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The aim of this study was to determine the technological properties (chemical,
mechanical and physical) of Eschweilera sp. woods using near infrared spec-
troscopy (NIRS). NIR spectroscopy proved to be efficient for chemical analysis
(extractives, lignin and carbohydrates) and physical-mechanical testing (mois-
ture content, basic density - BD, modulus of elasticity - MOE and modulus of
rupture - MOR) of wood, providing a powerful tool for use in sustainable forest
management activities in the Amazon. Wood samples from three trees of each
Eschweilera species were collected from the Experimental Station of Tropical
Forestry/INPA/Brazil. Specimens were extracted from the cross-sectional area
(20 x 20 x 30 mm) in the direction sapwood-heartwood. NIR spectra (4,000-
10,000 cm™) were then obtained from the samples (moisture 12%) using
Fourier-transform spectrometry. The Partial Least Squares (PLS) regression
prediction models for the chemical, mechanical and physical properties of
Amazonian woods were used for quantification. The results for total extrac-
tives (both in toluene and ethanol) and hot water solubility showed a maxi-
mum extractive concentration of 7.66% and 3.13% for E. odora (yellow mata-
matad), including several compounds with low molecular weight, such as resins,
gums, terpenes, alkaloids, flavonoids, and tannins. The highest concentration
of phenolic substances (tannins) was found in E. Truncata (black mata-mata,
10.00%). The macrocomponents (primary metabolism) of Eschweilera species
were in the range of 44.20-46.33% for cellulose and 28.89-31.21% for lignin.
Mineral compounds (ash) were quantified in concentrations < 0.70%. The pre-
dictive results for the physical and mechanical properties of mata-mata wood
are in the standard range for tropical woods. The higher calorific value (HCV)
varied from 4.993-5.033 cal g' and the BD from 0.78-0.88 g m~. Regarding
moisture, the highest content was observed in E. truncata (13.46%). Values
for mechanical resistance were in the range of 14,253-17,447 MPa for MOE
and 146.04-175.73 MPa for MOR, with the greatest strength attributed to E.
truncata wood. The values obtained for the wood technological properties of
E. coriacea (white mata-matd), E. odora (yellow mata-matd) and E. truncata
(black mata-mata) were compatible with those obtained by destructive deter-
mination of tropical species and also for other species of the genus Eschweil-
era.

Keywords: Eschweilera, Amazonian Woods, Wood Chemistry, Physico-mechani-
cal Properties, NIR Spectroscopy, Forest Management

Introduction
The Amazon rainforest is considered one

ameter, which dramatically reduces the
size of their populations and may generate

© SISEF https://iforest.sisef.org/

of the largest sources of tropical timber in
the world, with a production at the end of
2014 of around 31 million m? from the
Brazilian states of Acre, Amazonas, Mato
Grosso and Pard (OIMT 2015). This scenario
would be satisfactory if this production
originated from Sustainable Forest Man-
agement Programs that combine planned
exploitation with legal, economic and eco-
logical principles (Balboni et al. 2018). At
this level, 6000 botanical species with ar-
boreal habit have already been cataloged;
however, the commercial species are lim-
ited to a number of 100 (Garcia et al. 2012).

Selective exploration in the Amazon of
the so-called “commercial woods” is re-
stricted to a dozen species with a large di-
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scarcity of wood provision from these
species in the next future. On the other
hand, widely abundant species with small-
er standard diameter are neglected and/or
relegated to the background, as their po-
tential for use and indication for markets is
not yet known (Frdes et al. 2019). Many of
these species are suitable for forest man-
agement and are not commercialized due
to lack of knowledge of their properties;
these include Eschweilera sp. and Couratari
stellata (Lecythidaceae), Bixa arborea (Bix-
aceae), Helicostylis pedunculata (Mora-
ceae), Inga sp. and Tachigali chrysophylla
(Fabaceae), among others (Balboni et al.
2018, Freitas & Vasconcellos 2019).

The timber species known in the Amazon
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Fig. 1 - Geographic location of the sample collection area.

as matd-matd (Eschweilera sp.) are abun-
dant and widely distributed in several re-
gions of the Amazon rainforest, but there
are major gaps in our knowledge of their
technological characteristics. Understand-
ing the relationship between these charac-
teristics is important to recognize which
combination of wood properties is the
most suitable for specific uses (Frdes et al.
2019, Nascimento et al. 2019).
Technological characterization is funda-
mental for the indication/use of wood, es-
pecially when the intention is to introduce
new or little-known species to the market,
providing a range of options and adding
value to new woods. In this context, as-
sessment of the properties of surface, hu-
midity, density, energy potential, silica con-
tent, color, smell, biological protection,
etc., provides useful information in order
to recommend the best use of this raw ma-

terial (Varejdo et al. 2012, Fernandes et al.
2017).

