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Abstract

Planted Eucalyptus forests are the largest potential energy source in Brazil. They supply energy for several industrial sectors, so a
detailed quality assessment of this biomass is required. Although many important parameters have been evaluated, few studies
have considered the effect of lignin composition in firewood, as the amount of syringyl (S) and guaiacyl (G) units on thermo-
gravimetric characteristics. The aim of this research was to evaluate the energetic characteristics of Eucalyptus clones and identify
the effect of chemical composition and lignin quality on the resistance to thermal degradation of firewood. The study was
performed with 14 clones of Eucalyptus from a planted forest. Plant material was analyzed for energy productivity, heating
value, ash content, proximate and elemental compositions, and thermal characteristics. Methods to determine chemical compo-
sition were proximate analysis, soluble extractives in acetone and quantification of lignin contents. Chemical composition and the
quantity of G units influenced the combustion performance. The soluble extractives in acetone and the higher proportion of G
units in lignin resulted in an increase in thermal stability and prolonged the combustion time. The mass of the structural unit G per
kilogram of dry wood is a good parameter to classify Eucalyptus clones for heat generation. G units ranged from 19.61 to
25.68 g kg ' (dry wood). The clone 1037 (Eucalyptus sp.) had superior combustion performance and the highest energetic
productivity (2921.61 MJ tree ') of the 14 clones studied.
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Introduction

The requirement for reducing fossil fuel usage, especially pe-
troleum, natural gas, and coal, has been discussed by Moya
and Tenorio [1] and Gongalves et al. [2], and the replacement
with renewable energy sources has been suggested by
Benavente and Fullana [3] and Mehmood et al. [4].
Production of energy from wood species with short rotation
is highlighted in Gongalves et al. [2]. Wood may be a good
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alternative to replace the energy generated by fossil fuels since
it would emit less greenhouse gases upon combustion [5].
The internal energy supply within Brazil consists of 42.9%
renewable sources (about the equivalent of 125,327,000 tons
oil), of which firewood and charcoal corresponds to 8.0% [6].
The numerous species and clones of Eucalyptus and Corymbia
are important potential sources of firewood. In order to increase
the quality and quantity of the firewood produced, it is neces-
sary to obtain clonal plantations of Eucalyptus and Corymbia
with higher productivity, developmental uniformity, and satis-
factory energetic characteristics. Understanding the thermogra-
vimetric behavior of wood during the combustion process is
needed so that industries can make full use of the wood [1].
Wood used as an energy source needs to be evaluated for its
performance during combustion in order to determine its suit-
ability for bioenergy production [7]. Knowing how plant
growth conditions, tree age, and chemical composition effect
wood combustibility in conjunction with more efficient con-
version technologies will help to better utilize wood as fuel [1,
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4, 7]. The most important parameters to evaluate include
heating value, moisture content, bulk density, ash content,
and chemical composition [1, 2, 7-9].

Extractives and lignin are the chemical components of the
lignocellulosic materials which influence the combustion pro-
cess [10—14]. Higher extractive contents may facilitate the
wood combustibility at lower temperatures as they show high
volatility, which consequently, accelerate the process of ther-
mal degradation [8, 11]. Additionally, lignin chemistry plays a
major role in thermal degradation. The lignin monomers, p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S), have dif-
ferent numbers of active sites in the phenylpropane due to
variable methoxyl groups (~O—-CHj3) [15, 16]. The G unit
has one less methoxyl group on the aromatic ring than the S
unit, and this allows the occurrence of more stable and ther-
mally resistant chemical bonds [15-17]. Lignin with more
methoxyl groups produces less charcoal during the pyrolysis
process, presenting less resistance to thermal degradation [16].
Lignin with greater proportions of G units may be more resis-
tant to thermal degradation, and it may influence the thermo-
gravimetric characteristics. Hardwood and softwood lignin
macromolecules differ depending on the relative abundance
of three basic units; lignin can be classified as type-G (soft-
wood lignin), type-G-S (hardwood lignin) and type-H-G-S
(grass lignin) [16]. The S/G ratio of lignin in Eucalyptus wood
ranges from 2.6 to 3.3 [18].

Studies on the quantity of S and G units in Eucalyptus
lignin with respect to the resistance of thermal degradation
and combustibility are limited. Combustion and thermal sta-
bility of fast-growth species were affected by moisture content
[13], but other factors may also have some degree of relation-
ship with these processes such as extractives, porosity, and
some chemical characteristics. The aim of this research was
to evaluate the energetic characteristics of Eucalyptus clone
wood from homogeneous plantations in Brazil, to identify the
effect of the chemical composition and lignin quality on the
resistance to thermal degradation, and to assess how these
chemical parameters influence thermogravimetric characteris-
tics of the firewood.

Material and Methods
Material Sampling

Samples were taken for evaluation from three trees of each of
14 Eucalyptus spp. clones (81 months; Table 1). The planta-
tion was located in Curvelo, State of Minas Gerais, Brazil
(spacing 3 % 3 m; Fig. 1). Individual tree volume was calcu-
lated using the Smalian method. Discs (2.5 cm thick) were
obtained from the following five longitudinal positions: 2,
10, 30, 50, and 75% of the commercial height of the tree,
considering a minimum commercial diameter of 4.0 cm with

627
Table 1 Genetic materials of the Eucalyptus evaluated (81 months of
age)
Clone Specie/hybrid
1004 E. urophylla x E. camaldulensis
1005 Eucalyptus urophylla
1006 Eucalyptus urophylla
1008 Eucalyptus urophylla
1009 Eucalyptus urophylla
1015 Eucalyptus urophylla
1023 Eucalyptus urophylla hybrid
1024 Eucalyptus urophylla hybrid
1025 Eucalyptus camaldulensis hybrid
1031 Eucalyptus sp.
1033 Eucalyptus urophylla hybrid
1036 Eucalyptus urophylla
1037 Eucalyptus sp.
1039 Eucalyptus grandis hybrid

bark. All five longitudinal samples were assessed for the phys-
ical, chemical, and thermal characteristics.

Physical and Chemical Characterization of the Wood

The wood basic density was determined according to the
ABNT NBR 11941 [19] standard. The higher heating value
(HHV) (dry mass basis) was determined by a digital calorim-
eter IKA C-200® developed by LabControl Scientific
Instruments (Sao Paulo, Brazil) according to the E711-87
[20] standard. The materials were dried at room temperature
and ground into sawdust by a Wiley mill. Two sieves of 40
(0.420 mm) and 60 (0.250 mm) mesh were used to retain the
materials used in this analysis. The lower heating value (LHV)
(dry mass basis) was calculated according to Eq. 1:

LHV = HHV—206 x H (1)

where LHV is the lower heating value (kJ kgfl); HHYV is the
higher heating value (kJ kg™ '); and H is the hydrogen amount
(%).

