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Abstract: Atmosphere is one of the most significant factors in the thermal decomposition of biomass.
In domestic or industrial biomass boilers, ambient oxygen concentration varies along the time which
means that the reaction will change from pyrolysis to combustion. In this way, to analyze and
compare each thermochemical conversion processes a simple analytical method, the non-isothermal
thermogravimetric analysis, is carried out under oxidative (air) and non-oxidative (argon)
environments at 10 °C/min and as a function of different flow rates (2 to 150 mL/min). Additionally,
this work was complemented by a kinetic analysis considering a first-order reaction to each
conversion stage and using the Coats-Redfern method. The effect of the atmosphere on the thermal
decomposition behavior was evident. It was observed that the thermal decomposition of pine wood
particles varied from three to two stages when the oxidative or inert atmosphere was applied. The
presence of oxygen changes the mass loss curve mainly at high temperature, around 350 °C, where
char reacts with oxygen. The maximum mass loss rate from experiments with the oxidative
atmosphere is 15% higher than in an inert atmosphere, the average char combustion rate is
approximately 5 times higher and the heat released reaches 3.44 times higher than in an inert
atmosphere. Ignition and combustion indexes were also defined and its results revealed that
particles are ignited faster under oxidative atmosphere and, on average the combustion index is 1.7
times higher which reinforces the more vigorously way that the samples are burned and how faster
char is burned out in the experiments with air. Regarding the kinetics analysis, higher activation
energies and, consequently, lower reactivity was obtained under the oxidative atmosphere for the

second stage (~125 kJ/mol) and under the inert atmosphere for the third thermal conversion stage
(~190 kJ/mol).
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1. Introduction

Due to increasing concerns about the limited availability of fossil fuels and pollutant emissions
by conventional systems, heat, and power generation from biomass in a sustainable way are of great
interest of scientific and industrial communities given its potential as an alternative and renewable
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energy source [1]. In this way, it is important to understand the physical and chemical processes
involved in biomass combustion, which is the main conversion process used in industrial boilers to
produce energy [2]. In this thermochemical conversion process, the main step is devolatilization and
its knowledge as the knowledge of its kinetics can help provide a better understanding of the design
and optimization of biomass combustion systems [3].

To understand this phenomenon, thermogravimetric analysis (TGA) technique is widely
applied to study the thermal degradation of biomass samples and in kinetic studies, due to the ease
in sample weight loss and temperature profile along the time [4,5]. In this way, the different stages
can easily be distinguished in a TGA curve. Furthermore, the characteristic temperatures (i.e., onset,
peak and offset temperatures of the maximum weight loss rate) are parameters important to establish
the residence time desired for the biomass in the combustion chamber and can be obtained by the
differential thermogravimetric data.

These results depend on several factors, but studies with a low heating rate are privileged to
determine more precisely the temperatures from which the pyrolytic reactions start and to avoid
transport effects [6]. In addition to factors such as final temperature and heating rate, first stated by
Williams et al. [7] as parameters that influence thermal decomposition and the composition of the
final products, the atmosphere is also a factor that influences the thermal behavior of biomass.

In a real application of biomass combustion to produce power, for instance in an industrial grate-
fired boiler, the temperature of the biomass increases and volatiles are released quickly rapidly due
to the high heating rate that they are exposed (around 1 to 100 K/s) [8]. This fast reaction results in
insufficient air to diffuse into biomass, and ambient oxygen concentration varies along the time which
means that the reaction will change from pyrolysis to combustion [9]. Nevertheless, although modern
boilers operate in oxygen-limited combustion under low primary air flow rate, it is important to point
out that most of the time this equipment operate in reaction-limited combustion due to high primary
air supply [10]. However, most of the studies on the literature have investigated the pyrolysis using
inert atmospheres [11-23]. This is due the fact that pyrolysis is the first process in thermochemical
processes such as combustion and gasification [24].

