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Abstract: The Amazon region contains numerous areas dedicated to sustainable timber extraction.
This operation has low yields and generates a large amount of waste. However, this waste can
be repurposed for energy generation, providing income for locals and reducing reliance on non-
renewable energy sources prevalent in the region. This study aimed to assess the impact of torrefaction
on various wood residues for briquette production. Wood residues from Mimosa scabrella Benth
(Bracatinga), Dipteryx odorata (Aubl.) Willd. (Cumaru), and Aspidosperma populifolium A.DC. (Peroba
mica) were torrefied at temperatures ranging from 180 to 220 °C for sixty minutes under a nitrogen
atmosphere. Briquettes were produced using laboratory equipment with loading pressures between
7 and 14 MPa. Torrefied particle properties were evaluated based on proximate composition and
calorific value tests, while briquette quality was assessed for physical and mechanical properties. The
results demonstrated the briquetting potential of different wood species before and after torrefaction,
with optimal outcomes achieved by torrefaction at 220 °C due to its enhancement of energy density.
Briquettes showed optimal characteristics at compression pressures of 14 MPa, resulting in increased
density (between 1.10 and 1.24 g-cm~3) and compression strength (between 7.20 and 21.02 MPa). The
ash values were low and met the requirements. The utilization of waste for briquette production
offers a significant alternative for energy generation in economically disadvantaged communities,
while also enabling the replacement of non-renewable energy sources.

Keywords: bioenergy; biomass; heating value; sustainability; torrefaction; wood waste management

1. Introduction

Population growth has increased energy demand, and the global energy matrix needs
to change, as it predominantly relies on non-renewable energy sources that emit greenhouse
gases [1,2]. In this context, it is necessary to increase the use of renewable energies, such as
solar, wind, and biomass [3].

The advantages of utilizing biomass for energy make it an excellent choice as a sus-
tainable energy source. Energy can be produced using various raw materials, such as
wood sawdust, sugarcane bagasse, and coffee and rice husks, among others [4-6]. This pro-
cess exhibits low greenhouse gas emissions while simultaneously generating employment
opportunities and income for local populations.

In Brazil, there have been few studies on the production of energy from waste gener-
ated by native forest management activities. Brazil stands as one of the largest producers
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of tropical roundwood, annually harvesting 81 million m> of logs [7,8]. The processing of
wood derived from sustainable management plans for native forests yields less than 50%,
resulting in large quantities of sawdust that can be used for energy generation [9].

However, the low energy density of the residues generated in wood processing limits
their transportation and utilization for bioenergy [10-12]. To overcome these issues, it
is possible to torrefy and compact biomass. The briquette production process involves
pressing biomass at 120 °C and 80 kgf-cm 2, forming blocks of defined volume with a
greater particle size homogeneity, lower moisture content, and higher density compared
to the raw material [13,14]. Torrefaction for briquette production shows potential for
widely used species cultivated on large plantations in Brazil, such as sugarcane, coffee, and
eucalyptus [11-13]. However, studies on the use of residues from species derived from
native forest management plans have not kept up with demand.

Torrefaction is a thermal process that involves heating biomass to temperatures up
to 300 °C in an oxygen-free environment. This process removes moisture and volatile
compounds, resulting in a dry, energy-dense, and hydrophobic material that is easier to
store, transport, and grind compared to untreated biomass. Torrefied biomass has a higher
calorific value and improved combustion properties, making it an attractive alternative
to coal in power generation [15,16]. Additionally, it reduces the challenges associated
with biomass variability and enhances the efficiency and reliability of biomass energy
systems [17]. By converting raw biomass into a more uniform and stable form, torrefaction
contributes to the optimization of biomass as a renewable energy source, facilitating its
integration into existing energy infrastructures. Torrefaction for 1.2 h at 260 °C increased
the calorific value of oak wood by 20% [15], while torrefaction of spruce wood and grass
and rice husks at 300 °C increased their calorific values by 22.35 and 13%, respectively [17].

The objective of this study was to evaluate the physical, chemical, and energetic
properties of torrefied wood residues of Mimosa scabrella Benth (Bracatinga), Aspidosperma
populifolium (Aubl.) Willd. (Peroba Mica), and Dipteryx odorata A.DC. (Cumaru) and their
use in briquette production.

2. Materials and Methods
2.1. Biomass Characterization

Untreated wood residues of Mimosa scabrella (Bracatinga), Dipteryx odorata (Cumaru),
and Aspidosperma populifolium (Peroba Mica) with dimensions of 60 cm x 7.5cm x 2 cm
(length x width x thickness) that originated from wood sawing processes were supplied
by Indusparquet, a hardwood-floor manufacturing company located in Tieté City, Sao
Paulo State, Brazil (23°06'07" S, 47°42'53"” W). The wood moisture content was reduced to
12%—-15% over a period of three months in a climatic chamber.

