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ABSTRACT

Background: This study evaluated the technical performance, energy demand, and carbon footprint 
of particleboards produced from Erythrina poeppigiana (Walp.) O.F. Cook wood obtained from 
agroforestry systems, considering different panel densities and structural configurations.

Results:  Panel density significantly influenced both physical properties and environmental 
performance. Single-layer panels showed improved dimensional stability, with thickness swelling 
values below 22%, whereas multilayer panels exceeded this limit. Water absorption ranged from 
40.1 to 78.4%, confirming the high hygroscopicity of the material. Mechanical performance was 
satisfactory, with modulus of elasticity ranging from 2062 to 2654 MPa, while modulus of rupture 
(18.6–23.7 MPa) and internal bond strength (0.49–0.80 MPa) showed no significant differences 
among treatments. In the cradle-to-gate assessment, energy demand ranged from 4649 to 4869 
MJ·m⁻³ and CO₂e emissions from 189.89 to 203.06 kg CO₂e·m⁻³. Lower-density panels showed 
the lowest environmental impacts due to reduced wood and adhesive consumption. Adhesive 
production was the main contributor, accounting for approximately 72–74% of total emissions.

Conclusions: E. poeppigiana wood from agroforestry systems is a viable alternative raw material for 
particleboard production. Panel structure and material efficiency were the main factors controlling 
performance and environmental impacts. High water absorption values (40.1–78.4%) represent 
a critical limitation, compromising dimensional stability and restricting multilayer configurations 
under moisture exposure. Improvements in dimensional stability are still required.

Keywords: Biomass valorization; Cabruca; Carbon footprint; Dimensional stability; Urea–formaldehyde.

HIGHLIGHTS

Single-layer panels showed lower thickness swelling than multilayer panels
MOE varied, while MOR and IB remained stable
Lower density reduced CO₂e emissions by up to 6.5%
UF adhesive accounted for ~72–74% of total emissions
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INTRODUCTION 

Cacao-based agroforestry systems in southern 
Bahia, Brazil, such as the cabruca system, combine 
agricultural production with biodiversity conservation 
and ecosystem services (Gama-Rodrigues et al., 2021). In 
these systems, Erythrina species are commonly used as 
shade trees, regulating microclimatic conditions for cocoa 
cultivation (Gama-Rodrigues et al., 2021). Agroforestry 
systems, however, remain underutilized as sources of 
lignocellulosic raw materials, despite their potential for 
timber production (Piotto et al., 2020).

The valorization of Erythrina poeppigiana as 
a lignocellulosic resource represents an opportunity 
to integrate material use with agroforestry systems, 
contributing to raw material diversification and to the use 
of underutilized biomass, improving resource efficiency in 
wood-based systems (Costa et al., 2024). This perspective 
is relevant considering the Brazilian wood-based panel 
industry, which stands out globally due to its high 
productivity and growing demand (IBÁ, 2025). The sector is 
recognized as a reference in large-scale bioeconomy based 
on renewable resources, yet it remains strongly dependent 
on species of the genus Pinus, which are geographically 
concentrated. This dependence creates potential supply 
constraints and may increase production costs, reinforcing 
the need to investigate alternative lignocellulosic resources 
capable of diversifying the industrial base (Corrêa et al., 
2025; Lourenço et al., 2025).

Among potential alternatives, E. poeppigiana has 
been studied for panel production, particularly in plywood 
and wood-cement systems, demonstrating technical 
feasibility. These applications, however, generally present 
lower mechanical performance, especially in terms of 
stiffness, due to the low density of the material (Farias et al., 
2024; Custódio et al., 2025; Mesquita et al., 2026). However, 
information on the use of this species for particleboard 
(MDP) production remains limited, particularly when both 
technical and environmental performance are considered.

This limitation is associated with the intrinsic 
relationship between wood density and mechanical 
properties, in which lower-density materials tend to exhibit 
reduced modulus of elasticity and strength. Densification 
is a promising strategy to enhance the performance of 
low-density lignocellulosic materials. The process reduces 
voids and increases material density, improving mechanical 
strength, stiffness, and dimensional stability (Cabral et 
al., 2022; Luan et al., 2022). The use of E. poeppigiana in 
particleboard production may therefore overcome its 
natural limitations, as panel densification during pressing 
can improve structural performance.

Considering the use of E. poeppigiana in cocoa 
agroforestry systems in southern Bahia (Gama-Rodrigues 
et al., 2021), its industrial utilization represents a strategic 
opportunity. It may add value to underutilized biomass, 
generate additional income for producers, and promote 
more efficient use of available biomass within these 
systems (Farias et al., 2024; Costa et al., 2024). The rational 

management of shading species can also contribute to 
biodiversity conservation by improving ecological balance.

From an industrial perspective, evaluating both 
technical and environmental performance is essential, 
as improvements in material properties may influence 
energy demand and resource efficiency (Costa et al., 
2024; Mohd Azman et al., 2021). This study evaluated the 
technical feasibility, energy demand, and carbon footprint 
of particleboards produced from E. poeppigiana wood, 
using a cradle-to-gate inventory focused on energy 
consumption and CO₂e emissions. Simplified cradle-to-gate 
environmental inventories focused on energy demand and 
CO₂e emissions have been increasingly applied to wood-
based panels as practical tools for comparing material 
efficiency and identifying opportunities for environmental 
improvement (Costa et al., 2024; Mohd Azman et al., 2021).

