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Abstract

The interest of biofuel producers in Neotropical species that have high growth rates, slight wood density variability, and
elemental composition that does not compromise the environment has increased in recent decades. We investigated the density
and chemical characteristics of wood of Schizolobium parahyba var. amazonicum (Huber X Ducke) Barneby as a source for
the generation of bioenergy. Apparent radial wood density profiles (X-ray densitometry (XRD)) and the elemental distribution
(X-ray fluorescence (XRF)) of CI, S, K, and Ca in the wood of nine S. parahyba var. amazonicum trees, divided into three
diameter classes (I=15.5, II=19.5, and Il =23.5 cm) were analyzed. The high heating value (HHV) of the wood samples
was determined, and the energy density was estimated by the product of the HHV and the apparent density. Trees that grew
better (classes II and III) produced wood with higher density. These trees showed higher concentrations of K and S, and lower
concentrations of Ca and Cl. The highest CI concentrations were observed in classes with smaller diameters. The chlorine
levels met the standards for use of this wood as fuel, but the sulfur levels were higher than the threshold recommended by
the ISO 17225-3:2021 guidelines, which can limit the use of the species for certain energy uses. The wood of S. parahyba
var. amazonicum had interesting characteristics for the production of bioenergy due to its low density, so it can be used in
the production of solid biofuels such as pellets and briquettes. Monitoring chlorine and sulfur is important, since during the
combustion of biomass they are released into the atmosphere and can negatively contribute to the effects of climate change.

Keywords Biomass energy - X-ray densitometry - X-ray fluorescence - Solid biomass fuels - Dendrochemistry - Renewable
energy - Neotropical species

Responsible Editor: Ta Yeong Wu

Introduction
P4 Elias Costa de Souza
eliasrem @usp.br Forest biomass is a cheap and abundant source of energy
! Departamento de Ciéncias Florestais e da Madeira, (Yu et al,' 2021), mai,n ly iTl tropical r.egions. H9wever’ it,s
Universidade Federal do Espirito Santo (UFES). use requires the classification of species according to their
Av. Governador Lindemberg, Jerdnimo Monteiro, potential to produce biofuels through the evaluation of tree
ES 31629550-000, Brazil growth, physical properties, and chemical characteristics
2 Departamento de Ciéncias Florestais, Universidade of wood (Gongalves et al. 2018). The wood for bioenergy
de Sao Paulo (USP), Escola Superior de production must have characteristics such as high calorific

Agricultura Luiz de Queiroz, Av. Padua Dias N° 11,

Piracicaba, Sdo Paulg 13418.900, Brazil value, high fixed carbon content, low ash content, and high

density (Protésio et al. 2021).

Departmento de Tecnologia e Recursos Naturais (DTRN), The assessment of wood density is relevant for knowledge

Universidade do Estado do Para (UEPA), Campus VI,

Rodovia PA-125, Angelim, Paragominas 68625-000, Brazil of the variability of energy density, which is important in
4 . . o, . the biofuels industry (Protasio et al. 2019). Basic density
DendrOlavide-Dept., Sistemas FisicosQuimicos y Naturales, . . .
Universidad Pablo de Olavide, Crta. Utrera Km. 1, is usually one of the simplest parameters to ascertain the
41013 Seville, Spain quality of wood (Zobel and van Buijtenen 2012; Protésio

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-023-26343-4&domain=pdf
http://orcid.org/0000-0001-9514-635X

56162

Environmental Science and Pollution Research (2023) 30:56161-56173

et al. 2021). However, the methods applied for its evaluation
limit the detailed analysis of the heterogeneity of trunk wood
density (Moreno-Fernandez et al. 2018; Ortega Rodriguez
and Tomazello-Filho 2019). In this sense, studies based on
tree rings have the advantage of offering annual resolu-
tion and high sensitivity to analyze wood density (Roque
and Tomazelo Filho 2015; Andrade et al. 2017; Quintilhan
et al. 2021). One of the most traditional methods to analyze
these wood density patterns is X-ray densitometry (Jacquin
et al. 2017), whose main advantages are the simple prepara-
tion of samples and the fast data acquisition (Hervé et al.
2014), facilitating the analysis of wood density variability of
tropical species (Roque and Tomazelo Filho 2015; Gaitan-
Alvarez et al. 2019). In addition to density, the chemical
composition of biomass is important to validate fuel use as
a fuel, especially a low concentration of harmful elements.

