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Abstract
The effects of the blends of charcoal fines and Schizolobium parahyba var. amazonicum (paricá) wood on the briquette quality
and on the combustibility of this solid biofuel is not fully understood, especially from fast-growing plantations with Amazonian
tree species. In addition, this paper presents new information about the occurrence of inorganic elements that may contribute to
increase the emission of toxic compounds in the combustion of paricá wood, for example, Cl. Thus, this study evaluated the
composition of charcoal and S. parahyba var. amazonicum wood for briquettes, investigating the occurrence of inorganic
elements responsible for the toxic organochlorine contaminants. Different formulations between charcoal and S. parahyba var.
amazonicum wood were analyzed and later compacted in a laboratory briquetting machine with temperature of 90 °C and
pressure of 5 MPa. The chemical and elemental composition of S. parahyba var. amazonicum wood was determined using X-
ray fluorescence spectrometry (μ-XRF). The briquettes produced were tested for bulk and energy densities, proximate compo-
sition, heating value, equilibrium moisture, and resistance to diametral compression. S. parahyba var. amazonicum wood had
chlorine levels below the recommended by international standards for solid biofuel intended for non-industrial use (< 300 mg
kg−1). S. parahyba var. amazonicum, despite being a fast-growing species, has ideal chemical characteristics for energy purposes
(Cl, S, and ashes). The most suitable briquettes were those produced with 50% of charcoal and 50% of S. parahyba var.
amazonicum wood. This solid biofuel showed higher heating value of 22.74 MJ kg−1 and ash content of 2.65% db.
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Introduction

Searches for clean and sustainable alternative forms of energy
generation have been intensified and discussed worldwide,
especially the conversion of biomass to solid, liquid, and

gaseous fuels. Recent research has shown that biomass energy
conversion is one of the few proven, cost-effective and avail-
able technologies that can reduce CO2 emissions [1]. These
investigations are based on the impacts on climate change
caused mainly by the use of fossil fuels [2]. The need for
renewable and clean sources, especially those from lignocel-
lulosic biomass, has been ratified in every environmental and
global commitment, such as those established at COP 21, held
in Paris in 2015. Improved energy efficiency and technologi-
cal innovation can contribute significantly to reducing the
emissions of greenhouse gases-GHG [2]. Noteworthy are the
innovations regarding the sustainable use of lignocellulosic
wastes for bioenergetics purpose [3]. What is observed in
most countries, especially in developing countries, is the gen-
eration of many wastes from agricultural and forest biomass
and improper storage. The lack of waste management can
generate serious environmental problems. Moreover,
Martinez et al. [4] reported that waste management is often
considered a problem due to high costs associated with
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disposal and transport. Therefore, better definitions of recov-
ery and utilization of these residues have been investigated.

The production of compacted solid fuels is a practice that
has been widely studied and employed as a way to use ligno-
cellulosic wastes, as a source of renewable energy [5]. These
compressed fuels have as the main advantage a higher energy
concentration per volume unit [5, 6]. In addition, they are free
of various toxic compounds such as sulfur and heavy metals.
The biomass briquetting process is already known and, basi-
cally, there are no obstacles to be overcome regarding its ap-
plication for compaction of various clean and renewable raw
materials [7]. Recently, researchers have evaluated the com-
patibility between the types of binder (organic or inorganic)
and raw biomass in the physical, chemical, mechanical, and
energy properties of briquettes [5, 8]. However, when char-
coal is involved, there is a need for research aimed at its best
use, especially charcoal fines, because agglomeration without
the use of binders is very difficult. Brazil is the world’s largest
producer and consumer of charcoal in the world. In 2017, the
country produced approximately 5.24 million tons of this in-
put [9]. It is estimated that the amount of fines can represent up
to 16% of the total charcoal produced [10]. Despite this large
generation of fines, it is difficult to compact them because,
after the pyrolysis process, the concentration of natural bind-
ing agents is virtually eliminated and artificial binders need to
be used [11]. While facilitating the compaction of charcoal
fines, the addition of these binders increases the cost of pro-
duction, can impact briquette quality, and contribute to the
emission of undesirable toxic compounds during combustion.

