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Abstract
This study characterizes charcoal from Androstachys johnsonii (Picrodendraceae), 
Bobgunnia madagascariensis (Fabaceae) and Sterculia quinqueloba (Malvaceae), 
made by different carbonization processes, based on wood anatomy and NIR spec-
troscopy to verify the impact of the parameters and contribute to a database for char-
coal identification and control. In the three species analyzed, changes in anatomi-
cal characteristics after carbonization were different and formed groups regarding 
charcoal programs as a result of anatomical and chemical characteristics. In vessel 
and ray dimensions and frequency, no linear relation to total time or final carboniza-
tion temperature was observed, although there were some interactions between spe-
cies and program conditions. In the near-infrared spectra, the region from 4000 to 
5000  cm−1 showed more distinction between the charcoal programs. There was a 
separation of samples carbonized with lower intensity (400 °C and 40 min), denoting 
minor chemical degradation of species, from samples submitted to other programs 
with a final temperature of 450 °C and total time between 2 and 6 h. Near-infrared 
spectroscopy showed potential to discriminate species in different carbonization 
processes. Final temperature had a stronger influence on species distinction than the 
total processing time.

Introduction

Charcoal is mainly used for energy purposes, but other important applications have 
been studied, such as improving soil properties for agriculture and absorbing pol-
lutants, which are influenced by wood type, carbonization process and temperature, 
whereby the latter can increase sorption of organic compounds (Hale et al. 2016). 
A protocol for charcoal identification in Central Africa as a function of anatomical 
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structure preservation was described and evaluated by Hubau et al. (2012), showing 
its value for paleobotany and archeology.

Ranaivoson et al. (2017) described the use of 68 species for charcoal production 
in southwestern Madagascar and commented that in accordance with the country’s 
forestry legislation, 21% of the species were protected or their use for charcoal mak-
ing was prohibited, but local producers do not abandon the material because the 
product is preferred by consumers.

In Mozambique, a wide range of households and individuals produce charcoal for 
various reasons, such as to increase incomes (Jones et al. 2016) and for cooking. Its 
growing demand can lead to changes in the ecosystem service provision and wood-
land degradation while also significantly contributing to rural income and, possi-
bly, poverty alleviation. As such, understanding of the charcoal production and trade 
has important implications for rural areas and for the sustainable development of 
woodland resources (Baumert et al. 2016). Two main charcoal supply chains from 
Mabalane to Maputo were observed by Baumert et  al. (2016): (1) local operators 
produce charcoal on a small scale with household labor and selling to wholesal-
ers; and (2) large-scale operators produce and sell large volumes of charcoal using 
migrant laborers, who sell their own production to wholesalers.

The impacts from charcoal production in tropical countries depend on forest 
management and natural regeneration, and since tree cutting is generally not selec-
tive, at site level, production leads to deforestation, while at landscape level, it leads 
to forest degradation (Chidumayo and Gumbo 2013). To transform the process into 
a sustainable activity, policy challenges must be taken into account. Afonso et  al. 
(2015a), evaluating some Mozambican species, showed equivalent quality between 
charcoal produced from higher and lower commercial classes of wood, and indi-
cated that species generally considered of low commercial value can be used effi-
ciently to produce charcoal.

After the carbonization process, wood retains most of its anatomical character-
istics, but its appearance is influenced by charring temperature and the proportion 
and distribution of vessels, parenchyma and fibers (Gasson et al. 2017). Thus, ana-
tomical identification of charcoal can be done based on the intrinsic characteristics 
of species, and if a database is available, this process is facilitated (Gonçalves et al. 
2012; Gonçalves and Scheel-Ybert 2016). Near-infrared (NIR) spectroscopy can 
also be a fast and nondestructive technique and shows potential for charcoal species 
identification and also differentiation of some processing characteristics (Davrieux 
et al. 2010; Monteiro et al. 2010; Muñiz et al. 2016; Nisgoski et al. 2018). The use 
of NIR portable equipment shows renewed interest by the scientific and industrial 
sector (Pasquini 2018).

In Mozambique, the use of wood classified as precious, first, second and third 
class (as a function of its commercial and scientific value, rarity, utility, resistance 
and quality) is not allowed for energy purposes (Ministério da Agricultura, 2002), 
but it is usual. Thus, to avoid illegal charcoal commerce, correct discrimination of 
the species is necessary, being important the use of techniques as anatomical and 
spectroscopic evaluations.

One disadvantage is that the practical applications of these techniques to char-
coal species discrimination are dependent on a database. Based on this scenario, 
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this study characterizes charcoal from three species not commercially authorized for 
energy purposes: Androstachys johnsonii, Bobgunnia madagascariensis and Ster-
culia quinqueloba, made by different carbonization processes. The impacts of the 
process parameters on wood anatomy and NIR spectroscopy were investigated to 
provide information to a database for charcoal identification and control.

