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ABSTRACT

Background: The prediction of apparent relative density (ARD) based on spectral data obtained in
the near-infrared (NIR) region has not achieved high accuracy in the literature, emphasizing the need
for alternatives to enable the use of NIR technology for classifying charcoal by ARD. In this context,
the present study aimed to investigate the precision of NIR in estimating ARD classes for charcoal
produced at different carbonization temperatures. Wood wastes from six tropical species (Dinizia
excelsa, Licania sp., Brosimum gaudichaudii, Caryocar sp., Simaba guianensis, and Parkia sp.) were
carbonized at four final temperatures (400, 500, 600, and 700 °C) under laboratory conditions. The
spectral data collected from the radial and transverse surfaces of the charcoals were analyzed using
Principal Component Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLS-DA).

Results: While PCA was ineffective in distinguishing the ARD classes, PLS-DA demonstrated
relevant accuracy for classification. The quality of the PLS-DA models varied depending on the final
carbonization temperature and the surface from which the spectra were collected. Spectral data from
the radial and transverse surfaces showed high accuracy in classifying charcoals (>70%) up to 500 °C
for ARD. A global model with data from temperatures of 400-500 °C achieved accuracy rates of 74%
(transverse) and 80% (radial).

Conclusion: Using NIR technology for ARD classification represents significant progress for the
energy sector, especially in the pursuit of bio-reducers with suitable quality for industrial applications.

Keywords: Amazonian wastes; tropical woods; charcoal quality; NIRS; carbonization temperature.

HIGHLIGHTS

NIR spectroscopy distinguished density classes of charcoals from tropical species.

PLS-DA models achieved high accuracy for charcoal classification at 400-500 °C.

Radial and transverse surfaces achieved >70% accuracy for charcoal up to 500 °C.

Global PLS-DA models for 400-500 °C charcoals reached up to 79.6% classification accuracy.
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INTRODUCTION

Charcoal is a carbonaceous material of great
importance for various industrial sectors, especially the
steel industry. Brazil leads the global ranking of charcoal
producers, with 6.6 million tons produced in 2023, all
destined for the domestic market (EPE, 2024). In Brazil,
planted forests and residues from the forestry industry have
replaced native forests as the primary sources of wood for
charcoal production (Silva et al., 2020), driven by increasing
environmental demands and sustainability concerns.

It is widely used for domestic purposes as well as
fuel in steel production, charcoal plays an indispensable
role in pig iron production (Pinto et al., 2018; EPE, 2024). In
2022, the steel and iron sectors produced 7.8 million tons
of pig iron using charcoal as raw material (SINDIFER, 2023).
Charcoal production occurs through the carbonization of
biomass, a thermal decomposition process that takes place
under controlled temperature and limited oxygen conditions
(Fortaleza et al., 2019). Charcoal quality is often evaluated by
its physical and chemical properties, with apparent relative
density (ARD) being one of the most relevant parameters.
ARD directly influences energy efficiency, storage, and
transport capacity, as well as pollutant emissions during
combustion (Loureiro et al., 2021).

Traditional methods for determining ARD, such
as liquid immersion and pycnometry (Aratdjo et al,
2018), while precise, are typically time-consuming and
destructive, limiting their application in large-scale quality
control processes. In this context, alternative techniques
that provide rapid and accurate analysis and results are
necessary, such as Near Infrared (NIR) Spectroscopy (Lima et
al., 2022a). The NIR technique is based on the interaction of
near-infrared radiation with matter, resulting in spectra that
can be analyzed to extract information about the chemical
composition and physical properties of the material. NIR
has been extensively used in agriculture (Alves et al. 2024),
the food industry, and the pharmaceutical industry for
rapid analysis of various product properties, demonstrating
its versatility and efficiency (Rech and Werner, 2024).

NIR combined with Partial Least Squares Regression
(PLS-R) demonstrated high accuracy in predicting wood
properties such as basic density (cross-validation coefficient
of determination — R*v > 0.90) (Medeiros et al., 2023;
Nascimento et al., 2017), moisture (R%cv: 0.96) (Santos et al.,
2021), modulus of elasticity (R%v: 0.78) and rupture (R%cv:
0.73) (Schimleck et al., 2018), total extractives (R%cv: 0.91),
ash (R%cv: 0.96), elemental carbon (R%cv: 0.76) (Loureiro et
al., 2022), Klason lignin (R%cv: 0.86), acid-soluble lignin (R%cv:
0.77), syringyl/guaiacyl ratio (Rcv: 0.86) (Hein et al., 2010),
volatile materials (R%cv: 0.99), fixed carbon (R%cv: 0.99), and
higher heating value (R%v: 0.98) (Gmach et al.,, 2024).