However, few results have been generated from experiments with air [25-31]. Shen et al. [32]
and Anca-Couce et al. [33] reported that the presence of oxygen enhances biomass decomposition
and promotes char combustion. Furthermore, the kinetic parameters resulting from oxidative
atmospheres differ significantly from experiments in the absence of oxygen [33]. Therefore, to
simulate combustion conditions, it is important to study thermal behavior and kinetics in an oxygen
atmosphere. In this way, in order to understand these differences, the influence of both oxidative and
non-oxidative atmospheres on the biomass thermal conversion have been studied by different
authors [32,34-36]. Munir et al. [34] analyze the thermal characteristics of four waste biomass
materials and the results showed that is a complex phenomenon due to different microstructural and
elemental characteristics along with the type of atmosphere. The authors found that the weight loss
rate in an inert atmosphere was slower and its reactivity is 52% to 77% less than in oxidative
conditions. Similar results were reported more recently by Sher et al. [36] who assessed the thermal
and kinetics of diverse biomass fuels to provide valuable information for the power generation
industry.

Yuzbasi et al. [35] compared the pyrolysis and combustion of co-firing biomass and coal with
the individual behavior of each solid material. Regarding the pyrolysis, a similar trend was obtained
up to 700 °C. Furthermore, the oxygen levels shift the combustion profile to lower temperatures and
an increase in the weight loss rate.

Shen et al. [32] investigated the thermal degradation of pine and birch and applied a new kinetic
model, the distributed activation energy model (DAEM). DAEM was found not suitable to describe
the thermal decomposition of biomass under oxidative conditions due to the capacity of oxygen to
accelerate the mass loss in the first stage and promote complex reactions in the second stage.
Furthermore, some works analyzed the influence of the effect of the oxidative and non-oxidative
environment through experiments with different oxygen concentrations [9,37-40].
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Fang et al. [9] studied the effects of oxygen concentration on the mass loss rate and kinetics of
pyrolysis and combustion of wood. The author stated that the mass loss rates of wood under different
oxygen concentrations were similar when the temperature was below 250 °C. Furthermore, it was
found that the activation energy varied linearly with oxygen concentration at the first stage. Moreno
et al. [40] also studied the kinetics of wood wastes and solid wood in different conditions considering
three or four reactions depending if the reaction occurs under oxidative or non-oxidative conditions.
On its turn, Amutio et al. [39] proposed a kinetic model consisting of six simultaneous reactions.

Chouchene et al. [37] studied the effect of three different atmospheres with different oxygen
content on the thermal degradation of solid waste. It was verified that pyrolysis under inert
conditions takes place according to two different stages (drying and devolatilization) while under
oxidative conditions a third stage, char oxidation, occurs. On the other hand, Su et al. [38] analyzed
the effect of oxygen content on the thermal degradation of pine and similar results were obtained.
The oxygen promoted the degradation of biomass and a third stage was observed.

As the previous literature has thrown light on the TGA at different conditions, only a few works
have succeeded in analyzing thermal conversion and determining all the kinetic parameters of
experiments covering the possibility of oxidative and non-oxidative conditions with different flow
rates. Thus, the main goal of this work is to study in more detail the thermal degradation of pine
wood particles using a simultaneous DSC-TGA instrument. In this regard, experiments were
performed to analyze some of the main parameters that most influence the thermal conversion of
pine wood. In this way, this study is performed using oxidative (dry air) and non-oxidative (argon)
environments; and five different gas flow rates. The fundamental knowledge gained from this
analysis is essential for the proper understanding of practical conversion systems. For instance, the
knowledge of the low heating rate experiments may help to prevent accidental fires, which
sometimes occur in fuel handling units of typical power plants. In the future, this study could be very
useful to help the combustion optimization regarding the efficiency of the conversion process.

2. Materials and Methods

2.1. Material and Sample Preparation

To begin with, 6 mm diameter wood pellets certified according to the European Standard 14961-
2 and ENPlus® Al were milled into dust using of a knife mill. Once milled, the ground dust was
sorted in a sieving device with the vibration unit to separate the wood particles. Particles between
0.125 and 0.25 mm are selected to carry out the TGA experiments.

