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This paper discusses the potential use of sugarcane bagasse in two different fiber lengths (5 mm 
and 8 mm) of the same density as a raw material for the production of particleboards, using castor 
oil-based two-component polyurethane adhesive. The quality of the product that can be manufactured 
industrially was evaluated based on density, thickness swell (TS), absorption (WA), modulus of 
elasticity (MOE), modulus of rupture (MOR) in static bending and internal bond (IB), according 
to the Brazilian NBR 14.810:2006 standard. The results revealed a significant difference between 
the particleboards made with 5-mm-long fibers and those made with 8-mm-long fibers. An analysis 
by scanning electron microscopy (SEM) indicates that the interparticle spaces are filled with castor 
oil-based two-component polyurethane adhesive, contributing to improve the physicomechanical 
properties of the particleboards. A durability assessment based on accelerated aging tests shows that 
waterproofed particleboards can be used in moist environments.
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1.	 Introduction
A proposed alternative destination for agricultural 

wastes is to use them for the manufacture of particulate 
composites, or particleboards. These particleboards are 
usually manufactured from wood particles bound together 
with synthetic adhesives or other binders, which are pressed 
under heat until the adhesive has cured1.

Basically, these particleboards can also be made of 
any lignocellulosic material that gives them high strength 
and a predetermined specific weight, since the chemical 
composition of lignocellulosic materials is similar to that 
of wood, especially hardwoods which have lower lignin 
content and higher pentose hemicellulose content2-10,20,21,23,24.

Brazil’s sugarcane production has expanded considerably, 
particularly in the state of São Paulo. According to the 
National Food Supply Company – CONAB, the state of 
São Paulo will account for 54.23% of the total area in the 
country cultivated with sugarcane in 2011/2012, reaching 
8  million  ha, and representing 64% of the sugarcane 
produced in the central southern region. In 2010, São Paulo 
harvested a record crop of 360 MT of sugarcane, an 8.4% 
increase over the preceding crop.

However, the sugar and alcohol industry produces large 
quantities of wastes, including sugarcane bagasse. São Paulo 
itself produces about 108 MT of bagasse annually, burning 
60% to produce energy and discarding 40%. Burning adds 
no value to the wastes and contributes to global warming 
and the greenhouse effect.

In recent years, efforts have intensified to study the 
best use of lignocellulosic wastes for the production 
of new materials such as particleboards8. The use of 
lignocellulosic wastes contributes to mitigate environmental 
impacts through the production of new materials aimed at 
sustainability. Another alternative is the use of sugarcane 
bagasse to manufacture particleboards. This material has 
high cellulose content which exerts a positive effect on the 
particleboard bonding process11.

Barros Filho et al.12 conducted a study on particleboards 
made with sugarcane bagasse using urea formaldehyde (UF) 
and melamine formaldehyde (MF) resins. Particleboards 
were produced with a mixture of sugarcane bagasse and 
pine or eucalyptus particles, with and without paraffin in 
the formulation. Nine different types of particleboards, 
all containing 9% of resin in the mix, were produced at a 
temperature of 160 °C and under a pressure of 4.0 MPa. 
The physical characteristics of the particleboards complied 
with the ASTM CS 236-66 standard for medium density 
chipboards, and in most cases, showed better results than 
others reported in the literature. However, when subjected to 
mechanical testing, these particleboards did not comply with 
the aforementioned standard, and in most cases, the results 
were close to or worse than those reported in the literature.

Xu et al.13 studied bagasse particleboards (BPBs) using 
polymeric methylene diphenyl diisocyanate (pMDI) resin 
as binder and wax emulsion as dimension stabilizer. A 
factorial experiment was conducted to measure the effects 
of wax and pMDI resin content on the particleboard’s 
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dimensional stability and mechanical properties. The data 
were compared with corresponding properties specified 
in the ANSI A208.1 standard for commercial M3 grade 
wood-based particleboard. Wax-sizing improved the linear 
expansion (LE) of the particleboards produced with the two 
different proportions of pMDI resin tested in their research, 
and all the LE values remained below the critical value of 
0.35%. The use of wax significantly reduced 24-hour water 
absorption and thickness swelling compared to the control 
particleboards without wax. Moderate levels of wax-sizing 
also proved to have a positive effect on the properties of 
long-term water absorption and thickness swelling. The 
mechanical properties of all the particleboards far exceeded 
the minimum values specified in the ANSI A208.1 standard. 
As expected, the overall properties of the 5% pMDI BPBs 
were better than those of the 3% pMDI particleboards.