Materials and methods

Material

Samples were collected randomly from Mozambican sawmills (Table  1) without 
identification of tree age or position in the trunk. The boards were divided into sam-
ples with the dimensions of 50 × 25 × 25 mm (tangential, radial and transversal sec-
tions). For each species, three samples were evaluated in each carbonization process. 
Wood and charcoal analyses were done on the same samples.

Carbonization process

After wood anatomical evaluation, the samples were covered with aluminum foil 
and carbonized in an electric muffle furnace with four different programs (Table 2). 
The final temperature was chosen following the one traditionally employed by local 
people and also applied to charcoal characterization in scientific studies. After car-
bonization, samples remained in the furnace to cool, and the first step was spectro-
scopic evaluation.

Table 1  List of species studied. (Source: Ministério da Agricultura (2002, 2007), Palgrave (2002))

a Stated for wood commerce based on rarity, utility, resistance, quality, commercial and scientific value

Scientific name—Family Commercial name Commercial  classa

Androstachys johnsonii Prain.—Picrodendraceae Mecrusse First
Bobgunnia madagascariensis (Desv.) J.H.Kirkbr. and 

Wiersema—Fabaceae
Pau ferro First

Sterculia quinqueloba (Garcke) K. Schum.—Malvaceae Metonha Second

Table 2  Carbonization process 
parameters

Code Final tempera-
ture (°C)

Total time Reference

P1 400 40 min Gonçalves et al. (2012)
P2 450 2 h Nichols et al. (2000)
P3 450 4 h Trugilho et al. (2005)
P4 450 6 h Oliveira et al. (2010)
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Near‑infrared spectroscopy

NIR analyses were performed with a Bruker Tensor 37 spectrometer (Bruker 
Optics, Ettlingen, Germany) equipped with an integrating sphere and operating 
in reflectance mode with 64 scans, resolution of 4  cm−1 and a spectral range of 
10,000–4000 cm−1. In a room with a temperature of 23 ± 2 °C and relative humid-
ity of 60%, charcoal samples were placed on top of the integrating sphere and three 
spectra were obtained from each face (transversal, radial and tangential), resulting in 
a total of nine spectra for each physical sample, totaling 27 per species. Spectra from 
each surface were averaged, and analysis was done with three spectra per sample 
and nine spectra per species for each carbonization process.

The Unscrambler X chemometric program (version 10.1, from CAMO Software 
AS) was used to analyze the data. Exploratory modeling was done to verify the dif-
ferences between the material by analyzing the score and loading graphs obtained 
by partial least square regression (PLS). Based on the loading graphs and a visual 
comparison of the mean spectra for each species and carbonization program, the 
wavenumber from 4000 to 5000 cm−1 was selected for posterior analysis. PLS with 
discriminant analysis (PLS-DA) was performed with mean centered data, applying 
the NIPALS algorithm and full cross-validation method with random nine segments 
to verify possible differences in charcoal as a function of the carbonization process 
or species. A linear discriminant analysis (LDA), based on the quadratic method 
assuming equal prior probabilities, was made with score data from PLS, and the 
confusion matrix was evaluated. Second derivative of Savitzky–Golay (polynomial 
order = 2, smoothing point = 21) was applied to raw data. Spectral analysis was 
based on ASTM E1655-05 (ASTM 2000).

Anatomical characterization

Macroscopic analysis of wood and charcoal was done in a Zeiss Discovery v12 ste-
reo microscope. Charcoal was broken by hand along the three structural planes of 
the wood, and the structure was analyzed. The qualitative anatomical features were 
described based on the procedures of the IAWA Committee (1989). The images 
from the surfaces of the three charcoal sections were taken by scanning electron 
microscopy (SEM) with a tabletop microscope (Hitachi TM-1000) along with direct 
observation of the sample material. The quantitative anatomical features were deter-
mined from the average of 25 measurements of the tangential diameter of the ves-
sels, height and width of the rays and frequency of the vessels and rays.

Statistical analysis compared wood x charcoal and charcoal x charcoal with dif-
ferent carbonization programs. When data were normally distributed, mean values 
were compared by the Scott–Knott test at 5% probability, while for nonparametric 
data, analysis was done by the Kruskal–Wallis test, also at 5% of probability.
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Results and discussion

Wood and charcoal anatomy

(a) Androstachys johnsonii (mecrusse)

The wood presented a few distinct growth rings, demarcated by thick-walled 
fibers (Fig.  1a); diffuse-porous, solitary vessel predominant and in radial mul-
tiples of 2 present, obstructed by gums; axial parenchyma diffuse; homogene-
ous rays with all cells procumbent, uniseriate, not storied (Fig.  1b); and fibers 
thick-walled. In charcoal, the qualitative characteristics remained in all carboni-
zation processes, and it was possible to observe the distinction of growth rings 
(Fig. 1c, e, g, i) diffuse-porous, solitary vessel predominant; uniseriate rays, not 
storied (Fig. 1d, f, h, j). Some cracks were verified in rays at lower temperatures 
(Fig. 1D).