For charcoal, PLS-R models based on spectral data
have accurately estimated volatile materials (R*cv: 0.87), fixed
carbon (R%cv: 0.88), and higher heating value (R%v: 0.86)
(Gomes et al.,, 2024). However, Costa et al. (2018) attempted
to adjust ARD prediction models using PLS-R and observed
weak correlations between actual and predicted values. The
reasons for NIR’s inability to predict charcoal ARD remain

unclear. The literature lacks detailed information explaining
the behavior of prediction models for ARD in charcoals
from wood wastes. An alternative approach is to calibrate
multivariate models using NIR spectral data with the Partial
Least Squares Discriminant Analysis (PLS-DA) technique
to estimate ARD classes proposed by Lima et al. (2022a).
These authors proposed three ARD classes for charcoal
derived from wood wastes for steelmaking purposes: Class
1(0.250 < ARD < 0.400 g cm™), Class 2 (0.400 < ARD <
0.550 g cm™®), and Class 3 (ARD > 0.550 g cm™).

This research topic is justified by the need for more
efficient methods to analyze charcoal quality, aiming to
optimize industrial processes and promote sustainability.
Thus, this study contributes to advancing scientific
knowledge in the field of lignocellulosic material analysis
and offers practical implications for the charcoal industry,
enabling improvements in production and quality control
processes. The scientific questions guiding this study were:
i) What is the accuracy of multivariate statistical models
calibrated with NIR spectra for classifying charcoal from
wood wastes into ARD classes? i) Is the accuracy of predictive
models influenced by the final carbonization temperature?
i) What is the optimal ARD range for accurately classifying
charcoals? Accordingly, the study aimed to investigate the
precision of NIR in estimating ARD classes for charcoal
produced at different carbonization temperatures.

MATERIAL AND METHODS
Origin of the wood wastes

The wood wastes were collected at the storage yard of
the charcoal production unit of Rio Capim Farm (coordinates:
3°30"and 3°45'S —48° 30" and 48° 45'W; altitude around 87
m), located in Paragominas town, Paré State, Brazil. This plant
belongs to the Keilla group and operates under a license
issued by the Secretariat of Environment and Sustainability
of the state of Para (SEMAS — PA).

Sampling and botanical identification of wastes

Six different tropical species (Table 1) were selected
for this study based on the apparent relative density (ARD)
values of the charcoal produced at 400 °C and the ARD
classes proposed by Lima et al. (2022a). The following
classes were considered for species selection: Class 1 (0.250
< ARD < 0.400 g cm™3), Class 2 (0.400 < ARD < 0.550 g
cm™), and Class 3 (ARD > 0.550 g cm™). The species were
also selected for their widespread use in the charcoal
production unit and their high availability of wastes in the
storage yard, ensuring the reproducibility of the study.

In the storage yard, species were identified and
labeled in the waste piles with the assistance of a botanical
identifier. Subsequently, these waste pieces were removed
using a Wheel Loader (Volvo L90 F) and sectioned into six
short logs, each 60 cm in length, by a chainsaw operator.
From each short logs, a 20 cm-thick wood disc was extracted
for laboratory carbonization and spectral readings.
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From the 20 cm-thick wood discs, 72 defect-free
specimens (4 x 4 x 3 cm) per species were prepared for
laboratory-scale carbonization, analysis of the apparent
relative density (ARD), and anatomical identification in
the xylotheque of Embrapa Eastern Amazon (Lima et al,
2022a). The sampling methodology aimed to isolate
intraspecific variations in charcoal properties, ensuring that
only the effects of final carbonization temperature were
observed and evaluated for multivariate models based on
the charcoal spectral data. Figure 1 illustrates the sampling
methodology for laboratory carbonization and analysis of
the produced charcoals.

Table 1: Selected tropical species for the study.

Laboratory-scale carbonization

Laboratory carbonizations were performed using
an electric muffle furnace (model Q318S25T, Quimis, Sao
Paulo, Brazil). The equipment included a carbonization
capsule connected to a water-cooled condenser coupled
with a volatile gas collection flask.