Before the experiments, a sample of this batch was collected to determine the moisture, volatile
matter, ash, and fixed carbon content. This proximate analysis is performed in line with the respective
standards for solid fuels characterization. Furthermore, another sample was collected to determine
the chemical composition of the fuel. This elemental analysis was also performed according to specific
standards and content of the different elements was measured by a LECO TruSpec CHN Macro and
by a TruSpec CHNS Micro to determine carbon, hydrogen, nitrogen and sulphur. Oxygen content
was obtained by difference. The proximate and elemental analysis of the samples are provided in
Table 1. The heating value was measured by a calorimeter, LECO AC500 instrument. The lower
heating value was estimated as 17.10 MJ/kg,

Table 1. Proximate and elemental analysis of pine wood particles.

Proximate Analysis (wt.%, As Received) Ultimate Analysis (wt.%, Dry Ash Free)
Moisture 6.90 Carbon 50.90
Volatile matter 77.80 Hydrogen 5.30
Ash 0.60 Nitrogen 1.55
Fixed carbon 14.70 Sulphur 0.03
Oxygen 42.22

2.2. Thermogravimentric Experiments
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A simultaneous thermogravimetric and calorimetric analyzer TA INSTRUMENTS SDT 2960 was
used to carry out the TGA experiments and kinetic study of pine wood particles in an inert and
oxidative atmosphere. Samples with around 6 mg were used in each experiment and they were
subjected to thermal decomposition from ambient temperature up to 750 °C at 10 °C/min. This low
heating rate was applied to avoid transport effects and to ensure that reaction is temperature
dependent only and, therefore, the experiments are performed in a pure kinetic regime [6]. These
initial conditions were based on previous experiments that were performed to ensure there is no
possible effect on mass and heat transfer during the biomass decomposition. Regarding the final
temperature, experiments at higher temperatures, above 750 °C, were performed and there were no
significant differences in the final mass, which ensures that any temperature increase does not
contribute for further weight loss of the sample [31]. Furthermore, in these experiments, different flow
rates (2, 10, 50, 100 and 150 mL/min) of argon (inert atmosphere) and air (oxidative atmosphere) were
applied to study pyrolysis and the combustion process, respectively.

The weight of the sample, temperature, and heat flow parameters were measured and recorded
along with the time and the linearly increased temperature. In this way, thermogravimetric (TG),
derivative thermogravimetric (DTG) and heat flow curves were derived from the data. These profiles
enable the identification of the different reaction stages and the key temperatures such as ignition (Tig),
initial decomposition (Tin), peak (Tmax) and burnout temperature (Tv). Tin is the temperature at which the
mass loss rate reaches 1%/min after the initial moisture loss peak in the DTG profile. Tmax is defined as
the temperature where the maximum reaction rate occurs. Ts is identified when the last peak comes to
the end and can be defined as the inflection point at the final stage. It is taken as the point immediately
before reaction ceases when the rate of weight loss is down to 1%/min [35]. Tig is obtained by applying
the TG-DTG tangent methods [41].

Additionally, these experiments enable the identification of the combustion rate and the heat
released at different temperatures and times. With this analysis, a full characterization of the
pyrolysis and combustion behavior of pine wood samples is obtained, and a detailed comparison can
be carried out to understand the influence of the atmosphere. The procedure and method followed in
this study to the TGA data analysis is based on the previous work of the same research group and more
details can be found in the work of Fraga et al. [31].

In addition to this information, to complete the comparison between the combustion and pyrolysis
behavior, two combustibility indexes from the mass loss rate data can be determined to provide a more
accurate measure of the reactivity of the pine wood particles: the ignition index (D) and the combustion
index (S). D and S are defined by Equations (1) and (2):

dm/dt

max g

(dm/dt) _ -(dm/dt),

S= 2
T @

where (dm/dt)mx and(dm/dt)mwg are the maximum and average mass loss rate (wt.%/min) and tm and
tig (min) are the time correspondent to the maximum combustion rate and ignition, respectively.

These two indexes indicate the ignition performance, i.e.,, how fast the fuel is ignited, and a
comprehensive characteristic of the fuel, as higher its value more significantly the samples are burned
and faster char is burned out [42].