(b) Sterculia quinqueloba (metonha)

The wood presented a few distinct growth rings, demarcated by thick-walled 
fibers; diffuse-porous (Fig.  2a), solitary vessel predominant, radial multiples of 
2–3 and cluster present, all vessels obstructed by tyloses; axial parenchyma in 
bands (Fig.  2a); heterogeneous rays, body ray cells procumbent with rows of 
square and/or upright marginal cells, multiseriate, not storied (Fig.  2b); fibers 
thick-walled. In charcoal, qualitative characteristics remained in all carbonization 
processes, and it was possible to observe obstruction in vessels (Fig. 2c, e, g, i), 
presence of splits in rays (Fig.  2f, g, h), multiseriate rays (Fig.  2d, f, h, j), the 
presence of crystals in parenchyma cells (Fig. 2d, e, i, j).

(c) Bobgunnia madagascariensis (pau ferro)

The wood presented growth rings which were indistinct or absent; diffuse-
porous (Fig. 3a), vessels solitary and in radial multiples from 2 to 5, the presence 
of gums and other deposits; axial parenchyma in bands; homogeneous rays, all 
cells procumbent, radial multiples of 2–6 predominant, uniseriate rays present, 
all rays storied (Fig.  3B); fibers thick-walled. In charcoal, qualitative character-
istics remained in all carbonization processes. It was possible to observe a better 
distinction of axial parenchyma (Fig. 3c, e, g, i) and multiseriate rays, not storied 
(Fig. 3d, f, h, j). In the carbonization process P1, some splits in the ray cells were 
observed (Fig. 3c).

Mean values of anatomical characteristics of the species are presented in Table 3.
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Fig. 1  Androstachys johnsonii transversal (a, c, e, g, i) and tangential sections (b, d, f, h, j). Macroscopic 
images of wood (a, b) and SEM images of charcoal (c–j). Arrows indicate growth rings (GR) and unise-
riate ray (R). Scale bar = 100 µm
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Fig. 2  Sterculia quinqueloba transversal (a, c, e, g, i) and tangential sections (b, d, f, h, j). Macroscopic 
images of wood (a, b): scale bar = 500 µm. SEM images of charcoal (c–j): scale bar = 100 µm. Arrows 
indicate axial parenchyma (P) and crystal (C) in parenchyma cells; (R) multiseriate ray
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Fig. 3  Bobgunnia madagascariensis transversal (a, c, e, g, i) and tangential sections (b, d, f, h, j). Mac-
roscopic images of wood (a, b) and SEM images of charcoal (c–j). Arrow indicates axial parenchyma 
(P); (R) multiseriate ray. Scale bar = 100 µm
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Table 3  Mean values (and standard deviations) of wood and charcoal characteristics as a function of spe-
cies and carbonization process

Same small letters in a row indicate no difference between programs for each characteristic at 5% prob-
ability by the Scott–Knott or Kruskal–Wallis test. Same capital letters in a row indicate no difference 
between wood and charcoal for each characteristic at 5% probability by the Scott–Knott or Kruskal–Wal-
lis test

Species Wood Program Code

P1 
400 °C
40 min

P2 
450 °C
2 h

P3 
450 °C
4 h

P4 
450 °C
6 h

Vessel diameter (µm)
 Androstachys johnsonii 37.07 A

(5.7)
33.02 Bb
(5.0)

33.12 Bb
(5.4)

35.96 Aa
(5.4)

37.27 Aa
(5.9)

 Sterculia quinqueloba 259.84 A
(43.9)

205.87 Ba
(52.8)

174.52 Bb
(31.5)

182.15 Bb
(40.4)

196.04 Ba
(36.7)

 Bobgunnia madagascariensis 90.44 A
(13.1)

100.44 Ab
(22.3)

106.32 Ba
(15.4)

95.55 Ab
(11.1)

113.19 Ba
(14.7)

Vessels/mm2

 Androstachys johnsonii 203.55 A
(20.3)

409.07 Bc
(39.6)

481.33 Bb
(40.3)

584.30 Ba
(54.1)

474.43 Bb
(65.8)

 Sterculia quinqueloba 2.30 A
(0.7)

2.37 Ab
(1.2)

2.67 Aab
(1.4)

2.63 Aab
(1.1)

3.20 Ba
(1.2)

 Bobgunnia madagascariensis 11.73 A
(2.5)

10.67 Ac
(2.7)

20.77 Ba
(4.5)

13.70 Bb
(3.9)

14.47 Bb
(4.7)

Ray height (µm)
 Androstachys johnsonii 113.81 A

(23.5)
144.38 Ba
(25.3)

108.26 Ab
(25.6)

95.40 Bc
(27.6)

114.77 Ab
(32.5)

 Sterculia quinqueloba 1322.46 A
(467.1)

796.71 Ba
(221.4)

532.71 Bc
(155.41)

676.18 Bb
(163.8)

826.88 Ba
(198.1)

 Bobgunnia madagascariensis 165.19 A
(18.1)

191.52 Ba
(27.2)

127.45 Bc
(12.2)

135.26 Bc
(15.0)

144.08 Bb
(14.1)

Ray width (µm)
 Androstachys johnsonii 14.81 A

(3.0)
27.78 Ba
(6.7)