A total of 72 wood specimens per species were
carbonized in the laboratory. For each final carbonization
temperature (400, 500, 600, and 700 °C), 18 samples per
species were used, simulating the temperature variations
found in real conditions in brick kilns. Before carbonization,

Scientific Name Family Common Name ARD (g cm?) Class
Licania sp. Chrysobalanaceae Casca-seca 0.642 + 0.050 3
Dinizia excelsa Ducke Fabaceae Angelim-vermelho 0.617 + 0.031 3
Brosimum gaudichaudii Trécul Moraceae Inharé 0.455 +0.016 2
Caryocar sp. Caryocaraceae Pequiarana 0.404 £ 0.040 2
Parkia sp. Fabaceae Fava-branca 0.322 £ 0.042 1
Simaba guianensis (Aubl.) Engl. Simaroubaceae Marupa-amarelo 0.283 + 0.028 1

ARD = apparent relative density of charcoal. Source: Lima et al. (2022a).
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Figure 1: Sampling scheme for wood wastes aimed at laboratory-scale carbonization at different final temperatures and
analysis of the apparent relative density (ARD) of the charcoal.
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the specimens were dried in an oven with forced air circulation
(105 + 2 °C for 24 hours). Carbonization began at an initial
temperature of 100 °C, with a heating rate of 1.67 °C/min
and a residence time of 60 minutes at the final temperature,
following a methodology adapted from Trugilho et al. (1997).

Determination and classification of charcoals based
on apparent relative density (ARD)

The apparent relative density (ARD) of the charcoal
was determined following an adaptation of the NBR 11941
standard (ABNT, 2003), using the hydrostatic method
to measure the saturated volume of the sample. The
adaptations included a 30-minute immersion time for the
charcoal sample and a drying period in an oven with air
circulation (105 + 2 °C for 2 hours).

The charcoals were classified into ARD classes as
proposed by Lima et al. (2022a): Class 1(0.250 < ARD < 0.400
g cm™), Class 2 (0.400 < ARD < 0.550 g cm™), and Class 3
(ARD > 0.550 g cm™). Charcoals with ARD values below
0.250 g cm™® were excluded from the dataset used to adjust
the multivariate models described later. This classification
was employed due to the absence of established technical
standards. Additionally, the literature suggests that, for
industrial purposes, charcoals with ARD > 0.250 g cm ™ are
suitable as they exhibit higher mechanical strength (Assis et
al, 2016), supporting the coherence and applicability of the
adopted classification.

NIR Spectra acquisition

Spectral readings were conducted on laboratory-
produced charcoal samples, totaling 432 specimens. The
readings were performed in diffuse reflectance mode
using a Fourier-transform spectrometer (model MPA,
Bruker Optik GmbH, Ettlingen, Germany) equipped with an
integrating sphere and an optical fiber. The spectral data
were acquired using OPUS software version 7.5, covering
the radiation range of 3,500-12,500 cm™ with a resolution
of 8 cm™ via the integrating sphere. However, only the

4,000-9,000 cm™ range was considered due to noise and
lack of relevant information in the excluded range (Santos
et al, 2021). Average spectral curves for each ARD class,
considering the acquisition surfaces (radial and transverse),
were analyzed to observe changes due to temperatures.
The number of spectra collected is described in Table 2.

Multivariate statistical analysis

Principal Component Analysis (PCA) and Partial
Least Squares Discriminant Analysis (PLS-DA) were
conducted using Chemoface software version 1.66 (Nunes
et al., 2012). PCA was performed to preliminarily explore
data dependency and verify spectral similarity among the
obtained data. Models were validated using the cross-
validation method (leave-one-out). The number of latent
variables was determined based on the lowest root mean
square error of prediction (RMSEP) and the highest
coefficient of determination for validation (R%cv).

PLS-DA was employed to develop models for
classifying charcoal into ARD classes as proposed by Lima
et al. (2022a): Class 1 (0.250 < ARD < 0.400 g cm™®), Class 2
(0.400 < ARD < 0.550 g cm™), and Class 3 (ARD > 0.550 g
cm™). This method, based on the PLS-R approach, correlates
two blocks of variables: X (independent variables) and Y
(dependent variables). The independent variables (X) were
represented by the NIR spectral matrix, while the dependent
variables (Y) corresponded to the ARD classes. Models were
adjusted using spectral data treated with the first and second
derivatives and untreated data. Outliers were identified
through graphical analysis of residuals. Additionally, spectra
from charcoals with ARD below 0.250 g cm™ were excluded.

PLS-DA models were calibrated and validated
using the leave-one-out cross-validation method. Finally,
a confusion matrix was constructed to analyze the
percentages of errors and correct classifications after
testing the model generated by PLS-DA. Global models,
encompassing data from different temperature ranges
(400-700 °C; 400-600 °C; and 400-500 °C), were adjusted
to simulate the carbonization temperature ranges of brick
kilns in the Brazilian Amazonia.

Table 2: Number of NIR spectral readings, considering final carbonization temperatures, spectral acquisition surfaces,

and ARD classes.