Estimation of wood quality is supported
by reliable methodologies, and tools for as-
sessing the properties of wood are con-
stantly evolving, driven by the search for
faster, more accurate and lower-cost meth-
ods for the study of this material (Liu et al.
2007). Non-destructive assessment (NDA)
of wood permits estimation of important
technological properties without changing
its structure, preserving the material and
thus not compromising its use. In most
cases, non-destructive methods are based
on the investigation of correlations and ad-
justment of calibration models between
the properties of interest and others that
are easier to measure, which classes these
as indirect methods (Bieker & Rust 2010).

One of the most powerful, non-destruc-
tive tools that has been gaining ground in

research and industry for quality control in
recent years is near-infrared spectroscopy
(NIRS), which makes it possible to corre-
late the spectra with various properties of
wood. This technique is considered robust
since it combines mathematical modeling
with chemistry (chemometrics), associat-
ing the physical, mechanical and biological
properties of wood (Varejdo et al. 2012,
Tsuchikawa & Schwanninger 2013, Mancini
et al. 2019). It is believed that the NIRS
methodology is the primary tool for tech-
nological characterization of wood that
can be safely and quickly applied to sus-
tainable forest management in the Ama-
zon. In view of this, this study aimed to
determine the physical, mechanical and
chemical properties of matd-mata woods
(Eschweilera coriacea [DC.] S.A Mori, E.
odora Poepp. [Miers] and E. truncata A.C.
Sm.) using near infrared spectroscopy -
NIRS.

Materials and methods

Study site

The research was carried out with species
from terra firme secondary forest at INPA/
Brazil’s Experimental Tropical Silviculture
Station (02° 35’ 55.5" S, 60° 02’ 14.8” W), lo-
cated at km 23 of the ZF-2 highway (Fig. 1),
accessed from km 50 of Highway BR-174
(Manaus— Boa Vista). In a 1-hectare plot
(100 x 4 x 25 m sub-plots), 128 trees of dif-
ferent species were inventoried, with em-
phasis on the species of Eschweilera, which
is the dominant genus in the region (Cen-
tral Amazonian rainforest) and is promising
for commercial purposes. Nine trees were
selected at random for exploration, based
on similar characteristics between individu-
als of the same species, such as diameter
at breast height (DBH) and height. These
trees were in the 25 cm < DBH < 50 cm di-
ameter class and visual analyzes of the
health status of each tree were also carried
out. Discs of 10 cm thickness were cut at
DBH from three individuals of each species,

Tab. 1 - NIR modeling data used to predict the technological properties of Eschweilera woods. (n): number of samples; (Rc?): Deter-
mination coefficient - Calibration; (RMSEC): Root mean square error of calibration; (RMSEP): Root mean square error of prediction;

(RPD): Ratio of performance to deviation.

Models Treatment /smoothing raf‘gzc(t:::_1) RcZ  RMSEC RMSEP RPD tlajl’:f&r/ Standard range
Extractives 2™ derivative Norris 7500-4540 120 0.99 0.09 0.42 4.09 0.82 1.08-17.30%
Polyphenols 2™ derivative Norris 6100-5900 120 0.95 2.48 5.68 4.66 9.06 0.13-13.60%
Hot water 2™ derivative Norris 7500-4540 120 0.98 0.68 0.07 3.22 0.12 0.17-13.90%
Lignin 2™ derivative Norris 6070-5000 60 0.99 0.46 5.43 3.01 10.04 21.56-44.35%
Cellulose 2™ derivative Norris 5000-4000 60 0.99 0.12 3.85 3.05 4.55 35.00-54.85%
Ash 2™ derivative Savitzky-Golay  8450-7300 120 0.97 0.11 0.47 5.01 0.61 0.04-3.00%
Moisture 2" derivative Norris 6070-5500 60 0.99 0.15 1.30 3.53 1.40 10.14-15.51%
Higher calorific value 1 derivative Savitzky-Golay  7450-4090 90 0.94 49.30 62.40 3.99 4.01 4000-5263 cal g
Basic density Untreated 10000-4000 64 0.91 0.07 0.10 3.69 11.02 0.40-1.00 g cm’®
Modulus of elasticity  1** derivative Savitzky-Golay  5360-4000 120 0.90 1.25 1.91  4.09 4.36 7060-19420 MPa
Modulus of rupture 2™ derivative Savitzky-Golay ~ 6020-5075 120 0.89 16.10 28.00 5.82 12.20 46.68-200.42 MPa
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Eschweilera coriacea (white matd-matd), E.
odora (yellow matd-matd) and E. truncata
(black matd-mata), from which specimens
(20 x 20 x 30 mm) were manufactured
from the cross section, in the direction of
the sapwood. Ten specimens were ex-
tracted from each individual to obtain the
NIR spectra. Samples from each individual
were sent to the Wood Anatomy Labora-
tory (COTI/INPA) for confirmation of spe-
cies identification in the field.

