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Abstract: The thermal decomposition of wood chips from an apple tree is studied in a static air
atmosphere under isothermal conditions. Based on the thermogravimetric analysis, the values of
the apparent activation energy and pre-exponential factor are 34 + 3 k] mol~! and 391 + 2 min~!,
respectively. These results have also shown that this process can be described by the rate of the
first-order chemical reaction. This reaction model is valid only for a temperature range of 250-290 °C,
mainly due to the lignin decomposition. The obtained results are used for kinetic prediction, which
is compared with the measurement. The results show that the reaction is slower at higher values of
degree of conversion, which is caused by the influence of the experimental condition. Nevertheless,
the obtained kinetic parameters could be used for the optimization of the combustion process of

wood chips in small-scale biomass boilers.
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1. Introduction

Nowadays, all kinds of human activity are directly or indirectly related to the use
of different types of energy. With the rise of living standards and the rise of the world
population, the overall energy demand in the world is still growing. Global environmental
issues and the extraction of fossil fuels pose serious problems for energy consumption.
Environmentally friendly energy technologies and the transition to non-fossil resources of
energy, such as renewable energy sources, are expected, and seem to be very promising.

Apple trees are important crops, accounting for the production of more than 80 million
tons worldwide [1,2]. They are commonly grown in various regions where the climate is
particularly favourable for fruit quality [2]. Fruit trees also have natural enemies, including
parasitoids, predators, and pathogens [3]. Therefore, the infected trees can be used as a
renewable energy source, for example in small-scale biomass boilers. However, to use the
woody biomass as an energy source, it is necessary to use it rationally and in a sustainable
way [4-6]. On the other hand, there are still some problems in current biomass combustion
furnaces, but where a kinetic analysis is a suitable tool to solve them [7,8].

Various studies [9-15] observed that the region of the thermal decomposition of the
main wood constituents, such as hemicelluloses, cellulose, and lignin, can be divided into
two steps. The first point of view states that in the temperature range of ~200-400 °C,
the combination of total hemicellulose and cellulose decomposition with partial lignin
decomposition occurs. The second step could be described as the decomposition of the
remaining lignin and the combustion of char residues [9,10]. The reason why lignin
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decomposes slowly under the whole thermal decomposition temperature range is that
it contains an aromatic matrix, which itself increases the degree of the condensation
reaction [16-18]. Decomposition of lignin from different origins were observed in the
study by Brodin et al. [19] and the conclusion is that the loss of ~40% took place in the
temperature range 200-600 °C, with a maximum in material loss at ~400 °C.

On the other hand, the overall thermal decomposition and the reaction behaviour de-
pends on the elementary constituents. These processes have been studied on several types
of biomass; however, for apple tree biomass, it should be described more precisely [20].

The studies [11-15] also assumed a two-step process, were the first step can be de-
scribed as volatilization of the main constituents and the second step can be characterized
as combustion of the char residue. Along with that, an interaction between the components
during the thermal decomposition may occur under certain conditions [21-23]. Due to the
complex composition and structure of lignocellulosic materials, the thermal decomposition
could be affected by various factors. For more information regarding these factors, we
recommended some of the previous studies. We would like to note that mainly the chemical
composition, particle size, and isothermal regime influence the thermal decomposition
kinetics [12,14,24,25].

Numerous research studies have been performed in order to determine the kinetic
triplet (activation energy, pre-exponential factor, and reaction model) of the processes that
occurs during thermal treatment of various woody biomass. In the case of the reaction
model, it is generally assumed that the first-order reaction (f(«) = (1—«)), where a stands
for a degree of conversion, is suitable for the description of the thermal decomposition
of various kinds of woody biomass [15]. On the other hand, some studies [26-29] use the
reaction order model (f(x) = (1—a)"), where # is the reaction order. Another approach was
used in [13,14], where the thermal decomposition was divided into two separated reactions
and each of them was also described by the first-order reaction model.