ARD Classes
Temperature Surface Total S|.:>ectra|
1 2 3 readings
Radial 40 28 36 104
400
Transverse 40 28 36 104
Radial 45 27 34 106
500
Transverse 45 27 34 106
Radial 41 31 31 103
600
Transverse 41 31 31 103
Radial 36 34 37 107
700
Transverse 36 34 37 107
Total - 324 240 276 840

ARD = Apparent relative density of charcoal.
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RESULTS

The mean ARD values of charcoal produced from
wood wastes of six tropical species are shown in Figure 2.
The charcoals from Licania sp. and D. excelsa exhibited the
highest ARD values and were classified in Class 3 across
all final carbonization temperatures. B. gaudichaudii and
Caryocar sp. consistently represented Class 2 at different
carbonization temperatures, while Parkia sp. and S.
guianensis were always classified in Class 1. Although no
transitions between classes occurred during carbonization,
slight modifications in ARD values were observed with
increasing temperature: between 400-500 °C (-1.9%), 500—
600 °C (0.5%), and 600700 °C (7.9%).

Figure 3 highlights the behavior of spectral signatures
for the radial (a, b, and c) and transverse (d, e, and f) surfaces
as a function of final carbonization temperatures and ARD
classes. The spectral curves exhibit an ascending trend up
to 600 °C, with the 400 °C temperature positioned in the
lower region of the plot. The 700 °C curve overlaps with the
others. As ARD increases, the curves become closer to each
other, indicating a lower amplitude of NIR absorbance on
both data collection surfaces. A small absorbance peak was
observed only at 400 °C between 5,500 and 5,000 cm™.

The PCA scores demonstrated the spectral variability
of charcoal surfaces produced at different carbonization
temperatures. Figures 4 and 5 depict the spectral data
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obtained from radial and transverse surfaces, respectively.
Although PCA did not clearly separate ARD classes, trends
of point clustering within the same class were evident in
Figures 4c (raw radial surface data for charcoal produced at
500 °C), 4d (first derivative data from the radial surface at
500 °C), 5b (first derivative transverse surface data at 400
°C), and 5c¢ (raw transverse surface data at 500 °C).

Table 3 summarizes the accuracy achieved by
PLS-DA models in predicting ARD classes for charcoals
produced at specific carbonization temperatures. At 400
°C, the PLS-DA model adjusted with raw spectral data from
the transverse surface demonstrated the highest accuracy
(81.44%). When the temperature increased to 500 °C, radial
surface data exhibited significantly improved classification
accuracy (86.43%). Models for carbonized charcoals at 600
°C achieved accuracies around 70.10%, with a subsequent
decline to approximately 68.90% at 700 °C.

The confusion matrix for the model adjusted with
raw spectral data from the transverse surface at 400 °C
revealed that 87 samples were correctly classified, resulting
in an accuracy rate of 81.44%. Class 1 demonstrated
excellent performance, with 97.50% of samples correctly
classified, while Class 2 had the lowest accuracy (60.71%).

At 500 °C, the radial surface model correctly
classified 94 charcoal samples. Classes 1and 3 demonstrated
the highest accuracies, while Class 2 presented greater
challenges, with nine samples misclassified (Table 5).

0.800 -

®

0.640 -

%)

0.480 -

0.320 A

ARD (g cm

0.160 -

0.800 -

®

0.640 -

%)

fi

0.480 -

ARD (g cm
o
w
)
=]

0.160 -

0.000

Figure 2: Apparent relative density (ARD) of charcoals from Amazonian wood wastes produced at final carbonization
temperatures of 400 (a), 500 (b), 600 (c), and 700 °C (d). The bar colors differentiate from the ARD classes proposed by
Lima et al. (2022a), and the error bars represent the standard deviation.
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Figure 3: Average spectra collected from the radial (a, b, and c) and transverse (d, e, and f) surfaces, showing twelve
ARD classes categorized by final carbonization temperature. CL1, CL2, and CL3: ARD classes 1, 2, and 3. 400, 500, 600,

and 700°C: final carbonization temperatures.

Global PLS-DA models considering the 400-500 °C
temperature range demonstrated the highest classification
accuracy for ARD classes, achieving 79.59% accuracy for
radial surfaces and 74.01% for transverse surfaces (Table
6). In contrast, models encompassing wider temperature
ranges (400-600 °C and 400-700 °C) showed reduced
precision, even with mathematical treatment of the data, with
classification accuracies below 65%.

The confusion matrix for the global PLS-DA model
adjusted with raw spectral data from charcoals produced
in the 400-500 °C range revealed that 172 samples were
correctly classified, yielding an accuracy rate of 79.59%. The
model struggled most with distinguishing between Classes
2 and 3 (Table 7). Class 1 performed well, with 90.59% of
samples correctly classified, whereas Class 2 had the lowest
accuracy (58.18%).