Plant biomass with low concentrations of hazardous ele-
ments is therefore increasingly required by the biofuel indus-
try (Stumm and Morgan 1970; ENplus 2015). In tropical
regions, the diversity of species with varied levels of chemi-
cal elements (Oliveira et al. 1997; Amais et al. 2021; Ortega
Rodriguez et al. 2022) can be a detrimental aspect for energy
producers (Nurek et al. 2019). Some elements, such as ClI
and S, released into the air during combustion result in toxic
compounds such as organochlorines, sulfur oxides, furans,
and PAHs, which are dangerous to both human health and
the environment (Zhao et al. 2017; Dias Junior et al. 2018).
International standards regulate the use of both woody and
non-woody materials as biomass for biofuel production
(ENplus 2015; ISO 2021), especially the contents of hazard-
ous compounds, such as chlorine and sulfur, which must be
below 300 and 400 mg kg™! BW, respectively (Mello 2001;
Agraniotis et al. 2010; ENplus 2015). Moreover, the analy-
sis of the main elements of physiological processes, such as
K, which is involved in cambium activity (Fromm 2010),
and Ca, involved in cell wall formation (Lautner and Fromm
2009), has aroused the interest of researchers investigating
nutritional indicators of forestry treatments that favor tree
growth (Hevia et al. 2018; Ortega Rodriguez et al. 2018). In
tropical regions, such as Brazil, we can highlight species of
the genera Eucalyptus and Pinus, more commonly employed
to produce charcoal and pellets, respectively, which are
widely used for bioenergy production in different sectors.
Even so, other species are being studied to increase the vari-
ability of the renewable energy mix.

Fast-growing species with a cutting cycle of around 5
to 7 years, although structurally heterogeneous, are prefer-
entially used as raw material due to their low density and
easy densification for the production of clean and economi-
cal fuels that are calorically efficient and compact (e.g.,
pellets or briquettes) (Sette Jr et al. 2020). A tropical spe-
cies that has outstanding qualities to supply this demand is
Schizolobium parahyba var. amazonicum (Huber X Ducke)
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Barneby, commonly called “Paricd” (Ferreira et al. 2020).
This species occurs naturally throughout the Neotropical
Amazon region (Tourne et al. 2016; Schwartz et al. 2017).
Furthermore, estimates point to the existence of 90,811 ha
of plantations of the species in Brazil in 2018 (IBA 2020). S.
parahyba var. amazonicum has stood out in forestry projects
and agroforestry systems in the North, Midwest, and part of
the Northeast regions of Brazil (Schwartz et al. 2017; Silva
et al. 2020). Despite being found naturally in other countries
in South and Central America, such as Bolivia, Colombia,
Ecuador, Costa Rica, and Honduras (Barneby 1996; Tur-
chetto-Zolet et al. 2012), S. parahyba var. amazonicum is
only commercially planted in Brazil, due to its fast growth
(between 20 and 30 m> ha year_]), with trees that can reach
between 15 and 40 m in height and 50 to 100 cm in diameter
at breast height (Almeida et al. 2013; Vidaurre et al. 2018),
with a straight and cylindrical shaft and good natural prun-
ing (Barneby 1996; Almeida et al. 2013). Despite the infor-
mation already available, studies that evaluate the energy
potential of this species are essential, especially those that
evaluate the chemical characteristics of the species that can
influence its energy use.

Studying the distribution of elements such as Ca and
K is important to verify growth patterns, wood quality for
bioenergy and the effect of these elements on ash content
and other important aspects of the fuel. On the other hand,
studying the distribution of elements such as CI and S is
important to establish the use of these biomasses as fuels,
since international regulations limit the content of these
elements in solid biomass fuels (mainly pellets). High
concentrations of Cl and S can result in greater amounts
of hazardous elements released into the atmosphere, which
can considerably reduce the air quality (Cui et al. 2018;
Aas et al. 2019). The need to study these elements for the
bioenergy area poses some challenges, especially involving
the techniques used to analyze these materials.