The unitary energetic density was calculated by multiply-
ing the mean basic density by HHV by LHV. The estimated
dry mass of wood per tree was obtained by multiplying the
individual tree volume by the mean basic density. The possi-
ble energy produced per tree via combustion (heat energy
expressed as MJ tree ') on a dry weight basis was calculated
by the multiplication of the parameters individual dry mass
and LHV.

The quantification of carbon (C), hydrogen (H), nitrogen
(N), and sulfur (S) was performed in an Elementar Universal
Analyzer developed by Biovera (Rio de Janeiro, Brazil). The
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Fig. 1 Location of Eucalyptus clonal test evaluated in Curvelo, Minas Gerais, Brazil

oxygen percentage was calculated by the subtraction of C, H,
N, S, and ash percentages from 100 [O (%) =100—C (%) —H
(%)—N (%)—S (%)— Ash (%)]. The fraction of sample
which was retained between the sieves of 60 (0.250 mm)
and 200 mesh (0.074 mm) was used in this analysis. The ratios
O/C, H/C, N/C, and the empirical formulas of the studied
woods were calculated according to Pereira et al. [15].
Additionally, the molecular chemical characterization of the
wood was performed (Table 2).

Soluble and insoluble lignin contents (Klason lignin) were
determined using methods from Goldschimid [24] and

Gomide and Demuner [23] respectively. Briefly, two acid hy-
drolysis reactions were initiated in order to extract lignin.
First, 3 ml of 72% sulfuric acid were mixed with 0.3 g of
sawdust and were left to react for 1 h at 30 °C. Next, the
mixture was diluted to 3% and allowed to react for 1 h at
2 atm and 121 °C. The mass of insoluble lignin was deter-
mined by filtration, and the soluble lignin content was deter-
mined by UV spectroscopy. The Klason lignin content was
obtained from the ratio between the insoluble lignin mass and
the dry mass of the sample free of the extractives. Total lignin
was obtained by the sum of insoluble and soluble lignin.

Table 2 Proceedings for the

chemical characterization of the Component

Methodology*

wood
Soluble extractives in acetone

Volatile materials, ashes, and fixed carbon (proximate analysis)

Insoluble lignin (IL)
Soluble lignin (SL)
Total lignin

T 280 pm-99 [21]

ASTM D1762-84 [22]
Gomide and Demuner [23]
Goldschimid [24]

IL+SL

*The fraction of sample which was retained between the sieves of 40 mesh (0.420 mm) and 60 mesh (0.250 mm).
The materials were dried under room conditions and transformed into sawdust by a Wiley mill
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The quantification of the syringyl and guaiacyl units was
performed by alkaline oxidation of wood with nitrobenzene
followed by high efficiency liquid chromatography (HELC)
according to Lin and Dence [25] with some adaptations de-
scribed in Aragjo et al. [26]. The sawdust fraction retained in
40 (0.420 mm) and 60 (0.250 mm) mesh were used. The
estimates of the syringaldehyde mass (representative molecule
of the syringyl unit—S) and vanillin (representative molecule
of the guaiacyl unit—G) were performed according to the Eq.
2:

_ CVEM

U
Md

(2)

where U is the mass of the structural unit (S or G) per kg of dry
wood, C is the concentration of the referred structural unit in
the analytical solution (mol Lfl), Vfis the final volume of the
analytical solution (L), M is the molar mass of the
syringaldehyde or vanillin compound (g mol "), and Md is
the wood dry mass (kg) used for the oxidation.

Thermal Characterization of the Wood

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed with samples from all lon-
gitudinal positions of the tree. Particles used for this analysis
were sieved through 200 mesh (0.074 mm). The TGA was
performed in an atmosphere of oxygen using the automatic
thermal analyzer DTG-60H developed by SHIMADZU
(Barueri, Brazil). The flow was 50 ml min !, and the temper-
ature ranged from room temperature (room temperature was
20 to 35 °C) to 550 °C, with a heating rate of 5 °C min . The
graph of first derivative of the TGA curve allowed the identi-
fication of the mass loss rate per minute and the combustion
stages. This graph was then used to relate these parameters
with the chemical composition of the wood.

The following parameters were used to evaluate
the combustion of the wood: the ignition temperature (7i), the
burnout temperature (73), the combustion index (S), the igni-
tion index (Di), the time corresponding to the maximum com-
bustion rate (), the time of ignition (#,), the maximum rate of
combustion, and the mean rate of combustion. The ignition and
burnout temperatures were suggested by Sahu et al. [27], Wang
et al. [28], Wang et al. [29], and Moon et al. [30]. The ignition
temperature was defined as the temperature at which the com-
bustion rate increases 1% min™'; this indicates the starting point
of the main combustion process. The burnout temperature was
defined as the temperature at which the combustion rate de-
creases by 1% min™'; this designates the end of the combustion
process. The combustion index (S) was obtained by Eq. 3, cited
by Moon et al. [30], Qian et al. [31], and Liu et al. [32]. The

ignition index (Di) was obtained by Eq. 4 and was determined
by Xiang-Guo et al. [33].

o ()G 5

where (dm/dt)max is the maximum combustion rate (%
min '), (dm/dt)me is the mean combustion rate, 7 is the igni-
tion temperature (°C), and T} is the burnout temperature (°C).

D = L;?) - (4)

Im X lig

where (dm/dt)max is the maximum combustion rate (%
min_l), tm, 1s the time corresponding to the maximum combus-
tion rate (min), and #, is the ignition time (min).

The DSC was performed in a differential scanning calorim-
eter model DSC-60 developed by Shimadzu (Barueri, Brazil).
Analysis was performed using the same heating rate, initial
and final temperature, and oxygen flow from the TGA analy-
sis. Particles used for this analysis were sieved through 200
mesh (0.074 mm).

Statistical Analysis

Analysis of variance was used to evaluate the physical-
chemical and thermal characteristics of the wood.
Differences between clones were determined using Scott-
Knott test (p <0.05). Pearson linear correlations were
established between the chemical characteristics and the com-
bustion profile of the studied woods. A ¢ test was performed at
5% and 10% significance levels to determine correlations be-
tween wood properties and thermal characteristics.

Results and Discussion

Combustion Energy and Chemical Composition
of the Wood

The unitary energetic density of wood (Fig. 2), which was
calculated by multiplying the basic density by the heating
value, varied significantly among the clones. Clones 1025
(E. camaldulensis hybrid), 1039 (E. grandis hybrid), and
1009 (E. urophylla) had highest unitary energetic density
values of those studied; this result may be due to the higher
values of wood basic density of these clones (Table 3). The
clone 1004 (E. urophylla x E. camaldulensis hybrid) had a
significantly lower value in comparison to the other
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previously mentioned clones, and it is a member of the group
of clones with the highest basic density. Generally, the clones
coming from crosses with E. camaldulensis present a higher
wood density and a higher unitary energetic density, as ob-
served with the clone 1025.

Castro et al. [34] observed that in 81-month-old clones of
E. camaldulensis, E. grandis, and E. urophylla, high values of
energetic density obtained the best ranking, forming a single
group, confirming the results found in this work. These results

highlight the importance of studying basic density, heating
value, and unitary energetic density for classification and se-
lection of superior genetic material for generating heat energy.