Analysis procedures

Spectra in the near infrared region were
obtained from the radial and tangential
planes of the specimens (moisture 12%) us-
ing a Fourier-Transform spectrometer (FT-
NIR/Termo Fisher Scientific, Antaris Il mod-
el). The system uses the “Result Integra-
tion” software that operates in the 4,000
to 10,000 cm™ range, with 16 scans and 8
cm™ resolution. Three readings were taken
from each side of the sample to obtain a
mean spectrum that represents the sample
(Nascimento et al. 2017).

Partial Least Squares (PLS) regression
models were developed by Nascimento &
Varejdo (2012) and Nascimento et al. (2016)
to predict the chemical, physical and me-
chanical properties of Amazonian woods.
These models are based on the correlation
of the NIR spectra (wood) with test results
by the traditional method (destructive
methodology), using the TQ Analyst™ soft-
ware. This enables subsequent results for
wood properties to be obtained through
non-destructive means, i.e., the NIR spec-
trum of the wood is obtained and corre-
lated with the chemometric data, with the
new spectrum assessed for similarity with
the data set.

The data set (NIR spectrum x reference
value) is separated into two groups, the
first is used to calibrate the equation (2/3
data) and the second to validate the model
(1/3 data). The tested models are com-
posed of a set of raw data, with mathemat-
ical treatment of 1%t and 2" derivative tests
and also the option to apply filters or not.
Tab. 1 shows the chemometric parameters
used in the predictive models for techno-
logical properties, based on 1200 samples
from 40 different wood species from the
Amazon rainforest, with each species rep-
resented by three individuals and 10 speci-
mens.

All of the models were built from original
data obtained by the traditional methodol-
ogy, as described in: (i) determination of
the total extractives content — ethanol/tol-
uene (D1105-96/2013, ASTM 2013); (ii) deter-
mination of the content of total polyphe-
nols and tannins (Barbosa et al. 2006)); (iii)
determination of solubility in hot water
(D1110-84/2013, ASTM 2013); (iv) Determi-
nation of lignin content (D1106-96/2013,
ASTM 2013); (v) determination of the crude
cellulose content (Halward & Sanchez
1975); (vi) determination of ash content
(D1102-84/2013, ASTM 2013); (vii) determi-
nation of moisture (D2016-74/1983, ASTM

iForest 14: 400-407
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Tab. 2 - Results of chemical properties of Eschweilera woods by non-destructive
methodology. Each value is an average of four repetitions. (SD): Standard deviation,
Means followed by the same letter do not statistically differ (p>0.05) after Tukey test.

Species Stats Extractives Polyphenols wl-akt)ttar Lignin Cellulose  Ash
S Max. 6.37 6.18 1.42 31.83 47.48 0.64
S Min. 5.55 5.77 0.93 30.57 44.81 0.41
§ Average 5.85% 5.92° 1.25° 31.14*  46.33* 0.49°
W oosp 0.45 0.23 0.28 0.64 1.37 0.13

Max. 7.66 3.01 3.13 30.66 46.43 0.65
_§ Min. 5.81 1.63 2.81 24.88 43.46 0.42
': Average 6.48 ° 2.09¢ 2.76° 28.89°® 44.64* 0.55°

SD 1.02 0.79 0.39 3.48 1.57 0.12
s Max 6.45 10.00 2.14 31.67 45.73 0.71
§ Min. 5.59 7.06 1.75 30.86 43.29 0.66
g Average 6.08 ° 8.78 ® 1.90° 31.21*  44.20* 0.69°
w o sp 0.44 1.53 0.21 0.42 1.33 0.03

2013); (viii) determination of the higher
calorific value - HCV (D2015-00/2000, ASTM
2013); (ix) determination of basic density —
BD (NBR 7190/1997, ABNT 1997); (x) deter-
mination of the modulus of elasticity
(MOE) and rupture (MOR) in static bending
(555 - COPANT 1973).

Statistical analysis

The NIR spectra of the mata-matd woods
(total of 9o samples) were applied in differ-
ent models to predict the physical, me-
chanical and chemical properties. The re-
sults obtained were subjected to statistical
analysis to obtain the mean, minimum and
maximum values, as well as to analysis of
variance and normality tests. When a statis-
tically significant difference in the property
being evaluated was found (« = 0.05), the
Tukey test (PAST v. 2.17¢ — Hammer et al.
2001) was applied. At the end, a correlation
matrix was obtained between the pre-
dicted properties. For this, the data that
did not meet the assumption of normality
were submitted to log,, square root and
Box Cox data transformations to meet the
assumption of Pearson’s correlation analy-
sis. For variables that did not meet the as-
sumption of normality even after transfor-
mations, Spearman’s correlations were ap-
plied. These analyzes were performed us-
ing the statistical software R v. 4.0.5 (R
Core Team 2020).