2.3. Kinetics Analysis

To understand and model the biomass combustion process in furnaces, knowledge of the
biomass combustion kinetics is essential. Furthermore, this knowledge is also mandatory to design
and proper operation of biomass combustion equipment [43]. However, due to differences in the
chemical composition of different components that constitute biomass materials, biomass pyrolysis
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and combustion are considered complex processes [34]. Consequently, there are several models in
the literature, but they are related to the way to better describe the devolatilization process. Some
authors consider just one global reaction divided into three stages [44,45], while others consider two
parallel reactions with three reaction stages. A good description of these and other models used in
the literature to describe biomass devolatilization is provided by White et al. [4], Branca et al. [46]
and Varhegyi [47]. However, the decomposition kinetics of solid biomass fuels, considering non-
isothermal heating, is usually based on a single-step kinetic equation as expressed by Equation (3):

de 1

d—T=k-f(a)-E 3)
where T is the temperature (K); fla) is a function called the reaction model, which describes the
dependence of the reaction model on the conversion rate («), § is the heating rate ( = dT/dt), and k is
the thermal dependence term that can be defined by the Arrhenius equation (Equation (4)):

-E
k= A~exp[ﬁj (4)

where E is the activation energy (kJ/mol), R is the universal gas constant (k]J/(mol.K)), and A is the
pre-exponential factor (min).

The conversion rate, «, this can be defined as a relation between the initial (mo), final (1), and
instantaneous (m:) sample mass. These data can be obtained from each thermogravimetric experiment
and defined by Equation (5):

nom ®

Considering the reaction model as a first-order reaction, this function can be expressed as (1-«)
and Equation (3) can be expressed as Equation (6):

da :A-exp(ij-dT ©)

The left hand side of Equation (6) is a function of the conversion rate and the right side is a
function of the temperature. Integrating both sides of Equation (6), Equation (7) is obtained:

€ da A} -E
[ca 5] exp[ﬁj"ﬂ )

Equation (7) has no exact solution and, there are two main mathematical approaches to solve
this equation and obtain the kinetics data from the thermogravimetric analysis: (1) model-free
methods (isoconversional) and (2) model-based methods [48]. The Coats-Redfern method, a model-
based method, has been extensively applied to model the kinetics of biomass pyrolysis and combustion
since it is considered more appropriate for calculation of the kinetic parameters [9,26-28,41,44,49-51].
For this reason, this approach was employed in this work to study pine wood kinetics in oxidative and
non-oxidative atmospheres. According to this method, an asymptotic series expansion to approximate
the exponential integral is used [52], and considering a first order reaction model, E and A can be
calculated by the logarithmic Equation (8):

2] 2 2]
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Considering that the term 2RT/E is much lower than one, this term can be ignored and Equation
(8) can be reduced to Equation (9):

In(1-a) AR E
nl-———=|=In| — |-| —= 9
{ T } (ﬁEj (RT) ©)

If a plot of the term in the left hand side of Equation (9) versus 1/T is made, E and A can be
obtained from the slope —E/R interception of In(AR/SE), respectively.

This method can be applied to individual reactions. For instance, in biomass combustion, there
are three individual reactions associated to drying, devolatilzaion and char combustion. Therefore,
this method can be applied to the second stage (between Ti» and the temperature between the 2nd
and 3rd peak), where the release and combustion of volatile matter occurs, and to the third stage (the

temperature between the 2nd and 3rd peak and T»), which is the char combustion and overall range
(between Tin and Tb).

