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ABSTRACT

Thermal analysis is a powerful tool to predict the composition and thermal stability of different materials. In
this work, thermogravimetric analysis of Cedrela odorata, Marmaroxylon racemosum and Tectona grandis
was carried out at four different heating rates (5 °C-min’!, 10 °C-min’, 20 °C-min* and 40 °C-min™) in a
non-isothermal condition. The degradation kinetics was evaluated based on Flynn-Wall-Ozawa and Criado
methods. The half-life time of wood degradation reaction was also studied. The wood thermal degradation pro-
cess in an oxidizing atmosphere can be divided in dehydration, devolatilization, and combustion. The kinetic
results revels apparent activation energy values of 130-240 kJ-mol! for Tectona grandis, 150-191 kJ-mol"! for
Marmaroxylon racemosum and 188-205 kJ-mol! for Cedrela odorata, when conversion values ranged from
0,1-0,5. The most probable degradation mechanism for wood species studied is a diffusion model based on a
three-dimensional diffusion. Cedrela odorata presented the lowest reaction half-life time while Marmaroxylon
racemosum showed the highest. On the basis of these results, it can be concluded that Flynn-Wall-Ozawa and
Criado methods associated with half-life time of reaction may contribute to better understand the wood degra-
dation before use it in polymer composites.
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INTRODUCTION

The concern of society with environmental issues is a driving force that constantly seeks that new alter-
native in different industry sectors can minimize waste generation and promote recycling initiatives that can
contribute to obtain sustainable processes (Barbos et al. 2020, Gheith et al. 2019).The forestry sector is known
for using natural resources on a large scale and for generating large amounts of wood waste (Mohd Yusof et al.
2020). The main part of these lignocellulosic residues is commonly used for energy generation (Poletto 2017)
but some are disposed of in landfills. In Brazil, it is estimated that about 30 million tons of wood waste are
generated annually (Ramos ef al. 2018). The timber industries are responsible for 91 % of this annual genera-
tion (Ramos et al. 2018).

In the Brazilian Amazon Region, it is estimated that more than 8 million cubic meters of wood waste
are generated annually (Ramos ef al. 2018). In addition, 59 % of native wood is lost until value added wood
products can be obtained (Batista e al. 2015). The possibility of reusing or recycling this lignocellulosic waste
to be used in the sector itself or, to be used as reinforcement in composite materials are interesting alternatives
both from a financial and environmental point of view (Adhikary ef al. 2008, AlMaadeed et al. 2014).
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When used as reinforcement in composites, wood waste scan replace inorganic fillers, due to their low
abrasion during processing, lower density, lower cost and biodegradability (AlMaadeed ef al. 2014, Neves et
al. 2019). However, wood also has some drawbacks, such as low adhesion, moisture absorption and lower
thermal stability than non-lignocellulosic materials (Adhikary ef al. 2008, AlMaadeed et al. 2014).

The low wood thermal stability of wood is a limitation to use it in polymeric composite formulations.
Traditionally, these materials are prepared through mixtures with polymers in the molten state, where, in
most cases, the processing temperature is above 200 °C. However, even at temperatures below 200 °C, some
wood components can undergo thermal degradation, depolymerization and discoloration, compromising the
performance of wood polymer composites (Poletto 2016, Shebani ez al. 2008). The extractives might create
an unfavorable effect on the thermal stability of wood thermoplastic composites, because their oxidation tends
to promote wood degradation during the mixing of wood with thermoplastic matrices (Shebani e al. 2009).
Sheshmani et al. (2012) reported that wood extractives may tend to migrate to wood flour surface during the
preparation of wood thermoplastic composites at processing temperatures higher than 170 °C. This behavior
might result in their accumulation in the wood-polymer interphase wich may reduce the adhesion promote by
the usage of coupling agent and consequently decrease the composite mechanical properteis (Sheshmani et al.
2012). So, prior knowledge about wood thermal degradation kinetics is an important tool in choosing the wood
species that may be used for the development of thermoplastic composites. Evaluate the thermal decomposi-
tion of wood is essential for obtain the full potential of this material, in order to use the best combination of
processing, structure and properties in the manufacture of the composite (Shebani et al. 2008).

In this context, the present work evaluates the thermal stability and degradation kinetics of three wood
species from Brazilian Amazon region. Kinetics were based on determine the activation energy, solid state
degradation mechanism and half-life time of degradation reaction.