Results and discussion

Chemical characterization

The elucidation of the chemical character-
istics of wood provides the basis for inter-
preting its properties in an engineering
context, in order to better understand the
strengths and limitations of this raw mate-
rial. The results of the estimation of the
technological properties of the mata-matd
woods are presented in Tab. 2, Tab. 4 and
the analysis of variance (ANOVA) in Tab. 3
and Tab. 5.

The extractives in organic solvents (tol-
uene and ethanol) and solubility in hot wa-
ter showed maximum concentrations of
7.66% and 3.13% for Eschweilera odora (yel-
low mata-matd), where these compounds
add up to more than 10% in dry mass of this
species (Tab. 2). The analysis of variance
(ANOVA) was applied to the extractives
concentration and no overall significant
difference among species (p = 0.5599) was
found. However, for water solubility, the
existence of differences in mean values
among species (p = 0.0025 - Tab. 3) was
confirmed by the Tukey test, indicating
that there is a difference in the concentra-
tion in E. odora (2.76%) compared with E.
coriacea (white mata-matd - 1.25%) and E.
truncata (black mata-mata - 1.90%).

A range of compounds with low molecu-
lar weight was found in the extractives, in-

Tab. 3 - Result of the analysis of variance of the chemical properties of the different

Eschweilera woods.

Variables Sum of squares  Mean square F P-value
Extractives 0.6167 0.3083 0.6398 0.5599
Polyphenols 67.4644 33.7322 33.4435 0.0006
Hot water 3.4711 1.7355 19.1139 0.0025
Lignin 10.4790 5.2395 1.2402 0.3542
Cellulose 7.5783 3.7891 1.8514 0.2365
Ash 0.0622 0.0311 2.8426 0.1354
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cluding resins, gums, terpenes, alkaloids,
and flavonoids. Also within these com-
pounds are several chemical classes of phe-
nolic substances, such as tannins. The ex-
traction quantification process uses, in
general, nonpolar and/or low polar sol-
vents (hexane, benzene and chloroform)
that are responsible for the removal of
resins, waxes and essential oils. Toluene-
ethanol, acetone, methanol and water,
which are medium- to high-polarity sol-
vents, carry a large amount of compounds
such as flavonoids, tannins and sugars
(Barbosa et al. 2006, Lovaglio et al. 2017).
For tannins, a higher concentration was ob-
served in the extractives of E. truncata
(10%). The Tukey test confirmed the forma-
tion of three classes of values for polyphe-
nols and total tannins (p = 0.0006), with E.
truncata (8.78%) differing from the other
two species and E. coriacea (5.92%) display-
ing significant differences in relation to E.
odora (2.09%).

Secondary metabolites (extractives) can
be found in the middle lamella, parenchy-
mal cells, and vessels and voids in the xy-

lem tissue. The anatomical aspects of the
three species of Eschweilera studied are
presented in Fig. 2, where the similarity
can be observed in the vasicentric paratra-
cheal parenchyma and in lines (P) and soli-
tary vessels (V) obstructed by organic sub-
stances (extractives).

The macrocomponents (primary metabo-
lism) of Eschweilera species were in the
range of 44.20-46.33% for cellulose and
28.89-31.21% for lignin (Tab. 2). Despite this
variation, no statistical difference was ob-
served between the means of each species
for these compounds (lignin: p = 0.3542;
cellulose: p = 0.236). Comparing these re-
sults with data from the literature for tropi-
cal woods, it was found that these values
fall within the standard range for species in
the region (Silva & Silva 1991, Fengel &
Wegener 2003). As for the mineral com-
pounds present in the xylemic tissue,
which in technology are quantified as ash
(a product of carbonization), in the present
study these were quantified in concentra-
tions < 0.70%, with no statistical difference
among species (p = 0.1354).

Tab. 4 - Results of the physical and mechanical properties of Eschweilera woods by

non-destructive methodology. Each value is

an average of four repetitions. SD = Stan-

dard deviation. Means followed by the same letter do not differ statistically after
Tukey test (p>0.05). (HCV): higher calorific value; (BD): basic density; (MOE): modulus

of elasticity; (MOR): modulus of rupture.