3. Results and Discussion

3.1. Thermal Decomposition Analysis

The TGA experiments, as mentioned before, were performed with different atmospheres to
study their influence on the thermal decomposition as a function of the flow rate. This is one of the
most significant factors in the thermal decomposition of pine wood particles since in industrial
furnaces, ambient oxygen concentration varies along the time which means that the reaction will
change from pyrolysis to combustion. In this way, to analyze and compare both thermochemical
conversion processes, Figure 1a,b present the TG and DTG curve, respectively. From Figurela it is
possible to observe that in the last combustion stage when the temperature is higher than
approximately 350 °C, different TG and DTG curves as a function of different atmospheres were
obtained. According to these figures, thermal decomposition under oxidative atmosphere (TG and
DTG curves with dashed lines) occurs in three different stages: drying of the sample, devolatilization
and finally the oxidation of the remaining char. However, when the inert atmosphere was applied
(solid lines) only the first two stages took place. After the drying step, the second stage occurs
between around 200 °C and ends at approximately 400 °C depending on the flow rate. Above the last
temperature, mass loss continues at a slower rate and this process is associated with the slow
degradation of lignin [37]. Furthermore, as can be observed in Figure 1b, the oxygen that is present
in the oxidative atmosphere affects the maximum value of DTG curves, increasing its value, which is
15% higher than in an inert atmosphere, and decreasing the time needed to complete the reaction.
Additionally, the maximum values of DTG curves were shifted to a lower temperature when
compared to the maximum values obtained with the inert atmosphere.

|—2 mL/min  ——10 mL/min 50 mUmin  ——100 mL/min 150 mL/min |
20

18

16 4

Weight (%)
Derivative Weight (-%/min)

0 T T T e |
0 150 300 450 600 750 0 150 300 450 600 750
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Figure 1. TG (a), and DTG (b) profiles for the different atmospheres and different flow rates; Air
atmosphere — dashed line; Argon — continuous line.

This can also be observed through the analysis of the temperature where the maximum reaction
rate occurs (Tmax). Figure 2 presents the variation of Tmax and Tv and it is possible to observe that
experiments with oxidative atmosphere lose mass faster at lower temperatures when compared with
experiments with inert atmospheres. This is a consequence of the presence of the oxygen that enhances
the degradation of the pine due to the appearance of gas-phase reactions between the volatiles released
and oxygen. Consequently, the oxygen promotes the oxidation of the remaining material, char, from
the previous reaction and promotes its combustion extending the mass loss when compared with
experiments with an inert atmosphere. This is the reason why in Figure 2, Tvis higher in experiments
with air. Despite this, it is also important to point out that in the experiment with 2 and 10 mL/min of
argon similar behavior, as the TG curves with the oxidative atmosphere was obtained. This means
that in experiments with low flow rates, independently of the atmosphere, the reaction is only
temperature dependent and similar mass loss behavior obtained. However, as the inert gas flux is
increased the reaction was reduced and lower Tv» was obtained. In the experiments with air, only
minimum effects were observed on the thermograms at higher flow rates.

Regarding the other characteristic temperatures, Tin was not significantly affected by the
atmosphere but, experiments with air presented Tig lower around 10 °C and, therefore, oxidative
environment enhances the ignition of pine and leads to faster weight loss.

650
—&—Tmax. - Argon —#-Tmax. - Air
600 - ,A. -#&--Tb - Argon -#-Tb - Air
ss04 /N
~ 500 {6 Mo N T ' ]
Z 450 A
B
2 400 - R A
£ i --eemmmmmmn T =
] A &
350 ~ -
r — S — ——n
300
250 T T
0 50 100 150

Flow rate (mL/min)

Figure 2. Peak and burnout temperature variation as a function of the atmosphere and flow rate.

In order to outline the differences between pyrolysis and combustion of pine, Figure 3 presents
the maximum heat released (MHR) during the experiments and the maximum combustion rate
(MCR) at the second stage under different gas flow rates. As evident from DTG curves, the average
rate of char combustion is approximately 5 times higher with oxidative atmospheres when the flow
rate was higher than 10 mL/min. Regarding the maximum heat released, significant differences were
observed as the gas flow rate was increased.
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Figure 3. Maximum heat released and maximum combustion rate at the second combustion stage
combustion indexes of pine wood particles at different atmospheres and flow rates.

As the oxygen reaches the surface of the particles after the volatiles released, a heterogenous
reaction takes place and more energy and mass loss occurs. In the experiments with the inert
atmosphere, this phenomenon does not occur and, therefore, the remaining mass (RM) and heat
released (HR) are higher than in experiments with the oxidative atmosphere. This fact can be
observed in Figure 4. Furthermore, an interesting point is that increasing the gas flow rate the
differences between inert and oxidative atmospheres are more evident. The heat released of oxidative
experiments reaches 3.44 times higher than in an inert atmosphere.