DISCUSSION

Apparent relative density of charcoals from wood
wastes

The ARD of the evaluated charcoals was minimally
influenced by the final carbonization temperature. This
result is thoroughly analyzed in the study by Lima et al.
(2022a), who used a quadratic polynomial regression
curve to represent the relationship between ARD and final
carbonization temperature. The authors emphasized that the
species factor has a more significant influence on the ARD
of charcoal derived from Amazonian residual wood than the
final carbonization temperature.

The reduction in DRA between 400 and 600 °C is
due to the release of volatile gases from the degradation

of carbohydrates in the woody cell wall and the increase
in the charcoal’s porosity (Costa et al., 2017). Above 600
°C, the release of volatiles decreases, and an anatomical
change occurs, with alterations in the material's vessels
and an increase in the fiber ratio (Trugilho and Silva, 20071).
Additionally, there is a structural rearrangement of the
charcoal's components, particularly the carbon, forming
more resistant structures like graphite (Couto et al.,, 2015),
which explains the increase in CAD at 700 °C.

The literature demonstrates that ARD is strongly
influenced by the wood’s basic density, with denser woods
resulting in denser charcoal (Santos et al, 2023). It is
worth noting that both anatomical (lumen diameter, vessel
density, wall fraction, and cell wall thickness) and physical
(basic density) characteristics of the wood influence the
charcoal’s ARD (Couto et al.,, 2023; Silva et al., 2024), which
may explain the variations in this characteristic observed in
the present study (see Figure 2). In our study, the species
Licania sp. and D. excelsa exhibited higher ARD values at all
final carbonization temperatures, which can be justified by
the higher basic densities of their woods (0.927 and 0.881 g
cm?3), as described by Lima et al. (2022b).

The ARD ranges provide an alternative for classifying
charcoals for steelmaking purposes, encompassing ARD
values starting from 0.250 g cm™ (Assis et al., 2016). This
reference includes charcoals with higher mechanical
resistance, which enhances their ability to support the
weight of iron ore and increases the internal utilization of
charcoal within blast furnaces. Hence, the studied charcoals
are suitable for industrial applications and can supply the
Carajas steelmaking complex in Amazonia, complementing
the charcoal produced from Eucalyptus sp. cultivated in
emerging energy forests.
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Figure 5: Scores of the principal component analysis of untreated (a, ¢, e, and f) and first derivative-treated (b, d, f,
and h) spectral data, obtained on the transverse surface of charcoals classified in 3 DRA classes and produced at final
carbonization temperatures of 400 (a and b), 500 (c and d), 600 (e and f), and 700 (g and h) °C.
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Table 3: Accuracy summary for charcoal classification using PLS-DA with cross-validation, stratified by carbonization
temperature, spectral acquisition surface, and mathematical pre-treatments.

400 °C
Radial Transverse
WT (10 LV) 1d (10 LV) 2d (6 LV) WT (7 LV) 1d (2 LV) 2d (8 LV)
Classes n % n % n % n % n % n %
1 35 87.50 36 90.00 21 52.50 39 97.50 40 100.00 19 47.50
2 17 60.71 19 67.86 10 35.71 17 60.71 0 0.00 10 35.71
3 26 72.22 26 72.22 18 50.00 31 86.11 30 83.33 13 36.11
Average - 73.48 - 76.69 - 46.07 - 81.44 - 61.11 - 39.78
500 °C
Radial Transverse
WT (5 LV) 1d (4 LV) 2d (4 LV) WT (5 LV) 1d (2 LV) 2d (2LV)
Classes n % n % n % n % n % n %
1 43 95.56 42 93.33 42 93.33 45 100.00 45 100.00 43 95.56
2 18 66.67 18 66.67 15 55.56 12 44.44 0 0.00 4 14.81
3 33 97.06 28 82.35 24 70.59 30 88.24 32 94.12 17 50.00
Average - 86.43 - 80.78 - 73.16 - 77.56 - 64.71 - 53.46
600 °C
Radial Transverse
WT (7 LV) 1d (6 LV) 2d (6 LV) WT (3 LV) 1d (2 LV) 2d (8 LV)
Classes N % n % n % n % n % n %
1 32 78.05 26 63.41 19 46.34 27 65.85 32 78.05 19 46.34
2 17 54.84 20 64.52 15 48.39 13 41.94 9 29.03 12 38.71
3 24 77.42 16 51.61 17 54.84 24 77.42 15 48.39 8 25.81
Average - 70.10 - 59.85 - 49.86 - 61.74 - 51.82 - 36.95
700 °C
Radial Transverse
WT (5LV) 1d (2 LV) 2d (2LV) WT (7 LV) 1d (6 LV) 2d (5LV)
Classes n % n % n % n % n % n %
1 29 80.56 16 44.44 15 41.67 20 55.56 20 55.56 13 36.11
2 19 55.88 17 50.00 10 29.41 14 41.18 17 50.00 13 38.24
3 26 70.27 29 78.38 19 51.35 28 75.68 22 59.46 13 35.14
Average - 68.90 - 57.61 - 40.81 - 57.47 - 55.01 - 36.49