Species Stats Moiiture HCV_1 BD_3 MOE MOR

(%) (calg™) (gcm™) (MPa x1000) (MPa)

S Max. 12.66 5.094 0.83 16.570 153.78

_§ Min. 12.52 4.972 0.71 14.310 145.28
§ Average 12.58 ° 5.033° 0.78° 15.337 ° 149.32°

L SD 0.07 61.000 0.07 1.144 4,27

Max. 13.46 5.114 0.93 14.640 147.57

5 Min. 12.77 4.871 0.80 13.710 144.01
:i Average 13.21° 4.996 * 0.88° 14.253 ° 146.04 °

SD 0.38 121.650 0.08 484.390 1.83

S Max. 13.80 5.135 0.91 18.310 176.35

§ Min. 13.11 4.849 0.74 16.300 174.81
E Average 13.46 ° 4.993° 0.81° 17.447 ® 175.73 ®

Wi SD 0.35 143.010 0.09 1.034 0.82
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Fig. 2 - Cross-sectional view
(10x) of matd-mata (Esch-
weilera sp.) wood samples.
(A): E. coreacea; (B): E.
odora; (C): E. truncata; (P):
parenchyma; (V): vessels.

Cellulose is the most abundant polysac-
charide in nature. It is formed of a chain
composed of glucose units joined by 1-B, 4-
glycosidic bonds. Plant cell walls are com-
pactly arranged in such a way that the
fibers present clearly crystalline regions.
Due to its chemical and physical properties,
as well as its supramolecular structure, cel-
lulose is linked to the volumetric contrac-
tion of the species (Silva & Silva 1991, Vare-
jdo et al. 2012).

Lignin is another major component of
wood. It is an amorphous, heterogeneous
and predominantly aromatic polymer,
which involves polysaccharides in the cell
structure. It is characterized by the high
number of -OCH; and -OH groups, and its
chemical structure differs depending on
whether it comes from hardwood or conif-
erous wood. Lignified cell walls tend to
contract less than non-lignified ones. Since
lignin provides resistance to impact, com-
pression and bending, it decreases water
permeability, in addition to protecting
against microorganisms by preventing the
penetration of destructive enzymes into
the cell wall (Fengel & Wegener 2003, Sj6-
stréom 2013).

Extractives, or secondary metabolites, in-
clude a wide range of organic compounds,
such as terpenes, fatty acids, aromatic
compounds (mainly phenolic compounds)
and vegetable oils. These substances have
a physiological function in the tree, wheth-
er as a reserve material, for energy storage
or antioxidant activity against environmen-
tal stressors, among others. They are re-
sponsible for certain characteristics of the
wood, such as taste, color, flammability,
and especially the natural resistance to xy-
lophagous organisms (Kilic & Niemz 2012).

In addition to macrometabolites and ex-
tractives, small amounts of mineral com-
pounds are found in wood, which are ab-
sorbed from the soil during the growth of
trees and deposited in the cell wall. In gen-
eral, these compounds are analyzed in ash
that is characterized as alkaline material
(pH 8-13), formed by carbonates, salts and
oxides of Ca, K, Mg, P, Na and Si (Serafi-
mova et al. 2011, Sjostrém 2013).

Castilho (1984) carried out the chemical

iForest 14: 400-407



characterization of Eschweilera iquitoensis
wood (machimango colorado), a species
from the Peruvian Amazon, using tradi-
tional destructive methodology, reporting
values of 30% lignin, 8% total extractives
and 1% ash. Moutinho et al. (2011), investi-
gating mata-mata woods (E. amazonica, E.
coriacea, E. idatimon and E. ovata) from the
southeastern region of Pard (Brazil) re-
corded values from 23.40 to 30.80% for
lignin content and extractives concentra-
tions from 3.60% (white biriba, E. ovata)
to 11.10% (E. coriacea). Nascimento et al.
(2019), studying the chemical profile of ex-
tractives of tree species from the Lecythi-
daceae family of the Central Amazon,
found total extractives levels ranging from
1.93% (castanha sapucaia, Lecythis usitata)
to 7.10% (E. odora), and total polyphenols
concentrations of 0.33% (white tauari, Cour-
atari stellata) to 2.79% (tauari, Couratari gu-
ianensis).

Physical and mechanical
characterization

The results of predictions for the physical
and mechanical properties of mata-mata
wood are presented in Tab. 4. The analysis
of variance did not detect significant differ-
ences for the values of higher calorific
value (HCV, p = 0.8936) and basic density
(BD, p = 0.3889) between the studied spe-
cies, with the HCV ranging from 4.993-
5.033 cal g* and BD from 0.78-0.88 g cm?.
As for moisture content, the highest value
was observed for E. truncata (13.46%). This
was evidenced by the Tukey test with a sig-
nificant difference (p = 0.0284) when com-
pared with the means of E. Coriacea (12.58
%) and E. odora (13.21%). The same statisti-
cal difference was observed for modulus of
elasticity (MOE, p = 0.0153) and modulus of
rupture (MOR, p < 0.0001), with a variation
of 14.253-7.447 MPa and 146.04-175.73 MPa,
respectively (Tab. 4, Tab. 5). It is worth
mentioning that the values predicted for
the properties are in the range for high
density Amazonian woods (INPA/CPPF
1991, Balboni et al. 2018).