16 400
--A--RM - Argon -#-RM - Air R §
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: =
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4
3 .\. 200
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Figure 4. The heat released and remaining mass indexes of pine wood particles at different
atmospheres and flow rates.

Following the procedure previously described, D and S indexes are presented in Figure 5 for
different flow rates in both atmospheres. The results show that the D index is correlated with the Ti
and, therefore, higher D were observed when a better ignition performance was obtained.
Consequently, as Ti increases with the flow rate, D decreases at higher flow rates. Furthermore, the
ignition with air atmosphere is enhanced and D presents higher values which means that pine wood
particles are ignited faster than with inert atmosphere.
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S also follows a similar trend as the D index. However, S values obtained from experiments with
the oxidative atmosphere present even higher values than those obtained from an inert atmosphere.
On average its value is 1.7 times higher which reinforces the more vigorously way that the samples
are burned and how faster char is burned out in the experiments with air. An important aspect that
should be pointed out is that with 50 mL/min air flow rate, the index S presents the highest value
which means that the most efficient general combustion performance is obtained to this flow rate.
Therefore, the global oxidation reaction took place close to the stoichiometric conditions and with the
other values the combustion occured in an excess of comburent and with a lack of stoichiometric
comburent.

-#-Ignition index - Air |
--h--Ignition index - Argon Lg
——Combustion index - Air |

—&—Combustion index - Argon

-6

wn

D x 10? (%/min?)
[gv]
r o g
»
.
S x 103 (%/min?.K?)

L - 3
- e PRI s
| ] T PR — * 2
1
0 T T 0
0 50 100 150

Flow rate (mL/min)
Figure 5. Combustion indexes of pine wood particles.

3.2. Kinetics Analysis

A Kkinetics analysis of the biomass pyrolysis and combustion using different flow rates was
performed. The kinetic parameters of the second and third stage of both biomass pyrolysis and
combustion process were determined based on the first-order Coats—Redfern method. For each stage,
a linear regression curve was determined in order to obtain the first-order equation that will allow
determining the kinetic parameters.

The dependence of the activation energy on the atmosphere was significant, mainly in the third
stage, and it is illustrated in Figure 6. It can be observed, the activation energy that in the second stage
from the inert atmosphere are lower than the values from oxidative experiments. Although the
differences are not substantially different, this means that the reaction of the volatiles released, and
combustion is less reactive than the pyrolysis.

Regarding the last combustion stage, a slower reactivity was found since higher activation
energy values than in the second stage were obtained. Similar findings were obtained by Garcia-
Maraver et al. [36] and Alvarez et al. [33]. However, for this third combustion stage, there was no
general trend of the heating rate effect. For instance, for lower flow rates the activation energy value
was higher for inert atmospheres, while for gas flow rates higher than 10 mL/min the opposite effect
was obtained. This means that to higher flow rates (>50 mL/min), lower reactivity is obtained for the
char degradation under an inert atmosphere.
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Figure 6. Estimated activation energy as a function of the flow rate.

Furthermore, Table 2 presents the temperature range, pre-exponential factor, and correlation
coefficient obtained from the Coats—Redfern method for each thermal degradation stage. The
correlation coefficient (R?) is considerably high for all the experiments carried out and, consequently,
the first-order kinetic model can be considered feasible since revealed to fit well to the results (R? >
0.90). However, in the char thermal decomposition stage, the correlation coefficient presented a lower
value which can be related to complex reactions that take place and the first-order reaction presents
some difficulties in fitting to the results. Regarding the pre-exponential factor for both second and
third stages, higher values in the third stage were recorded.

Table 2. Temperature intervals, correlation coefficient and pre-exponential factor for each stage of
combustion of all particles studied under different air flow rates.