LV = Latent variable; WT = without treatment; 1d = first derivative (15x2x1); 2d = second derivative (15x2x2).

Table 4: Confusion matrix for charcoal classification using
PLS-DA with cross-validation and untreated spectral data
from the transverse surface at 400 °C.

Classes NIR predicted classification (7 LVs)
1 2 3 n (%)
1 39 0 1 39 97.50
2 5 17 6 17 60.71
3 1 4 31 31 86.11
General classification 87 81.44

LVs = latent variables.

NIR spectra of charcoal

The increase in carbonization temperature results in
greater homogeneity in the physical and chemical structure

of charcoal (Lima et al., 2022a). This is particularly evident in
charcoals produced at 700 °C, where the chemical structure
becomes more uniform, reducing spectral differences
between ARD classes. This homogenization may be
associated with the stabilization of the carbonaceous
matrix, the elimination of volatile functional groups, and
the structural reorganization of the remaining compounds
(Machado et al., 2014; Oliveira et al., 2020).

The lower amplitude of NIR absorbance on
both surfaces in denser charcoals suggests that ARD
influences the spectral response, making distinctions
between classes less evident at higher temperatures.
This highlights the importance of strict control of the
carbonization process, especially the final carbonization
temperature, to ensure the predictability of charcoal
properties and their industrial applications.
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Table 5: Confusion matrix for charcoal classification using
PLS-DA with cross-validation and untreated spectral data
from the radial surface at 500 °C.

Classes NIR predicted classification (7 LVs)
1 2 3 n (%)
1 43 2 0 43 95.56
2 6 18 3 18 66.67
3 1 0 33 33 97.06
General classification 94 86.43

LVs = latent variables.

Spectral curves at 400 °C, on both the radial and
transverse surfaces, revealed prominent absorption
peaks between 5,000-6,000 cm™. This pattern reflects
the degradation of polymers in the original material,
such as lignin, cellulose, and hemicelluloses, during
carbonization (Mufiiz et al., 2013). At this stage, the primary
functional groups detected were OH and CH. As the final
carbonization temperature increased to 700 °C, these peaks
weakened or disappeared, indicating the loss of these
functional groups (Dias Junior et al.,, 2019). This reduction

is associated with increased carbon content and decreased
hydrogen-to-carbon (H/C) and oxygen-to-carbon (O/C)
ratios, suggesting a transition toward a more stable carbon
structure with fewer functional groups (Liu et al., 2018).
These changes are primarily driven by demethanation,
dehydration, and decarboxylation reactions, which become
more pronounced at higher temperatures (Wu et al., 2018).

Jo et al. (2009) observed that higher carbonization
temperatures increase the proportion of C-C bonds while
significantly reducing C-O-H bonds. Chemical bonds involving
oxygen tend to break, resulting in greater stability and higher
carbon content in the material (Liu et al, 2018). During
carbonization, chemical bonds undergo partial decomposition,
formation, and recombination stages, justifying the reduction
in chemical functional groups (Jo et al., 2009).

Regarding ARD behavior, charcoals at 600 °C and
700 °C exhibited greater homogeneity due to the loss of
functional groups, which was reflected in the average
spectral curves for ARD classes at these temperatures.
However, visual analysis based on these spectral signatures
did not allow for clear classification of the ARD values.
Therefore, PCA was applied to enhance the distinction
between ARD classes, providing a statistical approach to
identify groups with similar characteristics.

Table 6: Accuracy summary of global PLS-DA models calibrated with spectral data from charcoals produced at different
temperature ranges (400-700 °C, 400-600 °C, and 400-500 °C), using cross-validation and considering spectral

acquisition surfaces and applied pre-treatments.