The agglomerate panel industry in Brazil uses mostly 
wood shavings from reforested pine and some eucalyptus 
species, resulting in a higher quality product due to better 
control of the homogeneity of raw material. However, in 
view of Brazil’s agricultural boom and the resulting increase 
in agricultural wastes, a recent alternative for particleboard 
production may be the use of agroindustrial lignocellulosic 
wastes to replace solid wood particles in the manufacture 
of composite panels.

Several studies suggest that sugarcane bagasse is a 
promising material for the manufacture of particleboards. 
However, formaldehyde emissions pose a serious health risk 
and the use of urea-formaldehyde and phenol-formaldehyde 
adhesives to produce particleboards involves high energy 
consumption6. Nevertheless, there is a global trend towards 
biodegradable, non-polluting and renewable products. 
According to Araújo14, this trend has led to further research, 
resulting in castor oil-based polyurethane adhesive, a resin 
with characteristics of sustainability and other advantages, 
e.g., lower processing temperature, and hence, lower 
consumption of energy in the production of particleboards.

In this context, this paper evaluates the feasibility 
of producing particleboards made of sugarcane bagasse 
particles with two different fiber lengths (5 mm and 8 mm) 
and a density of 1.0  g.cm–3, as well as the efficiency 
of these particleboards manufactured with castor oil 
polyurethane adhesive. The novelty of this work stems 
from the evaluation of the physicomechanical and durability 
properties of particleboards made of agroindustrial wastes 
(sugarcane bagasse) with different fiber lengths and castor 
oil polyurethane adhesive.

2.	 Material and Methods

2.1.	 Production of particleboards

Sugarcane bagasse particleboards were prepared using 
a heated automatic press with a load capacity of 100 MT, 
as described by Maloney15. The sugarcane bagasse was 
collected from a processing plant (Figure  1a) and dried 
to a moisture content of 2 to 3%. The bagasse was used 
in fiber lengths of 5  mm and 8  mm. The particleboards 
were prepared with 10% to 15% of castor oil-based 
two‑component polyurethane adhesive manufactured by 
Plural Brazil. Table 1 gives further details.

The particles (5 mm and 8 mm long) were mixed with the 
adhesive in a planetary mixer (Figure 1b). After mixing, the 
material was placed in a mold (Figure 1c), which was then 
inserted into the hydraulic press (Figure 1d) and pressed for 
ten min under 50 kgf.cm–2, at a temperature of up to 100 °C. 
Five particleboards were prepared with nominal dimensions 
of 40 × 40 cm × 10 mm thickness. From these particleboards 
10 specimens were taken for each physicomechanical test, as 
recommended by the Brazilian NBR 14810:2006 standard 
for Plywood Sheets16. This standard was chosen due to the 
similarity between the sugarcane bagasse particleboards 
produced in this study and wood panels.

2.2.	 Physicomechanical characterization

The performance of the particleboards was evaluated 
by physical and mechanical tests according to the Brazilian 
NBR 14810:2006 standard for Plywood Sheets16. A 
completely random design (CRD) was used with three 
treatments (Table  1). The properties evaluated were the 
thickness swelling (TS), water absorption (WA), modulus 
of rupture (MOR), modulus of elasticity (MOE) and internal 
bond (IB). These properties were evaluated before and 
after the accelerated aging test. The average values were 
compared by a multiple comparison test (Tukey) when the 
ANOVA showed a significance level of p ≤ 0.05.

2.2.1.	 Thickness Swelling (TS)

The thickness swell tests were conducted according to 
the Brazilian ABNT NBR 14810:2006 standard16. Thickness 
swelling is calculated from the difference in a specimen’s 
thickness before and after soaking in water for 24 hours. 
This swelling was measured using a digital caliper with a 
precision of 0.01 mm. The percentage of thickness swelling 
was calculated using Equation 1:

TS (%) =  *100Tf Ti
Ti
− 

  
	 (1)

where: Tf is the final thickness after soaking for 24 hours 
and Ti is the initial thickness.

2.2.2.	 Water Absorption (WA)

The water absorption tests were conducted according to the 
ABNT NBR 14810:2006 standard16. The samples before and 
after accelerated aging were soaked in water for 2 hours and 
24 hours. Water absorption was calculated using Equation 2.