Transportation cost, in terms of energy released upon com-
bustion, is lower when the wood density is higher. Moreover,
energy conversion equipment, such as ovens and boilers burn
more efficiently with higher density materials. The improved
cost of transportation and equipment use efficiency is valid for
species/clones with similar values of HHV/LHYV, that were

Table 3 Energy released after the complete combustion of Eucalyptus wood
Clone Volume without bark (m® tree™!)  Basic density (kg m) Dry mass of wood (kg tree ')  Heat energy HHV LHV

(MJ tree ") MJkgh) MIkgh
1023 0.1521 00171y« 517.39.1y¢ 78.705.7,d 1417.76¢1567d 1943007  18.01.07)
1025 0.14280.0050)€ 570.7¢7.32 81.46,.1,d 1488.34(41 g)d 19.68024) 18.27(0.29)
1036 0.15070.0064)€ 554.3¢7.7b 83.544.7d 1499.29(73 5d 19.35038)  17.9500.37)
1024 0.16030.0075)¢ 551.0¢.3)b 88.30¢4.9,d 1604.73 60.7yd 19.550.11)  18.18¢22)
1015 0.1791(0.0056d 519.0¢s.7¢ 92.945c 1691.2535 0)c 19.63¢0.15)  18.20¢21)
1008 0.20950.0053)¢ 4557153 103.1542c 1708.26(95 5,¢ 19.30027y  17.89¢ 30,
1004 0.18629.0057d 563.79.0)2 105.023 9ic 1854.31(55.0C 19.09¢3s) 17.66¢ 1)
1005 0.19020,0013)d 542.3(5.4b 103.15 7¢ 1862.48 31 0C 19.49020) 18.06(0.22)
1009 0.18140.0201yd 569.3(5.5a 103.40(12.9C 1876.90¢113¢  19.57042) 1817040
1039 0.18450,0029)d 570.0(s.9a 105.1502.6,C 1881.50(64.5,¢ 19.28¢035)  17.89036)
1033 0.2065(0.0061,C 553.3(0.9)b 114.24(5 )b 2067.09(s2.4)b 19.490.06)  18.10(0.05)
1031 0.2450,0,0024)b 498.0(5.3,d 121.94(9.8)b 2170.99(25 4)b 19.200.18y  17.80(0.12)
1006 0.2525(0.0123)b 495.315d 125.11(5.9)b 2209.96 13150  19.05037) 17.66( 30,
1037 0.30930.0393)2 520.77.2¢ 161.28 582 2921.6136502  19.52¢31) 18.14(033)
CVe (%) 7.0 1.5 7.7 72 14 1.5

HHYV higher heating value, LHV lower heating value, CVe experimental coefficient of variation

Different letters within columns indicate statistical differences by the Scott-Knott test (p <0.05)Parenthetical numbers are the associated standard

deviations
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observed in this study, since in these cases, the unitary ener-
getic density will only depends on the wood density.

Other considerations beyond transportation costs, such as
energy productivity (individual or per area), should also be
considered for the genetic breeding program of Eucalyptus
for clones with enhanced energetic characteristics. Clone
1037 of Eucalyptus sp. produced the highest amount of heat
energy upon combustion. This could be explained by the in-
dividual dry mass (161.28 kg tree '), the greatest DBH
(19.6 cm), and highest total height (25.1 m) of clone 1037
(Fig. 3). Greater diameter and total height were related to
higher dry mass of trees. Clone 1037 produced 94% higher
heat energy in comparison with clone 1023 (£. urophylla hy-
brid), 1025 (E. camaldulensis hybrid), 1036 (E. urophylla),
and 1024 (E. urophylla hybrid), which together formed a
group with the lowest heat energy (Table 3). Clones 1039
and 1009 were classified in the third lowest of four group
based on heat energy per tree.

Results of the heat energy (MJ tree ') disqualify the clones
1039, 1009, and 1025 for generation of thermal energy and
highlight the need to consider the energetic productivity as a
more predictive parameter for heat generation. Considering
the energy productivity, only the clones 1037, 1033, 1031,
and 1006 are viable for firewood production. No significant
effect of clone was found for the heating values. The mean
values were 19.40 MI kg ' (HHV) and 18.00 MI kg ' (LHV),
which are similar to the reported results in the literature for
Eucalyptus clones [15, 17]. These results may be explained by
the elemental chemical composition of the Eucalyptus clones
(Table 4). The results show that the productivity of the indi-
vidual dry mass is the most important energetic parameter,
since no significant effect of clone was found for elemental
chemical composition and heating value (HHV and LHV).

=N
=}

Table 4 Elemental chemical composition of the studied Eucalyptus
clones wood

Clone C (%) H (%) O (%) N (%) Empirical formula
1004 48105 6304 447072 061017 CiooHiss0m0N,
1005 483005 63035 444031, 063015 CiooHisiOeN
1006 4780128) 62033 45.1ass) 0.690.16) CiooHiss071N;
1008 477095 62035 453123 0.610.16 CiooHi57071N;
1009 48.50139) 62025y 44.60151) 0.560.17) CiooH153060N1
1015 48.60089) 6.3035) 4420104 0.590.16) CiooH15706sN1
1023 48.4118) 63044y 44.6(150) 0.50007) CiooHis5060N|
1024 477071y 61066y 455333 0.570.15 CiooHi52072N;
1025 4890123 62028 441133 0.51011) CiooHis5306sN:
1031 478031y 62020 454059 047003 CiooHiss071N;
1033 48.40121) 62042y 4480162 045003 CiooHi53060N;
1036 48.5085 02042y 44.60123 0.51003) CiooH153060N:
1037 475185 6.10.16) 45-7080) 0.480.10) CiooHi54072N;
1039 48.6026) 61021y 44.60.02 0490.04) CiooHi52060N;
CVe (%) 2.7 2.7 3.5 22.3 -

Average 48.2 6.2 44.8 0.55 Ci00H154070N;

C Carbon, H Hydrogen, O Oxygen (obtained by difference, O% = 100%-
(C+H+N+S +ashes), N Nitrogen, CVe experimental coefficient of
variation

Parenthetical numbers are the associated standard deviations

There was no clonal effect for C, H, O, and N wood con-
tent. Thus, the empirical formula of the different clones was
similar. It is known that the wood combustion heat is directly
related to the C and H contents which show combustible char-
acteristics. On the other hand, high proportions of O and N
result in a decrease of the calorific value, i.e., LHVor HHV [9,
35]. S does not affect the energetic characteristics of the wood
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Fig. 3 Correlation between total height (TH), diameter at breast height (DBH), and dry mass of wood per tree (DMW), where: DMW =—162.172 +

11.865DBH + 3.346TH, R*=0.87, p value <0.001
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but was evaluated in this study. Only traces of it were detected
(up to 0.07%).