This study focuses on the kinetic analysis of the thermal decomposition of woody
biomass from an apple tree. Thermogravimetric (TG) analysis, which can provide the
information about the mass loss of the sample during heating, was used to obtain the
data for the kinetic analysis, from which the values of the Arrhenius parameters, i.e.,
apparent activation energy and pre-exponential factor, were calculated. In addition, the
most probable reaction model was determined. Biomass is a substance of biological origin
that includes plant biomass grown in soil and water, animal biomass, organic production,
and organic waste. It is expected to replace a significant part of non-renewable conventional
energy sources in the future. Therefore, these results were subsequently used for kinetic
prediction of thermal decomposition. The authors also believe that such a study will
contribute to the development of efficient biomass combustion applications. Note that this
study is a continuation of a previous research study dealing with the kinetic analyses of
woody biomass, by the same authors [4].

2. Materials and Methods

The wood chips used in this study came from an apple tree growing in the locality
of Nitra, Slovakia (see Figure 1). The image of the surface of the wood chips, magnified
80x, is shown in Figure 1b. The content of the lignin and cellulose in the samples was
determined by using an Ankom Fiber Analyzer A200 (Macedon, NY, USA), where the
presented value is an average of three measurements.
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Figure 1. (a) Wood chips used in this study, and (b) image of the surface of the wood chips (magnification of 80x).

Harvested wood was chopped into 5-10 cm pieces and grinded with a mill. Fractions
between 0.5-2 mm were collected by sieving and used as feedstock for the subsequent
thermogravimetric analysis.

The thermogravimetric measurements were carried out by using a Nabertherm
L9/11/SW/P330 (Nabertherm GmbH, Lilienthal, Germany) furnace with a P330 Con-
troller. Thermocouple type S was used to measure the temperature inside the furnace
near the sample—from an appropriate distance—to ensure that the measurement was
not affected by exothermic reactions. For the measurement of the mass loss, the Kern EG
220 digital scales were connected to a personal computer using the R5232 interface, and
data were measured every 30 s simultaneously with the temperature. Moreover, a static
air atmosphere and samples of ~5 g in mass were used. This apparatus (Figure 2) was
chosen due to the possibility of measuring samples with masses that approach industrial
applications. It is well known that thermogravimetry is commonly used for kinetic analysis,
where the samples with smaller masses are usually used. However, samples with higher
masses were used for the measurements, assuming the possible industrial application
of the biomass, as is described in the EN ISO 17225:2014 standard for solid biofuels. In
addition, using samples of ~5 g can reveal the influence of a temperature gradients during
the thermal processes.

Furnace

Corundum
rod

2L Digital
- - scales
Figure 2. The apparatus used in this study.

Non-isothermal thermogravimetric analyses were used to describe the processes
occurring during the heating of the woody biomass in the temperature range of 25-900 °C,
with a heating rate of 5 °C min~!. The numerical derivation of the TG curve provides the
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dTG curve. In the case of isothermal measurements, the heating rate of 10 °C min~! was

used to reach the isothermal temperatures of 250 °C, 270 °C, and 290 °C. Moreover, this
heating rate was used to minimize the impact of the thermal decomposition on the results
before we reached the isothermal temperature. All experiments were carried out under a
given condition more than twice in order to ensure reproducibility and reliability of the
obtained results.

Kinetic Analysis

The thermal decomposition of woody biomass is often expressed as follows [26]:

k
Wood %) Char + Volatiles, (1)

where k(T) is the rate constant (s 1) and Volatiles characterize the sum of the gas and tar.
The rate of the reaction can be described by the following equation [30,31]:

da

— =k(T 2
= KT)f(w), @
where t is time (s), T is the absolute temperature (K), and f(«) characterized the reaction
model. The temperature dependence of the rate constant is commonly described by the
Arrhenius equation [30-32]:

k(T) = Aexp(—RET), (©)

where A and E are the Arrhenius parameters (pre-exponential factor and activation energy,
respectively), R is the universal gas constant and T is the thermodynamic temperature. In
the case of the thermogravimetric experiments, the degree of conversion can be calculated
using the following equation [33]:

m; —m

= pra—— my 4)

where m is current, m; initial, and 1 the final value of the sample mass. Equation (2) can
be written in the integral form [34],

g(a) = k(T)t, ©)

where g(a) is the integral form of a reaction model. Dependence of the g(«) on the time must
give a straight line for the proper reaction model, where the slope of this plot corresponds
to the k(T). The models used in this study are listed in Table 1.