Although E. poeppigiana has already been 
investigated for plywood and wood-cement applications, 
studies integrating the technical performance of 
particleboards with simplified environmental indicators 
remain scarce. The main novelty of the present study lies 
in the combined evaluation of panel performance and 
cradle-to-gate environmental indicators (energy demand 
and CO₂e emissions) for particleboards produced from this 
agroforestry species. Recent studies have demonstrated 
that the integration of mechanical performance and 
environmental indicators through LCA can support 
the identification of more eco-efficient materials for 
particleboard production (Gavioli et al., 2025).

Based on this gap, the hypothesis of this study is 
that particleboards produced from E. poeppigiana can 
achieve physical and mechanical properties compatible 
with standard requirements through densification during 
panel pressing, while presenting competitive environmental 
performance in terms of energy demand and CO₂e 
emissions when compared to conventional raw materials.

MATERIAL AND METHODS

Wood Harvesting and Preparation

The trees were harvested at the Jorge Amado 
Campus of the Federal University of Southern Bahia (UFSB), 
located between the coordinates 14°45′11.69″–14°47′6.84″ 
S and 39°14′17.27″–39°12′53.26″ W, within a cocoa-based 
agroforestry system estimated to be over 40 years old. 
E. poeppigiana trees were established vegetatively (from 
cuttings) alongside cacao and banana in the late 1980s, 
at a spacing of 12 × 12 m (approximately 70 trees ha⁻¹). 
Following establishment, the trees were allowed to grow 
freely to provide shade for the cacao. Tree selection was 
carried out randomly; only individuals with diameters 
compatible with veneer lathe processing were considered.

Four E. poeppigiana trees (average diameter of 
approximately 45 cm) were felled and converted into 
six 4-m logs. All material was obtained from the same 
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agroforestry area to ensure consistency. The logs were 
transported by road using a conventional diesel-powered 
truck (two-axle) over a distance of approximately 1698 km, 
from Ilhéus (BA) to the Federal University of Lavras (MG), 
where they were processed.

Wood and Adhesive Characterization

Chemical analyses (lignin, extractives, and ash 
content) were conducted in accordance with NBR 7989 
(ABNT, 2010), NBR 14853 (ABNT, 2010), and NBR 13999 
(ABNT, 2017). Holocellulose content was calculated by 
difference. The basic wood density was determined in 
accordance with ABNT NBR 11941 (ABNT, 2003). Samples 
were obtained from discs collected at breast height (1.3 
m from the ground). From each disc, wedge-shaped 
specimens were prepared to ensure representativeness of 
the cross-section. Four specimens were collected per tree. 
The basic density was calculated for each specimen, and 
the mean value per tree was used for analysis. Results are 
presented as mean ± standard deviation.

A commercial urea–formaldehyde (UF) adhesive 
(Redemite®) was used, acquired from the local market. 
Contact angle, viscosity, and solids content were evaluated 
(three replicates). The wettability of the adhesive was 
assessed through contact angle measurements using 
a goniometer (Krüss GmbH, Germany) coupled with 
ADVANCE software. A droplet of adhesive was deposited 
onto the surface of an E. poeppigiana strand, and the 
sessile drop method was applied to monitor its behavior. 
Image acquisition started immediately after deposition and 
was recorded over a period of 1 s. The contact angle was 
calculated as the mean value obtained within this initial 
time interval. All tests were conducted on strand surfaces 
previously conditioned at 22 ± 2 °C and 65 ± 5% relative 
humidity. Viscosity was determined using a Ford Cup No. 
4 viscometer (ASTM D1200-10, 2018). Solids content was 
determined by drying 1 g of adhesive at 103 ± 3 °C for 3 h.

A urea–formaldehyde (UF) adhesive was used in this 
study, which is widely applied in the industrial production of 
particleboards. The objective was to evaluate the technical 
and environmental performance of the raw material under 
conventional manufacturing conditions. The results may 
support future studies focusing on the use of bio-based or 
low-emission adhesive systems.

Panel Manufacturing

Sliver-type particles were produced in a hammer 
mill and classified between 12 and 40 mesh. Fine particles 
were used for the surface layers and coarse particles for 
the core layer (three-layer panels). The particles were oven-
dried at 80 °C until reaching constant mass, and the final 
moisture content was adjusted to 4%.

UF adhesive was applied in a rotary drum blender 
at 12% for the surface layers and 9% for the core (MDP 
panels). Treatment T4 (conventional particleboard) was 
manufactured as a single-layer panel with 10% UF adhesive.

The mats were formed in a mold (48 × 48 cm) 
at a proportion of 20% top surface, 60% core, and 20% 
bottom surface. Pre-pressing was performed at 4 tons, 
followed by hot pressing (3.92 MPa; 150 °C; 10 min). After 
pressing, panels were conditioned at 22 ± 2 °C and 65 ± 
5% relative humidity.

Four treatments were produced with three replicates 
each. Processing conditions are presented in Table 1.

Table 1: Processing conditions and evaluated treatments.

*T4: Conventional particleboard, single-layer, 10% UF resin.

Treatments Structure
Nominal 
density 
(g·cm⁻³)

Time 
(min)

Temperature 
(°C)

Pressure 
(MPa)

T1 Three-layer 0.75 10 150 3.92
T2 Three-layer 0.72 10 150 3.92
T3 Three-layer 0.69 10 150 3.92
T4* Single-layer 0.75 10 150 3.92

Physical and Mechanical Characterization

After conditioning, the panels were trimmed and 
specimens were prepared for physical and mechanical 
testing. Apparent density, water absorption (WA2h and 
WA24h), thickness swelling (TS2h and TS24h), modulus 
of elasticity (MOE), and modulus of rupture (MOR) were 
determined in accordance with ASTM D1037 (2006).