The torrefaction process was conducted using a Marconi vacuum oven (Model MA-027).
This oven allows for precise control of temperature, pressure, and atmospheric conditions
(either air or nitrogen). Once the oven reached the predetermined temperature, the samples
were placed inside and torrefied for one hour.

Three temperatures were tested: 180 °C, 200 °C, and 220 °C. To create an inert atmo-
sphere within the oven chamber, the pressure was reduced close to zero using a vacuum
pump. Subsequently, nitrogen was introduced until atmospheric pressure was reached.
The pressure was then kept constant throughout the temperature increase by utilizing a
relief valve.

The samples were conditioned at 20 °C and 65% relative humidity, and a Marconi
climatic chamber (Model MA-835/450UR; Marconi Laboratory Industry, Sdo Paulo, Brazil)
was used to measure the equilibrium moisture content. After stabilizing the sample mass,
it was subjected to oven drying at 103 °C for 24 h and then weighed again. The equilibrium
moisture content was calculated according to Equation (1).

(Wm — DM) x 100

E =
MC Dot

1)
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where

EMC = equilibrium moisture content (%);
Wm = wet mass (g);
Dm = Dry mass of the sample (g).

Then, the samples were ground in a Wiley knife mill with a 2 mm sieve opening, and
the fraction of material retained between the 40- and 60-mesh sieves was used to evaluate
the proximate analysis (fixed carbon, volatile material, and ash) with a higher heating value
in an adiabatic calorimeter pump (Model IKA 300).

2.2. Briquette Properties

For briquette production, heat-treated wood was cut and ground using a Thomas
Wiley Model 4 hammer mill and then sieved. The fraction that passed through a 40-mesh
(0.42 mm) sieve was utilized in the production of briquettes.

Briquettes 32.5 mm in diameter and 17.08 mm in length were produced with 17 g
of wood particles using laboratory equipment (Lippel, Model LB-32, Lippel Laboratory
Industry, Santa Catarina, Brazil) set at 120 °C for 7 min of pressing time and 6 min of cooling
time. Three pressures were tested: 7, 10, and 14 MPa. These pressure and cooling-time
conditions were defined based on preliminary tests to avoid the production of briquettes
with cracks or fissures. Ten briquettes were produced per treatment. The briquetting mass
loss was calculated gravimetrically.

Briquette dimensions were measured with a caliper ruler with 0.01 mm accuracy.
After stabilization at 200 °C and 65% relative humidity (using the Marconi climatic cham-
ber, Model MA-835/450UR) the length, diameter, and mass were redetermined. The
dimensional variations were presented as percentages of the original briquettes. Mois-
ture absorption was obtained gravimetrically by determining the values before and after
conditioning in the climatic chamber.

The apparent density was determined as the ratio between the mass of the briquette
and the volume displaced when immersed in mercury, according to Equation (2).

Da = % (2)

where

Da = apparent density (kg/m?);
M = mass of the briquette (kg);
V = volume (m?3).

The diameters and masses of the briquettes were measured after their production and
cooling. Subsequently, they were conditioned at 20 °C and 65% relative humidity using
a Marconi climatic chamber (Model MA-835/450UR; Sao Paulo, Brazil) to measure the
equilibrium moisture content according to Equation (1).

The diameter return rate was determined according to Equation (3).

where

DRR = diameter return rate (%);
D1 = initial diameter (mm);
D2 = final diameter (mm).

A Universal Testing Machine (Model Losenhausen) was utilized to determine the
compression strength, during which the briquettes were compressed at a continuous
rate of 3.5 mm/min until failure. The maximum load of the briquettes until rupture
was determined according to ISO 11093-9. Ten replicates were used to determine each
test property.
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2.3. Statistical Analysis

The data were submitted to tests for homogeneity of variance (the Bartlett test, 5%
significance) and normality (the Shapiro-Wilk test, 5% significance) prior to variance
analysis. The contrast between the means of the parameters evaluated was determined by
the Tukey test at a 5% significance level.

3. Results
3.1. Biomass Characterization
The torrefaction process reduced the equilibrium moisture content and the volatile

matter content, while it increased the fixed carbon content and higher heating value
(Table 1).

Table 1. Mimosa scabrella Benth (bracatinga), Aspidosperma populifolium A.DC. (Peroba mica), and
Dipteryx odorata (Aubl.) Willd. (Cumaru) wood untreated and heat-treated at 180, 200, and 220 °C.