The elemental chemical composition of Eucalyptus wood
does not vary among clones, sites, and ages. The mean values
reported in the literature ranged from 44 to 47% C, 5.6 t0 6.0%
H,45t050% 0,0.10t0 0.12% N, and 0.003 to 0.009% S [15],
which are close to the values observed in this study. Thus,
Eucalyptus wood could be less polluting than coal due to
low content of N and S [36]. Based on these results, the
heating value and the elemental chemical composition might
not be suitable parameters for selection of Eucalyptus clones
for heat generation. However, they are required to estimate the
energy stored in the tree and the energy densities.

For total lignin content, a significant effect of clones was
observed (Table 5). The clones 1039, 1025, 1008, 1033, 1006,
1009, and 1005 were similar and formed the group highlight-
ed in the table with the highest mean percentage of lignin
(31%). With exception of the clone 1005, the other members
of the group showed the statistically lowest values for S/G
ratio, which is a favorable property for the energetic applica-
tion of the wood, especially for charcoal production. It is nec-
essary to confirm the effect of S/G ratio on the combustibility
of wood. Therefore, the differences in the amount and com-
position of the lignin macromolecule may influence the wood
combustion as well as the duration of the different combustion
stages.

The correlation of proximate composition is modified by
the relative proportions of holocellulose, lignin, and

extractives, and it influences wood combustion [37]. A higher
ratio of volatile matter/fixed carbon results in faster oxidation,
resulting in higher combustion intensity and biomass combus-
tibility [30, 38, 39]. It is expected that clones 1039 (E. grandis
hybrid), 1025 (E. camaldulensis hybrid), 1033 (E. urophylla
hybrid), and 1006 (E. urophylla) have lower ratios of volatile
matter/fixed carbon, and thus burn more slowly with higher
ignition temperatures in comparison with the other selected
Eucalyptus clones. These clones had more lignin, low S/G
ratio, and more G units per kg of wood.

Regarding the estimate of G units per kg of dry wood,
clones 1039, 1025, 1033, 1006, 1036, 1004, and 1031 were
not different and had a mean value of 25.62 g G units per kg of
dry wood. Araujo et al. [26] reported a mean value 0of 21.96 g
of G per kg of dry wood. This difference between the findings
of Aragjo et al. [26] and this research may be due to younger
clones used in their study (72 vs 81 months). Age is inversely
related to the S/G ratio which may be due to an increase of the
G units in the juvenile wood of Eucalyptus clones [17, 34].

For the content of soluble extractives in acetone, there was
significant variability among clones which formed four dis-
tinct groups. Clones 1039 (E. grandis hybrid), 1036
(E. urophylla) and 1037 (Eucalyptus sp.) were highlighted
with higher mean values (Table 5). The mean value observed
for this group (2.5%) differs from that reported by Gouvéa
et al. [40] for a hybrid E. grandis x E. urophylla (3-year old)
and had a soluble extractive mean value of 1.75%. This may
be due to the distinct ages of the clones, since the extractive

Table 5 Molecular chemical composition of the studied Eucalyptus clones
Clone Total lignin EXT G/kg S/kg S/G
% g

1039 32.64.47a 2.600.29)1 26.95:3 090 81.573.33y2 2.5425¢
1025 3130610 2.12¢.09)b 2738590 82.675.602 2.530 109
1008 3114290 0.70¢0.04d 19.896.300 66.59(19.49)b 2.82¢.19¢
1033 30.7..16a 1.48¢.13,C 25.682.05a 89.082.08)2 2.9120c
1006 30.50.72a 1.20¢0.08)C 24.35, 274 86.242 762 2.96.9.12¢
1009 30449390 1.57021/C 23.420.94)b 87.11 20492 3.1 g21c
1005 30.1.95a 0.82¢.13,d 2234 61)b 85.301.71ya 3.20¢0.18)b
1036 29.70.99)b 2.38.38 24.41 5090 81.85072)2 2.81.15¢
1024 29.4¢ 01y 1.850.22)b 19.612.44)b 93.73(0.93)2 4.0352)2
1015 29.30.64b 0.850.06d 23.10¢1.10)b 89.381.60)2 3.24¢21)b
1037 29.20.45)b 2.47 9390 22.39.66)b 89.63(4.58)2 3.34.17\b
1004 28.0(.08)C 0.910.04d 24.98,1.97)a 84.44 5 5912 2.850.15¢
1031 27.90.41)¢ 1.540.12C 25.63 2070 80.94(, 71ya 2.6410.17¢
1023 27.1q.2¢ 0.840.08)d 22493 59)b 98.65(10.11)2 3.70(0 402
CVe (%) 3.6 13.0 11.1 7.6 79

EXT, soluble extractives in acetone; G, mass (g) of guaiacyl; S, mass (g) of syringyl; S/G, syringyl/guaiacyl ratio; CVe, experimental coefficient of

variation.

Means followed by the same letter do not show difference by the Scott-Knott test (p <0.05)

Parenthetical numbers are the associated standard deviations
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content tends to increase with age [17]. Depending on the
extractives thermoresistance, higher proportions may result
in higher thermal stability [13, 40].

The clones 1033, 1009, 1006, 1036, 1005, 1025, and 1039,
highlighted in Table 6, had lower levels of volatile matter and
higher levels of fixed carbon; this is probably associated with
the more lignin, low S/G ratio, and more G units per kg of
wood (Table 5). The clones 1036 and 1039 also had high
levels of soluble extractives in acetone compared to all other
clones. Clones 1009 and 1005, which belong to the group with
the highest proportions of fixed carbon (Table 6), also have
higher total lignin (Table 5) than the other clones. The clones
1036 and 1004 had low S/G ratios and high levels of G units
per kg of dry wood. The clone 1036 was highlighted by the
amount of soluble extractives in acetone. The reactivity of the
lignin linkages is influenced by the functional groups (pheno-
lic hydroxyl group and methoxyl group). Furthermore, the
lignin with higher levels of methoxyl groups (high S/G ratio
and lower G units per kg of dry wood) produces less charcoal
during the pyrolysis process [16], which implies less resis-
tance to thermal degradation and lower fixed carbon content.

Seventy-one percent of the Eucalyptus clones with high
levels of fixed carbon were also in the group with the highest
estimate of G units per kg of dry wood. Clone 1008
(E. urophylla) was classified in the group with higher total
lignin content and lower S/G ratio; however, it had a higher
proportion of volatile matter/fixed carbon. This was assumed
to be due to fewer G units per kg of wood and less extractives.

Table 6 Proximate composition of the studied Eucalyptus clones wood

Clone Volatile matter Fixed carbon Ash
%

1008 84.0(0.36)*a 15.8037)¢ 0.19.01)¢
1031 83.5¢.38)b 16.3(0.40) 0.230.03)2
1015 83.4¢0.24)b 16.3(025,C 0.24 042
1023 83.1¢21b 16.7¢023)C 0.18.04/C
1037 83.1¢0.50)b 16.6(0 47, 0.25¢.012
1004 82.6(0.38)C 17.1037b 0.23p.02)2
1024 82.4028)C 17.40.14p 0.14¢01yd
1033 82.2¢37¢ 17.7 .37 0.13¢01yd
1009 82.019.42¢ 17.90.41a 0.15¢.02)d
1006 82.019.48¢ 17.80.49a 0.19¢.03,)b
1036 81.94.23¢ 17.90.240a 0.140,02)d
1005 81.9132¢ 17.9.35 0.270.03)2
1025 81.71.29C 18.1 .20 0.200.01)b
1039 81.619.62¢ 18.21 50 0.21 0,01
CVe (%) 0.5 22 11.2

CVe, experimental coefficient of variation.

