d 33.3 ± 18.0 a
60 0 N/A N/A N/A

Note: Different letters indicate significant differences in the dimension analyzed within each category
according to an ANOVA.

When comparing Eucalyptus grandis and bagasse particles, significant differences were observed in the
distribution of particle sizes across mesh fractions, as confirmed by a highly significant Pearson Chi-square
statistic (χ2 = 54.15; p < 0.0001). Mainly, eucalyptus particles were shorter and thicker than bagasse particles.
Both materials followed similar overall trends, with length and thickness decreasing as mesh number
increased. However, the rate and magnitude of these changes differed by material: length reduction was more
pronounced in bagasse, while thickness decreased more sharply in eucalyptus particles. For slenderness ratio,
bagasse particles exhibited no significant variation across mesh sizes, while eucalyptus particles showed an
increasing slenderness ratio as mesh size decreased. Moreover, the slenderness ratio was consistently and
significantly higher in bagasse particles across all mesh fractions.

3.3 Density and Roughness of Sugarcane Bagasse Particleboards
The measured density values of the manufactured boards, along with surface roughness, are presented

in Table 2. Significant differences were found between the densities of the bagasse particleboards, except for
D700 and D800. The density of the Eucalyptus grandis panel was 740 ± 73 kg/m3, comparable to the D700
and D800 panels. As shown in Table 2 and Fig. 6, the surfaces of the finished boards exhibited a good overall
appearance: at higher densities (Fig. 6C,D), the surface was notably smoother, with fewer and smaller voids.
The roughness of the D400 board could not be determined because it exceeded the maximum measuring
range of the device. This parameter decreased as the density of the board increased. Surface roughness was
not measured for the eucalyptus-based panel, as the particles were predominantly cubic and in the centimeter
range, resulting in voids that prevented reliable measurement with the available equipment.
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Table 2: Density and surface roughness of particleboards made from sugarcane bagasse and Eucalyptus grandis using
a bio-based adhesive

Sample Density (kg/m3) Rugosity (μm)
D400 411 ± 35 a N/A
D600 627 ± 25 b 170 ± 26 a
D700 740 ± 29 c 135 ± 25 ab
D800 803 ± 53 c 96 ± 16 b

Eucalyptus-based 740 ± 73 c N/A

Note: Different letters indicate significant differences in the analyzed parameter.

Figure 6: Optical microscopy images of particleboards made from sugarcane bagasse at different densities: D400
(A), D600 (B), D700 (C), and D800 (D)

3.4 Mechanical Testing of Boards
The results of MOR, MOE, and IB as a function of panel density are shown in Fig. 7. A significant

increase in these properties was observed with increasing panel density. For instance, MOR for the D400
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board was 5.34 MPa, whereas for the D800 board it reached 30.26 MPa, marking an increase of 466%.
Similarly, MOE increased 333%, from 808 MPa for the D400 board to 3500 MPa for the D800 board. The IB
values also showed a gradual increase with density: 0.09 MPa (D400), 0.18 MPa (D600), 0.43 MPa (D700),
and 0.80 MPa (D800). Notably, the IB value of the D800 sample was 900% higher than that of the D400
sample. These results demonstrated a strong positive correlation between the mechanical properties and the
density of the particleboard, indicating that higher compaction significantly enhanced mechanical strength.
The Eucalyptus grandis-based panel exhibited lower MOR (11.0 ± 2.2 MPa) and MOE (1878 ± 370 MPa)
values compared to the sugarcane bagasse particleboard. In contrast, IB was higher in the eucalyptus panel
(1.25 ± 0.27 MPa).
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Figure 7: Modulus of rupture (A), Modulus of elasticity (B) and internal bonding (C) as a function of density for
particleboards made from sugarcane bagasse and Eucalyptus grandis

3.5 Dimensional Stability of Boards
The results of thickness swelling (TS) and water absorption (WA) at 2 and 24 h are shown in Fig. 8. WA

decreased with increasing board density, regardless of exposure time. According to TS data (Fig. 8A,C), TS
after 24 h increased from 94.2 ± 8.6% in the D400 panel to 130.8 ± 3.2% in the D600 panel, followed by a
reduction to 85.3 ± 3.6% and 58.4 ± 4.8% in the D700 and D800 panels, respectively. To contextualize these
results, the Eucalyptus grandis-based panel, with a density similar to the D700 bagasse board (≈740 kg/m3),
exhibited lower WA and TS values at both time points. Specifically, WA after 24 h was 133.7% for eucalyptus
compared to 136.0% for bagasse, while TS after 24 h was 58.9% vs. 85.3%, respectively.
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Figure 8: Variation of thickness swelling (TS) and water absorption (WA) at 2 h (A,B) and at 24 h (C,D) as a function
of density for particleboards made from sugarcane bagasse and Eucalyptus grandis