7.91 Bc
(2.1)

10.53 Bb
(2.8)

10.28 Bb
(1.7)

 Sterculia quinqueloba 234.27 A
(55.4)

176.82 Ba
(49.3)

110.25 Bc
(2.87)

125.05 Bc
(32.9)

152.64 Bb
(17.7)

 Bobgunnia madagascariensis 39.45 A
(7.5)

53.40 Ba
(11.8)

38.26 Ab
(6.0)

30.27 Bc
(6.8)

31.94 Bc
(7.5)

Ray/mm
 Androstachys johnsonii 5.97 A

(1.9)
6.20 Ab
(1.6)

9.10 Ba
(1.7)

9.70 Ba
(2.1)

9.93 Ba
(1.8)

 Sterculia quinqueloba 1.53 A
(0.5)

2.17 Bb
(0.7)

2.87 Ba
(0.7)

2.07 Bb
(0.9)

2.73 Ba
(0.6)

 Bobgunnia madagascariensis 7.57 A
(1.7)

6.37 Bb
(1.3)

7.03 Ab
(1.9)

8.70 Ba
(1.8)

8.80 Ba
(1.9)
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Tangential diameter of vessels

Evaluation of the changes in vessel diameter in Androstachys 
johnsonii samples after the carbonization process showed that charcoal produced 
with programs P1 and P2 underwent a decrease of 11% in wood dimension, and 
for P3 and P4, no statistical modifications occurred. When a comparison was made 
between carbonization programs, the results were similar at lower temperature and 
time of carbonization, with separation of two groups: P1 similar to P2 and P3 simi-
lar to P4.

In Bobgunnia madagascariensis samples, the carbonization process resulted in an 
increase in vessel diameter from wood to charcoal in all programs, but it only was 
statistically significant in P2 (increase of 18%) and P4 (increase of 25%). Compar-
ing the carbonization processes, P1 was similar to P3, and P2 was similar to P4, the 
group with the highest values from P1/P3.

In Sterculia quinqueloba samples, a decrease in vessel diameter was observed 
after all carbonization processes, being higher in P2 (-33%) and P3 (− 30%). In a 
comparison between charcoals produced with different programs, two groups were 
observed: P1/P4 and P2/P3.

In three of the species, structural modifications that occurred during transforma-
tion of wood in charcoal were different according to the carbonization programs. 
This was the result of the species’ anatomical and chemical characteristics. Changes 
in tangential diameter of vessels are described in the literature as a result of material 
contraction and degradation of cell wall components (Poletto et al. 2012; Nisgoski 
et al. 2014; Pereira et al. 2016). Higher extractives content can be responsible for 
higher degradation of wood, and the cellulose crystallinity is related to the opposite 
behavior (Poletto et al. 2012).

Nisgoski et  al. (2014), evaluating dimensional changes in Ocotea porosa with 
carbonization temperatures from 350 to 650 °C, stated that there was no significant 
influence of temperature on vessel diameter. Other literature sources have reported 
the influence of species on the decrease or increase in vessel dimension, and related 
the results to axial parenchyma type and fiber wall thickness. For example, Gon-
çalves et  al. (2012) analyzed five Brazilian Cerrado species and found that vessel 
size was the wood feature most affected by carbonization; a significant reduction in 
tangential vessel diameter was observed in four out of five of the analyzed species. 
Muñiz et al. (2012) observed a significant reduction in vessel diameter in Enterolo-
bium schomburgkii and no modifications in Cedrelinga catenaeformis carbonized 
at 450 °C and a heating rate of 1.66 °C  min−1, and Stange et al. (2018) verified a 
reduction in vessel diameter of 21–33% in four Myrtaceae species under the same 
conditions. In addition, in Eucalyptus clones, Pereira et al. (2016) observed a mean 
reduction in vessel diameter of 18.6% with a similar carbonization process.

Another modification is related to the shape of cells and vessels from circular 
to angular after carbonization (e.g., Gonçalves et al. 2012). Gasson et al. (2017) 
described that in Croton sonderianus, the cells started losing their circular shape 
at 400 °C and became more angular and occasionally amorphous at 600 °C.
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Vessel frequency

In Androstachys johnsonii samples, the vessel frequency after carbonization 
increased with all programs by more than 100%, maybe because in charcoal, 
the vessels are more distinct. When the analysis between programs was done, no 
linear relation was observed. A higher value was verified in P3, similar values in 
P2 and P4 and a lower value in P1.

In Bobgunnia madagascariensis, the carbonization process with lower tem-
perature and total time (P1) did not influence the vessel frequency, with the val-
ues being similar to those of wood. In P2, P3 and P4, an increase in vessel fre-
quency was observed in charcoal, with higher values in P2 (+ 77%) and lower 
values in P3 (+ 17%). Regarding differences between carbonization processes, 
lower values were noted in P1 and higher values in P2, P3 and P4, which was 
not statistically different, showing more influence of temperature on the changes.