Different letters within columns indicate statistical differences by the
Scott-Knott test (p <0.05)

Parenthetical numbers are the associated standard deviations

The clone 1024, despite less lignin and higher S/G ratio, had
intermediate amounts of fixed carbon and lower volatile mat-
ter. Wood is a heterogeneous material, and this may explain
the results obtained, for example, extractives composition and
differences in the cellulose crystallinity and crystallite size.
According to Poletto et al. [11], more extractives are associat-
ed with less crystallinity; lower cellulose crystallite size can
accelerate the degradation process and reduce the wood ther-
mal stability. This may be related to the formation of volatile
matter during the thermal decomposition process.

Wood composed of high amounts of lignin and low pro-
portions of S/G units may contribute to the resistance to ther-
mal degradation which increases the amount of fixed carbon
or charcoal during thermal degradation [41]. In this context, it
is expected that Eucalyptus clones 1033, 1009, 1006, 1036,
1005, 1025, and 1039 will lose less mass in the initial stages of
combustion and reduce the maximum ratio of mass loss, thus
the residence time will increase in the energy conversion
equipment as a result of the low volatile matter to fixed carbon
ratio [37].

In comparison to the other lignocellulosic materials, such
as rice husk [37], Eucalyptus wood has low ash content, lower
than 0.5%, and better combustibility [15]. Therefore, the ash
values found in this work did not harm the energetic use of
Eucalyptus wood even though a clonal effect was observed.

Thermogravimetric Analysis

The TGA and DTG curves (Figs. 4 and 5) suggest that wood
combustion occurs in two main stages, similar to the results
reported by Li et al. [42] and Fernandes et al. [38] for ligno-
cellulosic materials. The slope in TGA curves indicates a sig-
nificant mass loss due to bond dissociation and decomposition
[43]. The different stages of combustion (Table 7) may be
attributed to the substantial differences in the thermal behavior
of the molecular constituents of lignocellulosic biomass [12],
mainly due to the structures and chemical bonds which occur
in cellulose, hemicelluloses, lignin, and extractives.

The derivative of the TGA curve (DTG) exhibits two ther-
mal decomposition peaks and allows the division of the char-
acteristic stages of wood oxidation. The first phase ranged
from approximately 200 to 360 °C and is attributed to the
thermal degradation of the main molecular constituents of
wood (hemicelluloses, cellulose, and part of the lignin),
resulting in the emission, ignition, and homogeneous combus-
tion of the volatile matter [12, 38, 44, 45]. Lignocellulosic
biomass is predominantly composed of carbohydrates
resulting in low resistance to thermal degradation and in an
accentuated rate of mass loss. In contrast, the thermal degra-
dation of lignin occurs in a large range compared with cellu-
lose [16].

The xylans constitute the main fraction of the hemicellu-
loses of Eucalyptus wood [16] and are the less thermally stable
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components of biomass compared with cellulose and lignin
[12]. These molecules start degrading at 187 °C with the max-
imum mass loss occurring at 264 °C [12], which is similar to
results in this study (Fig. 5). According to the mentioned au-
thors, the thermal decomposition of cellulose starts at 266 °C
and has maximum mass loss ratio at 354 °C. In this context, it
can be inferred that high levels of holocellulose promotes
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Temperature (°C)

greater volatilization and increases the rate of wood thermal
decomposition at lower temperatures. Consequently, this in-
creases the combustion intensity due to the greater release of
volatile matter. Lopez-Gonzalez et al. [12] observed a maxi-
mum degradation peak for Eucalyptus wood at 290 °C which
differs from that found in this study. It should be noted that the
authors used a synthetic air atmosphere and a 10 °C min ™"
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Fig. 5 Derivative of the TGA curve of the studied Eucalyptus clones
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Table 7 Mass loss and peak temperature during the two stages of the
Eucalyptus clones combustion

Clone 1 stage 2 stage

Mass loss (%) TMax (°C) Mass loss (%) TMax (°C)
1008 76.4¢ 2)*a 2975032  18.7¢6d 429.5¢.6)b
1015 75900 2973062  19.0¢5d 426.9¢ 4¢
1037 7570672 296.80.1y2a  20.3¢2c 426.80.7¢
1023 753002 296.107b  20.0¢.6c 429.9¢.0)b
1031 744 o 297.10sa  20.5¢.¢¢C 428.0¢1.0)b
1004 74.00.3)b 2971072  21.0¢s¢c 424.1¢.44d
1009 73.31.3b 297303 2144 b 428.2¢45)b
1025 73.000.20 29570s5b 2274 b 430.15.9)b
1005 73.00.7b 296.27b  20.8¢.1¢ 421400
1033 72.9, 30 2956004  22.543b 432720
1036 72.40.7b 296.6¢42  22.40.5b 429.2(1 9)b
1024 72.40.6b 29470s5b  22.34.7b 43391y
1006 72.31.2b 2970022  21.7,4.0b 42244 5d
1039 70.9¢1.49b 295506b  24.5,30a 433246y
CVe (%) 1.5 0.3 32 0.6

CVe, experimental coefficient of variation

Different letters within columns indicate statistical differences by the
Scott-Knott test (p <0.05)

Parenthetical numbers are the associated standard deviations

heating ratio. The authors attributed the maximum mass loss
to the thermal degradation of the cellulose molecule.

A significant clonal effect was found for mass loss in the
first stage of combustion. Clones 1004, 1009, 1025, 1005,
1033, 1036, 1024, 1006, and 1039, highlighted in Table 7,
had the lowest mean values. This fact may be attributed to
the lower volatile matter/fixed carbon ratio found for these
clones and was likely influenced by the molecular chemical
composition. Clones 1008, 1015, 1037, 1023, and 1031 were
considered similar and had more mass loss in the first com-
bustion stage (mean value of 75.5%; Table 7). These clones
had less lignin among those studied. Clone 1008, despite
higher total lignin, had fewer G units per kg of dry wood
(Table 5).

The second phase of Eucalyptus wood combustion oc-
curred approximately between 360 and 460 °C (Figs. 4 and
5) due to the thermal decomposition of the remaining lignin
and the fixed carbon formed during the first stage [30]. The
combustion of lignin occurs in a wide thermal range (152 to
700 °C), but the mass loss at low temperatures is minor [12].
Lépez-Gonzalez et al. [12] observed two peaks at 397 °C and
518 °C in the lignin DTG curve, and they noted that the lignin
is the component with higher thermal stability and contributes
mainly to the energy release in the second combustion stage
since it has a positive correlation with solid carbon or charcoal
[10, 46].

