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ABSTRACT

The use of wood as a bioenergetic source requires knowledge of its technical properties. The rubber tree
Hevea brasiliensis has an economic life cycle of 25 to 30 years in Brazil. It is used for extracting rubber
and generating residual wood for fuel. Our goal was to characterize the wood quality of 10 clonal progenies
as a source of raw material for bioenergy. Ten clonal progenies of 12-year-old Hevea brasiliensis from an
experimental planting in Selviria municipality were evaluated. Three trees per clone were evaluated for in-
dividual properties of Higher Heating Value, immediate chemical analysis, chemical composition, fiber di-
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mensions, thermogravimetric analysis of wood under nitrogen atmosphere and Fourier Transform Infrared
Spectroscopy analysis. We highlight clone IAC 311 for fuel because it presents elevated Higher Heating Value
and fixed carbon and less volatile material. However, the other genetic materials studied also meet the specifi-
cations for energy use and can be highly viable given their physical, chemical, energy, and thermal properties.

Keywords: Raw material, bioenergy, chemical composition, Hevea brasiliensis, Fourier Transform In-
frared Spectroscopy, thermogravimetric biomass, wood density.

INTRODUCTION

The reduction of fossil fuels, especially oil, natural gas and coal, was discussed by Gongalves et al. (2015),
while their substitution by renewable energy sources was suggested by Mehmood ef al. (2017). The generation
of energy through wood can be a good alternative to replace the energy generated by fossil fuels, since it emits
less greenhouse gases in the combustion process, considering that the use of fossil fuels leads to numerous
problems to the environment, which is caused by excess CO, in the atmosphere, including: acid rain, caused
by the reaction between pollutants and water vapor in the atmosphere; gradual decrease of the ozone layer
and water contamination (Skeva et al. 2014). Vegetal biomass can be used to obtain the most varied forms
of energy, whether by direct or indirect conversion. The advantages of using this material as a substitute for
fossil fuels include less atmospheric pollution and the stability of the carbon cycle. Compared to other types of
renewable energy, vegetable biomass stands out for its high energy density and the ease of storage, conversion,
and transport of this material (Saccol et al. 2020).

The internal supply of energy in Brazil consists of 43,5 % of renewable sources, of which biomass
corresponds to 9,8 % Empresa de Pesquisa Energética-EPE (2022). According to data from Brazilian tree
industry (2023), areas with forests planted for industrial purposes in Brazil totaled 9,9 million in 2022 and
contributed 91 % of all wood produced for industrial purposes.

Species and clones of Eucalyptus and Corymbia are widely used as sources of biomass in Brazil (Tenorio
and Moya 2013). However, knowledge of other forest species and clonal progenies, such as Hevea brasiliensis,
can be an alternative to increase the use of forest biomass and reduce dependence on fossil fuels in the energy
matrix, thus contributing to the country’s economic development.

Hevea brasiliensis is an important forest species because its main output is latex, which is responsible
for the fabrication of several synthetic products for industrial use. However, when rubber trees no longer
reach acceptable levels of latex production, which varies between 25 and 30 years of age (Lima et al. 2020),
their exploitation becomes economically unfeasible. Consequently, these trees are felled for reformulation of
planting, and, in general, the wood does not have an adequate destination, other than use as firewood in small
rural locations. No thought has been given to its energetic characteristics for industrial use (Ramos ef al. 2016).

Since 1995, the Brazilian State of Sdo Paulo has established itself as the main rubber producer, repre-
senting half of the country’s production (Brioschi ef al. 2010). The planted area in Brazil has been increasing
significantly, from 159,500 ha to 218,307 ha in 2022 alone (IBA 2023). This increase in the cultivable areas
of the species in Brazil, was due to the potential of the rubber tree species in capturing CO, and other gases
harmful to the environment and the use of the species in agroforestry systems (Satakhun et al. 2019). Thus,
the species has potential for latex extraction, helps to balance the environment, and is a source of renewable
biomass for clean energy production.

According to Ratnasingam et al. (2009), aside from latex, H. brasiliensis produces a large amount of
biomass, an estimated 2,1 m* from each tree at 25 years old with a tree diameter of 40 cm and 20 m in height.
Therefore, it is well past time to consider identifying alternative uses of this biomass, as well as study of this
waste to produce energy, which would help reduce dependence on fossil fuels with implications for the envi-
ronment Bersch et al. (2017).

Wood quality evaluation for energy purposes aims to measure and classify the superior characteristics of
clonal progenies because such evaluation is essential to decision-making in the implementation of reforestation
projects aimed at the use of biomass as an energy source. Wood characteristics provide a way to differentiate
among different clone types (Lima et al. 2011). According to Protésio et al. (2019), the main wood properties
for the selection of energy species are basic density, higher heating value, lignin content, ash contents, fiber
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wood anatomy and thermal behavior.

Among wood properties, basic density is considered one of the most important parameters among physical
wood properties, as it affects most other properties. Its effects, however, are interactive and difficult to assess in
isolation, requiring knowledge of other quality wood properties for the selection of superior clonal genotypes
(Pereira et al. 2016). According to Purba et al. (2021), forest biomass quality for energy production varies
among genetic materials between and within wood, thus it is important to evaluate wood quality to validate its
suitability for use. Scriba ef al. (2021), cite that the study of wood properties among clones with potential em-
ployment in the forestry market is important for the selection and recombination of superior genetic material
from the best individuals with the best quality of the desired technological properties for the establishment of
better-quality plantations for the desired use.

Chemical and anatomical composition of wood is also relevant for energy use. Specifically, when wood
is thermally degraded, it undergoes a transformation process whereby all its primary components, including
cellulose, hemicellulose, and lignin, are drastically altered, in turn affecting its energetic properties (Yu et al.
2017).

The immediate chemical analysis of an energy source provides a profile of volatile material contents,
fixed carbon, and ash (residual material), all of which influence the properties of burning fuel because volatile
constituents burn quickly, and fixed carbon burns slowly (Fernandes et al. 2013). The content of volatile ma-
terials and fixed carbon is causally related to calorific value, increasing the burning time of the energy source.
The content of volatile materials and fixed carbon in wood are interdependent properties since the percentage
of ash thereof is generally low (Silva ef al. 2020).

Thermal stability is an essential consideration when selecting biomass with energy potential. Techniques,
such as thermogravimetric analysis (TGA), make it possible to understand biomass decomposition as a func-
tion of heating in thermochemical conversion processes. Thermogravimetric analysis consists of analyzing
variation of sample mass using a system with controlled temperature and atmosphere. In addition to obtaining
information on composition and thermal stability, this analysis provides an assessment of temperature ranges at
which decomposition is most pronounced (Yeo ef al. 2019). The evaluation of energy properties and efficiency
of material allows the selection of more competitive materials compared to other energy sources.