WA (%) =  *100Wf Wi
Wi
− 

  
	 (2)

where: Wf is the final weight after soaking for 2 hours and 
24 hours and Wi is the initial weight.

Table 1. Experimental program for sugarcane bagasse particleboard.

Treatment
Density 
(g.cm–3)

Fiber 
length 
(mm)

Adhesive 
type

Accelerated 
aging test 

ASTMD 1037 
Standard

T1 1.0 5 Castor oil ---

T2 1.0 8 Castor oil ---

T3 1.0 8 Castor oil 6 cycles
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Figure 1. Production steps of particleboard.

2.2.3.	 Mechanical testing

The internal bond and flexural tests (Figure  2) were 
conducted using a universal testing machine at room 
temperature, according to the ABNT NBR 14810:2006 
standard16. The loading rate applied to measure the bond 
strength was controlled at 4 mm/min. Modulus of rupture 
(MOR) and modulus of elasticity (MOE) were determined 
by a three-point bending test in the universal testing machine 
operating with a load cell capacity of 5 kN. A total of ten 
specimens were prepared and tested.

2.3.	 Durability analysis

The durability of sugarcane bagasse and castor oil-based 
two-component polyurethane adhesive particleboards was 
evaluated according to the ASTM D 1037:1996 Standard Test 
Method for Evaluating Properties of Wood-Base Fiber and 
Particle Panel Materials17. The accelerated aging test involves 
the six steps illustrated in Figure 3. Five test specimens were 
prepared with dimensions of 250 × 50 × 10 mm and protected 

with waterproofing (coating) material (castor oil-based 
two‑component polyurethane adhesive) to improve durability. 
After the accelerated aging test, the specimens were stored 
at 65% relative humidity and 20 °C room temperature for 
48 hours before determining their physical and mechanical 
characteristics.

3.	 Results and Discussion
This section presents the results of the physical and 

mechanical characterization of the sugarcane bagasse 
particleboards (treatments T1, T2 and T3). Average 
experimental values of density, water absorption, thickness 
swelling and mechanical properties (MOR, MOE and IB) 
and their coefficients of variation are presented.

The results were compared with those recommended 
by the standards NBR 14810:200616 and ANSI 
A208.1:1993 – Mat‑formed wood particleboard: Specification18. 
This comparison is justified based on the similarity between 
the product developed in this study and wood particleboards.
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3.1.	 Physical properties

One of the obstacles to the use of sugarcane bagasse 
particleboards is their low dimensional stability, which 
stems from their high tendency to absorb water19. Figure 4 
shows the variation in the percentage of water absorption 
(24 hours) for specimens of the three treatments. The 
particleboards produced with 5  mm fibers (T1) showed 
higher water absorption than those prepared with 8  mm 
fibers (T2). This can be explained by the microstructure 
formed between the particles (5 mm and 8 mm) and the 
castor oil-based two-component polyurethane adhesive 
(Figures 10 and 11). Another possible explanation has to 
do with the dispersion of the adhesive among the particles. 
The light area in Figure 10 (T1) depicts a point where there 
is a concentration of adhesive. The particleboard subjected 
to accelerated aging, T3, showed a lower water absorption 
rate after 24 hours than T2. This is most likely because the 
accelerated aging test already exposes specimens to varying 
levels of water content under extreme temperature conditions.

The water absorption rates reached in treatments 
T1, T2 and T3 were lower than the results reported by 

Barros Filho et al.12. The difference in these results is due 
to the castor oil-based polyurethane adhesive used in this 
work and the adhesives evaluated by the aforementioned 
authors (urea formaldehyde and melamine formaldehyde), 
as well as the dimensions of the particles.

The thickness swell tests provided information about the 
bonding conditions of the particleboards after immersion 
in water. In industrial settings, these tests are performed 
systematically for product quality control.

Figure 5 shows the differences in thickness swelling 
after 24 hours of immersion in water. Specimens subjected 
to accelerated aging presented lower values of thickness 
swelling. This is most likely because the accelerated aging 
test already exposes specimens to varying levels of water 
content under extreme temperature conditions. Particleboards 
made of 5 mm fibers (T1) showed higher thickness swelling 
values after 24 hours than those made of 8 mm fibers (T2). 
This result was attributed to the geometry of the particles 
(fibers) and the dispersion and expansion of the adhesive in 
the curing process (Figures 10 and 11). Prolonged soaking 
in water may cause leaching of water-soluble substances, 
and hence, reduction of resistance to decay.