Hardwood lignin contains both G and S units, therefore
lignin of hardwood species can be classified as type-G-S
[47]. These units form the lignin matrix through various link-
ages and different functional groups attach to the propyl side
chain leading to extremely complicated lignin structures [16].
It results in low mass loss in the later combustion phases due
to slow combustion of fixed carbon which is characterized by
the incandescent burning of the fuel [13]. The solid carbon is
strongly bound to other carbon atoms by single or double
bonds which have higher chemical bonding enthalpy in com-
parison to the C—O bond, for example [48]. The combustion
reaction between the O and the fixed carbon is complex, slow,
and heterogeneous [49]. In addition, the content of methoxyl
groups in lignin is correlated with the lignin pyrolysis and
charcoal production [16], or fixed carbon. Therefore, lignin
with high levels of methoxyl groups, i.e., high S and low G
units, produce less charcoal during the pyrolysis process [16].

During the second phase of combustion, clone 1039 lost
the most mass while clones 1006, 1024, 1036, 1033, 1025,
and 1009 lost the second greatest amount of mass. These
results may be due to the content and composition of the lignin
macromolecule. Specifically, the clones with greater mass loss
had higher contents of soluble extractives in acetone (during
the second phase of combustion), which demonstrates the
greater resistance to thermal degradation of these molecules.
In addition, the clones 1039, 1006, 1024, 1036, 1033, 1025,
and 1009 had more fixed carbon in relation to volatile matter;
this is important as the second stage of combustion is charac-
terized by the burning of solid carbon.

Clones 1008, 1015, 1037, 1023, and 1031 were character-
ized by having higher mass loss in the first combustion stage
but had a low thermal decomposition ratio in the second stage.
The wood of these clones presented a high proportion of vol-
atile matter, which is oxidized in the initial phase of combus-
tion. In the second combustion stage, the temperature of max-
imum mass loss for clones 1039, 1033, and 1024 was higher
and was highlighted by low percentages of ash with the ex-
ception of 1039 (Table 6). The clones 1004 and 1005, with
low peak temperatures in the second stage, had high ash con-
tent. These results indicate that wood with high ash content
may have greater energetic losses from heating the mineral
oxides resulting in a low peak temperature in the second stage
of wood oxidation.

Regarding the ignition temperature (71), a significant clonal
effect was found, in which the clones 1006 (E. urophylia),
1024 (E. urophylla hybrid), and 1005 (E. urophylla) had low
mean values (Table 8). Low 7i suggests that the wood may
burn more easily [44].

The volatile matter of the biomass is a complex mixture of
gases, such as: H, CO,, CO, CHy, hydrocarbons, and water
vapor which are produced from the thermal decomposition of
lignin, cellulose, hemicelluloses, and extractives [46, 50]. The
devolatilization of lignocellulosic biomass occurs at low
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Table 8  Parameters of the Eucalyptus clones combustion

Clone T; (°C) T (°C) tig (min) (dm/dt) gy (% min ) S % 10"%* min 2 °C 3 Di x 10°% min >
1008 237.2(02)%a 440.5(,.0,b 40.0(,.1,2 8.9y 32018 43430
1036 236.8.1) 438.45¢ 40.4 3, 7.802)b 2.801)b 3.7 004
1015 236.7.82 437350/ 39.8.952 8.4 3.002 4.143b
1033 236.70.02 443.2,5 50 40.0.7,2 8.303 29012 4.04.b
1025 236.7(0.62 444.1, 4a 40.81.52 7.600.5,b 2.702)b 3.60.2)C
1031 236.500.62 437307 40.3 032 8.6(0.4y2 3.1 4.10.1b
1009 236.3(062 440.6(; 3, 41.0¢09/2 7.10.1b 2.50.03b 3302d
1004 2362032 438.3(.1¢ 40.8(032 7.00.4) 2.50.1)b 330024
1023 236.1¢0.42 43930 40.6(0.972 8.3022 2901, 3.90.b
1039 236.00.82 445.7;3.5a 399022 730,60 2.6(02)b 3.50.3,¢
1037 235952 437.50.1¢ 382¢0.1)b 8.70.12 3.1 4.50.a
1006 235.3,.9b 435.00.1,d 40.20.492 6.90.8)b 2.503b 3.30.3d
1024 235.24.49b 444.0,, 5 40.47,2 7.504b 2.50.5b 3.6(0.1)C
1005 234.350b 433.04.8d 40.4( g2 7.11.0b 2.503b 330.4d
CVe (%) 0.3 0.5 0.5 5.8 7.1 6.0

Ti, ignition temperature; 7, burnout temperature; ,, ignition time; (dm/dt),,, maximum combustion rate; S, combustion index; Di, ignition index;

CVe, experimental coefficient of variation

Different letters within columns indicate statistical differences by the Scott-Knott test (p <0.05)

Parenthetical numbers are the associated standard deviations

temperatures, which indicates that these materials are more
easily ignited. The high volatile matter/fixed carbon ratio is
related to fuel reactivity [39]. In this sense, high levels of
volatile matter in relation to the fixed carbon results in a de-
crease of the biomass ignition temperature [37]. However,
despite the statistical differences in the proximate composition
of the Eucalyptus clones, there was no relationship between
the volatile matter, the temperature and the ignition time.

Clones 1008, 1031, 1015, 1023, and 1037, with high levels
of volatile matter (Table 6) did not have low ignition temper-
atures. All clones had practically the same ignition time
(Table 8). Volatile matter percentage between the clones men-
tioned above ranged from 83.1 to 84.0%, and so there may not
have been enough variability to observe the impact of volatile
matter on the time to ignition. Sahu et al. [27] observed an
ignition temperature of 243.0 °C for wood sawdust and
251.7 °C for rice husk, which differs considerably from the
ignition temperature of the Eucalyptus clones from this study
which was on average 236.1 °C. The sawdust and rice husk
analyzed by the authors had volatile matter percentage of
69.5% and 58.6%, respectively, justifying the higher ignition
temperatures in comparison with the wood of the studied
clones.

Burnout temperatures varied among clones with the
highest values for clones 1033, 1025, 1039, and 1024
(Table 8). In a similar study, Tenorio and Moya [13] reported
higher burnout temperature corresponded with high concen-
tration of soluble extractives in acetone stating that the extrac-
tives may increase wood thermal stability and extend the time
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of combustion. But the present study shows mixed results
with respect to this relationship. For example, clones 1025,
1039, and 1024 (three of the four with the highest burnout
temperatures) had higher levels of extractives in general
(2.12, 2.60, and 1.85% respectively) whereas clone 1005
had one of the lowest extractive levels (0.82%) and the lowest
burnout temperature of 433.0 °C. However, this relationship
breaks down when considering clones 1033 and 1006 which
did not have different extractive concentrations, yet 1033 had
a significantly higher burnout temperature than 1006 (443.2
vs 435.0 °C). The burnout range for this study was 433.0—
445.7 °C, whereas the range for the Tenorio and Moya [13]
study was 365 °C for the Bombacopsis quinata to 400 °C for
the Vochysia guatemalensis wood.