In this context, our objective was to characterize the quality of the wood from 10 clones of Hevea
brasiliensis, as a source of raw material for bioenergy through the characterization of the anatomical
properties of fiber length and width, physical property basic density of the wood: energy properties through the
characterization of the higher heating value, immediate analysis through the contents of extractives, lignin and
holocellulose. We also evaluated the chemical characterization of the main chemical groups of wood through
FTIR- Fourier Transform Infrared Spectroscopy, and biomass characterization through thermal degradation by
thermogravimetric (TGA) analysis.

MATERIALS AND METHODS

Selection of species and planting

Wood samples were collected from 30 with 12-year-old rubber Hevea brasiliensis (Willd. ex Juss.) Muell.
Arg. trees (Table 1), three of each clonal progeny, in the municipality of Selviria, Mato Grosso do Sul State
(20°20'S, 51°24'W, elevation 350 m). The trial plantation was established in 2006 at a spacing of 3 m x 3 m
from seeds of 10 free-pollinated clones (IAC 40ill., IAC 41ill., IAC 326ill., IAC 311ill., IAC 301ill., IAN
873ill., GTlill, PB 330ill., Fx 2261ill., and RRIM 725ill.). Soil in the experimental area was classified as Red
Latosol with clayey texture (Santos et al. 2006). In 2018, three selected trees of clonal progenies were felled,
and discs 10 cm in thickness from each tree at breast height (1,30 m from the ground) were cut from each tree.
From each disc, samples close to the bark were used to determine HHV, chemical constituents, wood density,
fiber dimensions, thermogravimetric parameters, and properties under Fourier-Transform Infrared Spectros-
copy- FTIR.
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Table 1: Improved population consisting of ten open-pollination progenies.

Clonal Parental

progenies

TAC 40ill. RRIM 608 x AVROS 1279.

TAC 41ill. RRIM 608 (AVROS 33 x Tjir 1) x AVROS 1279 (AVROS 256 x AVROS 374)
TAC 326ill. RRIM 623 (PB 49 x Pil B 84) x Fx 25 (F351 X AVROS 49)
TAC 311ill. AVROS 509 (Pil A 44 x Lun N) x Fx 2 5 (F351 x AVROS 49)
TAC 301ill. RRIM 605 x AVROS 1518.

TAN 873ill. PB86xFB 1717.
GTIilL Primary clone

PB 330ill. PB 5/51 x PB 32/36

Fx 2261ill. F 1619 x AVROS 183.
RRIM 725ill. Fx25 (F351 x AVROS 49)ill.

ill.= illegitimate (progenies obtained from a free-pollination clone).

Determination of chemical and energy properties

Wood was ground in a Wiley knife mill, of metallic steel type, manufactured by the Marconi-
materials company, with the company located in the municipality of Piracicaba, in the state of Sdo Paulo, Bra-
zil, transformed into sawdust, and then sieved with 40-60 mesh to later characterize its chemical and energetic
properties.

Higher heating value

Samples were fragmented into smaller pieces with a hammer and chisel and milled in a micro mill. The
samples, before the determination of the Higher Heating Value (HHV), were dried in greenhouses to determine
the moisture content. To perform the analysis, the isoperibolic method was used with an IKA C200, calorimeter
of the type coated plastic from the company Biovera-Laboratory Equipment and Technical Assistance, with
its company based in Rio de Janeiro, in the state of Rio de Janeiro, Brazil. the methodology adopted for the
determination of the HHV, according to ASTM D5865-98 (2004).

Proximate analysis

Prior to these analyses, the biomasses (all treatments) were dried in an oven at 100 °C for 10 minutes to
get the moisture to 0 %. The determination of ash content was performed according to the standard ASTM
D1102-84 (2013), and the volatile content was determined according to ASTM E872 (1982). Both tests were
done in triplicate. Both standards were adopted, as all material was used for the calculation. The fixed carbon
content was calculated according to Equation 1.

FCC=100—(AC+VC) (1)

Where: FCC= Fixed Carbon Content (%); AC= Ash Content (%); VC= Volatile Content (%).
Chemical assays

To determine extractives (EX) and lignin (LI) contents, TAPPI T204 (2001) and TAPPI T22 (2011) were
used, respectively. The samples were fragmented into smaller pieces with a hammer and chisel and milled
in a micro mill. The resulting powder was sieved through 40 mesh and 60 mesh screens, and the material
retained on the last sieve was used for analysis. The analyses were sequential such that the extractives were
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first removed, then lignin by acid treatment, with holocellulose (HO) content finally calculated. For extractive
contents, extractions were performed in solutions of toluene: alcohol (2:1v:v) and alcohol, at times exceeding
12 hin a Soxhlet extractor. For lignin, extractive-free powder was prepared in several stages with 72 % sulfuric
acid to obtain insoluble and soluble lignin (Cary 100 UV-visible spectrophotometer). Finally, the two lignin
values were added. The content of insoluble lignin (IL) was determined according to Equation 2.

IL :(%j x 100 ()
DW

Where: DW=dry sawdust weight, and DWlig=dry weight of insoluble lignin. Soluble lignin (SL) filtrates
and the blank were read at two wavelengths (215 nm and 280 nm), respectively, using quartz cuvettes.

The soluble lignin (SL) content was determined according to Equation 3.
(4,53(L215—blank )— L280 —blank)

L = (3OODW) x100 (3

Where: DW=dry sawdust weight. Ex and Li were expressed as a percentage (%) of oven-dried weight of
unextracted wood.

After determining the levels of extractives, soluble and insoluble lignin, the holocellulose (HO) content
was calculated according to Equation 4.

HO=(100—(Ex+Li)) (4

Where: Ex=Extractives and Li=Lignin.

To determine each variable, a triplicate was used for each clone of Hevea brasiliensis.

Wood density

Wood density was determined by the ratio between dry mass and saturated volume, according to Brazilian
standard ABNT NBR-11941 (2003).

Fiber analysis

Small pieces were cut from the side of samples, and macerations were prepared according to the modified
Franklin method (Berlyn and Miksche 1976). Modifications resulted from the differences caused by the higher
concentration of hydrogen peroxide used in our study. Macerations were stained with alcoholic safranin and
mounted in a solution of water and glycerin (1:1). Fiber measurements were performed on an Olympus CX
31 microscope equipped with a camera (Olympus Evolt E330) and a computer with image analyzer software
(Image-Pro 6.3). Terminology followed the IAWA list (1989). Fiber length (FL) and fiber wall thickness (FWT)
were evaluated.
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Thermogravimetric analysis (TGA)

Sieved samples consisted of remnants retained in the 30-mesh sieve. Approximately 20 mg of clonal mate-
rial from each progeny was heated from 0 °C to 700 °C at 20 °C/min"! under nitrogen atmosphere, using TGA
55 equipment. The degradation analysis was performed for each thermogravimetric event of rubber tree clones.