Theoretical background
Flynn-Wall-Ozawa method

Flynn-Wall-Ozawa (FWO) proposed an isoconversional method in which the activation energy (Ea)
values can be obtained without previous knowledge about the reaction mechanisms (Ali et al. 2017, Neves et
al. 2020). The FWO method is described by Equation 1.

log f =log _AE, -2,315-0,4567 £, (1)
g(a)R RT

Where B is the heating rate, 4 is the pre-exponential factor, g(a) is a function of the conversion and R is
the gas constant. Using several heating rates (f) a linear relationship is verified by plotting log f vs. 1/T. The
E value can be obtained from the slope of the straight line (Neves et al. 2020).

Criado method

The method proposed by Criado and coworkers can be used to determine the reaction mechanism in-
volved in a degradation process (Erceg et al. 2018, Sobek and Werle 2020). The method compares the shape of
theoretical and experimental master plots. The most probable reaction mechanism is the one that presented the
best fit between them. Theoretical master plots are given by Equation (2), while experimental master plots are
described in Equation (3), based on the Z(«) function:

Z(a) = f(a)g(a) (®)
do E,
Z(a')—ﬁ?e P(X) 3)



Kinetic analysis of thermal degradation..: Cavinato and Poletto _I’a 2021 (23)2 46, 1-10

where f (a) and g () are the differential and integral form of the kinetic method (Erceg ef al. 2018, Poletto et
al. 2012), respectively; da/dT is the rate of conversion and P(x) is an approximation of the temperature inte-

gral, in this study were used the fourth rational expression of Senum and Yang (Drozin et al. 2020) described
in Equation (4):

X +18x* +88x+96
x'+20x° +120x% +240x +120

P(x) = @)
Where x = Ea/RT.
Half-life time of reaction

The ASTM E698 (2018) was used to determine the half-life time (t,,) of the wood degradation reaction.
The kinetic parameters were obtained based on the Arrhenius equation described in Equation (5):

k = 7o (Ea/RT) )

Where k is the rate constant and Z the pre-exponential factor, that according to ASTM E698 (2018) can be
obtained as described in Equation (6):

ﬂEae(Ea/RT)

VA
RT?

(6)

The half-life time of reaction was obtained from a k value related to a fixed temperature, as proposed by
ASTM E698 (2018) according to describe in Equation (7):

0,693
Ly, = I o

MATERIALS AND METHODS
Materials

Wood samples of Cedrela odorata L. (CED), Marmaroxylon racemosum Ducke Killip (MAR) and Tec-
tona grandis (TEC)were provided by Madeireira Perimetral - Caxias do Sul, Rio Grande do Sul/Brazil. The
samples were wastes from wood cutting without any type of previous chemical treatment. The wood samples

were grounded in a knife mill until a particle size of 250 pm was reached. All samples were oven dried at
105°C for 8h before the tests.

Thermogravimetric analysis (TGA)
The analyzes were carried out in a Shimadzu thermogravimetric analyzer model TGA-50. A TGA analysis
was performed at heating rates of 5 °C-min’', 10 °C-min’', 20 °C-min"' and 40 °C-min"', with a temperature

range of 23 °C to 700 °C, in an atmosphere of synthetic air at a flow of 63 mL-min’'. The mass for each sample
was approximately 10 mg.
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Figure 1:Thermogravimetric curves (a) and the first derivative curves (DTG) (b) of TEC, MAR and
CED wood species studied at 10°C-min"'.

Figure 1 shows the thermogravimetric curves for all wood species studied at a heating rate of 10 °C-min’".
The wood thermal decomposition process under oxidizing atmosphere can be divided into 3 distinct stages of
mass loss: dehydration, devolatilization, and combustion (Li et al. 2013).