Six specimens per panel were used for apparent 
density, water absorption, thickness swelling, and 
compaction ratio. For bending properties (MOE and 
MOR), two specimens per panel were tested. Internal bond 
strength (IB) was determined according to ABNT NBR 
14810-2 (ABNT, 2024), using five specimens per panel.

The compaction ratio was calculated as the ratio 
between panel density and wood basic density, according 
to Iwakiri and Trianoski (2020).

The experimental procedure and equipment used 
for particleboard production and characterization are 
presented in Supplementary Figure S1.

Statistical Analysis

Three panels were produced for each treatment, 
and each panel was considered the experimental unit. 
Multiple specimens were obtained from each panel for 
physical and mechanical characterization; however, the 
mean value per panel was used in the statistical analysis to 
avoid pseudo-replication.

The results were subjected to the Shapiro–Wilk 
test to assess normality and the Levene test to verify 
homogeneity of variances, followed by analysis of variance 
(ANOVA). When significant differences were detected, 
Tukey’s test (p < 0.05) was applied. All statistical analyses 
were performed using R software (R Core Team), adopting 
a 95% confidence level.

Inventory Analysis and System Definition

Figure 1 presents a simplified process flow of MDP 
production, including forestry operations and industrial 
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processing stages. The main inputs (timber, adhesive, 
water, and energy) and outputs (emissions to air, water, and 
solid residues) are indicated along the production chain. 
Illustrative schemes were developed with the assistance 
of artificial intelligence tools (ChatGPT, OpenAI) and 
subsequently refined using CorelDRAW software.

The declared unit was 1 m³ of MDP. The system 
boundary was defined as cradle-to-gate, encompassing 
wood extraction from agroforestry systems (AFS) to 
laboratory-scale panel production.

The system boundaries were defined considering 
two main subsystems: forest operations and industrial 
processing (Figure 2). The forest operation subsystem 
(Figure 2A) comprises biomass supply, including harvesting 
and log transportation. The industrial subsystem (Figure 
2B) represents the processing of logs into particleboards 
(MDP), encompassing the main production stages from raw 
material conversion to panel conditioning.

The reference scenario considered the installation of 
an MDP plant in Ilhéus (BA), with a 50-km supply radius. 

Figure 1: MDP production system by subsystem. Illustrative scheme.

Figure 2: System boundaries and process flows for MDP production: (A) Forest operation subsystem, indicating biomass 
supply stages and associated inputs and emissions. (B) Industrial subsystem, detailing the main unit processes, material 
and energy flows, and outputs considered in the system. Illustrative scheme.

Although laboratory production was conducted at the 
Federal University of Lavras (UFLA), the environmental 
inventory considered a hypothetical industrial-scale 
production scenario located in Ilhéus (BA), where the wood 
was harvested from a cocoa-based agroforestry system at 
the UFSB experimental farm. The southern Bahia region was 
considered representative due to the regional availability of 
E. poeppigiana biomass associated with cacao agroforestry 
systems. Transportation distances for input materials are 
presented in Table 2.

Energy Demand and CO₂e Emissions Calculation

Diesel consumption was calculated according 
to Equation 1:

                                                           (1)
where Cdiesel is diesel consumption (L), D is the 

transport distance (km), and fc is the fuel consumption 
factor (L·km⁻¹).
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Table 2. Transport distance of input materials (Brazil)

Table 3: Conversion of fuels into embodied energy.

Table 4: CO₂e emissions and energy demand

Fuel conversion into embodied energy was based 
on the factors presented in Table 3.

Input Material City of Origin Destination City Distance 
(km)

Diesel Consumption 
(L/km)

Total Diesel Con-
sumption (L)

Specific Diesel 
Consumption 

(L/t)
Wood Ilhéus (BA) Ilhéus (BA) 50 0.42 21 0.0014

Urea-formaldehyde São Paulo (SP) Ilhéus (BA) 1697.5 0.42 712.95 0.04753

Unit Diesel oil 
(pure)

Biodiesel Gasoline Anhydrous 
ethanol

MJ·L⁻¹ 35.52 33.16 32.31 22.35
Source: Adapted from GHG Protocol (2022).

Flows Unit
CO₂e 

Emissions 
(kg/unit)

Source
Energy 

Demand 
(MJ/unit)

Wood m³ 0 Planted wood, biogenic CO₂ -

Gasoline L 2.20
Emission factor from the National 
Greenhouse Gas Inventory (top-

down approach)
29.62

Diesel oil L 2.60
Emission factor from the National 
Greenhouse Gas Inventory (top-

down approach)
35.21

ElectricitykWh 0.075

CO₂ emission factor for electricity 
generation in the Brazilian National 
Interconnected System (SIN) – Brasil 
(2019 average). Energy data: Natio-

nal Energy Balance (2018).

4.92

Emission factors for CO₂-equivalent (CO₂e) and energy 
demand used in the calculations are presented in Table 4.

should not be interpreted as a complete life cycle assessment, 
but rather as a partial environmental assessment focused on 
energy demand and CO₂-equivalent emissions.

RESULTS

Wood and Adhesive Properties

The wood presented the following chemical 
composition (mean ± standard deviation): holocellulose (68.43 
± 0.83%), cellulose (43.01 ± 1.53%), lignin (18.91 ± 1.03%), 
extractives (9.54 ± 1.36%), and mineral content (3.12 ± 0.07%).