From TG curves, mass loss calculations were performed in the following temperature ranges: 50 °C - 100
°C, 100 °C - 250 °C, 250 °C - 400 °C, 400 °C - 600 °C and 600 °C - 700 °C. The residual mass at 700 °C was
also calculated for each clonal progeny of Hevea brasiliensis.

Fourier transform infrared spectroscopy (FTIR)

Sieved samples consisted of remnants retained in the 30-mesh sieve. Approximately 10 mg of the material
were used to read the absorbance spectra using a Perkin Elmer model Spectrum 65 spectrometer in the region
from 500 cm™to 4000 cm!, spectral resolution of 4 cm™ and 32 scans.

Data analysis

Tests of homogeneity and analysis of variance (ANOVA) were performed, and when significant difference
was detected between treatments, the Tukey test was used, at 1 % significance. The data were analyzed with
the statistical software SigmaPlot version 12.

RESULTS AND DISCUSSION

Chemical and energetic properties, basic density and fiber analysis

Table 2 shows the values for the energetic properties for each of 10 rubber clonal progenies. The values
of HHV ranged from18357 kJ-kg' (IAC-301ill.) to 19070 kJ-kg' (IAC-311ill.), fixed carbon from 15,16 %
(IAC-40ill.) to 15,72 % (IAC-311ill.), volatile material from 82,79 % (IAC-311ill.) to 83,92 % (IAC-301ill.),
and ash content from 0,42 % (IAC-311ill.) to 1,49 % (IAC-301ill.). The values oscillated among the different
rubber tree clonal progenies, presenting different values in their energetic and chemical properties.

The values of energy and chemical characteristics, wood density and wood fiber of rubber tree clonal
progenies showed different behaviors. Progenies IAC 311ill., PB 330ill., TAC 41ill., IAC 301ill., and IAN
873ill. presented higher lignin and fixed carbon levels that contributed to HHV (Table 2), thus presenting supe-
rior energy performance compared to other clones. According to Trugilho and Silva (2001), these differences
in energy properties can be associated with chemical composition that can affect the energy characteristics of
biomass.

However, Muzel et al. (2014) reported Brazilian forest species that presented higher HHV and were,
therefore, widely used for energy generation, as noted by the author above. Studying the wood of clones of
Eucalyptus grandis and H. brasiliensis, Telmo and Lousada (2011) reported HHV of 17895 kJ-kg' and 17897
kJ-kg!. Such similarity between these species highlights the wide use of Eucalyptus in Brazil for the genera-
tion of energy.
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Table 2: Comparison among ten 12-year-old rubber tree clonal progenies, according to energetic properties,
chemicals, wood density and fiber analysis.

Clonal
progenies/ . . IAC . . IAN . . . RRIM
Properties TIAC 40ill. [ TAC 41ill. 306ill. AC 311ill. |AC 301ill. 873ill. GTIill. | PB 330ill. [Fx 2261ill. 7251l
HHV (kJ-ke™)| 18895 18827 | 18770 | 19070 18357 18729 18791 18895 18524 18867
ab ab abe a [ abe abc ab be abc
CC (%)
15,16¢ 15,70 a (15,42bc| 15,72a 15,66ab 15,25¢ 15,39bc | 15,61ab 15,27¢ 15,56ab
0,
MM o) 83,75ab | 83,44cd | 83,39d | 82,79 83,92a 83,67b 83,23d 83,55d | 83,65bc 83,69b
AC (%) 1,08b 0,87cd | 0,86¢d | 1,49 0,42a 1,08b 1,38¢ 1,03be 0,74d 0,75d
0,
BECO 8,0a 5,9bc 4,8¢ 7,1ab 6,6b 6,6b 6,8b 7,1ab 6,3b 6,9ab
LC (%) 234 24,0 23,1 245 239 238 225 24,1 21,9 22,9
abed ab abed a abe abc cd ab d bed
HC (%) 68,6 70,1 72,1 68,4 69,56 69,6 70,7 68,3 71,8 70,3
be abc a c be be ab c abc be
JPR)
p bas (g-em 0,423bc 0,440b | 0,495a | 0,429bc 0,404¢ 0,422bc | 0,447b 0,448b 0,452b 0,452b
FL (um) 1025 992 1024 1077 981 1165 1139 1115 1051 1069
be c c abc c a a ab abc abc
FWT (um) 3,0 35 3,0 3,7 2,7 4,3 3,7 32 32 3,8
bed abc cd abc d a abc bed bed ab

ill. = illegitimate (progenies obtained from a free-pollination clone); HHV= Higher heating value; CC = carbon content; VMC = volatile
matter content; AC = ash content; EC = extractives content; LC = lignin content; HC = holocellulose content; pbas = Wood density;
FL= fiber length; FWT = fiber wall thickness. Distinct letters in rows differ statistically (P<0,001) by Tukey’s test.

For decades, HHV of wood for power generation was considered 18830 kJ-kg!'. HHV differences between
clones observed in this study can be explained by the ecological group of the wood (Tan 1989). Among hard-
woods, rubber tree clones have expected HHV of 19089 kJ-kg!. This value was observed in the present study,
which reported values ranging from 18357 kJ-kg! (IAC 301ill.) to 19070 kJ-kg! (IAC 311ill.). Werther et al.
(2000) report an HHV for rubber tree residues of 18410 kJ-kg'. In Brazil, values between 16500 kJ-kg"' and
18000 kJ-kg! are approved for commercial energy uses.

Clones with higher volatile and ash contents had lower HHV, including IAC 301ill. (83,92 %), IAC 40ill.
(83,75 %), RRIM 725ill. (83,69 %), IAN 873ill. (83,67 %), Fx 2261ill. (83,65 %), PB 330ill. (83,55 %),
GT1ill. (83,23 %), IAC 41ill. (83,44 %), and IAC 311ill. (82,79 %), consequently reducing the energy poten-
tial of the fuel. However, fixed carbon content is directly related to calorific power, meaning that a higher fixed
carbon content implies greater resistance to thermal degradation of biomass within the burning apparatus for
power generation (Arantes ef al. 2013).

The highest contents of fixed carbon were found for clonal progenies IAC 311ill. (15,72 %) and IAC 41ill.
(15,70 %). It is said that the percentage of fixed carbon refers to the fraction of coal that burns in the solid state.
Therefore, fuels with high levels of fixed carbon in both clonal progenies are preferable for steel use, owing to
thermal stability and high energy power (Neves ef al. 2011).