. 2nd Stage 3rd Stage

Atmosphere  Flow Rate (mL/min) T¢0) 1 (mirgrl) R 7¢O 1 (mii-l) R
2 247-370 3.75x102 0960 370-482 1.72x102 0.920
10 250-380 7.38 x 1011 0.957 380499 9.03 x 1011 0.924
Air 50 248-380 6.52 x 10 (0.958 380498 8.82x 101 0.923
100 250-380 6.88 x 101 (0.954 380492 2.96 x 1012 0.925
150 250-380 7.38 x 101 0.957 380497 1.04x 1012 0.923
2 248-378 4.50 x 1011 0.956 378-499 3.99 x 1011 0.920
10 249-390 1.16 x 10" 0.957 390-612 2.39 x10¢ 0.901
Argon 50 242-380 1.13 x 10" 0.955 380-474 1.16x105 0.926
100 239-370 2.72x 101 0.957 370-456 7.95x 104 0.896
150 242-380 1.15x 10" 0.954 380-473 1.61x105 0.926

4. Conclusions

The present work focuses on the analysis of the thermal conversion of pine wood and kinetics
under oxidative and non-oxidative environments at a low heating rate. From this perspective, a non-
isothermal thermogravimetric experiment (TGA), a well-known method, was performed to
investigate and understand the differences between pyrolysis and combustion at the particle level
with different gas flow rates. In this research work, the findings are summarized as follows:

e It was observed that the thermal decomposition of pine wood particles varied from three to two
stages in the presence of an oxidative or inert atmosphere respectively;
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e  The presence of oxygen changes the mass loss curve mainly at high temperature, around 350 °C,
where char reacts with oxygen and promotes the degradation of the remaining mass. Therefore,
the gas-phase reactions enhance the thermal conversion when compared with experiments with
an inert atmosphere;

¢  The maximum value of DTG curves from experiments with the oxidative atmosphere is 15%
higher than in an inert atmosphere, and the time to complete the reaction is also higher since the
char mass loss continues at a slower rate and this process is associated with the slow degradation
of lignin. Additionally, the maximum values of DTG curves were shifted to a lower temperature
when compared to the maximum values obtained with the inert atmosphere;

e The average char combustion rate is approximately 5 times higher with the oxidative
atmosphere when the flow rate was higher than 10 mL/min;

¢ Regarding the maximum heat released, significant differences were observed as the gas flow
rate was increased. However, the heat released in oxidative experiments is up to 3.44 times
higher than in an inert atmosphere;

e  Asaresult of the presence of the oxygen, Tmax is lower and Tvis higher than experiments under
an inert atmosphere. Regarding the other characteristic temperatures, Tin was not significantly
affected by the atmosphere but, Tigis lower around 10 °C for the case where combustion takes
place. Therefore, the oxidative environment enhances the ignition of pine and leads to faster
weight loss;

e  Theindex D presents higher values which means that pine wood particles are ignited faster than
under inert atmosphere. The comprehensive characteristic of the fuel defined by index S present
also higher values for the case where the oxidative atmosphere was applied. On average, its
value is 1.7 times higher which reinforces the more vigorously way that the samples are burned
and how faster char is burned out in the experiments with air;

e The kinetics analysis was carried out considering a first-order reaction to each thermal
conversion stage and the Coats-Redfern method. Results revealed that the kinetic parameters
are affected by the gaseous atmosphere;

e  Higher activation energies and, consequently, lower reactivity was obtained under the oxidative
atmosphere for the second stage and under the inert atmosphere for the third thermal conversion
stage. Although in the second stage the differences are not substantially different, this means
that the reaction of the volatiles released, and combustion is less reactive than the pyrolysis. The
opposite trend happens in the last conversion stage at higher flow rates.
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Nomenclature
A pre-exponential factor, min-!
D ignition index, %/min?
DTG derivative thermogravimetric
E activation energy, kJ/mol
HR heat released
k rate of the chemical reaction, min-!
m mass, mg

MCR maximum combustion rate
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MHR maximum heat released

universal gas contant, kJ/(mol.K)

combustion index, %/(min2.K?)

R

RM remaining mass
S

t

T

time, min-!
temperature, °C
TG thermogravimetric
TGA thermogravimetric analysis
Greek symbols
a conversion rate, -

p

heating rate, °C/min

Subscripts and superscripts

0 initial

a air

avg average

b burnout

f final

g ignition

in initial decomposition
max maximum

t time
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