In the dehydration stage, the removal of weakly bonded water molecules and hydrolysis of some extractive
components present in wood were observed at temperature up to 200 °C with a minor mass loss ranged from
2-4 mass %, depending of wood specie. This mass loss is more accentuated for CED, as can be seen in Figure
1(a).The temperature of 3 wt % of mass loss for CED was 178 °C, while MAR and TEC presented values of
231°C and 257 °C. As can be seen in the insert in Figure 1(a), it is possible to verify that in the temperature
range between 180 °C -220 °C, where wood is commonly used as reinforcement in thermoplastic polymers,
CED presents a more significant mass loss in relation to other species. CED starts a more pronounced degrada-
tion process at around 130 °C, while TEC initiate at 190°C and MAR close to 205 °C. This result may indicate
that the use of CED as a reinforcement in thermoplastic polymers can lead to a composite with undesirable
properties due to its low thermal stability. According to the literature (Tenorio and Moya 2013) the elimina-
tion of bound water associated with wood constituents, such as hemicellulose and cellulose, might occurs at
around 160 °C, which gradually decrease the wood thermal stability and can result in wood discoloration and
depolymerization (Shebani et al. 2008). On the other hand, the extractive oxidation that also occurs below 200
°C, tends to increase the acidity of wood and promote wood degradation reducing its mechanical properties
(Shebaniet al. 2009).

The second stage (devolatilization) occurs between 200 °C and 400 °C, as shown in Figure 1(b). At this
stage the majority of volatiles are released. The thermal cracking of three major wood compounds, hemicellu-
lose, cellulose and lignin, is dominant (Lengowski et al. 2020) and the thermal reactivity goes on increasing
as the reaction temperature increases (Li et al. 2013, Oluoti ef al. 2014). The devolatilization zone (200 °C to
400 °C) is characterized by the formation of one shoulder and a well-defined peak at approximately 300 °C. As
previous report in the literature hemicellulose reacts between 230 °C to 330 °C (Balogun et al. 2014, Li et al.
2013, Oluoti et al. 2014), which may correspond to the shoulders in DTG curves observed in Figure 1(b). The
cellulose generally degrades between 270 °C to 370 °C (Balogun et al. 2014, Li et al. 2013) and its degradation
might be correspond to the first peak observed in Figure 1(b) for all wood species evaluated. CED and MAR
presented temperature peaks associated to the cellulose degradation centred at 335 and 342 °C, respectively,
while for TEC this peak was less intense and occurred at 328 °C. The thermal cracking of the main wood
components can accelerate the polymer degradation if these wood species are used in composite formulations,
which may result in a decrease of the polymer composite thermal stability (Shebani ef al. 2009).

In the combustion stage that occurs between 400 °C and 550 °C a prominent peak centred at 438 °C can
be seen for TEC wood in Figure 1(b). CED and MAR also presented peaks centred at 460 °C and 475 °C,
respectively. At this last stage, the massive thermal decomposition of lignin occurs. The residue obtained here
is solid bio-char which further oxidized to form CO,, CO, and steam (Li et al. 2013). In this stage, all wood
components are degraded and mostly ashes are left (Tenorio and Moya 2013).
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Kinetic analysis

Figure 2(a) shows the dependence of apparent activation energy (Ea,,,,) on conversion (a) for CED wood
from conversion values between 0,1 and 0,5. This conversion range was choosing because the main degrada-
tion process occurs at this interval. In addition, considering the usage of wood as reinforcement in composites,
this conversion range include temperatures up to 350 °C, that are above 200 °C, the temperature commonly
used to processing of wood polymer composites.

It is possible observe in Figure 2(a) that for CED the fitted lines are nearly parallel. This behavior may
indicate that apparent Ea values can be closed and may also indicate a single reaction mechanism (Neves et
al. 2020, Yao et al. 2008). TEC and MAR wood samples presented the same behavior (curves not showed).
However, for TEC the apparent Ea values tend to increase at o values between 0,4-0,5, as shown in Figure 2(b),
which may indicate that complex reactions may occurs at higher temperatures. At this stage the wood devol-
atilization occurs and the thermal cracking of main wood components takes place, which implies in several
consecutive reactions (Cabeza et al. 2015, Ornaghi et al. 2020) increasing the apparent Ea.
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Figure 2: Apparent Ea obtained using FWO method for CED wood (a) and dependence of Ea on a deter-
mined by FWO method for all wood species studied.

The apparent Ea values for o values between 0,1-0,5 ranged from 130 kJ-mol to 240 kJ-mol"! for TEC,
150 kJ-mol'to 191 kJ-mol"' for MAR, while for CED ranged from 188 kJ-mol"' to 205 kJ-mol"'. These results
are in agreement with other results from the literature. Oluoti ef al. (2014) obtained apparent Ea values from
120-150 kJ-mol! from TEC sample from Nigeria, when a values ranged from 0,1-0,5. Balogun et al. (2014)
also used FWO method for evaluate the kinetic degradation of a TEC sample from Nigeria and obtained ap-
parent Ea values ranging from 221 kJ-mol™to 250 kJ-mol for a values between 0,15-0,5. The wood thermal
degradation is based on multiple reactions that presented a complex reaction mechanism (Slopiecka et al.
2012) which influenced in apparent Ea values.