The basic density of E. poeppigiana was 0.26 g·cm⁻³.
The contact angle results indicate incomplete 

wettability (Table 5). In the present study, the minimum 
internal bond requirements were achieved.

Simplified Cradle-to-Gate Environmental Assessment

A simplified cradle-to-gate environmental 
assessment was conducted following the framework 
proposed by Cabeza et al. (2014), based on system 
boundary definition, inventory analysis, impact assessment, 
and interpretation. In this study, a cradle-to-gate approach 
was adopted, focusing on the quantification of material and 
energy flows associated with particleboard production. The 
assessment was simplified to include only energy demand 
and CO₂-equivalent emissions, without considering 
additional impact categories. Therefore, the present study 

Table 5: Contact angle, viscosity, and solids content of 
the adhesives.

Adhesive Contact Angle 
(°)

Viscosity

(cP)

Solids Content 

(%)
UF 124.23 350–600 63.62

Figure 3: Apparent density (D) and compaction ratio (CR) of particleboards produced under different treatments. Error 
bars represent 95% confidence intervals. Different lowercase letters indicate statistically significant differences among 
treatments according to Tukey’s test (p < 0.05).

Physical and Mechanical Properties of the Panels

Panel density and compaction ratio differed 
significantly among treatments (p < 0.05), as shown in 
Figure 3. Density values ranged from 0.70 to 0.79 g·cm⁻³, 
with T3 presenting the lowest value and T4 the highest. The 
compaction ratio ranged from 2.69 to 2.99. No significant 
difference was observed between T1 and T4, whereas T3 
showed significantly lower values than the other treatments.

Water absorption was significantly affected by 
treatment composition (p < 0.05), as presented in Figure 
4. WA2h ranged from 40.05% to 61.49%, and WA24h 
ranged from 56.45% to 78.44%. T4 showed significantly 
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lower values at both immersion times, while no significant 
differences were observed among T1, T2, and T3.

Thickness swelling also differed significantly among 
treatments (p < 0.05), as shown in Figure 5. TS2h ranged 
from 15.30% to 23.45%, and TS24h ranged from 20.96% 
to 29.72%. For both immersion periods, T4 presented 
significantly lower values than the other treatments, 
whereas T1, T2, and T3 did not differ statistically from 
each other. According to ABNT NBR 14810-2 (2024), for P2 
particleboards with thickness between 13 and 20 mm, the 
maximum TS24h is 22%. Under this criterion, only T4 met 
the normative requirement.

Internal bond strength is presented in Figure 6, 
ranging from 0.49 to 0.80 MPa. No significant differences 
were observed among treatments (p > 0.05). All treatments 
exceeded the minimum requirement of 0.35 MPa 
established by ABNT NBR 14810-2 (2024) for P2 panels with 
thickness between 13 and 20 mm.

Modulus of elasticity and modulus of rupture are 
presented in Figure 7. MOE differed significantly among 
treatments (p < 0.05), with values ranging from 2063 
to 2654 MPa. According to Tukey’s test, the significant 
difference was observed between T2 and T3, while T1 and 
T4 showed intermediate values. MOR ranged from 18.6 to 
23.7 MPa and did not differ significantly among treatments 
(p > 0.05). All treatments met the minimum requirements 
established by ABNT NBR 14810-2 (2024) for P2 panels, 
namely 1600 MPa for MOE and 11 MPa for MOR.

Life Cycle Inventory of the Elementary MDP 
Production Process

To produce 1 m³ of MDP (12 mm thickness), specific 
amounts of wood, adhesive, and energy were required, as 

Figure 4: Water absorption after 2 h (WA2h) and 24 h (WA24h) of particleboards produced under different treatments. Error bars 
represent 95% confidence intervals. Different lowercase letters indicate statistically significant differences among treatments according 
to Tukey’s test (p < 0.05).

Figure 5: Thickness swelling after 2 h (TS2h) and 24 h (TS24h) of particleboards produced under different treatments. Error bars 
represent 95% confidence intervals. Different lowercase letters indicate statistically significant differences among treatments according 
to Tukey’s test (p < 0.05).

Figure 6: Internal bond strength (IB) of particleboards produced 
under different treatments. Error bars represent 95% confidence 
intervals. Different lowercase letters indicate statistically significant 
differences among treatments according to Tukey’s test (p < 
0.05). The dashed line indicates the minimum requirement (0.35 
MPa) established by ABNT NBR 14810-2 (2024).

Table 6: Life Cycle Inventory of the Elementary Production 
Process of MDP.

Inputs Unit Treatments
    T1 T2 T3 T4

Inputs
Wood kg·m⁻³ 361.7 359.5 344.7 375.4

Adhesive kg·m⁻³ 57.5 55.3 52.8 57.1
Energy MJ·m⁻³ 4840.9 4768.9 4649.3 4869.1

Outputs
MDP m³ 1.0 1.0 1.0 1.0

CO₂e (*) kg·m⁻³ 203.1 197.2 189.9 202.7

* Data obtained from Tables 7 and 8.

presented in Table 6. Among the evaluated treatments, 
CO₂e emissions ranged from 189.89 to 203.06 kg 
CO₂e·m⁻³, with the lowest value observed in T3 and the 
highest in T1.
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Table 7: Energy demand of particleboard production 
subsystems, expressed in MJ·m⁻³, for each treatment. The 
system is divided into forest operations and industrial 
processing stages, including all unit processes involved in 
panel production.