. Temperature o Volatile Matter Ash Content Fixed Carbon Higher Heating
Species ©0) E.M.C. (%) (%) (%) (%) Value (MJ kg-1)
Untreated 13445 a 85.5%4 a 0.5199 a 14.0°% a 20.13% a
Mimosa scabrella 180 10.23 b 84.843 a 0.7'86 2 14.6*3 b 19.6*7 a
200 9.8%5b 84.8%3 a 0.5205 a 14.8*3b 20.151 a
220 9.8%1p 83.3%8 b 0.6'46 a 16.254 ¢ 20.5*% a
Untreated 10.932 a 86.8%7 a 0.7178 a 12.6%1 a 21431 a
Aspidosperma 180 10.031 ab 85.3%9 b 0.6186 a 14.134 b 21.4°3 a
populifolium 200 10.135 ab 84.748 b 0.8197 a 14.6*0b 21.752a
220 9.5%6 b 83.6%1 ¢ 0.6%21 a 15.847 ¢ 227421
Untreated 11.238 a 84.0°7 a 0.6%0° a 15574 a 21438 3
. 180 9.926 b 81.0%5 b 0.5186a 18.5>7 b 2092 a
Dipteryx odorata
prery 200 9.7%4 1 79.851 ¢ 0.674 19.672 ¢ 21852 a
220 8.9%4 ¢ 79.8%3 ¢ 0.51%4a 19.753 ¢ 21.8>1 a
Means in the vertical followed by the same letter do not differ from each other by the Tukey test at 5% probability.
Values in superscript represent the coefficients of variation.
3.2. Briquette Properties
The quality of the briquettes varied according to wood species, heat treatment, and
compaction pressure (Table 2). The results highlight how briquette quality was a result of a
combination of factors inherent in the wood and the production process. Therefore, the
choice of wood species and process variables should be carefully selected according to the
final objective of the briquettes.
Table 2. Briquette density (g-cm~3), compression resistance, weight loss (%), length expansion (%),
diameter return rate, water absorption (%), and equilibrium moisture content (%) produced with
untreated and heat-treated wood particles at 180, 200, and 220 °C, with three compression pressures
(7,10, and 14 MPa), using Mimosa scabrella Benth (Bragatinga) (1), Aspidosperma populifolium A.DC.
(Peroba Mica) (2), and Dipterix odorata (Aubl.) Willd. (Cumaru) (3).
P Briquette Compression Diameter E . Equiv. Water
Species Temp. (°C) {fgsg; € Density Strength Return Rate xp (ao;‘;' 1on Moisture Absorption
p (kg-m—3) (MPa) (%) ° Content (%) (%)
Unt. 7 1050*° a 6.31%! a 0.9372 a 12,5187 a 10.74%3 a 3573 a
1 180 7 104057 a 8522 b 0.8778 a 7.8884 be 10.10%% a 40055 a
200 7 1050%7 a 7.675% ab 1.1282 2 7.2789 ¢ 8.9953 b 17858 b
220 7 1130°3 a 9.9452 ¢ 0.91%1a 55292 d 8.98%¢ b 1.8456 b
Unt. 10 1060** a 6.48%8 a 0.8078 a 12.3982 a 11.06*8 a 3.75°% a
1 180 10 1120*8 a 8.88%5 b 0.99%0 a 9.7978 b 10.96*7 a 21157 b
200 10 1100*! a 9.31%2 ¢ 0.80%5 a 8.46%8 b 8.89%0 b 2.0253 b
220 10 1060%° a 8.54%3 b 1.06%3 a 8.7879 b 82549 b 2.08>1b
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Table 2. Cont.
Briquette Compression Diameter . Equiv. Water
Species Temp. (°C) P(rls;sufe Density Strength Return Rate Exp(ar;\)s on Moisture Absorption
pa (kg-m~3) (MPa) (%) ° Content (%) (%)
Unt. 14 1100%2 a 720! ab 0.8573 a 11.4384 4 10.0557 a 3.3759 a
1 180 14 111038 a 9.74*5 ¢ 09480 a 9.801%4 b 10.56*% a 3.92*2 4
200 14 122053 b 9.85°0 ¢ 0.8173 a 8.04%7 b 8.90%*6 b 1.6747 b
220 14 1240%9 b 9.28%2 ¢ 0.9378 a 8.3286p 8.84%4 D 2304 b
Unt. 7 104061 a 17.16°>° d 0.68101 p 12.5189 a 10.14%** a 4.11%2a
5 180 7 107052 a 17.87>1 d 0.68°3 b 8.88°9 b 10.10%9 a 4.00%9 a
200 7 1080%8 a 16.6148 d 0.74°8 b 82788 p 8.8246p 3.8551 a
220 7 105067 a 17.29%5 d 0.74%2 b 55273 d 8.59%5 b 21751 p
Unt. 10 1090°2 a 19.9751 e 0.68°1 b 12.3976 a 10.66*1 a 4.75%7 3
2 180 10 1120%! a 19.41%2 e 0.69°%b 9.79’8 b 10.96*3 a 3.474% a
200 10 1130%5 a 19.3553 ¢ 0.65%2b 7.4689 ¢ 8.2450p 2.0238p
220 10 1070%0 a 19.36°0 e 0.70105 p 8.787° b 8.40%° b 1.98%6 b
Unt. 14 1100%8 a 19.26*5 e 0.7089 b 12.4384 3 10.414° a 33731 a
5 180 14 1230%% b 19.9244 ¢ 0.69%1 b 9.808% b 10.26*3 a 3.29%7 a
200 14 123041 b 19.2741 e 0.7285p 7.04%6 ¢ 8.34*2p 22638 b
220 14 1210%*% b 21.0243 £ 0.74%3 b 8.3278 b 8.94%*7 b 2.2436p
Unt. 7 10809 a 7.4951p 0.65%4b 9.0287 b 10.63*8 a 3.83%4a
3 180 7 112073 a 8.68%3 bc 0.56%1 b 51776 d 10.95% a 3.76*% a
200 7 110073 a 9.13%6 ¢ 0.55%2 b 5.9378 4 8.9745 b 1.62%7 b
220 7 112080 a 9.5944 ¢ 0.62>2b 57474 d 6.5032 ¢ 2.01%° b
Unt. 10 118001 a 7.98%3 b 0.57%4b 12.85%5 d 10.9738 a 31743 a
3 180 10 1080%% a 9.8%5 ¢ 0703 b 41487 ¢ 105736 a 2.39% b
200 10 111063 a 9.75%0 ¢ 0.3186 ¢ 34783 ¢ 8.85%2b 1.80%3 b
220 10 114002 a 9.93%1 ¢ 0.43%2 ¢ 38171 e 9.0435 b 19148 b
Unt. 14 1100%° a 79159 b 0.68°3 b 9.80%3 b 10.33% a 3.33%6 3
3 180 14 1160%6 ab 9.9261 ¢ 0.697 b 9.21%4b 10.26>% a 3.29%3 a
200 14 1200%° b 8.65%3 be 0.3187 ¢ 3.1457 ¢ 83731 b 2.36%% b
220 14 1240*6 b 9.48%9 ¢ 0.54%9 ¢ 42473 ¢ 6.1930 ¢ 2.03*1 b