Kollmann & Coté Junior (1968) and Sil-
veira et al. (2013) state that the physical
and mechanical properties depend on the
moisture content of the wood, with this
variable being inversely proportional to BD,
HCV, MOE and MOR, i.e., the greater the
water content, the greater the interrela-
tion of hydroxyls with cellulose and hemi-
cellulose molecules, increasing dimensional
instability and defects in pieces of wood
and reducing the energy potential, as well
as the biological and mechanical resistance
of the wood. The statistical analysis indi-
cated the formation of two moisture
groups with lower (E. coriacea and E. odo-
ra) and higher moisture content (E. trun-
cata). Within this range, Silva et al. (2014)
observed a moisture level of 12.16-14.22%
when applying near infrared spectroscopy
(NIR) to predict this property in wood
waste from the Amazon.

The calorific value of wood is one of the
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Tab. 5 - Results of the analysis of variance of the physical and mechanical properties

of the different Eschweilera woods.

Variables Sum of squares  Mean Square F P-value
Moisture 1.2313 0.6156 6.8312 0.0284
HCV 2.978 1.489 0.1146 0.8936
BD 0.0124 0.0062 1.1069 0.3898
MOE 15,823.089 7,911.544 9.0805 0.0153
MOR 1,589.897 794.948 107.3328 0.0000

main parameters reflecting the energy pro-
duction of this material, along with the
concentration of chemical compounds,
moisture and BD. The Amazonian biome
contains forest species that have not been
studied for energy purposes, although en-
ergy production from wood is widespread,
mainly for domestic use and for the pro-
duction of charcoal for the steel industry. A
study by Silva et al. (2020) used a tradi-
tional methodology to characterize the en-
ergy values of wood waste for the produc-
tion of briquettes, finding high HCV values
that ranged from 5.213 cal g (angelim pe-
dra, Hymenolobium petraeum) to 5.832 cal
g (jatoba, Hymenaea courbaril). Moutinho
et al. (2011) found lower values for several
matad-mata woods (Eschweilera sp.), rang-
ing from 4.438-4.758 cal g'. However, in
one of the few studies using non-destruc-
tive prediction (NIR), Silva et al. (2014)
characterized waste wood from the state
of Amazonas (Brazil), finding HCV values
similar to those of the present study, rang-
ing from 4.608 (cedrinho, Scleronema sp.)
to0 4.928 cal g (louro, Ocotea sp.).

One of the key variables for wood usage
is density, which is closely related to chemi-
cal composition and anatomical structure
(Kollmann & Coté Junior 1968, Vale et al.
2010). Applying the non-destructive meth-
odology (NIR) on wood from Picea sitchen-
sis (Sitka spruce), Pinus sylvestris (Scots
pine) and 24 tropical species, Nuopponen
et al. (2006) sought to establish the rela-
tionship between chemical constitution
and wood density, concluding that tropical
wood had greater density than spruce and
pine woods, and also verifying that tropical
species had a higher content of lignin in
their composition than other woods.

Aratjo et al. (2019), studying managed
wood species in the Amazon and applying
the traditional methodology, identified the
predominance of wood with high density
(murici, Byrsonima crispa, 0.71 g cm?3; pidoz-
inho, Micrandropsis sclerorylon, 1.18 g cm3).
Within this range, Frdes et al. (2019) found
mean values of 0.77 g cm3 for E. truncata
wood by applying the same (destructive)
methodology, while Nascimento et al.
(2017) determined the density of E. odora
by NIR, obtaining mean values of 0.80 g
cm?3. In the current study the mata-matd
woods were classified as high density (BD >
0.70 g cm?3).

Knowledge of the mechanical properties
of wood is essential for structural pur-

poses. Balboni et al. (2018) characterized
the physical and mechanical properties of
the Amazonian woods Pseudopiptadenia
psilostachya (timborana) and E. ovata ob-
tained MOE values of 16,030-17,870 MPa
and MOR of 103.90-127.10 MPa, with the
greatest resistance observed for Eschweil-
era wood. In the database of the Institute
of Technological Research (IPT 2020), the
tropical species Hymenaea courbaril is clas-
sified as a high resistance wood with MOR
of 151.8 MPa and MOE of 17,062 MPa.