3.6 Standard Classification of Sugarcane Bagasse Particleboards
The experimental values of MOR, MOE, IB, and TS for the particleboards made from sugarcane bagasse

and a BSFL-based adhesive were compared with the requirements of the European standard EN 312 for
wood particleboards [42]. This comparison was conducted to assess potential applications of the boards
(Table 3). According to this standard (Table 4), the D400 sample did not meet the minimum requirements
for particleboards. The D600 sample reached the P1 rating for MOR and MOE but failed the IB requirement,
thus not meeting the minimum classification either. The D700 sample showed good bending properties and
an IB value of 0.43 ± 0.04 MPa, which would place it in P3; however, due to insufficient water resistance,
its classification dropped to P2 (indoor dry environments). Finally, the D800 sample exhibited a TS of
58.4 ± 4.8% at 24 h, exceeding the 10% limit for P7 classification. Despite surpassing the mechanical
requirements for P7, its classification was also P2 due to excessive swelling.

Table 3: Particleboards classification according to minimum values of MOR, MOE, IB and TS established by EN312:2010
standard [42], and average values of the sugarcane bagasse panels made in this work

Classification MOR
(MPa)

MOE
(MPa) IB (MPa) TS 24 h

(%)
P1: Common use in dry environments 12.5 N/A 0.28 N/A

P2: Interior application in dry environments 13.0 1800 0.40 N/A
P3: Nonstructural boards for humid

environments 15.0 2050 0.45 14.0

P4: Structural boards in dry environments 16.0 2300 0.40 16.0
P5: Structural boards in humid environments 18.0 2550 0.45 11.0

(Continued)
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Table 3 (continued)

Classification MOR
(MPa)

MOE
(MPa) IB (MPa) TS 24 h

(%)
P6: Heavy-duty load-bearing boards for use in

dry conditions 18.0 3000 0.50 15.0

P7: Heavy-duty load-bearing boards for use in
humid conditions 20.0 3100 0.70 10.0

D400 5.3 ± 0.8 808 ± 57 0.09 ± 0.01 94.2 ± 8.6
D600 12.9 ± 0.73 1890 ± 112 0.18 ± 0.02 130.8 ± 3.2
D700 20.6 ± 1.6 2229 ± 46 0.43 ±0.04 85.3 ± 3.6
D800 30.3 ± 2.5 3500 ± 97 0.80 ± 0.08 58.4 ± 4.8

Note: Modulus of rupture (MOR), Modulus of elasticity (MOE), Internal bonding (IB) and Thickness swelling (TS).

Table 4: Standard classifications of sugarcane bagasse particleboards

Sample Classification according to each test Final classification
MOR MOE IB TS

D400 – – – – Not suitable
D600 P1 P1 – – Not suitable
D700 P6 P3 P2-P4 P2 P2
D800 P7 P7 P7 P2 P2

Note: Modulus of rupture (MOR), Modulus of elasticity (MOE), Internal bonding (IB)
and Thickness swelling (TS).

4 Discussion

4.1 Rheology of BSFL-Based Adhesives
Rheological behavior is a critical parameter for non-Newtonian systems such as protein-based adhe-

sives [43]. Viscosity curves are commonly employed to anticipate adhesive performance during industrial
operations such as mixing, pumping, or spraying. Moreover, although the use of the Carreau–Yasuda model
for protein-based wood adhesives is still limited, it has been widely adopted for describing the flow behavior
of protein systems [44]. The pseudoplastic behavior observed for the BSFL-based adhesive in Fig. 2 is
consistent with our previous findings [27]. Importantly, the extrapolated viscosity values (0.157–0.101 Pa⋅s
at high shear rates) fall within the recommended range for particleboard production (0.1–0.15 Pa⋅s) [45],
confirming that BSFL adhesives are suitable for spraying applications under typical processing conditions.