Means in the vertical followed by the same letter do not differ from each other by the Tukey test at 5% probability.
Values in superscript represent the coefficients of variation.

4. Discussion
4.1. Biomass Characterization

The decrease in equilibrium moisture content following heat treatment is primarily
attributable to the degradation of hemicelluloses between 200 °C and 330 °C [18,19]. The
degradation decreases the quantity of hydroxyl groups and the affinity with water, resulting
in lower moisture adsorption from the atmosphere [20,21]. This reduction is beneficial
for energy purposes, as it minimizes the energy loss required to evaporate water from
biomass [22].

Increasing temperature decreased the volatile matter content, increased the fixed
carbon content, and did not alter the ash content in the material of the three analyzed
species. Temperature increase initially degrades polar extractives and hemicelluloses; these
compounds are highly branched and unstable at high temperatures, burning in the form of
gas and are classed as volatile materials [19,23]. The removal of these compounds increases
the proportion of material that burns in solid form, characterized as fixed carbon [24]. These
compounds are mainly derived from lignins, which have high thermal stability due to the
strong bonds that unite their monomers [25]. Therefore, the thermal treatment reduced
the volatile material content by 2.5% to 5% and increased the fixed carbon content by 15%
to 27%. Reductions in volatile material content and increases in fixed carbon contents
are desirable for energy generation, as they result in uniform and prolonged combustion,
improving the quality of materials intended for this purpose.

Ashes consist of non-combustible wood minerals and therefore do not contribute
to energy generation [26,27]. Additionally, they wear out equipment and increase the
generation of waste. The low ash contents found in the three evaluated species—all of which
were below 1%—demonstrate the materials’ quality for energy generation. Ash contents
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increase with temperature in the case of woods subjected to thermal treatment, torrefaction,
and carbonization [28,29]. However, in the evaluated species, these values were not altered
due to the representativeness of the wood ashes and the low temperatures used.