Ash content should be in the range of 1 % - 3 % for good energy performance (Schoninger and Zinelli
2012). Thus, the values for this energetic characteristic are within the expected pattern for good energy yield
since ash values ranged from 0,42 % (IAC 301ill.) to 1,49 % (IAC 311ill.).

In Brazil, species of Eucalyptus are widely used for energy production because of their rapid growth
and energetic properties (Jesus et al. 2017). However, recent studies show similarity in energetic properties
between rubber tree clones. Bersh et al. (2018b) characterized Eucalyptus and reported HHV values between
13970 kJ-kg! and 14250 kJ-kg!, volatile materials of 83,17 % - 86,16 %, ash content of 0,57 % - 0,60 %, and
13,27 % - 14,25 % of fixed carbon content. These values show that rubber tree clones share similar and supe-
rior energetic properties, highlighting their use for bioenergy production when compared to Eucalyptus wood.
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According to Paula (2003), wood from clones has higher fiber wall thickness and length, as well as
higher lignin and extractive content. Consequently, this wood is increasingly recommended for energy produc-
tion for its biomass production, resulting in a greater amount of mass per unit of volume and, consequently,
greater energy release capacity. Wood with high lignin content contributes to high gravimetric yield and gives
greater resistance to charcoal thermal degradation since this wood has more condensed structures that degrade at
higher temperatures (Castro et al. 2013, Oliveira et al. 2010).

In this context, clones of higher basic densities present larger dimensions in their anatomical constitution.
This characteristic is not true across the clonal spectrum as clone IAC 301ill. presented lower density and
smaller fiber dimensions. The increase in wood density is followed by an increase of fiber wall thickness and
length (Oliveira et al. 2010), but this was not observed in the present study. IAN 873ill. was taller and wider,
but still had lower density than other clones.

As lignin and extractive content increase, density increases proportionally. Thus, we find an increase in
the energy yield of fixed carbon content and HHV (Dias-Junior ef al. 2015). This premise was not observed
for rubber tree clones IAN 873ill. and IAC 40ill. in that they presented lower wood density, even while their
HHYV and fixed carbon content were higher than those values in other clones. The lower wood density and
HHYV value of IAC 301ill. may be related to the age of the tree and anatomical characteristics of the species
itself (Protasio ef al. 2014).

Basic density is an important property of wood and should be considered for energy use of a given biomass
since that characteristic is causally related to energy production. That is, the higher the density, the greater
the amount of energy stocked per unit volume (Queiroz et al. 2004). It is recommended that wood used as an
energy source should present values above 0,40 kg/cm® of wood density (Alzate et al. 2005), which is con-
firmed for all clones listed in Table 2.

The differences found in energetic properties of wood among H. brasiliensis clones result from the chemi-
cal composition values, fiber dimensions and wood density of the biomass. Studies on other species report that
HHYV is mainly dependent on lignin and extractive content. High levels of lignin favor the energetic properties
of fixed carbon and HHV, which can be attributed to carbon-carbon bonds between monomeric phenyl-propane
units present in lignin, which hinder their decomposition, and to the higher content of carbon of this molecular
component of biomass (Bufalino et al. 2012, Dietenberger and Hausburg 2016).

Holocellulose is considered the most abundant component of the cell wall. However, it is amorphous and
offers no resistance to high temperatures of thermal degradation, hampering its use in energy production be-
cause of its negative interference in biomass energy, HHV and physics properties (Tan and Largervist 2011).
Clones with higher holocellulose levels present lower HHV, specifically IAC 326ill., Fx 2261ill., IAC 41ill.,
and GT1ill.

Energy from biomass is usually obtained through thermochemical technologies, especially combustion.
High ash content is disadvantageous because it decreases the transfer of heat in fuel and increases corrosion
of the equipment used in the process. It also decreases the HHV of biomass (Protasio et al. 2014, Soares et al.
2014).

Only a few studies have reported on the characteristics of wood for energy purposes. For example,
Menucelli et al. (2019) studied 10 clonal progenies of rubber tree and reported characteristics superior to
clones evaluated in the present study, such as fiber length between 1189 um - 1097 um, fiber wall thickness of
4,55 um - 5,13 um, extractive contents between 12,42 % - 16,34 %, lignin content between 27,51 % - 22,47 %,
and wood density from 0,57 kg/cm™to 0,66 kg/cm™. These wood characteristics promoted higher HHV con-
tent between 18592 kJ-kg'and 19757 kJ-kg!, values that could be attributed to differences in genetic material
(Soares et al. 2014).

Fourier transform infrared spectroscopy (FTIR)
Table 3 summarizes the main chemical and functional groups found in the wood of H. brasiliensis clones

according to Tyutkova et al. (2019), being identified by the number of waves of the carboxylic groups: = C-H
(902 cm™), C-O-O (1114 cm™), - C-H (1464 cm™"), C=0 (1743 cm '), C-H (2924 cm ') and O-H (3370 cm ™).
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Table 3: Characteristic bands of infrared spectra (FTIR) for Hevea brasiliensis clones and their respective
functional groups.

Wavenumber (cm™) Functional group Chemical group
902 =C-H Bond oscillation cellulose
1114 C-0-C Bond oscillation cellulose
1464 C-H Bond oscillation in lignin
1743 =0 Unconjugated Keto group
xylan
Bond symmetric
oscillation in aromatic
2924 C-H methoxyl, and methylene
groups of side chains
3370 O-H Valence oscillation in

bond water

One can observe that all clones have a strong absorption band at 1114 cm™ where the lignin present in
wood is located (Schuerch 1989). However, clones IAC 40, GT1, PB 330, IAC 41, RRIM 725, and IAN 873
had higher wavelengths in this spectrum. This could be explained by the chemical structure of wood because
these clones have higher levels of lignin (Table 2) and, hence, higher resistance to thermal degradation of the
material, as characterized by the stretch mode of the O-H combination.

According to Figure 1, the group found at 1743 cm! can be attributed to C=0, indicating the presence of
an acetyl or carboxylic acid group derived from lignin. The high proportion of these chemical groups indicates
an increase in HHV (Table 1). The same behavior was reported by Schuerch (1989).

It was possible to notice a strong striation between bands 1743 cm and 2924 c¢cm!, larger than the other
spectral bands reported. The bands are characterized by strong bonding between hemicellulose and lignin,
which is characterized mainly by C-H, N-H and O-H that are desirable for energy production (Popescu et al.
2011).