Figure 2. a) Flexural and b) IB testing of sugarcane bagasse particleboard.

Figure 3. Phases of the ASTM D 1037 accelerated aging test.

Figure 4. Water absorption of the sugarcane bagasse particleboard.
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For wood particleboards, the ANSI A208.1:1999 
standard18 establishes a maximum swelling value of 8% after 
24 hours of immersion. In Figure 5, note that the T1, T2 and 
T3 particleboards present higher mean values than those 
established by this standard. However, these values are close 
to those reported by Barros Filho et al.12 and Fiorelli et al.20, 
who evaluated sugarcane particleboards.

Table 2 compares the physical and mechanical properties 
of particleboards with different fiber length (treatments T1 
and T2).

As can be seen in Table 2, the properties WA, TS, MOE, 
and IB of the T1 and T2 particleboards produced with castor 
oil-based polyurethane resin show statistically significant 
differences (p < 0.05). These results indicate that T2 is 
more suitable for the production of sugarcane bagasse and 
castor oil resin particleboards. The T2 particleboard can be 
classified as a high-density material, according to the ANSI 
A208.1:1993 standard18. This classification is important 
since the minimum MOE, MOR, IB and TS values are 
closely related with density.

3.2.	 Mechanical properties

Figure  6 correlates the MOR of the three different 
treatments (T1, T2 and T3). The specimens with different 
particle lengths (T1 and T2) showed higher values of MOR 
than the specimens subjected to the accelerated aging test (T3). 
These values are higher than recommended by the ABNT NBR 
14810:200616 and ANSI A 208.1:199318 standards.

T1 and T2 showed higher MOR values than those reported 
by Battistelle et al.4, Mendes et al.6, Barros Filho et al.12, 
Tabarsa  et  al.23 and results similar to those reported by 
Xu et al.13 and Ashori et al.21, demonstrating that the density 
and the production process used in this study is consistent 
and that castor oil-based two-component resin is a viable 
adhesive material for the manufacture of sugarcane bagasse 
particleboards.

Figure 7 compares the MOE values of different treatments 
(T1, T2 and T3). The T1 and T2 specimens show lower MOE 
values than those that underwent accelerated aging (T3). The 
sugarcane bagasse and adhesive castor oil particleboards (T1 
and T2) clearly possess the minimum MOE requirements 
established by ANSI 208.1:1993 standard.

Figure  8 shows that the T2 specimens presented 
higher IB values than recommended by the ABNT NBR 
14810:200616 and ANSI A. 208.1:199318 standards. These 
values were also higher than the 0.4 MPa reported by 
Battistelli  et  al.4, 0.6 MPa obtained by Okino et  al.2 and 

0.5 MPa present by Barros Filho et al.12, but similar to those 
results reported by Xu et al.13. These results indicate that 
the amount of adhesive employed was suitable in terms 
of IB. The IB analysis could not be conducted on the T3 
particleboard due to the occurrence of degradation after 
accelerated aging.

3.3.	 Durability analysis (T2 and T3)

The durability of the particleboards was evaluated to 
verify the behavior of the material in response to accelerated 

Figure 6. Average values of modulus of rupture.

Figure 7. Average values of modulus of elasticity.

Table 2. Physical and mechanical properties – experimental values.

Treatment
Density  

(kg.cm–3)
WA (24 hours) (%) TS (24 hours) (%) MOR (MPa) MOE (GPa) IB (MPa)

T1 883a 53.2a 42a 21.2a 2.57a 0.34a

CV 7.0 19.9 23.2 10.7 10.0 79.0

T2 947a 20.1b 20b 22.6a 2.85b 1.18b

CV 5.2 13.7 13.7 6.3 7.3 31.3

*Mean values followed by the same letter in the same column do not differ in the Tukey test at a 5% level of significance. *CV = Variation coefficient.