Currently, research on briquettes made of lignocellulosic
raw material aims to evaluate the performance of these solid
fuels produced with coniferous woods [12], with eucalyptus
bark [13] and with mixtures of lignocellulosic wastes and
wood [6]. There is scarce research seeking to identify green,
sustainable, and clean raw materials that result in reduced
emissions of toxic compounds (PAHs, organochlorines, and
sulfur oxides) during combustion in order to meet internation-
ally standardized technical regulations and quality standards.
This would culminate in the appreciation of products in the
export market and the promotion of management policies that
direct the obtaining of contaminant-free raw material for the
production of briquettes. The wood of Schizolobium parahyba
var. amazonicum (paricá) is widely used in the industry due to
its technological properties and fast growth (up to 35 m3 ha−1

year−1), falling within the same annual growth range of Pinus
species, for example [14, 15]. Another advantage is that this
species can be planted in combination with other types of
crops such as corn and soybeans, or with pasture [16, 17],
and has low-density wood [15], facilitating the compaction
process. Recently, Sette Júnior et al. [18] evaluated the poten-
tial of incorporating the bark of S. parahyba var. amazonicum
and Eucalyptus urophylla wood for energy purposes. The au-
thors reported that E. urophylla had better physical

characteristics and lower ash content than S. parahyba var.
amazonicum, being the most suitable species at 3 years old
for energy purposes. However, they did not evaluate the emis-
sions of toxic compounds from briquette combustion pro-
duced by S. parahyba var. amazonicum wood, for example
organochlorines.

Importantly, there is a difficulty in obtaining lignocellulos-
ic biomass produced in tropical regions that contain chlorine
and other inorganic contents [19] allowed by European stan-
dards such as ENplus certification for non-industrial use [20].
Brazil is a country that couldmeet the global biomass demand,
due to its climate and vast lands, but its most studied and most
potential biomass, eucalyptus, has chlorine contents of up to
0.32% db [21], that is, up to eleven times more than allowed
for industrial use, which is 0.03% [22]. Thus, the objectives of
this research were to analyze blends of charcoal fines and
Schizolobium parahyba var. amazonicum wood for briquette
production and to investigate the occurrence of inorganic ele-
ments that may contribute to the emission of toxic contami-
nant compounds from combustion.

Material and Methods

Preparation and Characterization of Raw Materials

The research investigated charcoal fines, considered wastes
from wood pyrolysis, and sawdust from the wood of
Schizolobium parahyba var. amazonicum, popularly known
in Brazil as “paricá.” The charcoal fines were collected after
pyrolysis of Eucalyptus spp. firewood in a surface masonry
furnace at 500 °C. The charcoal fines were carefully removed
from the oven to avoid mixing with the soil. The charcoal
fines and wood particles were ground in a Wiley knife mill
and then sieved for homogenization through 40-mesh sieves
(0.420 mm). The biomass and charcoal fines particles were
experimentally defined from preliminary tests aimed at the
production of briquettes with the best compaction. Despite
the differences between the sizes of biomass particles, used
in briquette production, reported in the literature [13, 18, 23],
all raw material < 1 mm is classified as fine [13]. According to
Olugbade et al. [5], fine particles strengthen the bonds be-
tween the raw materials and improve the mechanical property
of the briquettes. The sawdust from S. parahyba var.
amazonicum wood was obtained by grinding discs of three
different diameter classes (15, 19, and 23 cm) collected from
28 trees of a 7-year-old plantation, located in Pará State, north-
ern Brazil. Moreover, the sampling followed the diametric
distribution of the forest, and these are the representative di-
ameters of fast-growing plantations of S. parahyba var.
amazonicum.

After milling and sieving, the wastes were individually
homogenized and the blends were characterized. The
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chemical composition (extractives contents and lignin) was
determined in the S. parahyba var. amazonicum wood saw-
dust based on the standards of the Technical Association of
the Pulp and Paper Industry [24, 25]. The levels of total ex-
tracts were determined by dissolution in a Soxhlet apparatus,
for 6 h, using a mixture of organic solvents (Merck), toluene,
and ethyl alcohol in a 2:1 ratio. Then, the material was washed
in hot water. To determine the Klason lignin content,
extractive-free samples were digested in 72% sulfuric acid
(Merck), refluxing for 4 h. Then, the material was left to rest
for sedimentation of the residues.

The moisture content of the blends (charcoal fines and
sawdust from S. parahyba var. amazonicumwood) was deter-
mined according to the standard of the American Society for
Testing and Materials D1762-84 [26], which was also used to
determine the proximate composition: volatile matter, ash,
and fixed carbon content. The higher heating value (HHV)
of charcoal fines and sawdust from S. parahyba var.
amazonicum wood was determined on an IKA C500® calo-
rimeter (LabControl, São Paulo-Brazil) based on [27]. The
lower heating value (LHV) was determined based on the hy-
drogen content using Equation 1 according to the guidelines
described in EN 14918 [28].

LHV ¼ HHV−206*H ð1Þ
where: LHV = lower heating value (kJ kg−1), HHV = higher
heating value (kJ kg−1), and H = hydrogen content (%).

The determination of the net heating value (NHV) consid-
ered the moisture content of the wood and blends according to
the guidelines described in EN 14918 (Equation 2) [28].