Regarding the methods of elemental analysis of the
plant biomass used as biofuel, most studies have used
destructive techniques such as atomic absorption spectros-
copy (AAS), flame emission spectrometry (FES), and/or
inductively coupled plasma mass spectroscopy (ICP-MS)
(Mendoza Martinez et al. 2019; Jagodziriska et al. 2021).
These methods have low detection limits (Prohaska et al.
1998; Barrelet et al. 2006), thus being restricted to iden-
tifying inter- and intra-annual patterns of elemental vari-
ability in the radial profiles of trees, besides demanding
laborious, costly, and time-consuming sample preparation
(Balouet and Chalot 2015; Ortega Rodriguez et al. 2020).
As an analytical alternative, XRF requires simple sample
preparation (no digestion or combustion processes) and pro-
vides high spatial resolution (micrometers to millimeters).
It also enables simultaneous evaluation of elements with
atomic number > 11 (sodium), thus being fast, cheap, and
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environmentally friendly (Hevia et al. 2018; Ortega Rodri-
guez et al. 2018, 2020). This technique has shown promis-
ing results for assessing environmental and climate forest
assets worldwide (Balouet et al. 2009; Hevia et al. 2018;
Ortega Rodriguez et al. 2022). We hypothesized that non-
destructive techniques (XRD and XRF) can be used as effi-
cient tools to evaluate the quality of biomass for energy. To
test this hypothesis, we evaluated the energetic potential of
S. parahyba var. amazonicum individuals using these two
techniques.

The aim of this study was thus to investigate the radial vari-
ability of density and elemental distribution, important aspects
for the verification of new sustainable sources of clean energy,
using X-ray densitometry and X-ray fluorescence microanaly-
sis (u-XRF), little explored for wood quality assessment for
bioenergy use. In particular, we investigated the apparent
density, energy density and distribution of the elements CI,
S, K and Ca in the wood of S. parahyba var. amazonicum as a
potential source for the production of bioenergy.

Materials and methods
Study area and forest plantation

Wood samples were extracted from Schizolobium parahyba
var. amazonicum (Huber X Ducke) Barneby trees in a
commercial plantation covering 278 ha located in the
municipalities of Paragominas and Uliandpolis (3° 21’ 40" S,
47°36' 57" W, 90 m a.s.l.) in the state of Par4, on the border
with the state of Maranhao, in the Amazon region, Northern
Brazil. According to the K&ppen climate classification, the
region has an Awi climate, tropical rainy, with an extended
dry period between July and September. The predominant
soil is yellow latosol. Average air temperatures range from
25.6 to 27.8 °C and annual precipitation is between 858 and
2788 mm, with an average of 1802 mm (Alvares et al. 2014).

The planting spacing was 4 X4 m. Nine trees of S. par-
ahyba var. amazonicum at 7 years of age were selected for
cutting and separated according to the diameter at breast
height (DBH, 1.30 m from the ground). The trees were
classified into three diameter classes, representative of the
population and free of phytosanitary problems. The variety
of diameters was defined for each class according to the
proportion of individuals of different diameters in the area
(Table 1).

Sample collection and preparation

Cross Sects. (40 mm thick) were removed at breast height of
the selected trees (Fig. 1), dried in the open air for 30 days
and sanded (120-600 grains) to better visualize their trans-
verse surface. Ten diametric sections of each tree, with four
subsamples per radius, whose size varied according to the
diameter of each individual, were cut from the discs for den-
sitometry and XRF analyses, avoiding defects and reaction
wood. Then, thin cross Sects. (1.7 mm thick) were obtained
with the aid of a double circular saw. The material was con-
ditioned in a climatic chamber at 20 °C and 60% relative
humidity until reaching a stable moisture content of 12%
(Quintilhan et al. 2021). The pith-bark radius of the cross
section with the best surface finish was selected for density
scanning using X-ray densitometry, and for determination of
the chemical elements based on the u-XRF technique.

For X-ray densitometry, the samples were scanned for
wood density profile (pith-bark direction) with a collimated
X-ray beam (80 pm step) in an X-ray densitometer (QTRS-
01X, Quintek Measurement Systems), which allowed
obtaining the mean apparent density (Ortega Rodriguez and
Tomazello-Filho 2019).