Oscillatory rheological tests are essential for characterizing protein-based adhesives because they
provide insights into viscoelastic structure without inducing structural breakdown [46]. Determining the
LVR ensures that subsequent frequency sweeps or time-dependent measurements are performed under
conditions that reflect intrinsic material properties rather than structural damage. The flow point, observed
in Fig. 3B at ≈10 Pa for the BSFL-based adhesive, is a particularly relevant parameter, as it defines the
transition from solid-like to liquid-like behavior. This benchmark can be used to evaluate the mechanical
stability of protein adhesives under external stress and to guide formulation adjustments for improving
processing and performance during panel manufacture.
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Frequency sweeps provide key insights into the molecular organization of protein-based adhesives, as
they reflect the balance between elastic and viscous contributions [46]. The predominance of G′ over G′′

across the frequency range in Fig. 4 indicates that the BSFL-based adhesive behaves as a soft viscoelastic
solid, like other physically structured protein systems. The observed shear-thinning trend of η* confirms
the presence of a cohesive network capable of dissipating energy under stress while maintaining structural
integrity. This behavior is advantageous for particleboard production, where an elastic component is essential
to ensure bond stability during pressing and service life.

The 3ITT test is a valuable tool for assessing the structural recovery behavior of viscoelastic materials,
particularly relevant for bio-based adhesives subjected to high shear during processing or application. In
the context of protein-based adhesives, where the formation and recovery of a physical network governs
performance, thixotropic analysis provides insight into both formulation robustness and industrial applica-
bility [43]. The rapid but partial structural recovery observed in Fig. 5 for the BSFL adhesive is advantageous,
as it ensures that mechanical strength is regained shortly after application. This behavior is especially
beneficial in spraying or spreading processes, where fast recovery minimizes sagging, enhances substrate
wetting, and promotes uniform adhesive distribution, ultimately contributing to strong and reliable bonding
in particleboard or plywood production.

To better illustrate how the rheological properties of the BSFL adhesive relate to its bonding per-
formance, Fig. 9 presents a simplified scheme of the proposed adhesion mechanism between protein
chains and bagasse particles during hot-pressing. In this conceptual model, protein unfolding and partial
denaturation under alkaline conditions expose functional groups capable of establishing hydrogen bonds
and hydrophobic interactions with the wood surface, while the liquid medium ensures adequate wettability
and penetration into pores. Short chains can penetrate into the surface porosity, favoring adsorption and
mechanical interlocking, whereas longer chains remain at the interface, contributing to cohesion across
particles. These interactions, combined with the consolidation effect of pressing and drying, explain the
ability of the BSFL adhesive to form continuous networks and generate adequate internal bond strength in
the manufactured panels.

Figure 9: Simplified scheme of BSFL protein adhesive preparation and proposed adhesion mechanisms with lignocel-
lulosic particles during hot-pressing
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4.2 Effect of Bagasse and Eucalyptus Particle Morphology on Board Performance
The dimensions of the bagasse particles used in this study (Table 1) were slightly higher than those

reported by Brito et al. [47], who observed lengths between 9.2 and 18.78 mm, thicknesses between
0.22 and 0.27 mm, and slenderness ratios ranging from 42 to 69. Also, the morphological distinctions
between Eucalyptus grandis and sugarcane bagasse particles are critical, as they are expected to influence the
mechanical behavior of the resulting panels. Bagasse particles, with their higher slenderness ratio, provide
greater contact area and potential for mechanical interlocking, while eucalyptus particles, being shorter and
thicker, tend to adopt a more cuboidal shape, leading to increased void content and reduced surface area
available for adhesive bonding. These differences in particle morphology are therefore expected to influence
the mechanical properties of the panels.

4.3 Performance of Particleboards Bonded with BSFL Adhesives
Surface roughness is a quantifiable measure of surface irregularities, which can significantly influence

the interaction between panels and melamine-impregnated paper commonly used as the external face
in veneers [48,49]. This coating not only improves the finishing of the panels but also enhances the
water resistance of the boards [50]. The decrease in surface roughness with increasing density observed
in Table 2 is consistent with previous reports for particleboards [51]. Furthermore, surface roughness has
been shown to depend on multiple factors, including particle type and morphology, panel density, and
pressing conditions [52,53]. In agreement with these findings, our results suggest that particle morphology
plays a key role in surface quality, with particles of higher slenderness ratio leading to more homogeneous
and smoother surfaces.