At band 3370 cm’, the phenolic groups bonded to hydrogen formed O-H chemical groups (Pandey and
Pitman 2003). This group is responsible for high degradation resistance of the wood, which is dependent on
lignin content, as was possible to observe in this study. Clones with higher lignin levels present higher absorp-
tion spectra, namely IAC 40 and GT1, in the present study (Figure 1).
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Figure 1: Main spectra obtained for Hevea brasiliensis wood clone.
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Thermogravimetric analysis (TGA)

Table 4 shows averages of mass loss of different clonal progenies of Hevea brasiliensis, as a function of
temperature ranges from 50 °C to 700 °C.

Table 4: Mean values of mass loss (%) of different clonal progenies of Hevea brasiliensis as a function of
temperature ranges.

Clonal 50-100 | 100250 | 250-400 | 400-600 | 600-700 | Residual mass *
progenies ®) ‘O O {©) ‘O
TAC 40ill 1,55 3.02 6422 5.90 135 23.96
IAC 41ill. 1,16 2,86 71,39 495 1,19 18,45
IAC326ill. | 1,55 2,57 64,56 5,68 .15 24,49
IAC3ILIL | 171 2.68 66,13 5.62 112 2274
IAC30LIL | 180 3.45 62.12 627 137 24.99
IAN 873l | 144 2.65 66.42 587 167 21.95
GTIIL. 191 2.83 6429 5.96 146 2355
PB 330ill. 237 3.19 63.60 6,66 1,84 2234
Fx 2261ill. 161 281 65,30 6,28 191 22.09
RRIM 7251l | 1.66 3.93 63.14 6.12 1.63 2352
Mean 1,68 3,00 65,11 5,94 147 22.80

* Residual mass, considering the mass of wood absolutely dry (s).

The first two temperature ranges, 50 °C - 100 °C and 100 °C - 250 °C, correspond to drying of wood (Vieira
2019), making an average total of 4,68 % of initial average total loss for clonal progenies of Hevea brasiliensis.

Between 250 °C and 400 °C, an average loss in biomass of 65,11 % was verified. It can be inferred that
most of this lost mass results from degradation of hemicellulose, cellulose, and volatile emissions, as well as
the start of partial lignin decomposition (Lopez-Gonzalez et al. 2013). The maximum rate observed among
clonal progenies of Hevea brasiliensis in this range of degradation refers to the maximum degradation of
cellulose, as this constituent corresponds to 40 % - 45 % of the wood (Pereira ez al. 2013). According to Figure
2, it is possible to observe the mass losses of Hevea brasiliensis clones at different temperatures.
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Figure 2: TG and DTG curves of mass losses for Hevea brasiliensis clones.
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Between 400 and 600 °C, the average mass loss was 5,94 %. According to Shen et al. (2010) for this
temperature range, wood thermal degradation of 5 % to 10 % can be expected, as was observed in Hevea
brasiliensis.

The general average mass loss observed in the 600 °C to 700 °C range was 1,47 %, showing that
hemicelluloses and celluloses were totally degraded and that the observed mass loss refers to lignin in small
proportion since it is a more thermally stable wood component. The absence of a peak of degradation related
to lignin likely results from the fact that its thermal decomposition occurs over a wide temperature range, em-
phasizing that only a fraction decomposes at temperatures below 450 °C, as mentioned by Huang et a/. (2009).

The residual mass refers to total wood that is converted into charcoal at the end of the carbonization
process. Lower residual masses were observed for clones IAC 41ill. (18,45 %) and IAN 873ill. (21,95 %),
but higher residual masses for IAC 326ill. (24,99 %) and IAC 301ill. (24,49 %). The values for other clonal
progenies were close. These differences between residual masses can be explained by the clonal effect of the
species (Vieira 2019).

In Brazil, Eucalyptus clones are widely cultivated for energy production (Ferreira et al. 2017). However, it
was found that clonal progenies of Hevea brasiliensis are more thermally resistant than 12 Eucalyptus clones
studied by Vieira (2019), which obtained an average residual mass of 22,03 %. On the other hand, they are
less thermally resistant to Eucalyptus clones studied by Pereira ef al. (2013), who report residual masses at 7,5
years with values of 25,11 %, these differences being attributed to wood chemical constitution.

CONCLUSIONS

The results found in this work corroborate those of Eucalyptus species used in the generation of energy.
However, clonal progeny IAC 311iil. presented superior characteristics with higher values of calorific value,
fixed carbon and lower content of volatile material.

Through the analysis of wood quality, we identified which programs cloned with lower densities presented
smaller HHV and smaller fiber components, as specifically observed in clonal progeny IAC 301.

FTIR showed functional groups characteristic of wood, including =C-H, C-O-O, -C-H, C=0 and O-H.
They are part of the chemical composition of wood and are suitable for energy production.

Wood thermogravimetric analyses did not show significant variations between clonal progenies since we
were able to distinguish the stages of thermal degradation, especially those associated with hemicelluloses and
cellulose in the range of 250 °C - 400 °C. We observed satisfactory residual mass values for the conversion of
wood to charcoal.

In general, the ten genetic materials of Hevea brasiliensis have biomass suitable for commercial energetic
use and are highly viable owing to their physical, chemical, energy and thermal characteristics.

AUTHORSHIP CONTRIBUTIONS

E. P. A.: Conceptualization, Resources, Data Curation, Funding aquisition, Investigation, Methodology,
Validation, Writing- review & editing; E. L. L.: Conceptualization, Validation, Writing-Original draft, Data
Curation, Software; M. L. M. F.s: Conceptualization, Resources; F. M. Y.i: Conceptualization, Resources; F.
G. D. S. J.: Conceptualization, Resources; M. A. D. M.: Conceptualization; J. C.: Conceptualization; M. L. T.
D. M.: Conceptualization; P. D. S. G.: Conceptualization



Maderas. Ciencia y tecnolog_ Universidad del Bio-Bio

ACKNOWLEDGMENTS

This study was funded by the Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior - Brasil
(CAPES) - Finance Code- 001.

REFERENCES

Alzate, S.B.A.; Tomazello-Filho, M.; Piedade, S.M.S. 2005. Variagao longitudinal da densidade basica
da madeira de clones de Eucalyptus grandis Hill ex Maiden, E. saligna Sm e E. grandis X urophylla. Scientia
Forestalis 68(1): 87-95. https://www.ipef.br/publicacoes/scientia/nr68/cap08.pdf

Arantes, M.D.C.; Trugilho, P.F.; Silva, J.R.M.; Andrade, C.R. 2013. Caracteristicas do carvao de um
clone de Eucalyptus grandis W. Hill ex Maiden x Eucalyptus urophylla S. T. Blake. Cerne 19(3):423-431.
https://doi.org/10.1590/S0104-77602013000300009

ABNT National. 2003. Wood - Determination of wood density. NBR 11941. ABNT: Rio de Janeiro,
Brazil.