The high heating value (HHV) of the wood samples was
determined in an IKA C200® calorimeter, according to DIN
51,900-1 (DIN 2000). Based on these data, we calculated
the net heating value (NHV) (Dias Junior et al. 2021b). The

Table 1 Diameter and height of

. Diameter class Diameter class Diameter class Tree Tree DBH (cm) Tree commercial
S. par qhy ba var. amazonicum range (cm) center (cm) height (m)
according to diameter class
I 13.5-17.5 15.5 1 14.25 5.30
2 16.52 7.30
1T 17.5-21.5 19.5 3 18.25 9.30
4 17.96 8.30
5 18.08 7.30
6 18.07 8.30
I 21.5-25.5 23.5 7 23.13 14.30
8 24.43 16.30
9 24.31 15.30
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Fig.1 Sampling and analysis of microdensity and distribution of chemical elements in DBH disks in S. amazonicum trees

energy density was estimated by the product of the NHV and
the apparent density of the wood (Dias Junior et al. 2021b),
as determined by X-ray densitometry.

Elemental analysis

Linear scanning in the pith-bark transverse direction was
carried out to analyze the temporal absorption and quanti-
fication of the inorganic elements Cl, S, K, and Ca, in the
transect of the growth rings of the species. Analyses were
performed with a u-XRF spectrometer (Orbis PC EDAX,
USA), with an Rh anode and a 30 mm? drift silicon fluores-
cence detector (25 kV, 500 pA). The data were recorded to
optimize detection of Cl, S, K, and Ca (100 s per point, with
32 points per line). An X-ray beam with 30 um width and
an Al filter with 25 um vacuum condition (< 0.5 Torr) and
dead time lower than 10% were used.

The intensity counts of Cl, S, K, and Ca were analyzed
to distinguish the detected signal from the background
with reasonable certainty for the analytical quantification
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process. A quantification threshold (Eq. 1) was used to
assign an intensity threshold below which the elemental
peak from quantification estimates were removed (EDAX
Insight 2017). Also, the statistical intensity threshold
value for each element was considered as its limit of
quantification.

»BG )
S

NThreshold =0
where Ny .q01g = Statistical intensity threshold (cps); c=sigma
factor; set to 6 as default from the Orbis software; BG =back-
ground (cps); and s=time of each measurement point.

Thus, the elements with peak intensity above the applica-
ble thresholds (S>2.99, K>4.47, Ca>4.84, and C1> 10.96)
were quantified in “mg kg~! DW” using the fundamental
parameters method with a Shimadzu spectrometer (EDX-
720) operating with a Rh (50W) and Si (Li) tube detector.
The Cl and S values were compared to the maximum values
allowed by ISO 17225-3:2021 (ISO 2021).
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Data analysis

All data were normally distributed (Shapiro—Wilk test)
with homogeneous variances (Levene test), thus satisfying
statistical assumptions. After these assumptions were
confirmed, the Pearson test was applied (#; p <0.05) to
identify possible correlations between the distribution
patterns of the investigated elements. Analysis of variance
was performed using the F-test, and when the interaction
was significant, regression analysis was applied to verify
trends as a function of the variables. Subsequently, the 7-test
was applied to individually analyze the equation coefficients.
In the graphs, we present the average of the values and how
the distribution of the values occurred by repetition, for each
analyzed element. For the analysis of the apparent density
of the wood, the Tukey test was applied (p <0.05) to verify
the differences between the means. In addition to the tests
mentioned above, descriptive statistics of the data were
calculated. All tests were conducted at 95% probability with
the aid of the R Studio and SigmaPlot 13® software.

Fig.2 Annual tree rings of S. A)
amazonicum defined by dif-

ferential X-ray attenuations (A)

and radial energy density (ED)

variability for each diametric
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on wood density (WD) values
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Results and discussion
Wood density and energy density

Wood density (WD) and energy density (ED) profiles for
all diameter classes increased in the pith-bark direction
(Fig. 2; Fig. S1).

The S. parahyba var. amazonicum density profile was
similar to that of other shade-tolerant Leguminosae tree
species of the Amazon Forest (Woodcock and Shier 2002;
Lehnebach et al. 2019). Although S. parahyba var. amazoni-
cum is considered a fast-growing pioneer species due to its
morphological and physiological characteristics (Lopes et al.
2015), its wood has a radial density trend similar to that of
early-successional species (Woodcock and Shier 2002). The
values of WD and ED increased in the first 2 cm near the
pith, then remained stable, and increased again in the last
2 cm near the bark (Fig. 2; Fig. S1).