NHV ¼ HHV−206*Hð Þ � 1−0:01*Mwbð Þ½ �− 23:05*Mwbð Þ
ð2Þ

where: NHV = net heating value at constant volume (kJ kg−1);
H = hydrogen content, dry basis (%); LHV = lower heating
value (kJ kg−1); Mwb = moisture, wet basis (%).

Energy density was calculated from the product between
the net heating value (NHV) and bulk density of the wood and
blends, before compaction [13]. The bulk density of raw ma-
terials was calculated through weight on a scale (0.001 g) and
volume in a container (beaker) of 50 ml, that is, similar to the
procedures adopted by Sette Júnior et al. [18]. The materials
were previously conditioned until equilibrium moisture was
reached.

Analysis of Elements in S. parahyba var. amazonicum
Important for Combustion

Bark-to-bark linear scanning was performed to qualitatively
analyze the elements in S. parahyba var. amazonicumwood in
three different diameter classes (15, 19, and 23 cm). The ele-
ments Cl, Ca, and K were evaluated because they are directly

related to the formation of organochlorines and ashes, com-
pounds that are toxic to the environment and human health.
Analyses were performed on a benchtop μ-XRF spectrometer
(Orbis PC EDAX, USA), equipped with an Rh anode and a
30-mm2 silicon drift detector. Recording settings were made
to optimize detection of Cl and light elements, as follows:
voltage of 25 kV; amperage of 500 μA; 100 s per point; with
32 points per line; X-ray beam size of 30 μm; Al 25 filter;
vacuum (< 0.5 Torr); and dead time less than 10%.

Element quantification was performed using the funda-
mental parameter method and a Shimadzu® benchtop spec-
trometer (EDX-720, Kyoto, Japan) operating with an Rh (50
W) and Si (Li) tube detector. Certified reference materials
(CRM) were used to verify the accuracy of quantitative results
(NIST 1515 and 1547 powder). The same conditions were
used to detect in wood samples and for CRM spectra. With
operating conditions set at 15 kV voltage, automatic amperage
control ranging up to 100 μA, dead time less than 30%, 300 s
for the recording time. Al filter (diameter not specified by
Shimadzu company), 5-mm collimator, and under vacuum
conditions below 30 Pa.

Production and Evaluation of Briquettes

The blends presented in Table 1 were proposed, aiming to
investigate the limits within which the briquettes had satisfac-
tory characteristics for the subsequent tests. In this research,
the production of briquettes from blends of charcoal fines and
wood was performed without organic or inorganic additives.
Thus, the authors have chosen to use only three amounts of
charcoal fines (0%, 25%, and 50% wt). For more than 50%
charcoal fines, it is necessary to use binders for briquette pro-
duction. Thus, the blends used in this research made it possi-
ble to analyze the effect of the maximum inclusion of charcoal
fines in the mixture with wood on the energy, physical, chem-
ical and mechanical performance of the briquettes.

Based on the scientific literature, pilot compaction tests
were performed at two different temperatures (60 and 90
°C), for two different compaction times (5 and 7 min) [13,
18], and 5-MPa compaction pressure [5]. Preliminary tests
are important due to the unique characteristics of this research
(production of briquettes from blends of charcoal fines and
wood, without organic or inorganic additives). Due to the best
compaction results, temperature of 90 °C, compaction time of
5 min, cooling time of 7 min, and pressure of 5 MPa were
adopted in the process. The compaction time of 5 min was
adopted by Sette Júnior et al. [13] and Sette Júnior et al. [18]
for briquette production from eucalyptus and S. parahyba bio-
masses. The briquetting of the blends presented in Table 1 was
performed inside a cylindrical metal mold (10 cm length,
3.2 cm diameter, and 80.42 cm3 volume), made of stainless
steel, from a Lippel LB 32 laboratory briquetting machine. For
each briquette, 7.5, 12, and 15 g of wood (T0), 75%
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wood/25% charcoal fines (T25), and 50%wood/50% charcoal
fines (T50), respectively, were used. Thus, the briquettes pro-
duced had approximately 24 mm in length and 32.6 mm in
diameter, after reaching equilibrium. For the preparation of
each briquette, the total volume of the mold was filled with
the homogenized mixtures for each treatment (Table 1). After
pressing, the briquettes were air-dried until they reached equi-
librium with the environment, evidenced by constant mass
measurements. After reaching equilibrium, oven drying was
performed at 105 ± 2 °C to determine the moisture content of
each of the proposed treatments. In general, this temperature is
used for drying rawmaterial to determine the moisture content
[26].