In Sterculia quinqueloba, the vessel frequency after the carbonization process 
increased by 39% in P4, while in the other programs, this feature was not statis-
tically significant. Comparing programs, the highest vessel frequency was in P4 
and the lowest in P1, while P2 was equal to P3 and similar to the others. These 
results show some interactions between temperature and total time.

Modifications in vessel frequency in the three species analyzed were differ-
ent, possibly the result of intraspecific variability. The literature studies show 
that in general, carbonization results in contraction of cells, and in relation to 
vessels, causes an increase in their frequency (Pereira et al. 2016). In four Myrt-
aceae species, Stange et  al. (2018) verified an increase in vessel frequency of 
50–92% after carbonization with a final temperature of 450  °C and a heating 
rate of 1.66 °C  min−1. Under the same conditions, Muñiz et al. (2016) observed 
an increase in vessel frequency in Hymenolobium petraeum and Parkia pen-
dula and no changes in Diplotropis purpurea, Vatairea guianensis and Vatairea 
paraensis. The influence of species characteristics was also mentioned by Gon-
çalves and Scheel-Ybert (2016). Evaluating Ocotea porosa at four carbonization 
processes, Nisgoski et al. (2014) also showed that the differences in vessel fre-
quency in the processes with the same final temperature of 450 °C was caused 
by the heating rate combined with the total time of carbonization. Gonçalves 
et al. (2012) found no significant change in vessel frequency, despite the signifi-
cant reduction in tangential vessel diameter. This leads us to conclude that this 
feature is highly variable among species.

Ray height

A different tendency was observed for ray height in Androstachys johnsonii after 
the carbonization process as a function of temperature and time of carbonization. 
With P1, an increase of 27% was observed, while a decrease of 16% was found 
in P3, and P2 and P4 had a similar ray height to wood. Among the programs, P1 
showed the highest values and P3 the lowest.

In Bobgunnia madagascariensis, the ray height after the carbonization process 
presented variations in all programs. In P1, an increase of 16% was observed, 
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while in the other processes decreases of 23%, 18% and 13% occurred for P2, P3 
and P4, respectively, related to the total process time. Among the programs, ray 
dimension was higher in P1, followed by P4, and was similar in P2 and P3, with 
the lowest values.

A decrease in ray height was verified in Sterculia quinqueloba samples after 
carbonization under all conditions. A reduction occurred in P2 (− 60%), P3 
(− 49%), P1 (− 40%) and P4 (-37%), with no linear relation as a function of tem-
perature or total time. Regarding the programs, P1 was similar to P4 with the 
highest values, P2 presented the lowest dimension and P3 was intermediate. It 
is interesting that processing at the lowest temperature and total time (400  °C 
and 40  min) produced results similar to the highest temperature and total time 
(450 °C and 6 h).

Alterations in ray height are directly related to species characteristics, and no 
changes were observed based on temperature and time of carbonization in this study, 
corroborating the findings of Nisgoski et al. (2014) for Ocotea porosa. Muñiz et al. 
(2012) reported a different degradation of species with the same carbonization pro-
cess as a function of fiber wall thickness, and Gonçalves et al. (2012) according to 
characteristics of ray cell composition. In a carbonization process with a final tem-
perature of 450 °C and heating rate of 1.66 °C  min−1, Muñiz et al. (2012) observed a 
reduction in ray height in Enterolobium schomburgkii and an increase in Cedrelinga 
catenaeformis. Nisgoski et al. (2015) reported a reduction in Ficus citrifolia, Hier-
onyma laxiflora and Sapium glandulatum, and no statistical changes in Brosimum 
acutifolium. Muñiz et  al. (2016) verified a reduction in ray height for Diplotropis 
purpurea and no statistical changes in Hymenolobium petraeum, Parkia pendula, 
Vatairea guianensis and Vatairea paraensis, and Stange et  al. (2018) observed 
increases from 10% to 24% in four Myrtaceae species.

Ray width

In Androstachys johnsonii samples, a large increase in ray width occurred with P1 
(+ 88%), and a decrease was observed for the other programs, from 47% with P2 
to 29% with P3. Comparing only programs, P1 showed the highest value and P2 
the lowest, while P3 and P4 were similar in intermediate position.

After carbonization, in Bobgunnia madagascariensis in P1 (400 °C and 40 min), 
an increase in ray width of 35% was verified, while with P2, the dimensions were 
not statistically different, and a decrease of 23% was verified in P3 and of 19% in P4. 
Evaluating ray width among the programs, P1 presented the highest dimensions, P2 
was intermediate, and P3 and P4 were similar with lower values.

A decrease in ray width occurred after carbonization in all conditions for Sterculia 
quinqueloba samples, varying from 53% with P2 to 24% with P1, with a linear relation 
regarding time but not final temperature. Ray width was higher for P1, intermediate 
for P4, and the lowest in P2 and P3, which were similar.