S. parahyba var. amazonicum showed distinct growth
rings delimited by thickening of the fiber wall, flattening of
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radial wall and marginal parenchyma band (Fig. 2) (Marcati
et al. 2008). Growth rings were characterized by stable-flat-
ted values of density in the earlywood, followed by a pro-
gressive increment between the early- to latewood transition,
related to thick-walled fiber formation. Then, the density
values fell sharply at the end of the latewood, which was
related to the formation of marginal parenchyma delimiting
the growth rings, as in other tropical species with similar
ring boundaries (Quintilhan et al. 2021; Ortega Rodriguez
et al. 2022). Both anatomical and wood density characteris-
tics of growth rings also make S. parahyba var. amazonicum
a potential species for dendrochronological studies (Lator-
raca et al. 2015), and allow the annual monitoring of tree
growth and quality of wood.

Table 2 shows significant differences of wood den-
sity among the diameter classes. Class II presented the
highest average density values (apparent wood density,
WD =0.36 g cm™; basic density, BD=0.30 g cm™).
The pith region presented the lowest wood density
(WD=0.23 g cm™; BD=0.19 g cm™>), regardless of the
diameter class. The xylem region between the pith and bark
presented the most stable wood density values and the lowest
standard deviation (<0.08 g cm™) regardless of the diam-
eter classes. The region towards the bark had the highest
wood density values (WD=0.41, 0.47, 047 g cm™ and
BD=0.34,0.39,0.39 ¢ cm™3 for classes I, 11, and 111, respec-
tively) and the highest standard deviation (>0.11 g cm™>,
regardless of the diameter class). The wood basic density of
7-year-old S. parahyba var. amazonicum trees,~0.27 g cm™>
(estimated according to Silva et al. 2019) was similar to the
values reported in plantations with trees of 5 to 11 years old
in the same region, between 0.25 and 0.36 g cm™> (Baptista
Vidaurre et al. 2018; Melo et al. 2018). These are signifi-
cantly lower values compared to other fast-growing species
(BD=~0.51¢g cm™) from upland (terra firme) forest stands
in central Amazonia (Nogueira et al. 2005).

Table2 Mean apparent wood density (WD) comparison between
diameter classes for each radial region. Pith (first 2 cm near the pith),
xylem (wood between pith and bark), and bark (last 2 cm near the
bark)

Diameter class WD (g cm™)

Pith Xylem Bark
1 0.24 (+0.10)a 027 (+0.06)c  0.41 (=0.11) b
11 022 (+0.09)a 035(+0.08)a 047 (+0.14)a
1 024 (+0.09)a 0.29(+0.08)b 047 (+=0.22)a

Class 1=13.5-17.5; class II1=17.5-21.5; class IlI=21.5-25.5. Pair-
wise comparison (Tukey’s test): treatments with different letters (a, b,
and c) indicate statistically significant differences at a confidence level
of 0.05. Values in parentheses represent the standard deviation. For
comparisons with basic density values, the apparent wood density val-
ues should be multiplied by 0.83 (Vieilledent et al. 2018)
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We also observed an increase in the standard deviation
with increasing diameter classes, that is, the apparent WD
was more heterogeneous in samples with larger diameters
(Table 2). A more heterogeneous WD is expected in young
fast-growing species, since competitive ecological pro-
cesses result in an increase of intra-annual density fluctua-
tions (IADFs) (Micco et al. 2016). IADFs are anatomical
anomalies (such as alterations in the lumen size and cell-wall
thickness of both vessels and fibers), caused by an abnor-
mal xylogenesis process during the growing season, which
results in gradual, abrupt, or indistinguishable ring bounda-
ries (Venegas-Gonzélez et al. 2015; Micco et al. 2016). WD
can be considered one of the main characteristics for the
selection of biomass for energy use, directly influencing
other properties, such as ED.

ED represents the amount of energy present in a given
volume of fuel. It is very relevant in the selection of com-
pacted solid fuels or for the comparison of firewood (Dias
Janior et al. 2021b). Since the higher calorific value was
practically constant in the samples, the energy density did
not vary greatly. Based on this data, we calculated the NHYV,
which was equal to 15 (+ 1) MJ kg™! and used this data to
calculate the ED. Figure 2 shows that the energy density
followed the same behavior as the apparent density along
the radial direction. This analysis is important to support
decision-making on the appropriate time for felling the tree
based on these parameters. It is desirable to obtain higher
density values, since factors such as transport costs and
power efficiency in energy systems are affected by this prop-
erty (Protasio et al. 2020).