The bulk density of the briquettes was determined by the
ratio of mass and volume calculated based on the averages of
the two measurements of diameter and length, according to
Sette Júnior et al. [13]. The energy density of the briquettes
was calculated from the product between the net heating value
(NHV) and bulk density of these solid biofuels [13]. The NHV
was obtained according to procedure used for the raw material
before compaction (see Preparation and Characterization of
Raw Materials topic), but considering the moisture of the bri-
quettes. The briquette diametral compressive strength tests
were carried out on EMIC Universal Testing Machine; model
DL 10000 N/S 8622, with a capacity of 100 kN, adopting the
values of the maximum breaking force (kgf). The procedures
adopted followed the recommendations of Furtado et al. [29].
A 10-ton load cell was used, with the load being applied to the
briquette diametral side until it ruptured.

Data Analysis

Data were subjected to Shapiro-Wilk test to check for normal-
ity. The analysis of variance was performed following a
completely randomized design, with the blends representing
the independent variables and five replicates for each property
analyzed in raw material and briquettes. When significant dif-
ferences were identified, Tukey’s multiple means comparison
test was performed. The tests were performed at 95% proba-
bility level. The completely randomized design was adopted
due to the homogenization of the raw material characteristics,
as the charcoal fines and wood particles were ground in a knife

mill and then sieved. Moreover, there was standardization of
laboratory procedures for briquette production, justifying the
experimental design used for data analysis and interpretation.
Recently, Sette Júnior et al. [18] used the completely random-
ized design for evaluation of the physico-mechanical and en-
ergy characteristics of E. urophylla and S. parahyba bri-
quettes. Linear regression models were fitted to verify the
effect of the addition of charcoal fines on the properties of
the blends. Standard errors of the mean were calculated and
presented to better understand the confidence interval obtain-
ed for each variable studied.

Results and Discussion

Characteristics of Raw Materials

The wood of S. parahyba var. amazonicum had lignin and
extractives contents considered adequate for energy use, being
21.11 ± 1.01% db and 1.53 ± 0.12% db, respectively. When
compared with other species commonly used for energy gen-
eration, such as Eucalyptus and Pinus, the values are consid-
ered low for lignin and extractives content. Menucelli et al.
[30] reported values of lignin ≥ 32.10% db and extractives ≥
15.70% db for E. tereticornis and E. pellita woods. The au-
thors affirmed that woods with the greatest potential for
bioenergy use would be those with comparatively higher ex-
tractives and lignin contents, but lower holocellulose contents.
Lignin is the main constituent to be observed in the energy use
of biomass, as it is directly related to the heating value.
Specifically, for briquetting, it promotes the phenomenon of
“creep” as a natural binder, allowing better compaction, as it
softens during briquetting and begins its plasticization. This
phenomenon is beneficial for briquette production, resulting
in better mechanical strength. In addition, despite the low
proportion of extractives in the S. parahyba var. amazonicum
wood, these secondary components can directly influence the
combustibility and thermal stability of the raw material [31].
Therefore, extractives should not be neglected in studies on
biomass for bioenergy purposes. The results of the proximate
composition of the blends are reported in Table 2.

Table 1 Blends composition
Identification Composition (% on wet basis) Blend used for briquette production

Charcoal Wood

T0 0% 100% Yes

T25 25% 75% Yes

T50 50% 50% Yes

T100 100% 0% Not
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As the charcoal contents increased, there was an increase in
the equilibrium moisture content of the biomass compositions
for the production of briquettes. The fact that charcoal is high-
ly porous, and consequently hygroscopic, gave these charac-
teristics to the compositions [32]. In the briquetting process,
the recommended moisture of the raw material is between 5
and 10%, depending on temperature [33], in order to contrib-
ute to the reduction of friction within the press mold and favor
the compaction of the materials involved. Moisture content
should be observed in solid fuels as it can compromise the
available heat energy during combustion [34].

Volatile matter content increased in compositions with
higher contents of S. parahyba var. amazonicum wood.
Pyrolysis causes intense thermal degradation of wood chem-
ical constituents and decrease of volatile matter content, con-
centrating carbon. In general, carbonized materials tend to
have lower values of volatile matter due to thermal degrada-
tion in the absence of oxygen. Thus, the increase of the
S. parahyba var. amazonicum wood in briquettes produced
with charcoal fines increases the flammability and facilitates
ignition. In general, the ignition time of the briquettes is up to
10 min, depending on their chemical composition [5].
However, briquettes with higher density and lower porosity,
associated with higher fixed carbon content, can have difficul-
ty for thermal degradation and ignition [35]. Thus, the simul-
taneous analysis of physical and chemical characteristics of
the solid biofuel should be performed. According to Protásio
et al. [31], volatile matter/fixed carbon relative proportions are
essential for recommending biomasses for heat generation
since they influence the combustibility and ease the biofuel
ignition. Easy wood combustion at lower temperatures occurs
with the increase in volatile matter/fixed carbon ratio.