ASTM International. 1982. Standard test method for volatile matter in the analysis of particulate wood
fuel. ASTM E872. ASTM: West Conshohocken, PA, USA.

ASTM International. 2013. Standard Test Method for Ash in Wood. ASTM D 1102-84. ASTM: West
Conshohocken, PA, USA.

ASTM International. 2004. Standard test method for gross calorific value of coal and coke. ASTM D
5865-98. ASTM: West Conshohocken, PA, USA.

Berlyn, G.P.; Miksche, J.P. 1976. Botanical microtechnique and cytochemistry. 326p. lowa State Univer-
sity Press: Ames, lowa, USA. ISBN: 9780813802206.

Brioschi, A.P.; Ortolani, A.A.; Bacchiega, A.N.; Martins, A.L.M.; Luca, C.A.; Franchin, C.M.A.P.;
Aratjo, H.C.; Belato, J.; Benesi, J.F.C.; Mattos, M.A.N.; Oliveira Filho, N.L.; Gongalves, P.S.; Furtado,
E.L.; Kronka, F.J.N.; Vieira, M.R. 2010. A cultura de Seringueira para o estado de Sao Paulo. 182p. Ma-
nual técnico, 72. https://www.cati.sp.gov.br/portal/themes/unify/arquivos/produtos-e-servicos/acervo-tecnico/
Manual%20T%C3%A9¢cnic0%2072%20-%20A%20CULTURA%20DA%20SERINGUEIRA%20PARA %20
0%20ESTADO%20DE%20S%C3%830%20PAULO.pdf

Bufalino, L.; Protassio, T.P.; Couto, A.M.; Nassur, O.A.C.; de S4, V.A.; Trugilho, P.F.; Mendes, L.M.
2012. Caracterizagdo quimica e energética para aproveitamento da madeira de costaneira ¢ desbaste de cedro
australiano. Pesquisa Florestal Brasileira 32(70): 129-121. https://pfb.cnpf.embrapa.br/pfb/index.php/pfb/ar-
ticle/view/356

Bersch, A.P.; Brun, E.J.; Pereira, F.A.; Silva, D.A.; de Barba, Y.R.; Dorini Junior, J.R. 2017. Carac-
terizagdo energética da madeira de trés materiais genéticos de Eucalyptus sp. Revista Floresta 48(1): 87-92.
http://dx.doi.org/10.5380/rf.v4811.51673

Castro, J.F.; Parra, C.; Yaiiez, S.M.; Rojas, J.; Teixeira, R.M.; Baeza,J.; Freer, J. 2013. Optimal pre-
treatment of Eucalyptus globulus by hydrothermolysis and alkaline extraction for microbial production of eth-
anol and xylitol. Industrial & Engineering Chemistry Research 52(16): 5713-5720. https://dx.doi.org/10.1021/
1e301859x

Dias-Junior, A.F.; de Andrade, A.M.; Soares, V.W.; Silva da Costa Junior, D.; Ferreira, D.H.A.A.;

dos Santos Leles, P.S. 2015. Potencial energético de sete materiais genéticos de Eucalyptus cultivados no
estado do Rio de Janeiro. Scientia Forestalis 43(108): 833-843. https://dx.doi.org/10.18671/scifor.v43n108.8



Wood quality of ten clonal progenies of rubber tree..: Amorim et al. _Iogl’a 2023 (25)2 28, 1-16

Dietenberger, M.; Hasburgh, L. 2016. Wood products thermal degradation and fire. Reference Mod-
ule in Materials Science and Materials Engineering 1(1):1-7. http://dx. doi.org/10.1016/B978-0-12-803581-
8.03338-5.

Empresa de Pesquisa Energética. EPE. 2022. Matriz Energética e Elétrica. https://www.epe.gov.br/pt/
abcdenergia/matriz-energetica-e-eletrica

Fernandes, E.R.K.; Marangoni, C.; Souza, O.; Sellin, N. 2013. Thermochemical characteriza-
tion of banana leaves as a potential energy source. Energy Conversion and Management 75(1): 603-608.
https://doi.org/10.1016/j.enconman.2013.08.008

Ferreira, M.C.; Santos, R.C.; Castro, R.V.O.; Carneiro, A.C.O.; Silva, G.G.C.; Castro, A.F.N.M.;
Costa, S.E.L.; Pimenta, A.S. 2017. Biomass and energy production at short rotation Eucalyptus clon-
al plantations deployed in Rio Grande do Norte. Revista Arvore 41(5): 1-7. https://doi.org/10.1590/1806-
90882017000500004

Gongalves, B.; Dustin, T.; Oladiram, F.; Bijay, T.; Tom, G. 2015. Influence of bark on the physical
and thermal decomposition properties of short- rotation Eucalyptus. BioEnergy Research 8: 1414-1423.
https://doi.org/10.1007/s12155-015-9606-1

Huang, C.; Han, L.; Yang, Z.; Liu, X. 2009. Ultimate analysis and heating value prediction of straw by near
infrared spectroscopy. Waste Management 29(6): 1793-1797. https://doi.org/10.1016/j.wasman.2008.11.027

Inddstria Brasileira de Arvores. IBA. 2023. Anudrio estatistico da IBA: ano base 2022, 2023.
https://iba.org/datafiles/publicacoes/relatorios/iba-relatorioanual2019.pdf

International Association of Wood Anatomists. IAWA. 1989. List of microscopic features for hard-
wood identification, with an appendix on non-anatomical information. JAWA Bulletin 10(3): 219-332. https://
www.lawawebsite.org/uploads/soft/Abstracts/IAWA%201ist%200f%20microscopic%20features%20for%20
hardwood%?20identification.pdf

Jesus, M.S.; Costa, L.J.; Ferreira, J.C.; Freitas, F.P.; Santos, L.C.; Rocha, MLF.V. 2017. Caracteriza-
¢do energética de diferentes espécies de Eucalyptus. Revista Floresta 47(1): 11-16. http://dx.doi.org/10.5380/
rf.v4711.48418

Lima, E.A.; Silva, H.D.; Lavoranti, O.J. 2011. Caracterizagdo dendroenergética de arvores de Eucalyp-
tus benthamii. PFB 31(65): 9-17. https://ptb.cnpf.embrapa.br/pfb/index.php/pfb/article/view/192

Lima, LL.; Bergarmo, R.; Bermudez, K.R.; Moraes, M.L.T.; Garcia, J.N. 2020. Caracterizagdo
das propriedades mecénicas da madeira de clones de Hevea brasiliensis (Will.Ex.Adri). Scientia Forestalis
48(125): 1-12. https://doi.org/10.18671/scifor.v48n125.04