Combustion rate (mean 0.877 +0.02% min ') and time
of maximum mass loss (mean 52 +0.7 min) were not af-
fected by clone so these are inappropriate characteristics
for classification and selection of Eucalyptus clones for
generation of heat energy; however, the maximum rate
of mass loss and the combustion index are important to
be quantified. For the maximum rate of mass loss and the
combustion index, clones 1008, 1015, 1033, 1031, 1023,
and 1037 had higher values and formed one of two dis-
tinct groups. These clones had a higher volatile matter/
fixed carbon ratio; higher ratios result in higher combus-
tion intensity [37, 39, 51] and greater mass loss on the
initial combustion stage. The higher quantity and the fast
emission of volatile matter are factors which contribute to
acceleration of fuel ignition [30].
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Clones 1008, 1037, 1033, 1015, 1031, and 1023 had
a higher ignition index compared with all other clones
(Table 8) which reflects a shorter time of the biomass to
begin burning. Combustion index expresses the wood
combustion reactivity. Higher combustion index values
represent better fuel performance when burned [31, 52].
The lignocellulosic biomass with higher ignition index
starts burning earlier than the other clones [27, 31].
These results reinforce the importance of volatile matter
(the gases generated from the biomolecules thermal de-
composition and compose the lignocellulosic biomass).
These gases mix with O in the air and promote the
homogeneous combustion reactions resulting in higher
combustion intensity and wood flammability at lower
temperature and less time [44]. In addition, among the
studied clones, 1037 of Eucalyptus sp. had higher ener-
getic productivity, and it belonged to the group with the
best combustion performance and had earlier burning
start expressed by the ignition index. Therefore, clone
1037 is recommended for heat generation or bioelectric-
ity production in Brazil.

The lignin, soluble extractives in acetone, and G units per
kg of dry wood had negative and positive correlations with the
mass loss on the first and second combustion stages, respec-
tively (Table 9). The extractives also had positive correlations
with the temperature of maximum mass loss in the second
combustion stage.

More extractives may increase the flammability of the
wood at lower temperatures as a result of their intense volatil-
ity and consequently accelerate the thermal degradation pro-
cess [8, 11, 14]. However, in this research, the extractives
contributed to an increase of thermal stability with pro-
nounced burning in the second stage of combustion (fixed

carbon oxidation). The extractives are heterogencous
chemicals so depending on their chemical composition and
thermoresistance, higher levels of extractives may result in
higher thermal stability of the wood [13, 40]. The soluble
extractives in hot water positively correlated with the temper-
ature corresponding to the end of the combustion and with the
remaining mass after the maximum thermal decomposition
[13].

The molecular chemical composition of the wood, as well
as lignin, influenced the combustion performance. The quan-
tity of G units within the lignin and the soluble extractives in
acetone are more thermally resistant and contribute to the
second combustion stage. Although high ratios of volatile
matter/fixed carbon result in more mass loss and higher peak
temperature during the first combustion stage; the second
combustion stage is characterized by the burning of solid car-
bon, and so lower ratios result in more mass loss during this
stage.

Hardwood lignin has G and S units and exhibits weak
thermal stability due to its high proportion of 3—O—4 and
low proportion of 5-5" bonds than softwood lignin [53]. The
reactivity of the linkages within the lignin macromolecule is
influenced by the substituted functional groups (phenolic hy-
droxyl group and methoxyl group) [16]. Lignin with more
methoxyl groups (more S units) are less resistant to thermal
degradation as observed in this research. The G unit does not
have a methoxyl group (~OCH3) on carbon 5 of the
phenylpropane unit. This enables the occurrence of bonds
between aromatic rings, for example C=C and C—C, which
are more thermally resistant [15]. More G units may be related
to more lignin condensation, which results in more thermal
resistance and less reactivity by occurrence of chemical bonds
with higher bonding enthalpy between the phenylpropane

Table 9  Linear correlations between the parameters evaluated in the combustion stages and the chemical composition of the wood

1 stage 2 stage

Mass loss Tmax Mass loss Tmax
Total lignin =0.510.0735)" —0.23(0.4237) 0.530.0541) 0.260.3749)
Extractives' —0.500.0669) —0.43(0.1320) 0.700.0052) 0.470.0892)
G/kg = 0.47(0.0002) =0.09.7628) 0.5%0.0277) 0.040 8850
S/kg =0.090.7577) —0.42(.1386) 0.10¢.7245) 0.06(0.8263)
S/G ratio 0.210.4796) =0.290.3131) —0.280.3281) 0.08,0.8308)
Volatile materials 0.90.00001) 0.52(0.0558) —0.850.0001) —0.03(0.9183)
Fixed carbon = 0.90.00001) —=0.510.0598) 0.860.0001) 0.06(0.8536)
Ashes 0.35¢0.2219 0.34.2297) —=0.38(0.1777) =0.630.0167)

'Soluble in acetone

Tmax, peak temperature obtained by thermogravimetric analysis; G, guaiacyl mass (g) per kg of dry wood; S/kg, syringyl mass (g) per kg of dry wood;

S/G, syringyl/guaiacyl ratio
Values in parentheses indicate the p value from a ¢ test
Italicized numbers indicate a p value of 0.1 or less
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units [17, 34, 40]. This consequently results in less mass loss
in the initial stages of combustion (Table 9).

Volatile matter/fixed carbon relative proportions are essen-
tial for recommending species for heat generation since they
influence the combustibility and ease the biofuel ignition.
Volatile matter correlated positively with the combustion in-
dex (r=0.79) and the ignition index (»=0.75). The reverse
was observed for the fixed carbon content of the wood clones,
that is, negative correlation with the combustion index (r=—
0.78) and the ignition index (»=—0.75). The higher volatile
matter/fixed carbon ratio is related to higher combustion reac-
tivity and with ease of ignition [37, 39]. Higher ratios of vol-
atile matter/fixed carbon resulted in a higher burning rate of
Eucalyptus wood. In addition, the S and Di could also be used
for selection of genetically superior clones for generation of
thermal energy since they relate the wood reactivity during
combustion and the lower energy required to initiate the
combustion.

Differential Scanning Calorimetry of the Wood

There were two peaks of maximum temperature which char-
acterized two stages of complete oxidation during combustion
of the Eucalyptus wood (Fig. 6). The first stage occurred be-
tween 200 and 360 °C, while the second started at 400 °C and
extended up to approximately 460 °C (Table 10). The first
peak of the DSC curve may be attributed to the thermal deg-

18 1
16 1

14 4
12
10

DSC (mW)

radation of the main molecular components of wood (hemi-
celluloses, cellulose, and part of the lignin), resulting in the
emission, ignition, and homogeneous combustion of the vol-
atile matter [49, 51]. The decomposition of the three main
molecular constituents (hemicelluloses, cellulose, and lignin)
and oxidation of solid carbon [54] occurs in parallel reactions
and accounts for mass loss and release of forest fuels energy.