The ash content obtained in the charcoal fines can be con-
sidered high, compared to those reported in the literature for
Eucalyptus spp. charcoal, usually values < 1% [10]. Soil con-
taminationmay have occurred as the samples of charcoal fines
were collected from pyrolysis processes in a surface masonry
furnace where they are in direct contact with soil, which has
mineral elements (e.g., Ca, K, Mg) that after incineration re-
sult in ashes [35, 36]. Vassilev et al. [37] and Vassilev and
Vassileva [38] affirmed that the ashes formed during biomass

combustion results in some key technological problems (fu-
sion, slagging, agglomeration, sintering, or corrosion prob-
lems of boilers) and important environmental risks (volatiliza-
tion and water leaching of hazardous elements). Thus, empha-
sis should be given to the low ash content in treatments with
larger proportions of S. parahyba var. amazonicum wood.
This indicates that the wood studied is a suitable raw material
for energy use, because at the end of a combustion process, the
ashes generated will result in fewer problems with fouling [39,
40]. Based on the recommendations of the European Standard
EN 1860-2 [41], the ash contents of all studied blends are
considered suitable for domestic use.

Note that, with the addition of charcoal fines, there was an
increase of fixed carbon in the compositions. Pyrolysis is pre-
cisely intended to concentrate carbon, so the addition of char-
coal is a way to increase the heating value of solid fuels.
Moreover, the literature mentions that, to some extent, heating
value increases as the fixed carbon content increases [42, 43].
The contents of volatile matter, ash, and fixed carbon found
for S. parahyba var. amazonicum wood were close to the
values found by Freitas et al. [23], which were 85.8%, 0.5%,
and 13.7%, respectively. As the charcoal fines content was
increased in the blends, the bulk and energy densities of the
compositions increased (Figs. 1 and 2). This is explained by
the fact that the bulk density and heating value of charcoal
fines are higher than those of S. parahyba var. amazonicum
wood. In addition, the inclusion of the charcoal fines in mix-
ture with wood particles can enable the use of residual bio-
mass due to the increase in energy density. Thus, milling is a
simple alternative for waste management and energy valori-
zation of biomass and by-products of pyrolysis.

The bulk density presented by Freitas et al. [23] for sawdust
of S. parahyba var. amazonicum wood was 158 kg m−3,
higher than that found in this research (93 kg m−3 Fig. 1).
This result can be explained by the different particle sizes
used. These authors used the particles that were retained be-
tween the 40-mesh and 60-mesh sieves, whereas the present
study used those that were retained on an 18-mesh sieve, a
considerably larger particle size. We know that smaller parti-
cle sizes promote better accommodation between particles
during the compaction process. Although wood density is

Table 2 Proximate composition
of blends of charcoal fines and
S. parahyba var. amazonicum
wood

Identification Composition M (% wt) VM (% db) A (% db) FC (% db)

T0 100% wood 6.50d ± 0.03 78.46a ± 0.16 0.61c ± 0.01 20.93d ± 0.17

T25 25% charcoal fines
—75% wood

7.26cb ± 0.06 58.63b ± 1.26 1.92c ± 0.23 39.45c ± 1.03

T50 50% charcoal fines
—50% wood

7.67b ± 0.11 44.76c ± 2.84 2.65b ± 0.30 52.59b ± 2.55

T100 100% charcoal fines 8.49a ± 0.01 7.11d ± 0.63 6.63a ± 0.71 86.26a ± 1.35

M, moisture (wet basis); VM, volatile matter content (dry basis); A, ash content (dry basis); FC, fixed carbon
content (dry basis). Means followed by the same letters do not differ significantly by the Tukey test (p > 0.05).
Values with the respective standard errors of the means
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considered relatively low, briquetting compensates for energy
density through compaction [4, 6], making it possible, espe-
cially if the biomass has other interesting characteristics for
briquettes, such as high lignin content, higher calorific value,
and low chlorine and sulfur contents.

In the evaluation of heating values (HHV, LHV, and
NHV), an increase was observed with the increase in the per-
centage of charcoal fines in the blends (Fig. 3). The higher
heating value found for sawdust of S. parahyba var.
amazonicum wood was 16.21 MJ kg−1, lower than that men-
tioned by Vidaurre et al. [14], which was 19.46 MJ kg−1. This
is justified by the influence of the chemical composition, es-
pecially lignin and extractives, which influence the calorific
value [44].

Compared with S. parahyba var. amazonicum wood, the
addition of 25% of charcoal fines in the blend composition

(T25) resulted in a significant increase in energy density (1.28
to 2.28 GJ m−3), equivalent to an increase of 78% (Fig. 4).
This effect is related to the fixed carbon content (39.45%),
which is almost double that of S. parahyba var. amazonicum
wood (20.93%).