The data and methodology of the present study should be
used to support decisions in sectors that need energy from
biomass, especially rural producers who work in regions
with low availability of other fast-growing species, such as
Eucalyptus spp. For practical purposes, producers should
choose materials that have higher energy density, so the
analysis of this property, when carried out with adequate
frequency, can help to improve energy production from bio-
mass. In agroforestry systems that use S. parahyba var. ama-
zonicum together with another species (Cordeiro et al. 2015),
the evaluation of this property is even more important, ena-
bling detailed monitoring during the growth of the trees,
making it possible to better adjust the silvicultural treatments
and the interaction between species to favor energy produc-
tion. In the case of the wood evaluated in this work, we
observed a positive correlation between diameter class and
wood density. Therefore, in order to favor the energy den-
sity of wood, two factors stand out: (i) effective silvicultural
treatments and growing conditions, to increase wood density
(Moreno-Fernandez et al. 2018; Rocha et al. 2020), and (ii)
tree age, since the greater the age of the tree, the greater
will be the natural tendency for higher basic wood density
(Santos et al. 2021).
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Distribution and quantification of chemical
elements

Ca showed a decreasing trend in the radial direction in all diam-
eter classes, whereas K presented an opposite trend (Fig. 3).
Similar radial distribution of Ca and K have been reported for
different angiosperm and gymnosperm tree species worldwide
(Hevia et al. 2018; Ortega Rodriguez et al. 2018, 2022; Alves
et al. 2021). Cl and S showed unclear trends; both elements
increased in the pith, between the second to third annual tree
ring, and close to the bark (Fig. 3). Less mobile elements such
as Ca decreased from the pith to bark, possibly related to the
diminishing binding capacities of the youngest xylem formed
by the cambium (Momoshima and Bondietti 1990; Prohaska
et al. 1998). Increased mobile elements such as K, S, and Cl
close to the bark, on the other hand, are attributed to the strong
transport through the symplast in outer tree rings (Smith et al.
2014). The high-mobility elements occur from older to younger
tissues, creating an age trend (Colin-Belgrand et al. 1996; Fair-
child et al. 2009). Besides this, xylem sap’s contents of K, Ca,
and Cl, which form other substances in the tree development
phase, increase from trunk base to crown (Glavac et al. 1990).
Calcium, involved in cell wall expansion, is considered a
less mobile element, fixed in the xylem cell walls, whereas K,
involved in the cell differentiation, is a mobile element, eas-
ily translocated among different xylem cells (Smith et al. 2014;
Scharnweber et al. 2016). Both elements are essential to cambial

Fig. 3 Radial distribution of S, a) s Cl

Cl, K, and Ca (mg kg™' DW) in 1
wood samples of S. amazoni- 30

cum recorded by p-XRF (net 20

intensity), with the respective
diameter classes: 15.5 (a), 10
19.5 (b), and 23.5 (¢) cm. The 0
dashed white line represents the
investigated region (line scan).
* The upper black numbers
indicate the limits of the annual
tree rings

2

0 2

activity and wood formation (Fromm 2010). Our results showed
that suppressed trees (with shorter diameters and less dense
wood) contained higher amounts of Ca and lower amounts of
K, possibly aiming to generate larger cells in compensation for
lower xylem cell differentiation and formation (Figs. 2 and 4).

On the other hand, dominant trees with larger diameters
and denser wood stored higher K contents and lower Ca
contents, which probably contributed to greater differentia-
tion and cell formation in compensation for lesser expansion
of their cell walls. In a Pinus taeda L. plantation fertilized
with pulp mill sludge, wider rings stored more Ca than K
and denser rings, in turn, stored more K than Ca (Ortega
Rodriguez et al. 2018). This may mean different strategies
should be applied for the use of K and Ca in the formation
of xylem tissues, depending on the type of species (gymno-
sperm or angiosperm) (Scharnweber et al. 2016). Cl, consid-
ered an essential micronutrient for plants (Robson and Pitman
1983), and S, stored in the primary cell wall, in which pro-
teins (P-and S-bearing) define the cell architecture (Fairchild
et al. 2009), are mobile elements for uptake and translocation
within the tree (Baligar et al. 2001; Alves et al. 2021).