Process
Energy (MJ·m⁻³)

T1 T2 T3 T4

Forest operations subsystem

Wood harvesting 6.1 6.1 6.1 6.1
Log transportation 61.6 61.6 61.6 61.6

Total forest operations subsystem 67.8 67.8 67.8 67.8
Industrial subsystem

Log conversion into billets 5.5 5.5 5.5 5.5
Billet cooking 270.5 270.5 270.5 270.5

Debarking and veneer generation 32.6 32.6 32.6 32.6
Drying 273.9 273.9 273.9 273.9

Particle generation (sliver) 300.3 298.5 286.2 311.7
Screen classification 489.4 486.4 466.4 507.9

Gluing 288.6 285.0 272.3 297.7
UF adhesive 1687.9 1624.2 1549.7 1677.1

Pre-pressing - - - -

Hot pressing 1.6 1.6 1.6 1.6

Conditioning 1322.5 1322.5 1322.5 1322.5

Panel trimming 100.5 100.5 100.5 100.5

Total industrial subsystem 4773.1 4701.1 4581.5 4801.3

The life cycle inventory was structured by 
disaggregating the production process into two main 
subsystems: forest operations and industrial processing.

The detailed distribution of energy demand 
among these subsystems is presented in Table 7. Forest 
operations showed constant energy demand across 
treatments (67.75 MJ·m⁻³), whereas variations were 
observed within the industrial subsystem, particularly 
in processes such as particle generation, classification, 
gluing, and adhesive consumption.

The relatively high energy demand attributed to the 
conditioning stage reflects the prolonged environmental 
control required under laboratory-scale conditions. The 

Figure 7: Modulus of elasticity (MOE) and modulus of rupture (MOR) of particleboards produced under different 
treatments. Error bars represent 95% confidence intervals. Different lowercase letters indicate statistically significant 
differences among treatments according to Tukey’s test (p < 0.05).

Energy factors were adapted from Wilson (2010).

panels remained conditioned for approximately 20 days 
under controlled temperature (22 ± 2 °C) and relative 
humidity (65 ± 5% RH), with continuous operation of 
the air-conditioning system throughout the conditioning 
period. In the present study, the total energy consumption 
associated with environmental conditioning was attributed 
to panel production. Laboratory-scale inefficiencies 
associated with small-scale processing and equipment 
operation were not individually quantified in the present 
inventory. Therefore, the environmental results should 
be interpreted as a simplified comparative assessment 
rather than a direct representation of industrial 
production efficiency. 

Similarly, CO₂e emissions were distributed across 
the same subsystems, as shown in Table 8. 

Table 8: CO₂e emissions of particleboard production 
subsystems, expressed in kg CO₂e·m⁻³, for each 
treatment. The system is divided into forest operations 
and industrial processing stages, considering all unit 
processes and associated emissions.

Process
 CO₂e (kg CO₂e·m⁻³)

T1 T2 T3 T4
Forest operations subsystem

Wood harvesting 0.5 0.5 0.5 0.5
Log transportation 4.6 4.6 4.6 4.6

Total forest operations subsystem 5.0 5.0 5.0 5.0
Industrial subsystem

Log conversion into billets 0.4 0.4 0.4 0.4
Billet cooking 4.1 4.1 4.1 4.1

Debarking and veneer generation 0.5 0.5 0.5 0.5
Drying 4.2 4.2 4.2 4.2

Particle generation (sliver) 4.6 4.6 4.4 4.8
Screen classification 7.5 7.4 7.1 7.7

Gluing 4.4 4.3 4.2 4.5
UF adhesive 150.7 145.0 138.4 149.8
Pre-pressing - - - -
Hot pressing 0.0 0.0 0.0 0.0
Conditioning 20.2 20.2 20.2 20.2

Panel trimming 1.5 1.5 1.5 1.5
Total industrial subsystem 198.1 192.2 184.9 197.7

Emission factors adapted from Wilson (2010).
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Forest operations contributed a fixed emission 
value of 5.00 kg CO₂e·m⁻³, while the industrial subsystem 
accounted for the majority of emissions, with noticeable 
differences among treatments due to variations in adhesive 
consumption and processing steps. To facilitate visualization 
and comparison among treatments, the total energy 
demand and CO₂e emissions, as well as their contributions 
from each subsystem, are summarized in Figure 8.

Figure 8: Energy demand (A) and CO₂e emissions (B) of 
particleboard production subsystems for each treatment. 
Bars represent the total values per treatment, partitioned 
into contributions from forest operations, industrial 
processing, and adhesive production.

DISCUSSION

Wood and Adhesive Properties

E. poeppigiana presents a chemical composition 
characterized by high holocellulose content and relevant 
levels of extractives, as reported for this species in 
plywood production studies (Custódio et al., 2025). The 
predominance of holocellulose increases the availability 
of hydroxyl groups, resulting in higher polarity and 
greater affinity for water. This contributes to increased 
hygroscopicity and influences adhesive interaction through 
hydrogen bonding mechanisms.

Extractives also play an important role. In E. 
poeppigiana, they have been associated with reduced 
bonding efficiency due to interference with adhesive 
wetting and spreading (Custódio et al., 2025). This limits 
adhesive penetration and reduces effective contact 
between adhesive and substrate. Similar behavior has 
been observed in adhesive–wood interphases, where 
wetting depends on surface energy and liquid–solid 
interaction (Amin et al., 2024).