The μ-XRF technique applied in the transect of
Schizolobium parahyba var. amazonicum showed the pres-
ence of Cl, K, and Ca elements (Table 3). The intensities of
the elements (cps) varied, and the intensity is directly propor-
tional to the concentration of the elements in the wood, due to
a linear relationship between both. In the analyzed wood, it
was possible to observe a stable distribution for chlorine in
pith-to-bark direction. The lowest potassium (K) intensities
were found in the pith, with the highest records after the initial
growth period. Calcium (Ca) was found to be more intense in
the pith and remained relatively stable with lower

Fig. 3 Effect of the addition of charcoal fines in mixture with wood on
the increase of the heating values. The error bars for both properties
represent the standard deviation

Fig. 2 Relationship between the charcoal fines percentage, in mixture
with wood, and the increase of energy density. The error bars represent
the standard deviation

Fig. 1 Relationship between the charcoal fines percentage, in mixture
with wood, and the increase of bulk density. The error bars represent
the standard deviation
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concentrations in the other transect regions. The lowest chlo-
rine content was found in the largest diameter class (Table 3),
and the lowest classes had the highest concentration. The oth-
er elements investigated showed no significant difference be-
tween the diameter classes.

For briquette production, chlorine concentrations are
below the standard required by the European Union (EU)
and ISO 17225-4 [45] considering all diameter classes in-
vestigated. Most countries regulate limits for the produc-
tion of biomass to allow the operation of systems to pro-
duce solid fuels, meeting internal and external demands
through exports. The EU, for example, has a uniform cer-
tification system for domestic solid fuels [20] and industri-
al use ISO 17225-4 [45]. These mechanisms aim to stan-
dardize the quality of the certification system for solid
wood fuels in the energy market according to gaseous
emissions from the combustion [46]. Thus, the internation-
al market defines two classes: a premium class (superior
quality) and another standard class. The difference be-
tween them is in the inorganic ash limit content [47]. On
the other hand, the ISO 18122 [22] standard for industrial
use defines the controls of chlorine and sulfur levels, as

they are responsible for the formation of carcinogenic gas-
es such as dioxins and furans.

Given these aspects, S. parahyba var. amazonicum wood
has chlorine values (0.017%) below the requirements of the
international standards ENplus [20] and ISO 18122 [22], re-
spectively, ≤ 0.03% and 0.05%. The other two elements de-
tected, potassium and calcium, have a positive relationship
with ash generation at the end of combustion. These alkalis
are known to increase the risk of bed agglomeration and
sintering under high combustion temperatures [38]. The ashes
generated by these elements are less problematic than those
generated by elements such as aluminum and sodium. Thus,
they can be directed to other uses such as addition to concretes
and other structural composites [48]. The determination of
these inorganic elements provides insights to determine the
source of pollutants and to propose the adequacy of the wood
raw material and the combustion process for additional design
of adequate pre-treatment prior to combustion [46, 48].
Therefore, the high alkali and Cl contents in lignocellulosic
biomass can promote formation of KCl and NaCl in ash and
increase problems in the boilers, for example, agglomeration,
deposit formation, slagging, fouling, and corrosion [38].
Therefore, the low levels of Cl and K indicate the advantage
of using S. parahyba var. amazonicum for energy purposes in
Amazonian region.

Characteristics of Briquettes Produced

Despite the low lignin content reported for S. parahyba var.
amazonicum wood (see Characteristics of Raw Materials top-
ic), good cohesion and compaction were obtained and the
results of the briquettes’ properties are shown in Table 4.

where M, equilibrium moisture content, wet basis; BD,
bulk density; NHV, net heating value; ED, energy density;
Frup, maximum rupture force of the briquette. Values with
the respective standard errors of the means. *Differ signifi-
cantly by the Tukey test (p < 0.05)

Briquettes produced with the highest percentage of char-
coal fines showed an increase in equilibriummoisture because
the charcoal is considerably more porous compared to raw

Table 3 Concentrations of the
elements as a function of the
diameter classes

Diameter

class (cm)

Concentration (mg kg−1)
Cl K Ca

D1 (15) 198.07 ± 2.01 2364.71 ± 1.01 1306.71 ± 2.14

D2 (19) 195.67 ± 1.98 2427.10 ± 1.87 1273.84 ± 2.22

D3 (23) 120.81 ± 1.74 2926.08 ± 1.89 1313.78 ± 3.03

Mean 171.52 2572.63 1298.11

Standard deviation 43.93 307.68 21.31

Limit for wood chlorine content of 300 mg kg−1 for non-industrial use, according to EN 14961-3 [20]. Limit for
wood chlorine content of 500 mg kg−1 for industrial use, according to ISO 17225-4 [45]

Fig. 4 Correlation between fixed carbon content and energy density of
the blends of charcoal fines and wood. The error bars represent the
standard deviation
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biomass. Therefore, briquettes with higher charcoal fine pro-
portion can retain more water vapor in their structure [49].
This property is very relevant for energy use, since the NHV
in solid fuel is the one which considers the energy spent for the
initial evaporation of moisture. This aspect is informed when
analyzing the useful heating value of the fuel. In the treatment
with higher proportion of charcoal fines (50%) in the briquette
(T50), there was an increase in bulk density (Fig. 5) and NHV
(Table 4).