Generalized master-plot

The experimental master curves Z (o), obtained from the use of Equation (3) are compared with the theo-
retical curves obtained from Equation (2) and the results are shown in Figure 3. The resolution of the Equation
(3) was obtained through the use of experimental results in the heating rate of 10 °C-min’' and the apparent Ea
values obtained by the FWO method. The master curves show the simulated mechanisms. Theses mechanisms
are separated into four groups: An, Dn, Rn, and Fn, which describe, respectively: nucleus formation processes
for the propagation of thermal degradation; diffusion processes that are related to the ability to transfer mass
throughout the material structure; reaction mechanisms controlled by the sample surface; and the random
degradation of nuclei (Bianchi et al. 2011, Ornaghi ef al. 2020).
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Figure 3: Comparison of theoretical and experimental master plots for all wood species evaluated.

The control of the thermal degradation process for wood species is basically done by diffusion (Dn) up to
conversion values of 0,5. The behavior of the species superimposed mainly on the D3 mechanism, probably
the degradation reaction starts at the boundary of two phases, solid and gas (Sobek and Werle 2020). So, the
reaction continues with the diffusion of gas into the solid medium (Sobek and Werle 2020). This result is in
agreement with the higher thermal degradation peaks observed in Figure 1(b), which may indicate that the re-
action progress occurs by a three dimensional diffusion during the devolatilization phase that occurs between
200 °C and 400 °C approximately. The higher volatility of the main wood components can probably promote
an acceleration in cellulose degradation, not only by generating heat from the heat source itself through the
particles, but also by the propagation of hot gases formed by the decomposition of the sample. Several authors
also reported that diffusion models controlled the degradation process of lignocellulosic materials (Ornaghi et
al. 2020, Poletto et al. 2012, Sobek and Werle 2020).

Reaction half-life time

The half-life time in thermal degradation reactions can be defined as the interval of time required for
one-half of the reactant become product (Bianchi et al. 2008). Therefore, in the present context is the time
necessary to one-half of wood degraded by the oxidizing atmosphere. The t  for each wood specie was ob-
tained for a heating rate of 10 °C-min'at three commonly temperatures used during thermoplastic wood com-
posite processing, 180 °C, 200 °C and 220 °C, as can be seen in Figure 4.
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Figure 4: Reaction half-life time for wood species studied at temperatures of 180, 200 and 220 °C.

The results indicate that CED wood has the lowest t, , value, while TEC an intermediate value was ob-
tained for TEC and MAR presented the highest half-life time value. The degradation kinetics occurs more
sharply in CED wood when compared with TEC and MAR. As previously discussed, CED initiate a mass loss
at around 130 °C, the lowest temperature observed for the wood species studied. Probably the higher quantity
of gases released during the devolatilization stage can contribute to accelerate the degradation process in this
wood which promoting a reduction in the t,, value. On the other hand, the t, , value for CED did not change
considerably with the temperature increased, the values ranged from 35 s to 42 s.

Considering the use of the wood species studied in this work as reinforcement in thermoplastic composites
CED will probably present a more pronounced thermal degradation during the processing stages than TEC
and MAR. The high shear stress associated with the processing temperatures used for polymer melting during
extrusion and injection molding will contribute to CED thermal decomposition and might result in a composite
with lower mechanical and thermal properties due to wood degradation.

CONCLUSIONS

In this study, thermal stability, degradation kinetics and reaction half-life time of three wood species
from Brazilian Amazon region were evaluated. Regarding thermal stability, CED wood sample showed the
lowest thermal stability initiating a more pronounced thermal degradation process at 130 °C, while TEC and
MAR at 190 °C and 205 °C, respectively. Based on these results, it is not recommended that CED be used at
processing temperatures during polymer composite preparation above 130°C, while for TEC and MAR tem-
peratures higher than 190 °C were not recommended. FWO results showed dependence of apparent activation
energy on conversion degree. Based on the master plots results, the three-dimensional diffusion is the most
probable degradation mechanism associated to wood thermal decomposition for the species studied. The CED
wood specie has the lowest reaction half-life time which indicate that this wood species can degrade more
quicklythan TEC and MAR when as used in composite formulations.
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