The basic density of E. poeppigiana is low (≈0.26–
0.35 g·cm⁻³), resulting in a highly porous structure 
(Custódio et al., 2025). This may favor adhesive penetration 
but increases adhesive demand due to the larger specific 
surface area. When adhesive content is not sufficient to 

cover this surface, bonding quality may be affected. This 
effect is related to the increase in surface-to-volume ratio, 
which reduces the surface-specific adhesive amount when 
particle size decreases (Engehausen et al., 2025).

In the present study, no negative effect of 
viscosity on internal bond was observed. All treatments 
met the minimum requirement, indicating that the 
adhesive system presented an adequate balance 
between flowability and retention. Higher viscosity 
reduces spreading and penetration, while excessive flow 
reduces retention. Adhesive performance depends on 
the balance between these two mechanisms (Iwakiri and 
Trianoski, 2020; Amin et al., 2024).

At the chemical level, the interaction between wood 
and adhesive is influenced by the relative proportion of 
cellulose and lignin. Cellulose favors hydrogen bonding 
due to its high concentration of hydroxyl groups (Klemm et 
al., 2005), while lignin contributes to a more hydrophobic 
character due to its aromatic and heterogeneous structure 
(Lisý et al., 2022). This balance affects wettability and 
bonding performance.

The contact angle is a key parameter to evaluate 
wettability and directly influences adhesive performance. 
Lower contact angle values indicate better spreading 
and penetration. Wood–adhesive interaction involves 
spreading, penetration into pores, and interfacial bonding 
(Amin et al., 2024). In dynamic conditions, a decrease in 
contact angle over time reflects liquid absorption into 
the porous structure.

The effect of particle size must be interpreted 
considering both porosity and adhesive distribution. 
Fine particles reduce porosity, while coarse particles may 
improve mechanical performance depending on structure 
and mixing ratio (Chaydarreh et al., 2022). However, when 
particle size decreases, the increase in specific surface area 
reduces the adhesive available per unit surface, which can 
negatively affect bonding (Engehausen et al., 2025).

Physical and mechanical properties are also 
interrelated. Thickness swelling and water absorption are 
strongly correlated (r = 0.7162), while density shows a 
negative correlation with water absorption (r = −0.7744) 
(Mirindi et al., 2025). This indicates that dimensional 
stability is primarily controlled by water absorption and 
internal structure.

The adhesive system also influences performance. 
Alternative adhesives can modify mechanical behavior and 
emission profile. For example, cardanol-based adhesives 
increased MOE from 764 to 1172 MPa and MOR from 2.45 
to 4.39 MPa, while reducing formaldehyde emission by 
approximately 93% (Faria et al., 2023). These results show 
that bonding performance depends not only on wood 
properties but also on adhesive chemistry.

Physical and Mechanical Properties of the Panels

Physical and mechanical properties are influenced 
by panel density and pressing conditions. Although ABNT 
NBR 14810-2 (ABNT, 2024) does not establish density as 
a classification criterion, the standard defines a tolerance 
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of ±7% relative to the target density. All treatments 
remained within this limit, indicating adequate control of 
panel production.

Panel density plays a central role in board 
performance. Higher density reduces water absorption 
and thickness swelling by decreasing void volume and 
improving particle contact (Iswanto et al., 2025). This effect 
is associated with reduced internal porosity and limited 
water accessibility (Mirindi et al., 2025).

In the present study, density did not act as the 
sole controlling factor. Treatment T3 presented the lowest 
density and compaction ratio, with values approximately 
10% lower than T1 and T4, indicating lower structural 
consolidation. T1, T2, and T4 showed similar density and 
compaction ratio values but markedly different thickness 
swelling behavior. Thickness swelling after 24 h was up to 
41.8% higher in multilayer panels than in the single-layer 
configuration, while water absorption at 24 h increased by 
up to 38.9%. These results indicate that dimensional stability 
was controlled by factors beyond density, particularly 
internal structure and adhesive distribution.

The high compaction ratio is a direct consequence 
of the low basic density of E. poeppigiana, which requires 
greater particle compression during pressing. This reduces 
void volume but increases internal stresses. When exposed 
to moisture, stress release leads to thickness recovery and 
dimensional instability (Luan et al., 2022; Cabral et al., 
2022). The high compressibility of E. poeppigiana can also 
be related to its anatomical structure, which is characterized 
by a high proportion of parenchymatic cells (Mesquita 
et al., 2026). These cells are composed predominantly 
of thin primary walls, resulting in lower mechanical 
resistance and facilitating particle densification during 
pressing. Representative tangential anatomical section 
of E. poeppigiana wood was presented in Supplementary 
Figure S2. This structure also contributes to higher elastic 
recovery when exposed to moisture, which may increase 
thickness swelling.

Performance is better interpreted using type P2 
requirements. ABNT NBR 14810-2 (ABNT, 2024) sets a 
maximum thickness swelling after 24 h (TS24h) of 22%. 
Only T4 met this limit, while the remaining treatments 
exceeded it.

The lower thickness swelling observed for T4 may 
be associated with a more homogeneous distribution of 
particles and adhesive. Since no density profile or adhesive 
distribution analysis was performed, this interpretation 
should be considered as a hypothesis supported by 
the panel configuration and by observations reported 
in the literature. Multilayer panels depend on particle 
classification and controlled deposition. In this study, 
manual deposition likely resulted in non-uniform particle 
distribution, generating local variations in density and 
adhesive content. These variations may have influenced the 
internal structure of the panels and consequently affected 
dimensional stability.