We also observed that dominant trees with larger diam-
eters and denser wood stored higher S contents and lower C1
contents compared to suppressed trees (Figs. 2 and 4). For
each element, the values of each repetition are presented as
points on the graph, while above, on the bar graph, the aver-
age values are presented divided by diameter class.
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Low concentrations of ClI are usually stable in woody tis-
sues after fixation due to ionic binding (Balouet et al. 2012),
whereas high concentrations of Cl (especially in high-saline
environments) can precipitate with cations such as Na, Ca,
and K (Alves et al. 2021). S forms stable structural entities
within the wood, even with high supply of S (Fairchild et al.
2009), so its storage in xylem tissues functions as a source
for foliage production (Barrelet et al. 2006).

The ionic binding of Cl and S with Ca and K can be seen
in the significant positive relationship between these elements
(Fig. 5). The fitted models of each equation are presented in
Table 3. Fertilization based on K and Ca can play an important
role in the kinetics of Cl and S absorption and in the precipita-
tion of these elements in the growth rings of trees (Fahad et al.
2017). In soils with low natural availability of Cl and S, another
possible source for trees is exposure to different pollutants such
as SO, and Cl,, among others released into the air, soil, and
water in industrialized areas (Xiao et al. 2009; Zhao et al. 2017).
The stability of woody S and Cl fixation implies that both ele-
ments should be reliable as indicators of environmental pollution
(Fairchild et al. 2009; Balouet et al. 2012; Alves et al. 2021).

@ Springer

From the perspective of energy generation, K and Ca
remain after combustion in the form of ash (Neina et al. 2020).
In general, when analyzing the energy potential of biomass the
ash content from mineral elements such as K and Ca negatively
impacts the potential, since it reduces the HHV of the bio-
mass (Dias Junior et al. 2020). Moreover, high ash contents can
allow the ash to melt and crystallize, compromising the com-
bustion equipment used (Dias Jinior et al. 2021b). The lowest
CI content was found in the class with the largest diameter,
23.5 cm (Fig. 4), whereas the smallest classes had the highest
concentration. This high variability in the values of classes I
and 1II is related to the distribution of the elements along the
woody tissue of the studied individual, as seen in Fig. 4. The
other elements investigated showed no significant differences
among the diameter classes evaluated (Fig. S2).

For bioenergy production purposes, whether traditional
(firewood, direct combustion) or modern techniques (pel-
lets, briquettes), Cl concentrations were below the stand-
ard required by the European Union (EU) (ISO 2021) for
the investigated diameter classes. A sulfur concentration
above the permitted level for export to the EU (ISO 2021)
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Fig.5 Correlations observed between Cl and K, and S and Ca in the line scan transect, in diameter classes 15.5 (a), 19.5 (b), and 23.5 (c) cm of

S. amazonicum

Table 3 Adjusted models for the relationship equations between the
CI/K and S/Ca elements in the different diameter classes

Elements—diameter class Model R?

Cl/K—diameter class I Y=0.0384 X +6.1862 0.53
Cl/K—diameter class IT Y=0.0145 X+ 1.2047 0.46
Cl/K—diameter class III Y=0.0116 X+0.5273 0.12
S/Ca—diameter class I Y=0.0204 X+0.0981 0.88
S/Ca—diameter class 11 Y=0.0092 X+2.398 0.87
S/Ca—Diameter class III Y=0.0195 X+0.9373 0.66

X =K in the first three models, and Ca in the last three models in the
table

was found in most of the samples of the studied diameter
classes. When analyzing the diameter class relationship of
S. parahyba var. amazonicum and levels of Cl and S, the
main question is to determine when it is possible to obtain
higher energy productivity (energy density) and lower con-
centrations of these elements that form of toxic compounds,
such as organochlorines. Observing these aspects is relevant
for food safety actions, since fuels can be used for cooking