Lopez-Gonzalez, D.; Fernandez-Lopez, M.; Valverde, J.L.; Sanchez-Silva, L. 2013. Thermogravi-
metric-mass spectrometric analysis on combustion of lignocellulosic biomass. Bioresource Technology 143(1):
562-574. https://doi.org/10.1016/j.biortech.2013.06.052

Mehmood, M.A.; Ibraim, M.; Rashid, V.; Nawaz, M.; Ali, S.; Hussain, A.; Gull, M. 2017. Bio-
mass production for bioenergy using marginal lands. Sustainable Production and Consumption 9(1): 1-62.
https://doi.org/10.1016/j.spc.2016.08.003

Menucelli, J.R.; Amorim, E.P.; Freitas, M.L.M.; Zanata, M.; Cambuim, J.; Moraes, M.L.T.; Yamaji,
F.M.; Silva-Junior, F.G.; Longui, E.L. 2019. Potential of Hevea brasiliensis Clones, Eucalyptus pellita and
Eucalyptus tereticornis Wood as Raw Materials for Bioenergy Based on Higher Heating Value. BioEnergy
Research 14(9): 992-999. https://doi.org/10.1007/s12155-019-10041-6

Muzel, S.D.; Oliveira, K.A.; Hansted, F.A.S.; Prates, G.A.; Goveia, D. 2014. Wood calorific power

from Eucalyptus grandis and Hevea brasiliensis species. Revista Brasileira de Engenharia de Biossistemas
8(2): 166-172. https://seer.tupa.unesp.br/index.php/BIOENG/article/view/191/0



Maderas. Ciencia y tecnolog_ Universidad del Bio-Bio

Neves, T.A.; Protasio, T.P.; Couto, A.M.; Trugilho, P.F.; Silva, V.O.; Vieira, C.M.M.O. 2011. Avalia-
¢do de clones de Eucalyptus em diferentes locais visando a produgdo de carvdo vegetal. Pesquisa Florestal
Brasileira 31(68): 319-330. https://doi.org/10.4336/2011.pfb.31.68.319

Oliveira, A.C.; Carneiro, A.C.0.; Vital, B.R.; Almeida, W.; Pereira, B.L.C.; Cardoso, M.T. 2010.
Parametros de qualidade da madeira e do carvdo vegetal de Eucalyptus pelitta F. Muell. Scientia Forestalis
38(87): 431-439. https://www.ipef.br/publicacoes/scientia/nr87/cap10.pdf

Pandey, K.K.; Pitman, A.J. 2003. FTIR studies of the changes in wood chemistry following de-
cay by brown-rot and white-rot fungi. International Biodeterioration & Biodegradation 52(1): 151-160.
http://dx.doi.org/10.1016/S0964-8305(03)00052-0

Paula, N.F. 2003. Caracteriza¢ao anatomica da madeira de sete espécies da Amazonia com vistas a pro-
ducdo de energia e papel. Acta Amazonica 33(2): 243-262. http://dx.doi.org/10.1590/1809-4392200332262

Pereira, B.L.C.; Carneiro, A.C.O.; Carvalho, A.M.M.L.; Trugilho, P.F.; Melo, I.C.N.; Oliveira, A.C.
2013. Estudo da degradagdo térmica da madeira de Eucalyptus através de termogravimétrica e calorimétrica.
Revista Arvore 37(3): 567-576. https://doi.org/10.1590/S0100-67622013000300020

Pereira, B.L.C.; Carvalho, A.M.M.L.; Oliveira, A.C.; Santos, L.C.; Carneiro, A. de C.O.;
Magalhaes, M.A. 2016. Efeito da carboniza¢@o da madeira na estrutura anatdmica e densidade do carvao ve-
getal de Eucalyptus. Ciencia Florestal 26(2): 545-557. http://doi.org/10.5902/1980509822755

Popescu, M.C.; Popescu, C.M.; Lisa, G.; Sakata, Y. 2011. Evaluation of morphological and chemical
aspects of different wood species by spectroscopy and termal methods. Journal of Molecular Structure 988(1-
3): 65-67. http://dx.doi.org/10.1016/j.molstruc.2010.12.004

Protasio, T.P.; Neves, T.A.; Reis, A.A.; Trugilho, P.F. 2014. Efeito daidade e clone na qualidade da madeira
visando a producdo de bioenergia. Ciencia Florestal 24(2):465-477. http://dx.doi.org/10.5902/1980509814587

Protasio, T.P.; Scatolino, M.V.; Aratjo, A.C.C.; Oliveira, A.F.C.F.; Figueiredo, I.C.R.; Assis, M.R.;
Trugilho, P.F. 2019. Assessing proximate composition, extractive concentration and lignin quality to deter-
mine appropriate parameters for selection of superior Eucalyptus firewood. BioEnergy Research 12(1): 626-
641. http://doi.org/10.1007/s12155-019-10004-x

Purba, B.A.V.; Sunarti, S.; Lukmandaru, G. 2021. Phenolics content and antioxidant activity of
wood extractives from three clones of acacia hybrid (Acacia mangium % acacia auriculiformis. Maderas.
Ciencia y Tecnologia 23: ¢28. http://doi.org/10.4067/s0718-221x2021000100428

Queiroz, S.C.S.; Gomide, J.S.; Colodette, J.L.; Oliveira, R.C. 2004. Influéncia da densidade basica da
madeira na qualidade da polpa Kraft de clones hibridos de Eucalyptus grandis W. Huel ex Maiden x Eucalyptus
urophylla S.T. Blake. Revista Arvore 28(6): 901-909. http://dx.doi.org/10.1590/S0100-67622004000600016

Ramos, L.M.A.; Latorraca, J.V.F.; Castor Neto, T.; Martins, L.S.; Severo, E.T.D. 2016. Anatomical
Characterization of tension wood in Hevea brasiliensis (Will.ex.A.Juss.). Mull. Arg. Revista Arvore
40(6): 1099-1107. https://doi.org/10.1590/0100-67622016000600016

Ratnasingam, J.; Grohmann, R.; Scholz, F. 2009. Drying quality of rubberwood: an industrial perspec-
tive. European Journal of Wood and Wood Products 68(1): 115-116. https://doi.org/10.1007/s00107-009-
0353-x

Saccol, A.F.O.; Welter, C.A.; da Rosa, R.C.; Coldebella, R.; Longhi, S.J.; Farias, J.A.; Pe-
drazzi, C. 2020. Aproveitamento da biomassa florestal na fabricagdo de briquetes. Matéria 25(2):1-9.
https://doi.org/10.1590/S1517-707620200002.1034