400 — 700 °C
Radial Transverse
Classes WT (5 LV) 1d (8 LV) 2d (8 LV) WT (7 LV) 1d (2 LV) 2d (4 LV)
n % n % n % n % n % n %
1 136 83.95 102 62.96 85 52.47 106 65.43 110 67.90 92 56.79
2 26 21.67 41 34.17 25 20.83 52 43.33 0 0.00 41 34.17
3 90 65.22 76 55.07 69 50.00 71 51.45 100 72.46 46 33.33
Average - 56.94 - 50.73 - 41.10 - 53.40 - 46.79 - 41.43
400 - 600 °C
Radial Transverse
Classe ST (8 LV) 1d (7 LV) 2d (8 LV) ST (7 LV) 1d (2 LV) 2d (2 LV)
n % n % n % n % n % n %
1 104  82.54 88 69.84 85 67.46 95 75.40 104 82.54 78 61.90
2 30 34.88 24 27.91 5 5.81 38 44.19 0 0.00 24 27.91
3 76 75.25 73 72.28 58 57.43 68 67.33 80 79.21 42 41.58
Average - 64.22 - 56.68 - 43.57 - 62.30 - 53.92 - 43.80
400 - 500 °C
Radial Transverse
_— ST (5LV) 1d (5 LV) 2d (2 LV) ST (8LV) 1d (2 LV) 2d (2 LV)
n % n % n % n % n % n %
1 77 90.59 75 88.24 61 71.76 79 92.94 84 98.82 61 71.76
2 32 58.18 31 56.36 19 34.55 27 49.09 0 0.00 11 20.00
3 63 90.00 59 84.29 42 60.00 56 80.00 62 88.57 31 44.29
Average - 79.59 - 76.29 - 55.44 - 74.01 - 62.46 - 45.35

LV = Latent variable; WT = without treatment; 1d = first derivative (15x2x1); 2d = second derivative (15x2x2).
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Table 7: Confusion matrix for ARD classification using
global PLS-DA models and untreated spectral data from
radial surface of charcoals produced at 400-500 °C.

NIR predicted classification (5 LVs)

Classes
2 3 n (%)
1 77 8 0 77 90.59
2 17 32 6 32 58.18
3 7 0 63 63 90.00
General classification 172 79.59

LVs = Latent variables.

Principal Component Analysis (PCA)

These figures reveal important ARD patterns,
highlighting a clear directional growth in this variable as
indicated by the PCA scores. Overall, spectral data without
mathematical treatments resulted in a higher percentage of
explained cumulative variance for the principal components
across all temperatures and collection surfaces.

While PCA applied to both untreated and first
derivative data provided insight into ARD growth trends,
it was insufficient for clearly distinguishing charcoal density
classes due to significant overlap of points among classes.
This limitation may be attributed to the homogeneous
structure of charcoal, which resembles graphite (Couto et
al., 2015). The authors noted that increasing carbonization
temperatures result in significant structural rearrangements
in charcoal, particularly in its carbon chains.

In this study, as carbonization temperature increased,
segregation between ARD classes became more challenging,
with greater score overlap observed. Costa et al. (2019) similarly
reported that PCA could not differentiate species based on
spectral data collected from charcoals. They suggested that
NIR spectral analysis using PLS-DA is a promising solution for
classifying charcoal samples, as it achieved high accuracy in
classifying charcoals based on fixed carbon content.

Charcoal classification based on PLS-DA models

The results underscore the relevance of NIR
spectroscopy for classifying charcoals into ARD classes. Both
radial and transverse surfaces achieved high classification
accuracies (>70%) for carbonization temperatures up to
500 °C. Beyond this threshold, the radial surface proved
more suitable for maintaining classification precision.

Challenges in classifying charcoals at 600 °C and 700
°C may arise from structural changes during carbonization,
including carbon stabilization and volatilization of OH and
CH functional groups, which negatively impacted the PLS-
DA models” ability to differentiate samples. These findings
highlight the need for rigorous control of the carbonization
process in operational conditions, especially in the Amazon
region, where empirical practices based on carbonizer
subjectivity are predominant (Lima et al., 2020, 2022a).

The carbonization conducted under operational
conditions with standardized final temperatures of 400

and 500 °C can result in better productivity rates for brick
kilns and higher gravimetric yield of charcoal, in addition
to a shorter carbonization cycle (Lima et al, 2023). This
improvement can positively impact the number of monthly
carbonizations, production, and revenues generated by
the plant, suggesting lower resource immobilization and a
faster recovery of the invested capital. Lima et al. (2022a)
demonstrated that this optimized temperature range
reduces the specific consumption of firewood and maintains
the appropriate ARD of the charcoal, contributing to better
performance in the carbonization process of wood wastes
produced in Brazilian Amazonia.

Carbonization temperatures of 400 and 500 °C
yielded PLS-DA models with the highest accuracies.
Confusion matrices were constructed to verify the models’
correct and incorrect sample classifications.