A different dimensional variation is the result of anatomical characteristics of 
species, like the number of cells and ray width, whether the wood is homogeneous 
or heterogeneous, and also fiber wall thickness. Gonçalves et  al. (2012) observed 



1385

1 3

Wood Science and Technology (2019) 53:1373–1394 

a decrease in ray width in Stryphnodendron polyphyllum, Croton grandiflora and 
Vochysia tucanorum. Muñiz et al. (2012) verified a decrease in Enterolobium schom-
burgkii and an increase in Cedrelinga catenaeformis. Muñiz et al. (2016) reported a 
decrease in Diplotropis purpurea and Parkia pendula, and an increase in Hymenolo-
bium petraeum and Vatairea paraensis, and no statistical changes in Vatairea guian-
ensis. Stange et al. (2018) found an increase of 56% in Myrcia retorta and a decrease 
from 7% to 31% in other Myrtaceae species. Divergences can also be attributed to 
chemical changes in extractives which can expand and cause dimensional changes 
(Poletto et al. 2012; Pereira et al. 2016). On the other hand, Osterkamp et al. (2018), 
studying three species of Araucaria, found a positive correlation between ray width 
and carbonization temperature; the rays increased with an increase in temperature.

In a study on Quercus variabilis, Kim and Hanna (2006) reported that in mul-
tiseriate rays, some disintegration of cell walls occurred, and more ruptures were 
observed with increasing carbonization temperature. Nisgoski et  al. (2014), com-
paring three final temperatures (350  °C, 450  °C and 650  °C) for carbonization of 
Ocotea porosa, noted that at 450  °C, the heating ramp had more influence in the 
presence of cracks and ruptures in rays. Afonso et  al. (2015b) observed ruptures 
related to shrinkage in rays in Mozambican species carbonized at 450 °C for 1 h at 
a heating rate of 7.5 °C  min−1. Dalbergia melanoxylon presented ruptures in a par-
allel direction and perpendicular to the rays, and Pterocarpus angolensis only had 
ruptures perpendicular to the rays. In other species (Afzelia quanzensis, Amblygono-
carpus andongensis, Guibourtia conjugata, Khaya nyasica and Swartzia madagas-
cariensis), only ruptures oriented in the direction of the rays were observed (Afonso 
et al. 2015b). Gonçalves et al. (2014) also verified ruptures in rays in some Eucalyp-
tus species carbonized at 450 °C and a heating rate of 1.66 °C  min−1, and under the 
same conditions, Gonçalves et al. (2018) reported ruptures in rays of some Cerrado 
species, while Osterkamp et al. (2018) reported the same for Araucaria spp.

Ray frequency

For the Androstachys johnsonii samples, ray frequency in P1 with 400  °C and 
40 min (least drastic conditions), there was no change in values. With 450 °C, an 
increase in ray frequency occurred with a linear relation to total time, varying from 
52% for P2 (2 h) to 66% for P4 (6 h) and 62% for P3 (4 h). Comparing only the 
carbonization process, the ray frequency in P1 was lower, and similar values were 
observed for P2, P3 and P4.

In Bobgunnia madagascariensis samples, opposite alterations were observed for 
ray frequency in contrary conditions. In P1 (least drastic conditions, lower time and 
temperature), a reduction of 16% was verified and an increase of 16% occurred with 
P4 (most drastic conditions, highest time and temperature). With P2, no changes 
were observed, and with P3, an increase of 15% occurred, similar to P4. Evaluating 
only process conditions, P1 was similar to P2, with lower values and P3 was similar 
to P4 with higher values, indicating more influence of heating rate and total time.

After carbonization of Sterculia quinqueloba wood in all conditions, an increase 
in ray frequency was observed. Changes varied from 88% for P2 to 35% for P3, with 
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no direct relation to temperature or total time of carbonization. Analyzing only the 
carbonization processes, in ray frequency, two groups occurred: charcoal samples 
produced with P1/P3 and P2/P4 were similar.

Changes in ray frequency are also related to fiber cell wall thickness and axial 
parenchyma distribution, possibly specific or intraspecific, and ecological trends can 
be involved (Ávila et al. 2017). The results obtained in this study are in accordance 
with those of Nisgoski et al. (2014), who found that the different final carbonization 
temperatures did not significantly influence the ray frequency. In all situations, an 
increase was only observed from wood to charcoal, but not between carbonization 
programs.

In a carbonization process at 450 °C and heating rate of 1.66 °C  min−1, increases 
in ray frequency were observed in four Myrtaceae species (Stange et al. 2018), in 
Diplotropis purpurea, Hymenolobium petraeum and Vatairea guianensis (Muñiz 
et  al. 2016), and in Ficus citrifolia, Hieronyma laxiflora and Sapium glandulatum 
(Nisgoski et al. 2015). On the other hand, reduction in ray frequency was found in 
Brosimum acutifolium (Nisgoski et al. 2015), while no statistical changes occurred 
in Parkia pendula and Vatairea paraensis (Muñiz et al. 2016).