Santos, H.D.; Jacomine, P.K.T.; Anjos, L.D.; Oliveira, V.D.; Oliveira, J.D.; Coelho, M.R.;
Lumbreras, J.F.; Cunha, T.D. 2006. Sistema brasileiro de classificagao de solos. Embrapa. Centro Nacional
de Pesquisa de Solos: Rio de Janeiro, RJ, Brazil. https://www.agrolink.com.br/downloads/sistema-brasileiro-
-de-classificacao-dos-s0los2006.pdf



Wood quality of ten clonal progenies of rubber tree..: Amorim et al. _Iogl’a 2023 (25)2 28, 1-16

Satakhun, D.; Chayawat, C.; Sathornkich, J.; Phattaralerphong, J.; Chantuma, P.; Thaler, P.; Gay,
F.; Nouvellon, Y.; Kasemsap, P. 2019. Carbon sequestration potential of rubber-tree plantation in Thailand.
1OP Conference Series: Materials Science and Engineering 526: 1-5. ¢012036. https://doi.org/10.1088/1757-
899X/526/1/012036

Schuerch, C. 1989. Cellulose and wood chemistry and technology. John Wiley & Sons Inc: New York,
USA. 1638p. ISBN 0-471-51256-7

Scriba, C.; Lunguleasa, A.; Salca, E.; Ciobanu, V. 2021. Properties of biomass obtained from short-ro-
tation Inger willow clone grown on a contaminated and non-contaminated land. Maderas. Ciencia y Tecnolo-
gia 23: el4. https://doi.org/10.4067/s0718-221x2021000100414

Shen, R.; Gu, S.; Bridgwater, A.V. 2010. The thermal performance of the polysaccaharides extracted
from hardwood: cellulose and hemicellulose. Carbohydrate Polymers 82(1): 39-42. https://doi.org/10.1016/j.
carbpol.2010.04.018

Schoninger, E.C.; Zinelli, M.R. 2012. Analise qualitativa dos carvoes de Apuleia leiocarpa ¢ Hymenaea
courbaril produzidos numa carvoaria de Matupa-MT. Revista de Ciencias Agro-Ambientais 10(2): 135-140.
http://www.unemat.br/revistas/rcaa/docs/vol10-2/1 _modelo artigo rcaa v10n2a2012 elizabeth.pdf

SigmaPlot. 2013. SigmaPlot. Exact Graphs and Data Analysis. version 12. http://www.systat.de/PDFs/
SigmaPlot12 Brochure E.pdf

Silva, S.B.; Arantes, M.D.C.; Andrade, J.B.; Andrade, C.R.; Carneiro, A.C.O.; Protasio, T.P. 2020.
Influence of physical and chemical compositions on the properties and energy use of lignocellulosic biomass
pellets in Brazil. Renewable Energy 147(1): 1870-1879. http://doi.org/10.1016/j.renene.2019.09.131

Skeva, T.; Swinton, S.M.; Hayden, N.J. 2014. What type of landowner would supply marginal land for
energy energy crops. Biomass and Bioenergy 67: 252-259. https://doi.org/10.1016/j.biombioe.2014.05.011

Soares, V.C.; Bianchi, M.L.; Trugilho, P.F.; Pereira, A.J.; Hofler, J. 2014. Correlagdo entre as
propriedades da madeira ¢ do carvdao vegetal de hibridos de eucalipto. Revista Arvore 38(3):543-549.
http://dx.doi.org/10.1590/S0100-67622014000300017

Tan, A.G. 1989. Pyrolysis of rubberwood-a laboratory study. Journal of Tropical Forest Science 1(3):
244-254. https://www.jstor.org/stable/43594579

Tan, Z.; Lagerlvist, A. 2011. Phosphorus recovery from the biomass ash: a review. Renewable and Sustain-
able Energy Reviews 15(8): 3588-3602. https://doi.org/10.1016/j.rser.2011.05.016

Technical Association of the Pulp and Paper Industry. TAPPI. 2001. Solvent extractives of wood and
pulp. TAPPIL. T204 om-88. TAPPI Standard Method: Atlanta, USA.

Technical Association of the Pulp and Paper Industry. TAPPI. 2011. Acid- Insoluble lignin in wood in
pulp. TAPPI. T22 om11. TAPPI Standard Method: Atlanta, USA.

Telmo, C.; Lousada, J. 2011. Heating values of wood pellets from different species. Biomass and Bioen-
ergy 35(7): 2634-2639.https://doi.org/10.1016/j.biombioe.2011.02.043

Tenorio, C.; Moya, R. 2013. Thermogravimetric characteristics, its relation witch extractives and chem-
ical properties and combustion characteristics of ten fast-growth species in Costa Rica. Thermochimica Acta
563: 12-21. https://doi.org/10.1016/j.tca.2013.04.005

Trugilho, P.F.; Silva, D.A. 2001. Influéncia da temperatura final de carbonizagdo nas caracteristi-
cas fisicas e quimicas do carvao vegetal de jatoba (Hymenea courbaril L.). Scientia Agraria 2(1): 45-53.
http://dx.doi.org/10.5380/rsa.v2i1.976



Maderas. Ciencia y tecnol_ Universidad del Bio-Bio

Tyutkova, E.A.; Loskutov, S.R.; Shestakov, N.P. 2019. FTIR spectroscopy of early and latewood of
Larix gmelnii growing along the polar treeline: the correlation between absorption bands and climatic factors.
Wood Material Science & Engineering 14: 1-9. https://doi.org/10.1080/17480272.2018.1562495

Vieira, T.A.S. 2019. Qualidade e combustibilidade da madeira de clones de Eucalyptus spp. Thesis, Uni-
versity Federal of Lavras: Minas Gerais, Brazil. http://repositorio.ufla.br/handle/1/65

Werther, J.; Saenger, M.; Hartge, E.U.; Ogada, T.; Siagi, Z. 2000. Combustion of agricultural residues.
Progress in Energy and Combustion Science 26(1): 1-27. https://doi.org/10.1016/S0360-1285(99)00005-2

Yeo, J.Y.; Chin, B.L.F.; Tan, J.K.; Loh, Y.S. 2019. Comparative studies on the pyrolysis of cellu-
lose, hemicellulose, and lignin based on combined kinetics. Journal of the Energy Institute 92(1): 27-37.
https://doi.org/10.1016/j.joei.2017.12.003

Yu, J.; Paterson, N.; Blamey, J.; Millan, M. 2017. Cellulose, xylan and lignin interactions during pyrol-
ysis of lignocellulosic biomass. Fuel 191(1): 140-149. https://dx.doi.org/10.1016/j.fuel.2016.11.057