The results reported in Tables 4 and 5 indicate
that PLS-DA faces significant challenges in correctly
classifying charcoals belonging to Class 2. Due to being
an intermediate ARD class and having a homogeneous
physical and chemical structure, the spectral data of these
charcoals overlapped with those of the other two classes
(see Fig. 4), which was reflected in the PLS-DA analysis.
However, the study presents promising models with a high
average accuracy of 81.44% (transverse surface) and 86.43%
(radial surface) for the classification of charcoals produced
at 400 and 500 °C, respectively. The inclusion of spectral
data from the mid-infrared region (Mid-IR: 400-4,000 cm™)
could enhance the classification accuracy of the PLS-DA
models, as this region of the spectrum may provide better
insights into the structural properties of charcoals derived
from residual Amazonian wood.

Overall, the results demonstrated that data from
the radial surface were slightly more accurate than those
from the transverse surface. However, both surfaces proved
effective for predicting charcoal classes based on ARD, as
also evidenced by the studies of Costa et al. (2018).

Global models based on carbonization temperatures

The lower accuracy observed in global models for
the broader temperature ranges (400-700 °C and 400-600
°C) highlights the urgent need to improve the control of
brick kilns to enhance the quality of produced charcoal. The
lack of precise control results in greater heterogeneity in the
carbonization process, which negatively impacts the quality
of pig iron produced in the steel industry. A broad range of
final carbonization temperatures reduces the homogeneity
of bio-reducers, undermining their industrial applications.

Lima et al. (2022a) investigated the effects of
carbonization temperatures on charcoal production from
wood wastes sourced from sustainable forest management
in Amazonia. The authors observed that increasing
carbonization temperatures from 400 °C to 700 °C significantly
reduced charcoal gravimetric yield while increasing specific
consumption of firewood. They recommended carbonization
at 400-500 °C in brick kilns for these wastes to optimize
gravimetric yield and ARD.
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Costa et al. (2018) used chemometric models
(PLS-R and PLS-DA) to estimate charcoal gravimetric yield,
ARD, and final carbonization temperatures (400, 500, 600,
and 700 °C) of charcoal from eucalypt wood using NIR
spectral data. Their results showed over 97% accuracy in
predicting final carbonization temperatures with PLS-DA
models. However, their PLS-R model failed to provide
satisfactory ARD predictions, corroborating the promising
potential of ARD classes as an alternative for industrial
applications in the steel sector.

The global PLS-DA model (Table 7) struggles with
separating Classes 2 and 3, likely due to overlapping spectral
characteristics within this temperature range. Incorporating
mid-infrared (Mid-IR) spectra could further enhance the
accuracy of ARD classification by providing additional
structural insights into Amazonian wood charcoals. However,
the model demonstrated a high accuracy rate, showcasing
the sensitivity of NIR in separating charcoals into ARD classes.

The findings of this study highlight the need for
better temperature control during the carbonization
process, as the global model adjusted with spectral data
from charcoals produced at 400-500 °C exhibited the best
predicted classification performance. In this temperature
range, the primary functional groups (OH and CH) are better
preserved, while at higher carbonization temperatures (600
°C and 700 °C), these functional groups are lost (Dias Junior
et al, 2019). These findings emphasize the importance
of maintaining the temperature within the 400 °C to 500
°C range to optimize spectral characteristics and ensure
improved performance in charcoal classification.

CONCLUSIONS

This study revealed that PCA was ineffective in
distinguishing ARD classes of charcoal. The quality of PLS-DA
models varied according to the final carbonization temperature
and the surface from which spectra were collected, underscoring
the importance of rigorous process control.

The PLS-DA model, adjusted with data from the
transverse surface of the charcoal at 400 °C, estimated the
DRA class with an accuracy of 81.44%. At 500 °C, classification
accuracy improved to 86.43% when using data from the radial
surface. Beyond this temperature, the radial surface (600 °C =
70.10% and 700 °C = 68.90%) proved to be more suitable for
maintaining classification accuracy compared to the transverse
surface (600 °C = 61.74% and 700 °C = 57.47%).

The global model, adjusted to estimate the ARD class
using spectral data from charcoals produced at temperatures
between 400-500 °C, achieved the highest accuracy for the
radial (79.59%) and transverse (74.01%) surfaces.

The use of NIR in classifying charcoals by ARD
represents significant progress for the sector, particularly in
the pursuit of bio-reducers with suitable quality for industrial
purposes. Future studies should evaluate the accuracy of
portable NIR devices for real-time ARD classification under
operational conditions. Additionally, integrating spectral data
from the mid-infrared (Mid-IR) region with NIR data should
be explored to enhance model performance and broaden
the understanding of Amazonian wood charcoal structures.
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