As particle size decreases, the surface-to-volume 
ratio increases, reducing the adhesive available per unit 
surface area (Engehausen et al., 2025). This reduction may 

affect interparticle bonding and panel consolidation. Particle 
geometry also influences porosity and panel performance, 
with finer particles generally reducing porosity but requiring 
greater adhesive availability to ensure adequate bonding 
(Chaydarreh et al., 2022).

According to the literature, bonding performance 
may be influenced by adhesive availability and interfacial 
interactions. Higher binder content improves bonding 
quality and mechanical properties, while insufficient 
coverage creates discontinuities in the bonding network 
(Salim et al., 2024). These discontinuities may facilitate 
water absorption and reduce dimensional stability. Adhesive 
penetration and interfacial interaction also control bonding 
efficiency (Amin et al., 2024).

High water absorption is associated with low density 
and high porosity, which increase water accessibility. This 
relationship is well established, with strong correlation 
between water absorption and thickness swelling (r = 
0.7162) and negative correlation between density and water 
absorption (r = −0.7744) (Mirindi et al., 2025). These results 
indicate that dimensional stability is primarily controlled by 
water absorption and internal structure.

No statistically significant differences were 
observed for internal bond. All treatments exceeded the 
minimum requirement of 0.35 MPa established by ABNT 
NBR 14810-2, indicating adequate bonding quality, despite 
a difference of approximately 62% between the lowest 
and highest mean values.

MOE differed among treatments (p < 0.05), whereas 
MOR did not (p > 0.05). MOE increased by approximately 
20.4% from T3 to T1 and by 7.5% from T3 to T4, indicating 
the influence of structural consolidation on stiffness. 
This relationship is consistent with the strong correlation 
between mechanical properties reported in the literature, 
where MOR–MOE (r = 0.8633) and MOR–IB (r = 0.8063) 
indicate coupled mechanical behavior (Mirindi et al., 2025).

A similar behavior was observed for plywood 
produced from E. poeppigiana, where the incorporation 
of cellulose nanocrystals increased MOE by approximately 
31% (from 4651 to 6076 MPa), while no significant 
changes were observed for MOR (Mesquita et al., 2026). 
This result reinforces that stiffness can be enhanced 
by modifications in the adhesive matrix without a 
proportional increase in strength.

All treatments exceeded the minimum values 
required by ABNT NBR 14810-2 (1600 MPa for MOE and 11 
MPa for MOR for panels with thickness between 1.3 and 20 
mm under dry conditions).

The comparison with literature (Table 9) shows 
that particleboards produced from E. poeppigiana exhibit 
mechanical performance comparable to or higher than 
several alternative raw materials, particularly in terms of MOE 
and MOR. Panels produced from low-density agricultural 
residues tend to present lower mechanical performance 
due to reduced structural integrity and weaker particle–
adhesive interaction (Faria et al., 2023). In that study, MOE 
increased from 764 to 1172 MPa and MOR from 2.45 to 4.39 
MPa with improved adhesive systems.

Panels produced with Eucalyptus urophylla showed 
lower thickness swelling and lower compaction ratios, 
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Table 9: Properties of particleboards from different lignocellulosic raw materials.

Raw material
Raw material 

density 
(g·cm⁻³)

Panel density 
(g·cm⁻³) Compaction ratio TS24h 

(%)
MOE 
(MPa)

MOR 
(MPa)

IB (
MPa)

Erythrina poeppigiana¹ 0.26 0.70–0.79 2.69–2.99 20–29 2063–2654 18–23 0.49–0.80

Sugarcane bagasse² — ~0.68 — ~16 ~2000 ~18 ~0.59

Bean straw residue³ 0.123 0.59–0.61 1.28–1.4 ~20–24 611–1171 1.68–4.3 0.33–0.49

Wood–bamboo hybrid⁴ — 0.45–0.65 — 16–22 2200–4400 17–22 1.4–3.11

Pine³ 0.477 0.61 1.27 28.8 765 2.45 0.32

Eucalyptus urophylla⁵ 0.665 0.74–0.82 1.12–1.24 14–19 1434–2323 6.9–17.9 0.36–0.81

¹ This study; ² Mesquita et al. (2019); ³ Faria et al. (2023); ⁴ Iswanto et al. (2025); ⁵ Souza et al. (2025).

indicating better dimensional stability. The higher compaction 
ratio observed for E. poeppigiana explains the increased 
thickness swelling, despite adequate mechanical performance.

The results indicate that panels produced with E. 
poeppigiana meet mechanical requirements for dry-use 
MDP. Dimensional stability remains the main limitation in 
multilayer configurations. The single-layer panel (T4) met the 
TS24h requirement, highlighting the importance of particle 
distribution, density uniformity, and adhesive balance.

The study evaluated only four trees and three panels 
per treatment, which limits material representativeness and 
statistical power. Density profile, anatomical characterization, 
and adhesive interfacial analyses were not performed. 
Interpretations related to adhesive distribution, internal 
structure, and densification behavior should therefore be 
considered with caution.

Energy Demand and CO₂e Emissions of the 
Elementary MDP Production Process

A The lower energy demand and CO₂e emissions 
observed for T3 are associated with its reduced consumption 
of wood and adhesive per declared unit, whereas T1 and T4 
presented the highest environmental loads. The maximum 
difference in CO₂e emissions among treatments reached 
approximately 6.5%, indicating that variations in material 
consumption directly influenced the environmental profile 
of the panels.