Near‑infrared spectroscopy

Raw spectra showed similarity between samples (Fig. 4a), and the second derivative 
was applied as pretreatment (Fig. 4b) to eliminate the influence of baseline and some 
noise. Mean second-derivative NIR spectra by species and program in the region 
from 4000 to 5000 cm−1 showed the most contrast between carbonization programs 
(Fig. 4c), principally from program P1, with lower temperature and total time. The 
bands depicted in the figure are related to cell wall components, and also specifi-
cally at 4686 cm−1 to extractives and at 4235 cm−1 to cellulose content (Schwan-
ninger et al. 2011). The near spectral signature in charcoal varies as a function of 
final temperature; higher temperatures result in lower absorbance bands (Costa et al. 
2018), and differences in degradation of cell wall components at different times and 
temperatures are related to species characteristics (Rutherford et  al. 2005; Poletto 
et al. 2012).

Pretreatment with second derivative in charcoal NIR spectra has also been 
applied in other studies on charcoal species discrimination (Muñiz et  al. 2016; 
Nisgoski et  al. 2018). In particular, Sandak et  al. (2016) reported a decrease in 
absorbance values with increasing temperatures, and that not all bands changed 
at the same rate and intensity, so the chemical information after second-derivative 
application is still preserved and the pretreatment effectively removes the scatter 
and some noise. Program 1 (P1) had the lowest temperature and total time, result-
ing in the start of cell wall degradation, while the other programs, with 450 °C 
and total time varying from 2 to 6 h, caused more deterioration of chemical com-
pounds in the cell walls. The rate of changes in each species has been related to 
wood density (Hidayat et  al. 2017), extractive content (Pereira et  al. 2016) and 
cellulose crystallinity (Poletto et al. 2012). These factors are dependent on wood 
anatomy, type and distribution of parenchyma cells and fiber cell wall thickness 
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and vessel diameter, as recounted by Gasson et al. (2017) for Croton sonderianus 
in comparison with other species described in the literature.

The influence of wood anatomy on spectra is corroborated by the present 
results, where Sterculia quinqueloba (Fig. 4—gray line), with the highest vessel 
diameter and axial parenchyma in bands, showed different NIR absorbance values 
compared to Androstachys johnsonii (Fig. 4—black line), with the lowest vessel 
diameter and diffuse axial parenchyma values.

It was not verified the influence of anatomical section where spectra were 
obtained in this study (graphic not shown). This fact was also commented by 
Muñiz et al. (2016) and Nisgoski et al. (2018), which is important for the practi-
cal use in industry or commerce inspections.

The score graphic (Fig. 5) from partial least squares regression with discriminant 
analysis (PLS-DA) done with second-derivative spectra in the region from 4000 to 
5000 cm−1 revealed the separation of samples carbonized with lower intensity (P1), 
with lower temperature and total time, with the other programs (P2, P3, P4) caus-
ing minor degradation of species, with some similarity to three samples of Bobgun-
nia madagascariensis carbonized by P3, indicating final temperature had the most 
influence.

The graphic analysis based on species discrimination in each program allowed for 
the following observations: (1) in P1 (400 °C and 40 min), all species could be iden-
tified, with some similarity of Androstachys johnsonii and Sterculia quinqueloba 

Fig. 4  Mean NIR spectra from all the species in four carbonization processes: raw data (a) and sec-
ond derivative (b) in wavenumbers from 4000 to 10000  cm−1; second derivative in the region 4000–
5000 cm−1 (c)
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samples; (2) in P2 (450 °C and 2 h), also all species could be identified even so with 
some “nearby” samples of Androstachys johnsonii and Bobgunnia madagascarien-
sis; in P3 (450  °C and 4  h), samples from all species are distant and can be dis-
criminated; and in P4 (450 °C and 6 h), samples from Bobgunnia madagascariensis 
are more isolated, and samples of Androstachys johnsonii and Sterculia quinqueloba 
showed some proximity. These data are the result of different changes in anatomi-
cal and chemical characteristics of each species in the same process, which has also 
been reported by other authors, like Gasson et  al. (2017), Gonçalves and Scheel-
Ybert (2016) and Muñiz et al. (2013).

The observations were confirmed by a confusion matrix based on PLS scores 
analysis from all carbonization programs (Table 4).

The factor 1 loading graph (Fig.  6) shows the wavenumber regions related to 
carbonization program distinction, as 4675, 4630, 4422–4395, 4270  cm−1, attrib-
uted to cell wall composition (Schwanninger et al. 2011). Muñiz et al. (2013) veri-
fied that the bands at 4253  cm−1 and 4740  cm−1, related to lignin groups, were 
the regions responsible for the discrimination of charcoal from Eucalyptus alba, 

Fig. 5  Score graph from PLS-DA with second-derivative NIR spectra with all carbonization programs 
(a) and with the final temperature of 450 °C only (b) in the region 4000–5000 cm−1
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Mimosa scabrella, Tabebuia capitata and Hymenaea aurea, and also commented 
that the different degradation degrees were the result of anatomical and chemical 
characteristic of species. Muñiz et al. (2016) described the regions 4000–5000 and 
5500–6200 cm−1 as the best ones for distinguishing charcoal from “angelim” spe-
cies. Nisgoski et al. (2018) verified that for charcoal, bands in the regions from 4000 
to 5000 cm−1 were better for the discrimination of six Caatinga species, supporting 
the influence of individual species.