During the second combustion stage the thermal decompo-
sition of the remaining lignin and fixed carbon formed in the
first stage occurs [30, 49, 51]. The peaks of maximum energy
released correspond to the maximum mass loss temperatures
observed in the derivative of the TGA curve (Figs. 4 and 5).

Independent of the studied clones, the first combustion
peak was higher, which indicates greater energy was released
during the initial phase. This result may be explained by the
proximate composition of the wood (see Table 6). As previ-
ously mentioned, the volatile matter from the thermal decom-
position of the molecules is the major component.
Consequently, in the first combustion stage, there is higher
fuel mass loss and higher release of heat due to the volatiliza-
tion reactions of the wood chemical compounds, especially
the carbohydrates (Fig. 6). The volatile gases from the wood
thermal decomposition are composed mainly of water, carbon
monoxide, carbon dioxide, formaldehyde, H, methane, and
hydrocarbons [49, 55].

There was a clonal effect of the temperature of maximum
energy release during the first stage of combustion. The clones
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Fig. 6 DSC analysis of the Eucalyptus clones combustion
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Table 10  Maximum temperatures of the combustion stages obtained by
DSC

Clone 1 stage 2 stage
Maximum temperature (°C) ~ Minimum temperature (°C)

1015 304.4¢0.1)%a 4279 5¢
1008 304.1¢2)a 430.9¢.5b
1036 303.8.2)2 430.94.1)b
1037 303.8(0.4)2 427.33.0/¢
1031 303.70.6)2 431.24.1)b
1004 303.5¢.2)b 429.4 4b
1023 303.4¢.3)b 432.0¢0.42
1005 303.3¢0.6)b 427.44.0/c
1009 303.3(0.1)b 433.81.1)a
1006 303.2¢03)b 427451 ¢
1025 303.2¢0.4)b 434.6(1 6)2
1033 303.0¢0.8)b 43346y
1039 302.7(0_5)0 436.0(1_0)3
1024 302.3¢0.5¢ 436.3(1 9)a
CVe (%) 0.14 043

CVe, Experimental coefficient of variation

Different letters within columns indicate statistical differences by the
Scott-Knott test (p <0.05)

Parenthetical numbers are the associated standard deviations

1015, 1008, 1036, 1037, and 1031 had statistically the highest
values. About 80% of the clones of this group formed the
cluster with the highest contents of volatile matter, greater
mass loss in this stage of the combustion, and less fixed car-
bon. Alternatively, the clones 1039 and 1024, with the lowest
peak temperatures in the initial combustion stage, had less
volatile matter, less mass loss in this stage, and more fixed
carbon, explaining the peak temperature in the DSC curve.

Clones 1024, 1033, and 1039 had the highest temperature
of maximum energy released during the second combustion
stage, and they formed a single group that were statistically
equal (Table 7). With the exception of 1023, the other clones
had lower relation volatile matter/fixed carbon, and conse-
quently, they had greater mass loss in the second combustion
stage (Tables 6 and 7). These results support the trends ob-
served in the DSC analysis since the second stage of combus-
tion is characterized by the incandescent burning of solid car-
bon. Moreover, there is a declining trend of the peaks in the
second combustion stage with the increase of ash content
(Table 6) which indicates that a higher proportion of mineral
oxides may result in energetic losses.

Clone 1037 released the most energy during the first
combustion stage (Fig. 6), as well as had a higher ignition
index and combustibility index than the other clones eval-
uated. The lignin composition, level of extractives, and the
S/G ratio had low correlation with maximum energy re-
leased temperatures (Table 11).

The proximate composition considerably influenced
the heat released from the wood during combustion.
Thus, the ratio between volatile matter, ash, and fixed
carbon must be considered when selecting Eucalyptus
clones for heat generation because it influences the release
of thermal energy and the maximum temperatures of the
combustion stages. However, the contents of lignin and
extractives present in the biomass influence the proximate
composition. Based on these results, higher peaks of max-
imum heat released are expected when fuel has more vol-
atile matter which results in greater mass loss during the
first combustion stage. The amount of fixed carbon was
negatively correlated with the maximum temperature dur-
ing the first combustion stage. The greater mass loss in
the second combustion stage is associated with higher
temperature of maximum energy release at this stage.

Relative proportions of ash to fixed carbon influence
energy losses and burn time. Ash was negatively correlat-
ed with the temperature of maximum energy released in
the second combustion stage. This suggests that more ash
compared with fixed carbon results in decreased burn time
and higher energy losses. Greater ash content resulted in
more energetic losses due to the heating of mineral ox-
ides, and consequently, the temperature of the solid car-
bon combustion was lower. These correlations may be
explained by the reactions which occur during wood com-
bustion. The initial stage is characterized by the homoge-
neous combustion of the volatile gases and O in the air,
while the second stage is characterized by heterogeneous
combustion between the solid carbon and O [46, 49, 51].

Table 11 Linear correlations between the maximum temperatures of
the DSC curves, the chemical composition of the wood, and the mass
loss in the combustion stages

1 stage 2 stage

Tmax (°C) Tmax (°C)
Volatile materials 0.650.0127* —0.33(0.2430)
Ashes 0.39(0.1629) —0.610.0194
Fixed carbon —0.64.0135) 0.36¢0.2120)
S/G ratio —0.23.4342 =0.03(0.9041)
G g/kg of dry wood —0.12(9.6779) 0.19(.5078)
S g/kg of dry wood ~0.35(0.2159) 0.04¢.8831)
Total lignin —0.2903131) 0.35(0.2276)
Soluble extractives in acetone —0.3502196) 0.43(0.1209)
Mass loss in the first stage 0.76(.0015) = 0.48.0835)
Mass loss in the second stage —0.770.0015) 0.62(.0177)

Tmax, Maximum temperature
P value from the ¢ test is reported in parentheses

*Bold numbers indicate a p value of <0.1
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Conclusion

Volatile matter, fixed carbon, extractive levels, and the quan-
tity of G units in the lignin influenced the performance of
Eucalyptus wood during combustion in TGA curves. The
more content of soluble extractives in acetone and the higher
proportion of G units in the lignin macromolecule resulted in
greater thermal stability and prolonged the combustion time of
Eucalyptus firewood.

The ratio of volatile matter/fixed carbon correlated with the
chemical composition of the wood, influenced the release of
thermal energy, and consequently, the maximum temperatures
of the combustion stages of Eucalyptus wood.

The best parameters for selecting Eucalyptus clones for
firewood are energetic productivity and chemical composition
(lignin composition, proximate composition, and extractive
content). We recommend using the G unit mass per kilogram
of dry wood to classify Eucalyptus clones for heat generation.

The results obtained here provide a baseline for further
studies on the factors that influence the process of wood com-
bustion and fuel characteristics for energetic sustainability.
These types of studies will be important to design and select
for developing production systems for Eucalyptus firewood.
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