The higher heating value increased by 1.8% to 6% in the analyzed species, with a
greater increase observed for Aspidosperma populifolium (Peroba mica) and Dipteryx odorata
(Cumaru) under thermal treatment at 220 °C. In these species, the thermal treatment
resulted in a more significant reduction in their volatile material contents and a higher
increase in their fixed carbon contents. A rise in heating value due to an increase in fixed
carbon contents and a reduction in volatile material contents has also been reported for
Populus nigra (poplar), Fagus sylvatica (beech), Pinus sylvestris (pine), and Abies pectinata (fir),
indicating that this phenomenon occurs in softwood and hardwood [30].

4.2. Briquette Properties

The density of the materials was not affected by the quality of the raw materials and
increased with pressure. Higher densities were observed for the material treated at 200 °C
for Aspidosperma populifolium (Peroba Mica) and 220 °C for Mimosa scabrella (Bragatinga)
and Dipterix odorata (Cumaru). The degradation of wood components due to temperature
reduces the resistance of the raw material, allowing for greater compaction under pres-
sure, reduced void spaces, increased cohesion among particles, and, consequently, higher
density [31]. The increased density of briquettes enhances the materials’ energy efficiency
and durability while reducing transportation costs, making it desirable in the production
process [32].

The pressure of 14 MPa increased the density of the briquettes produced with torrefied
raw material. An increase in pressure during the production process reduces the volume of
briquettes, increasing their density [33]. In materials that do not undergo torrefaction, the
particles exhibit higher resistance to compression; thus, an increase in pressure does not
manage to increase the density of the briquettes produced [34]. In treated wood, thermal
degradation reduces the material’s resistance to compression, allowing for high-density
values even with a low compaction pressure [35].

The increase in compaction pressure during the production process enhanced the
briquettes” compression resistance and reduced the return rate, as this process minimized
the number of void spaces and increased interaction between sawdust particles [36,37].
Mimosa scabrella wood (Bragatinga) exhibited the lowest compression resistance values
and the highest return rate, which can be attributed to poorer material compaction, as
evidenced by the lower density of the produced briquettes. The most significant increases in
compression resistance with the rise in compaction pressure were observed for Dipterix odor-
ata wood (Cumaru), while briquettes made from Aspidosperma populifolium wood (Peroba
Mica) demonstrated higher compression resistance, irrespective of the thermal treatment
temperature and applied pressure.

The expansion of briquettes produced at a pressure of 7 MPa was higher; the low
pressure applied hindered material compaction, reducing the interaction between particles,
resulting in increased volumes in the final products [38]. This phenomenon is undesirable,
as it leads to a higher generation of fines after the process, making the material susceptible
to breakage during loading and transportation to the end consumer, thereby reducing its
market value or even making its commercialization unfeasible.

The compaction of the material also affected the equilibrium moisture and water ad-
sorption. The use of high pressures resulted in greater material density and a higher amount
of dry matter per unit volume. Consequently, the number of hydrophilic sites increased,
allowing for greater water adsorption and resulting in higher equilibrium moisture contents
in the briquettes [39]. This was confirmed by the lower equilibrium moisture and moisture
contents in the briquettes produced from Mimosa scabrella wood (Bragatinga), which exhib-
ited lower density values across all levels of thermal treatment and compaction pressure.



Forests 2024, 15, 1328 7 of 9

5. Conclusions

The species Mimosa scabrella (Bragatinga), Aspidosperma populifolium (Peroba mica),
and Dipterix odorata (Cumaru) showed potential for briquette production. The biomasses’
torrefaction before the briquette production process improved their quality, reducing their
equilibrium moisture contents by 12.8% to 26.8% and increasing their calorific values and
fixed carbon contents by 1.8% to 6% and 15% to 27%, respectively, when a temperature
of 220 °C was applied. The compaction pressure affected briquette quality; an increase
in compaction pressure resulted in a higher density, compressive strength, equilibrium
moisture content, and water adsorption, while it reduced the expansion and diameter return
rate. The choice of species and production process should be made together, considering
the eventual briquettes’ final use. Based on the density and strength of the briquettes,
we recommend producing briquettes with 14 MPa pressure and torrefaction at 200 °C
for Aspidosperma populifolium (Peroba Mica) and Dipteryx odorata (Cumaru). For Mimosa
scabrella (Bragatinga), we recommend using the material without torrefaction and pressing
it at 14 MPa. The production of briquettes from these species is an important alternative for
generating renewable energy through the processing of residues derived from sustainable
management plans for tropical forests.
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