Predictive studies based on high-quality
hardwoods are not as common. Aradjo et
al. (2019) used the Stress Wave Timer tech-
nique to determine the MOE of Amazonian
woods, obtaining values from 11,049 (breu
vermelho, Protium puncticulaton) to 14,201
MPa (Micrandropsis sclerorylon). In recent
years, several studies have been developed
to validate models based on NIR spec-
troscopy in order to predict the mechanical
properties of solid wood. Andrade et al.
(2010) determined the mechanical strength
of Eucalyptus urophylla (red eucalyptus)
wood by NIR spectroscopy and obtained
MOR of 94.40 MPa and MOE of 15,972.20
MPa. Schimleck et al. (2018) compared sev-
eral NIR predictive models for six species
of pines (Pinus caribaea, P. chiapensis, P.
maximinoi, P. oocarpa, P. taeda and P. te-
cunumanii), where MOR ranged from 55.15-
70.13 MPa and MOE from 5,930.21-9,110.24
MPa. Also using spectroscopy, Mancini et
al. (2019) recorded MOR values of 102.40
MPa and MOE values of 12,132.00 MPa for
Castanea sativa (sweet chestnut). Yu et al.
(2020) compared the mechanical proper-
ties of Quercus mongolica (mongolian oak)
wood using NIR modeling and observed
values for breaking strength in the range of
120.00 to 200.00 MPa and resistance to
elasticity from 12,000 to 18,000 MPa.

The non-destructive prediction method
used for technological characterization of
Eschweilera woods is entirely based on
near infrared spectroscopy (NIRS), a tool
based on vibrational spectroscopy. This in-
volves the exposure of wood to electro-
magnetic radiation in the range of 4,000 to
12,000 cm, which allows the estimation of
various attributes of wood based on the
combination of chemical constituents with
physical and mechanical properties by mul-
tivariate statistics and chemometrics. The
technological properties of Eschweilera
woods predicted by the NIR models in this
study are within the standard range for
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Fig. 3 - Factorial
distribution of the 10
analyzed wood
properties by PCA.
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tropical woods based on traditional meth-
ods, thus proving the model accuracy in
the variable predictions.

To investigate the possible biological rela-
tionships between the physical, mechanical
and chemical characteristics of mata-mata
wood, principal component analysis (PCA)
was carried out based on Pearson’s corre-
lation matrix (Fig. 3, Tab. 6). The first four
components explained 86% of the total
variation. Based on the PC1 and PC2 (ac-
counting for 62% of the total variation - Fig.
3), four groups of wood properties could
be identified. Group 1 (G1) included ash,
polyphenols, MOE and MOR; group 2 (G2)
included cellulose, lignin and HCV; group 3
(G3) included BD, extractives and solubility
in hot water; and group 4 (G4) included
only moisture. Among the wood properties
grouped in G1, MOR showed a highly sig-

Dim 1 (34.72%)

nificant relationship with MOE (Tab. 6),
which can be partly explained by the macro
components of wood (cellulose and lignin).
Fujimoto et al. (2008) stated that the OH
group (linked to specific NIR bands) in the
semicrystalline or crystalline regions of cel-
lulose strongly affect wood resistance
(MOR and MOE) in flexural tests. As re-
gards the strong relationship of polyphe-
nols with mechanical strength, little evi-
dence is available in the literature. A possi-
ble explanation could be proposed here, as
phenolic compounds present in extrac-
tives, such as highly reactive tannins, form
intra and intermolecular hydrogen bridges
with various compounds in the wood (Pizzi
2019). Similar to polyphenols, the correla-
tion between ash and wood strength has
been little studied, and could possibly be
explained by the intramolecular interac-

Tab. 6 - Result of Pearson’s correlation among all variables obtained from the relation-
ships between chemical, mechanical and physical variables Eschweilera wood. (BD):
Basic density; (MOE): Modulus of elasticity; (MOR): Modulus of rupture; (HCV): Higher

calorific value. (*): For the correlation of thi
relations were applied. (Class): strength of t
(2003): moderate (0.30 <r < 0.60); strong (r

s variable with the others, Spearman cor-
he correlation based on Callegari-Jacques
2 0.60).

Properties Variable 1 Variable 2 Pearson r P-value Class
Chemical Extractives Cellulose -0.47 0.2030 Moderate
BD 0.46 0.2017 Moderate
Hot water 0.36 0.3380 Moderate
HCV -0.41 0.2780 Moderate
Polyphenols  Lignin* 0.33 0.3800 Moderate
MOE 0.87 0.0020 Strong
MOR 0.84 0.0040 Strong
Mechanical MOR Ash 0.56 0.1130 Moderate
MOE 0.90 <0.0001 Strong
Physical BD Hot water 0.30 0.4270 Moderate
HCV Ash -0.33 0.3920 Moderate
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tions of carbonates, phosphates and sili-
cates within the plant cell (Higuchi 1997).