The contrasting mechanical behavior observed in Fig. 7 between bagasse and eucalyptus panels can be
attributed to particle morphology. According to the literature, both MOE and MOR are positively influenced
by particle length and negatively by particle thickness [54], with slenderness being the most critical factor,
exerting a direct positive effect on these properties [55]. In this context, the higher slenderness ratio of bagasse
particles (Table 1) is consistent with the superior MOR and MOE values obtained in this study (Fig. 7A,B).
Regarding IB, previous reports indicate that this property is influenced by particle geometry at fixed density,
with higher values occurring when particles are shorter and thicker, i.e., with a lower slenderness ratio [56].
This trend was also observed in our results, where the eucalyptus panel, composed of shorter and thicker
particles, achieved higher internal bonding compared to bagasse panels. These findings reinforce the key role
of particle morphology in determining the mechanical performance of particleboards manufactured from
alternative lignocellulosic raw materials.

The decrease in WA with increasing density observed in Fig. 8 is consistent with previous findings
that denser panels exhibit reduced water diffusion [57]. This trend may also be influenced by the adhesive
content, since at fixed resin loading (12 wt.%), denser boards concentrate a higher adhesive amount per unit
volume, contributing to reduced WA [58]. The marked increase in TS from D400 to D600 can be attributed
to the greater amount of lignocellulosic material present in the D600 panel, which increased water uptake
capacity, combined with a porous internal structure that facilitated moisture penetration. In contrast, the
reduction in TS from D600 to D800 correlates with enhanced compaction of the board, leading to reduced
void content and limited water intrusion. This structural effect was supported by optical microscopy (Fig. 6),
which showed fewer interparticle gaps in higher-density panels [59,60]. The comparison with Eucalyptus
grandis highlights the dual role of particle morphology and board compaction in determining dimensional
stability. Despite a coarser and more porous panel structure, the eucalyptus particles were thicker and less
slender than bagasse particles, which may have limited water absorption at the particle level. This explains
why eucalyptus boards showed lower WA and TS values than bagasse panels of similar density.
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As is evident from these results, the weakest point of the studied particleboards is water resistance,
since all samples presented TS values at 24 h considerably higher than those required for use in humid
environments (Table 3). This limitation is consistent with other studies on protein-based adhesives, which
typically show lower water resistance compared with synthetic resins [61]. Nevertheless, strategies such as
incorporating cross-linking agents have been reported to improve the hydrophobicity of protein-based adhe-
sives [62–64]. In addition, surface roughness analysis (Table 2) showed that higher-density boards presented
smoother and more homogeneous surfaces, which could favor the adhesion of melamine-impregnated
papers with excellent water resistance, often surpassing UF resins [65]. Therefore, by combining protein-
based adhesives with hydrophobic modifications or overlay techniques, the D700 and D800 panels could
potentially achieve the more demanding EN 312 classifications for use in humid environments. These findings
reinforce the potential of bagasse-based boards bonded with natural resins to reach high-performance
applications under appropriate modifications.

4.4 Comparative Discussion of Sugarcane Bagasse Particleboards
The mechanical and physical performance of the particleboards produced in this work was compared

with several previous studies that employed sugarcane bagasse as the main lignocellulosic raw material
(Table 5). Although some formulations reported higher absolute values in flexural or bonding strength, such
as the castor oil polyurethane (PU) system by Sugahara et al. [66] or the bone glue-based panel from Islam
et al. [25] those panels have a higher density than those studied in this work; also, the results must be
contextualized by the adhesive type, board composition, and sustainability profile.

Table 5: Comparative mechanical properties of sugarcane bagasse particleboards reported in the literature

Reference Adhesive Density
(kg/m3)

MOR
(MPa)

MOE
(MPa)

IB
(MPa)

TS 24
h (%)

Sugahara et al. [66] Castor oil
polyurethane 882 31.0 3020 2.52 10.9

Widyorini et al. [67] Binderless 700 20.4 N/A 0.42 21.4
Magzoub et al. [68] Urea formaldehyde 722 16.9 2101 0.34 N/A

Magzoub et al. [68] Phenol urea
formaldehyde 776 15.4 1910 0.26 N/A

Nadhari et al. [69] Binderless 800 15.2 1710 N/A 8–25
Mendes et al. [70] Urea formaldehyde 672 N/A N/A 0.46 17.8

Fiorelli et al. [71] Castor oil
polyurethane 692 16.2 1879 0.35 23.1

Islam et al. [25] Bone glue 800 26.22 4302 N/A 21.0
This work Black soldier fly larvae 740 20.6 2229 0.43 85.0

Note: Modulus of rupture (MOR), Modulus of elasticity (MOE), Internal bonding (IB) and Thickness
swelling (TS).