Comparing industrial and laboratory charcoal, Monteiro et al. (2010) found that 
NIR spectroscopy, using data after first derivative treatment, was able to discrimi-
nate charcoal produced in an industrial process from that produced under laboratory 
conditions, but not to distinguish whether it was from native or exotic wood. The 
same finding was reported by Ramalho et al. (2017) in charcoal from Cedrela sp, 
Aspidosperma sp., Jacaranda sp. Apuleia sp. and eucalyptus clones pyrolyzed under 
controlled laboratory conditions at final temperatures of 300, 500 and 700 °C, which 
did not allow differentiating charcoal if all samples were analyzed at the same time. 
However, the separation of charcoal from native and planted trees was achieved 
when the samples were analyzed separately according to the final temperature. On 
the other hand, no clear separation in PCA analysis of charcoal specimens as a func-
tion of the final carbonization temperature, especially for material pyrolyzed at 400, 
500 and 600 °C, was noted by Costa et al. (2018) for eucalypt. Davrieux et al. (2010) 
detailed the distinction of Tabebuia serratifolia from Eucalyptus grandis carbonized 
at 400 °C and a heating rate of approximately 3.81 °C  min−1.

In species identification, some studies have shown that in thermal degradation, 
the temperature ranges responsible for correct classifications are the result of single 
component decomposition, mainly hemicelluloses (Tarrío-Saavedra et al. 2011). The 
thermal decomposition of wood depends on the mass ratio of its main components, 
hemicellulose, cellulose and lignin. The temperature ranges of hemicellulose and cel-
lulose decomposition are about 220–315 °C and 315–400 °C, and thermal decomposi-
tion of lignin occurs in a wide temperature range from 180 °C to 900 °C. The thermal 

Fig. 6  X-Loading graph of factor 1 based on second-derivative NIR spectra in the region 4000–
5000 cm−1



1391

1 3

Wood Science and Technology (2019) 53:1373–1394 

degradation process can be affected by operating parameters such as temperature, pres-
sure, heating rate or by the properties of the biomass used, such as shape and size of 
particles, composition and moisture. The size and shape of the particles influence the 
heat transfer into the particles and mass transfer from the particles (Gasparovic et al. 
2012). In nine wood samples pyrolyzed at temperatures from 30  °C until 1200  °C, 
Smith et al. (2012) observed that between 30 and 250 °C, no large changes occurred in 
the nanostructure of cellulose microfibrils, while between 250 and 315 °C, the structure 
of cellulose fibrils completely degraded, and until 1200 °C, nanometer-sized inhomo-
geneities in the material appeared.

The evolution of charcoal production with time and temperature treatment, on a 
molar basis, is evaluated by the hydrogen/carbon and oxygen/carbon atomic ratios. 
An increase in percentage of aromatic carbon can be the result of its formation in the 
charring process or by the removal of aliphatic components during charring. At 250 °C 
and 300 °C, an increase in total mass of aromatic carbon in pine and poplar wood was 
verified by Rutherford et al. (2005), and at 350 °C and above, a more rapid decrease 
in aromatic carbon after the first hour of heating was observed. The wood or wood 
components do not contain measurable porosity, but develop this porosity during char-
ring (Rutherford et  al. 2005). At the same carbonization temperature, the char yield 
was higher in wood with greater initial density, as reported by Hidayat et al. (2017), 
in a study with mangium, mindi, gmelina and albizia. In addition, another study com-
mented that fiber dimensions and principally cell wall fraction influence the charcoal 
density (Pereira et al. 2016).

In this study, the three evaluated species have medium-to-high density and present 
thick-walled fibers. The differences are in vessel diameter and type of axial paren-
chyma, which can explain some divergence in the results. Since near-infrared spec-
tra are based on cell components, charcoal produced with diverse programs presents 
changes in absorbance/reflectance at some wavenumbers related to cellulose, hemicel-
luloses, lignin and extractives, as a function of degradation according to temperature. 
The final temperature showed more influence on grouping samples in relation to total 
process time, but all species could be individually identified, enabling application of 
this technique to forest control.

Conclusion

In the three species analyzed, changes in anatomical characteristics after carboni-
zation were different, and groups were formed regarding charcoal programs, as a 
result of anatomical and chemical characteristics. In vessel and ray dimensions 
and frequency, no linear relation to total time or final carbonization temperature 
was observed, although there were some interactions between species and pro-
gram conditions.

In the near-infrared spectra, the region from 4000 to 5000 cm−1 showed more 
distinction between wood and charcoal. There was a separation of samples car-
bonized with lower intensity (400 °C and 40 min), denoting minor chemical deg-
radation of species, from samples submitted to other programs with a final tem-
perature of 450 °C and total time between 2 and 6 h. Near-infrared spectrometry 
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showed potential to discriminate species in different carbonization process. The 
final temperature had a stronger influence on charcoal species distinction than the 
total process time.
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