Among the variables grouped in G2, the
positive correlation of lignin and HCV is
well known, especially in energy studies:
the higher the lignin content, the greater
the energy potential (HCV), as the higher
the concentration of fixed carbon in the
matrix, the stronger the glow when burned
(Telmo & Lousada 2011, Todaro et al. 2015,
Silva et al. 2020). As for the cellulose/lignin
connection, the correlation is negative
(Fengel & Wegener 2003). Regarding the
G3 wood attributes, the extractives/BD as-
sociation has been explained in several
studies (Nascimento et al. 2017, Soares et
al. 2018, Frées et al. 2019), since high-den-
sity tropical forest species grow slowly in
diameter, thus having time for greater de-
position of compounds in the xylem (Silva
& Silva 1991, Chave et al. 2009). Conversely,
pioneer species, which are generally fast
growing, display low density and concen-
tration of extractives (Vale et al. 2010, Kilic
& Niemz 2012).

Wood moisture (the only attribute in-
cluded in G4) has an indirect correlation
with most properties. For example, Silveira
et al. (2013) studied the inverse correlation
between moisture and BD, with low den-
sity wood having a higher moisture con-
tent. In the energy industry using wood
biomass, species with higher moisture con-
tent have a low HCV and consequently a
lower energy vyield (Silva et al. 2014, 2020).
By assessing the influence of extractives on
hydraulic architecture in tree species of the
Central Amazon, Santos (2020) found that
certain species evolved an adaptive strat-
egy to face water stress, whereby a high
moisture content was associated with a
higher concentration of aqueous extrac-
tives.

The most significant correlations among
the analyzed wood properties (Tab. 6)
were found between MOR and polyphe-
nols (r = 0.84, p = 0.004), MOE and poly-
phenols (r = 0.87, p = 0.002), and MOE and
MOR (r = 0.90, p = 0.000). The following
sequence was obtained from the variables
classified as moderate correlation: MOR/
ash > Extractives/cellulose > Extractives/BD
> Extractives/HCV > Extractives/hot water >
Lignin/polyphenols > HCV/ash> BD/hot wa-
ter. The largest contributions to these com-
binations are associated with extractives,
polyphenols and MOR.

In recent studies on Amazonian woods,
Silva et al. (2020) found significant correla-
tions between extractives and BD (r = 0.56)
as well as ash and HCV (r = -0.58). Fernan-
des et al. (2017) found a significant correla-
tion between extractives and hot water (r
= 0.550), while Soares et al. (2018) working
with Eucalyptus sp., also observed signifi-
cant correlations between extractives and
BD (r = 0.48) and extractives and cellulose
(r = -0.563). Other studies showed correla-
tions between chemical and physical vari-
ables in wood, including Moutinho et al.
(2011) who reported a moderate correla-
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tion for the extractives/HCV combination (r
=-0.390). It is worth mentioning that in all
of these studies similar correlation trends
were observed as in the present study.

As for physical properties, Moutinho et al.
(2011) observed a correlation between BD
and HCV (r = 0.360), while for mechanical
properties, Fernandes et al. (2017) showed
a highly significant relationship between
MOE and MOR (r = 0.779), which is lower
than that detected in this study (r = 0.902).
MOE is a wood rigidity parameter that is
highly and positively correlated with
strength and therefore can be used to as-
sess wood strength parameters like MOR
(Liu et al. 2007).

Conclusions

In this study, chemical, physical and me-
chanical properties of the wood of Esch-
weilera coriacea (white matd-matd), E.
odora (yellow matd-matd), and E. truncata
(back mata-matd), estimated by NIR spec-
troscopy, were compatible with those ob-
tained by the destructive determinations
of tropical species and also with other
species of the genus Eschweilera. Knowl-
edge of the chemical composition and the
distribution of chemical components in
plant tissues is key to improve the use of
wood and its commercialization in different
industrial sectors, such as civil or naval con-
struction, manufacture of furniture, boards
and panels, etc.

The technological characterization of ma-
td-matd woods by near infrared spectro-
scopy (NIRS) provided robust and satisfac-
tory results generated in short time. Be-
sides, in contrast to the traditional method-
ology, there is no need to destroy the sam-
ple and do not produce waste. Finally, PLS
models used in this study to predict wood
technological properties showed high per-
formance with high determination coeffi-
cient (> 0.90) and RPD (ratio of perfor-
mance to deviation > 3), and low calibra-
tion and prediction errors (RMSEC and RM-
SEP, respectively).
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