This is justified by the fact that the true density of charcoal
fines is higher when compared to wood in general. The bulk
density of 1,090 kg m−3 found in briquettes produced with the
T50 blend was the same as found by Freitas et al. [23]. In
evaluating briquettes produced with sawdust from
Eucalyptus and Pinus wood, Silva et al. [50] found values of
920 kg m−3 and 1,000 kg m−3, respectively, which suggest
that briquettes produced only with S. parahyba var.
amazonicum have bulk density technically equal to that of
the briquettes produced by the abovementioned authors.

The energy density was higher in the treatment that includ-
ed briquettes produced with 50% of charcoal fines and 50% of
S. parahyba var. amazonicum sawdust (T50). Its elevation

was significantly higher when compared to the treatment with
100% of S. parahyba var. amazonicum sawdust (T0), in
Table 4. In summary, charcoal has greater NHV, directly
impacting energy density, while sawing the S. amazonicum
wood provides conditions for agglomeration and formation of
briquettes [51]. In addition, the levels of chlorine, calcium,
and potassium in the wood are considered to be within accept-
able limits (500, 1000, 1000 mg kg−1, respectively) for the
reduction of emissions of compounds such as organochlo-
rines, PAHs, and ash, toxic to the environment, human health,
and combustion equipment [45]. It is evident that the combi-
nation of these two raw materials contributes to the generation
of clean, efficient, and sustainable energy [52].

In assessing the maximum breaking strength of briquettes,
the addition of charcoal fines resulted in a reduction in the
mechanical strength during the diametral compression test of
the briquettes. We need to consider that no binder was used in
the compaction and, in the charcoal, the natural binder, lignin,
had already been thermally modified. Therefore, the higher
proportion of charcoal results in the difficulty for particle ag-
glomeration. According to Iwakiri et al. [53], high-density
lignocellulosic rawmaterials tend to result in compacted prod-
ucts with lower bulk density and lower compressive strength,
which was found in this research. The average value of the
maximum rupture forces of briquettes produced only with
S. parahyba var. amazonicum wood (T0), 134.47 kgf, were
close to that mentioned by Freitas et al. [23], 123.5 kgf, and
intermediate compared to the values found by Silva et al. [50],
studying briquettes produced with Pinus and Eucalyptus saw-
dust: 78.91 kgf and 149.90 kgf, respectively. For commercial-
ization, after production, the briquettes go through several
handling stages, such as screening, packaging, transportation,
and other mechanical shocks. This causes the generation of
briquette fines. This is why it is important that fuels have good
density and breaking strength characteristics. More suscepti-
ble briquettes become friable, generating fines, and compro-
mise the performance when subjected to combustion [54].
Accommodation in the burning equipment must favor heat
load permeability, which makes combustion efficient and gen-
erates abundant heat. This is a requirement of several markets
in all continents, such as the European, which regulate the
trade of compressed fuels through their own quality standards
and resolutions.

Table 4 Variables analyzed in the briquettes produced with charcoal fines and S. parahyba var. amazonicum wood

Identification Composition M
(% wt)

BD
(kg m−3)

NHV
(MJ kg−1)

ED
(GJ m−3)

Frup (kgf)

T0 100% wood 9.94b ± 0.06 859c ± 9 13.23c ± 0.01 11.36c ± 0.13 134.47a ± 12.10

T25 75% wood—25% charcoal fines 10.59ª ± 0.06 946b ± 18 14.98b ± 0.01 14.17b ± 0.27 104.83b ± 2.48

T50 50% wood—50% charcoal fines 10.87a ± 0.26 1,093a ± 9 18.89a ± 0.06 20.65a ± 0.14 97.13c ± 1.82

Means followed by the same letters do not differ significantly by the Tukey test (p>0.05)