The binderless boards reported by Widyorini et al. [67] achieved IB values close to 0.42 MPa, comparable
to our bagasse-based formulation (0.43 MPa), but those boards yet required high pressure and long pressing
times. In contrast, our adhesive system based on BSFL protein achieved these results with milder processing
conditions and without the need for synthetic additives or chemical pretreatments. Nadhari et al. [69] also
researched binderless systems with lower MOR and MOE values.
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When benchmarked against UF and phenol urea formaldehyde (PUF) systems, our formulation dis-
played superior MOR, MOE and IB values. For instance, Magzoub et al. [68] reported 16.9, 2101 and 0.34 MPa
for MOR, MOE and IB, respectively, with PUF adhesives, while our bagasse board reached 20.6, 2229 and
0.43 MPa. Similarly, Mendes et al. [70] achieved an internal bond of 0.46 MPa using UF at 8 wt%, although
the panel exhibited lower density (672 kg/m3) and no data were provided for flexural strength. Compared to
these conventional formulations, the BSFL protein adhesive offers competitive bonding strength while being
derived from renewable and circular sources.

The castor oil-based polyurethane PU adhesives presented by Fiorelli et al. [71] and Sugahara et al. [66]
yielded similar and strong mechanical properties, with Sugahara’s panel achieving 31 MPa in MOR and an
exceptionally high IB of 2.52 MPa. However, the density of this panel was 882 kg/m3, significantly higher
than our system (740–745 kg/m3), and the formulation included 60% wood particles. Additionally, these
resins still require petrochemical-derived components (e.g., isocyanates), raising concerns regarding volatile
organic compounds (VOC) emissions and toxicity during production and use.

The system by Islam et al. [25], based on bone glue, reported very high MOE (4302 MPa) and good
MOR (26.22 MPa), though its internal bond was not reported. Although technically effective, animal-based
adhesives such as bone glue may face limitations regarding consumer acceptance and traceability under
circular bioeconomy frameworks.

In this context, the BSFL protein adhesive used in our study offers a balanced combination of mechanical
performance and environmental benefit. It is derived from upcycled organic waste via insect bioconver-
sion, aligned with circular bioeconomy principles and offering an innovative alternative to conventional
protein-based adhesives (soy, casein, blood). While water resistance (TS 24 h = 85% for bagasse boards)
remains a challenge, our approach presents a viable bio-based route to particleboard production without
synthetic resins.

5 Conclusion
In this work, we successfully produced particleboards from sugarcane bagasse bonded with a BSFL

protein-based adhesive, and their rheology and performance were thoroughly evaluated. The BSFL adhesive
showed desirable rheological features for wood bonding, including non-Newtonian gel-like behavior and
thixotropy with rapid recovery after shear, which favor wetting and homogeneous distribution. Bagasse
particles, characterized by high slenderness ratios, contributed to improved inter-particle contact and stress
transfer. Panel density emerged as the key variable controlling performance: increasing density from 400 to
800 kg/m3 led to nearly 900% higher IB values and substantial gains in MOR and MOE. Although higher
density reduced WA and TS, dimensional stability did not meet the thresholds of conventional standards.
Panels at 700 kg/m3 or above achieved P2 classification, suitable for interior dry use. The comparison with
Eucalyptus grandis panels confirmed that the BSFL adhesive is also applicable to conventional lignocellulosic
feedstocks, while sugarcane bagasse offers advantages due to its morphology and agro-industrial availability.

Overall, the findings demonstrate the feasibility of using insect-derived protein adhesives for wood-
based panel production, combining competitive mechanical performance with renewable sourcing. While
water resistance remains a limitation, this work establishes a promising foundation for the development of
fully bio-based, non-toxic, and circular-economy-compatible particleboards. Future research should focus
on formulation strategies to improve dimensional stability in humid conditions and explore upscaling
pathways for industrial application.
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