food. Burning biomass can also negatively impact occupa-
tional safety and environmental quality due to the release
various substances, however without exposing all biotic
organisms to dangerous levels of gaseous emissions.
Attention to the chlorine level has intensified in recent
years since it forms organochlorine compounds, usually
found in small amounts in nature. These originate from
the contact of chlorine-based substances with compounds
based on carbon chains (Varise et al. 2014). They are neu-
rotoxic, highly lipophilic, chemically stable, and persistent
in nature. They are toxic to some plants and insects and can
be synthetically produced by the action of elemental chlo-
rine on aromatic hydrocarbons (Baird 1998; Williams et al.
2000). Sulfur, when oxidized during biomass combustion,
can generate sulfur dioxide (SO,) and other compounds that
are classified as pollutants, in addition to causing damage to
human health (Ren et al. 2021). Depending on the type of
equipment used and the ventilation of the place, people who
use these fuels for cooking can develop a number of health
problems related to exposure to these compounds generated
from incomplete combustion (Simoneit 2002). On a larger
scale, the release of these compounds into the atmosphere
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can contribute to the greenhouse effect, resulting in aggrava-
tion of climate change (Ren et al. 2021).

The chemical characterization and monitoring of gaseous
effluents make it possible to assess the feasibility of applying
different plant biomasses for energy generation. In particular,
this study sheds light on the use of S. parahyba var. amazoni-
cum as a raw material for bioenergy generation, based on its
high density and low concentrations of chlorine and sulfur.
These results indicate the species has potential for use both
in direct combustion and production of compact fuels, such
as pellets and briquettes, which are widely used worldwide.

Practical applications and future perspectives

S. parahyba var. amazonicum is a species with high
potential for the establishment of tropical forest restoration
strategies that can generate financial returns in addition
to environmental benefits (Schwartz et al. 2017). Based
on our results, S. parahyba var. amazonicum is a fast-
growing species with potential for the production of wood
and energy byproducts in several systems, such as mixed
ones that integrate restoration of forest systems with wood
production (Dias Junior et al. 2021a). Previous studies
have already demonstrated the possibility of using juvenile
wood (5 years old) from S. parahyba var. amazonicum for
energy production (Vidaurre et al. 2012). This possibility
of using wood from a short rotation cycle is interesting,
indicating that S. parahyba var. amazonicum is an alternative
to the species traditionally used for energy. Furthermore,
planting this species for energy uses can reduce pressure on
native tropical forest species, increase job generation and
sustainable development in the region.

With the methodology used, we observed the density
parameters and dynamics of the chemical elements of
interest in trees with different diameter classes. These
methods can be improved to become tools for producers
of biomass for bioenergy, especially in industrial systems
that demand increasingly faster, more economical, and
environmentally friendly processes. Knowledge about the
characteristics of biomass will allow choosing wood with
a low concentration of pollutants, and consequently will
generate less pollutants during burning, hence helping
to achieve the Sustainable Development Goals (SDGs)
(United Nations 2015), especially goals 7 (Affordable and
clean energy), 12 (Responsible consumption and produc-
tion), 13 (Climate action), and 15 (Life on land). This
characterization is even more important in countries like
Brazil, whose National Energy Plan (Empresa de Pesquisa
Energética 2020) aims to increase the participation of bio-
mass in the national energy mix. For this to be carried out
in a responsible and sustainable manner, the characteriza-
tion and control of gaseous emissions from biomass burn-
ing are extremely important.
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Although our study presents some innovative advances for
the characterization of S. parahyba var. amazonicum biomass
for energy, other gaps still need to be addressed. We suggest
future studies to further investigate the correlation between
the elements present in the wood and elements present in the
gaseous effluents during the burning of these fuels. Under-
standing this correlation would allow better adjustments dur-
ing the biomass production stage, which might result in the
reduction of gaseous pollutants released during combustion.
In addition, studies that evaluate the species’ genetic charac-
teristics and possible strategies to improve energy production
are also suggested, together with studies that verify the yield
of biomass per area, taking into account the density and vol-
ume of each individual in the plantation.

Conclusion

In the wood of S. parahyba var. amazonicum, the chlorine
levels meet the standards for use of this material as fuel. Due
to the low density and good NHV (15 MJ kg™!), this wood
can also be used for the production of solid biofuels, such
as pellets and briquettes. However, the sulfur levels found
are higher than recommended, so this is a limiting factor for
energy uses. The combustion of materials rich in sulfur can
intensify atmospheric pollution. Nondestructive techniques
based on X-ray spectrometry proved to have potential to
characterize physical and chemical lignocellulosic materi-
als for energy purposes. In addition, they helped to identify
the chemical components present in these materials that,
when released during burning, can cause environmental and
health problems.
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