Fig. 5 Correlation between the bulk density of briquettes and the content
of charcoal fines. Where: T0 = 100% of sawdust from S. parahyba var.
amazonicum wood; T25 = 75% of sawdust from S. parahyba var.
amazonicum wood and 25% of charcoal fines; and T50 = 50% of
sawdust from S. parahyba var. amazonicum wood and 50% of charcoal
fines
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The results obtained in this study support future measures
for international energy guarantee, stability, and security. This
research provides useful information for the design and opti-
mization of thermochemical conversion systems, for example,
boilers and furnaces, which use briquettes from blends of
charcoal fines and wood. This study proved that the blends
of charcoal and S. parahyba var. amazonicumwood improved
briquette energy quality and enabled reduced emissions of
toxic compounds from combustion of this solid biofuels.
The S. parahyba var. amazonicum wood had low ash content
and chlorine levels below the recommended by international
standards for the use of briquettes in combustion process.
These results demonstrate the potential of blends of
S. parahyba wood and charcoal fines for energy purposes in
Brazil. In addition, this study proved that the physical and
mechanical properties of the briquettes cannot be estimated
or determined using only the properties of the biomass and
charcoal fines, because the compaction process plays a major
role. Thus, it is important to produce the briquettes in order to
understand the effect of the mixture of charcoal fines and
wood on the mechanical and physical-chemical properties of
these solid biofuels.

The results demonstrate that the S. parahyba var.
amazonicum can supply much of the demand for biomass in
tropical regions and contribute to the expansion of energy
forests in Brazilian Amazon. Future research will be conduct-
ed to verify whether the physiology of S. parahyba var.
amazonicum behaves similarly in countries with tropical cli-
mate. Although the species is fast-growing, with short rotation
and ideal chemical characteristics for energy use (Cl, Ca, K,
and ashes), it is necessary to study its use compared to
Eucalyptus, which has millions of hectares planted in the
world and in which the contents of these elements are up to
eleven times higher than those required by international stan-
dards [21].

Limitations of This Study and Future Perspectives

In this research, the physical, chemical, energy, and mechan-
ical properties of briquettes produced with charcoal fines and
S. parahyba var. amazonicumwere evaluated. The purpose of
this paper was to present new insights about potential uses and
energy alternatives for forestry wastes, generating additional
income for the growers. The use of charcoal fines, associated
with wood of S. parahyba var. amazonicum in briquette pro-
duction, is an important alternative for the energy valorization
of the wastes produced in the pyrolysis process of Eucalyptus
wood. We evaluated the effect three blends of charcoal fines
and wood on the chemical, physical, energy, and mechanical
properties of briquettes. In addition, our paper analyzed the
occurrence of inorganic elements that may contribute to in-
crease the emission of toxic compounds in the combustion of
paricá wood.

However, there are scientific gaps that need to be clarified
for better understanding of the combustion of briquettes pro-
duced with blends of charcoal fines and wood, for example:
ignition delay times, flame length, flame structures, and gas
emissions in the chimneys of boilers, stoves, and furnaces.
These properties are important in the evaluation of briquette
combustion and classification of raw materials for the com-
paction process [5]. The promising results of this study should
be replicated for other blends of charcoal fines and lignocel-
lulosic biomasses, considering different experimental designs
in the production process.

The following aspects require further investigation: (i) in-
fluence of briquetting parameters (temperature, time, and pres-
sure) and raw material properties (particle size distribution,
moisture content, and biomass type) on mechanical durability
of biofuel briquettes should be analyzed [8], especially with
addition of charcoal fines in blends; (ii) effect of mild pyrol-
ysis (torrefaction) to improve the chemical and physical prop-
erties of biomass and then to compact the thermally modified
material [55]; (iii) influence of binders on combustion proper-
ties of briquettes produced with blends of charcoal fines and
wood of S. parahyba var. amazonicum [5], and (iv) new for-
mulations of charcoal fines and paricá wood for briquette pro-
duction with addition of binders. Finally, we recommend eval-
uating the mechanical durability of briquettes considering dif-
ferent production processes and rawmaterials, with or without
the use of binders. Mechanical durability of solid biofuel is a
determinant factor that indicates the ability of the briquette to
remain intact during storage and transportation [5].

Conclusion

The most suitable briquettes for energy use were those pro-
duced with equal proportions of charcoal fines and S.
parahyba var. amazonicum wood, without addition of addi-
tives. The physical and mechanical properties of the briquettes
produced with 50% charcoal fines and 50% wood were con-
sidered adequate to enable the transport and use of this solid
biofuel in the thermochemical conversion systems.

The addition of wood in the charcoal fine blends in-
creased the volatile matter/fixed carbon ratio, decreased
the ash content, and improved the combustibility of the
briquettes. Thus, the decrease in ash content of the bri-
quette produced with higher proportion of wood was con-
sidered the main advantage of using blends for compac-
tion process. Moreover, S. parahyba var. amazonicum
wood contained contents of Cl, Ca, and K below the rec-
ommended by international standards of combustion, con-
tributing to the reduction in the emission of toxic organ-
ochlorine compounds to the atmosphere and the formation
of ashes that can sinter the combustion beds.
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