Adhesive consumption was the main driver of 
CO₂e emissions. UF adhesive alone accounted for 138.37 
to 150.72 kg CO₂e·m⁻³, representing approximately 72–
74% of total emissions. For energy demand, UF adhesive 
and conditioning were the most relevant contributors. UF 
adhesive accounted for 1549.68 to 1687.92 MJ·m⁻³ (33–
35%), while conditioning contributed 1322.49 MJ·m⁻³ (27–
28%). Conditioning requires continuous thermal energy for 
moisture stabilization and process control. Hot pressing 

contributed only 1.64 MJ·m⁻³ and 0.025 kg CO₂e·m⁻³, 
reflecting its short duration in the production cycle.

Log transportation contributed 4.55 kg CO₂e·m⁻³ (2–
2.5% of total emissions), while forest operations accounted 
for approximately 5 kg CO₂e·m⁻³. These contributions 
were minor compared to industrial processing. The panel 
manufacturing subsystem dominated the environmental 
profile, accounting for approximately 98% of total energy 
demand and 97–98% of CO₂e emissions.

This pattern is consistent with the LCA of MDP 
production in Brazil (Silva et al., 2013), in which the industrial 
stage accounted for more than 60% of impacts and 
approximately 92% of global warming potential. Electricity 
generation (34%), heavy fuel oil use (27%), and UF resin 
production (25%) together represented about 86% of 
total emissions, confirming the importance of energy and 
adhesive inputs.

The results obtained in the present study (190–203 
kg CO₂e·m⁻³) are lower than those reported by Silva et al. 
(2013) (333.28 kg CO₂e·m⁻³), representing a reduction of 
approximately 39–43%. This difference is associated with 
lower material consumption and differences in energy 
inputs at the experimental scale.

Comparable values were reported in international 
studies. Lao and Chang (2023) estimated cradle-to-gate 
emissions of 348 kg CO₂e·m⁻³ for particleboard produced 
in China, while Puettmann (2022) reported values of 
approximately 351 kg CO₂e·m⁻³ for North American 
production. Compared with these studies, the values 
obtained in the present work are approximately 42–46% 
lower, reinforcing the influence of material efficiency and 
process configuration on environmental performance.

The role of carbon storage in wood-based panels 
should be interpreted with caution. Puettmann (2022) 
showed that carbon stored in wood composite panels 
may exceed cradle-to-gate emissions, while Wilson (2010) 
reported a carbon storage of −1268 kg CO₂e·m⁻³ for MDF. 
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These results highlight the importance of biogenic carbon. 
Direct comparison with the present study is limited by 
differences in product type and system boundaries.

Cangussu et al. (2023) reported global warming 
impacts of 238.79 and 330.95 kg CO₂e for particleboards 
produced with sugarcane bagasse and pine, respectively 
(per ton of raw material). The use of agricultural residues 
reduced impacts by approximately 28%. The authors 
emphasized the influence of system boundaries, allocation 
criteria, and transport distances on the results.

The reduction in environmental impacts observed 
for treatments with lower adhesive consumption agrees 
with previous studies, which show that the selection of 
alternative materials and resins improves eco-efficiency 
(Gavioli et al., 2025).

The environmental profile observed in the present 
study was controlled mainly by adhesive production 
and conditioning energy. Treatment T3 showed the 
lowest environmental burdens due to reduced material 
consumption, whereas T1 and T4 presented higher impacts 
due to greater demand for wood particles and UF adhesive. 
Material efficiency was the main factor controlling the 
differences among treatments.

UF adhesive was identified as the main contributor 
to CO₂e emissions, but the present study did not evaluate 
formaldehyde emissions or toxicity-related impact 
categories (Almeida et al., 2025). The environmental 
implications associated with UF adhesive should therefore 
be interpreted only from the perspective of energy demand 
and carbon footprint.

The use of E. poeppigiana, an exotic species widely 
employed as a shade tree in agroforestry systems, may 
also be associated with management strategies aimed at 
biodiversity enrichment. The selective removal of exotic 
individuals can favor the introduction or regeneration of 
native species, contributing to structural diversification. 
Although this aspect was not evaluated in the present 
study, it represents a potential complementary benefit of 
biomass utilization in agroforestry systems.

CONCLUSIONS

Particleboards produced from E. poeppigiana met 
the minimum mechanical requirements established by ABNT 
NBR 14810-2 (2024), confirming the technical feasibility of 
this species for MDP production. Dimensional stability was 
the main limitation. Thickness swelling exceeded the limit 
for P2 panels in multilayer treatments, whereas the single-
layer panel (T4) met the normative requirement, indicating 
the influence of panel structure on performance. Panel 
density affected both technical and environmental results. 
Lower-density panels required less wood and adhesive, 
resulting in reduced energy demand and CO₂e emissions. 
Adhesive consumption was the main contributor to 
emissions, while the manufacturing subsystem dominated 
the environmental profile. The environmental performance 
observed in this study is directly associated with material 
efficiency and process configuration, particularly the 
use of a urea–formaldehyde adhesive representative of 

conventional industrial practice. Further improvements in 
dimensional stability are required, especially for multilayer 
configurations. The use of E. poeppigiana from agroforestry 
systems represents a viable alternative raw material, 
enabling biomass valorization without additional land-use 
pressure, despite the environmental impacts associated 
with adhesive use.
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Supplementary Figure S1. Experimental procedure and equipment used for particleboard production and 
characterization, including wood processing, particle classification, adhesive application, mat formation, hot pressing, 
specimen preparation, and physical and mechanical testing.

Supplementary Figure S2. Tangential anatomical section of Erythrina poeppigiana wood showing abundant axial 
parenchyma, thin cell walls, and large lumens.