Figure 5. Thickness swelling of sugarcane bagasse particleboard 
after 24 hours of immersion in water.
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aging. According to Lepage25, the main factors that cause the 
degradation of wood subjected to weathering are: moisture, 
sunlight and heat. The accelerated aging test evaluates two 
of these factors (moisture and heat). Table 3 describes the 
physical and mechanical properties of specimens with and 
without aging. It should be noted that the specimens under 
evaluation were protected with waterproofing (coating) 
material (castor oil-based two-component polyurethane 
adhesive) to improve their durability. This waterproofing 
material does not affect the mechanical properties. The 
statistical analysis indicates statistically significant 
differences (p < 0.05) in both physical (WA and TS) and 

mechanical (MOR and MOE) properties. Accelerated aging 
degraded the material, thus reducing its physicomechanical 
properties. T3 presented lower WA, which was attributed 
to the use of the waterproofing material. The durability of 
non-waterproofed specimens was not evaluated because 
the accelerated aging test (ASTM D 1037:1996)17 involves 
six steps (Figure  3), and non-waterproofed particulate 
composites made of agricultural wastes undergo 100% 
degradation. New studies are under way to adapt the 
methodology of the ASTM D 1037:1996 standard to 
particulate composites made of agricultural wastes26.

Figure 9 depicts sugarcane bagasse particleboards after 
accelerated aging. Note that these particleboards show little 
surface degradation. The figure also shows delamination on 
the composites after undergoing the stresses of six soaking, 
freezing, steaming and dry air cycles. This delamination in the 
composite caused an increase in thickness. The aged composite 
showed a higher percentage of water absorption than the 
specimens that were not subjected to accelerated aging.

3.4.	 SEM analysis

Figures 10, 11 and 12 depict SEM micrographs of the 
microstructures of the T1, T2 and T3 specimens, respectively. 
In Figure 11 (T2), under different magnifications, one can 

Figure 8. Average values of Internal Bond (IB). Table  3. Physicomechanical properties  –  experimental 
values – durability analyses.

Treatment
WA  

(24 hours) 
(%)

TS  
(24 

hours) 
(%)

MOR
(MPa)

MOE
(GPa)

T2 20.1a 20a 22.6a 2.85a

CV 13.7 13.7 6.3 7.3

T3 10.4b 14.7b 14.9b 1.53b

CV 10.8 11.2 24.1 11.5

*Mean values followed by the same letter in the same column do not differ 
in the Tukey test at a 5% level of significance. *CV = Variation coefficient.

Figure  9. Modification of the physical behavior of composites 
after accelerated aging.

Figure 10. SEM micrographs of sugarcane bagasse and castor oil resin particleboard (T1): a) 300× magnification, and b) 500× magnification.
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Figure 11. SEM micrographs of sugarcane bagasse and castor oil resin particleboard (T2): a) 200× magnification, and b) 500× magnification.

Figure 12. SEM micrographs of sugarcane bagasse and castor oil resin particleboard (T3) after accelerated aging: a) 150× magnification 
and b) 500× magnification.

see that the resin is dispersed homogeneously among the 
particles, which is essential for the distribution of loads 
among the fibers of composite materials27. Comparing 
these micrographs with those in Figure 10 (T1), (a) and 
(b) under different magnifications, it is clear that the resin 
is not distributed homogeneously among the particles (the 
light areas represent points of adhesive concentration), 
impairing their bond strength. This result was attributed to 
the fiber length (5 mm).

Figure  12 (T3) shows particle degradation and 
disruption after accelerated aging, which directly affected 
the performance of the particleboards, since the particles are 
responsible for bearing the mechanical loads applied on the 
composite material23.

4.	 Conclusions

Sugarcane bagasse, an agroindustrial waste produced 
abundantly in Brazil, is a promising material for the 
manufacture of particleboard. This study presents a new 
alternative for particleboard production in the laboratory 
from sugarcane bagasse particles using castor oil-based 
polyurethane adhesive.

Based on the tests performed in this study, the 
particleboards made of sugarcane bagasse and castor 
oil‑based two-component polyurethane adhesive, using an 
8 mm fiber length and 1.0 g.cm–3 density (T2), presented 
sufficiently satisfactory mechanical properties for use in 
civil and agricultural construction, as well as in homes, farm 
buildings and structural applications.
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which contributes to improve the physical and mechanical 
properties of these particleboards.
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The accelerated aging test indicated that the 
particleboards prepared in this study, whether or not 
coated with waterproofing product, are suitable for use in 
environments with low exposure to moisture.

The SEM micrographs indicated that castor oil-based 
two-component polyurethane adhesive fills the interparticle 
spaces homogeneously when these particles are 8 mm long, 
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