Table 1. The kinetic models used in this study [29,34].

No. Code Reaction Model f@) g(@)
1 F1, Al Mampel (first-order) (1—a) —In(1—«)
2. F2 Second-order (1—a)? (1-a)"1-1
3 F3 Third-order (1/2)1—a)? (1-a)"2-1

The determination of Arrhenius parameters A and E, is based on the logarithmic form
of Equation (3) [29,35,36]:
Eq

Ink(T) =InA — —, 6

nk(T) =InA— 2% ©
where the slope of the plot of the left-hand side vs. T~! is equal to —E,/R and the intercept
with y-axis is equal to the In A. Note that the apparent activation energy E, is a value that
characterizes the combination of several processes.
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3. Results and Discussion

The measured samples contained ~15% lignin, ~49% cellulose, and ~32% hemicellu-
lose. The occurrence of several processes during the thermal treatment is clearly visible in
Figure 3, where the non-isothermal TG and dTG curves for the heating rate of 5 °C min !
are shown. According to the various studies (see Section 1), the first peak on the dTG curve
in the temperature range of 30-150 °C can be attributed to the elimination of the humidity.
During this step, the mass loss is ~5 wt.%. The second peak (the main decomposition
region), occurring in the temperature range of 200-350 °C and with a mass loss of ~60 wt.%,
corresponds to the volatilization of the main constituents. This assumption is based on
isothermal measurements [11], where due to the slower decomposition of lignin, different
heating rates could lead to different explanations of the measurements. The last peak on
the dTG curve, in the temperature range of 350-500 °C, is linked to the combustion of the
char residues [37].

100 T T T T T T T T 0.25
0
80 [
| 4 025
S —dTG ‘g
o - 1-0.50
a o
40 F =
o)
=4 -0.75
20
- —1.00
ol v v Ty } 125

100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 3. TG and dTG curves for the non-isothermal measurements with a heating rate of 5 °C min~!.

Based on these results, the isothermal thermogravimetric analyses were carried out
using the temperatures 250 °C, 270 °C, and 290 °C, which correspond to the main decom-
position region. These temperatures were also chosen due to the expectation that the lignin
does not fully decompose at lower than 300 °C [11]. This is due to the assumption that it is
hard to correctly determine the apparent activation energy and pre-exponential factor of
the reaction in the region of lignin decomposition. The results of the thermogravimetric
analysis with the corresponding conversion curves calculated according to Equation (4) are
shown in Figure 4.
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Figure 4. Results of TG analysis under isothermal heating. Inserted graph: dependence of the
conversion degree on the time.

3.1. Kinetic Analysis

For the determination of the most probable reaction mechanism via linearization, the
« = f(t) dependence must be transformed into the g(x) = f(¢) function, which depends on
the process of the reaction [38]. The dependence of g(«) on time must give a straight line for
a proper reaction model, where the slope corresponds to the k(t). In this study, the values
of the rate constant were calculated for a conversion degree in the range of 0.10 < a < 0.85.
The results show that the best model for this process, which represents the measured data
most accurately, is the first-order reaction (F1). The R? values calculated for the different
reaction models are listed in Table 2. This is in agreement with the previously published
results by Liu et al. [15] and Vitazek and Tka¢ [37]. In both studies, the kinetic analyses
show that if the first-order reaction model (see Table 1) is used, the best final fit of the
Arrhenius function is achieved. On the other hand, the determined reaction model could
not describe the whole decomposition region due to the lignin decomposition.

Table 2. Determination of the most probable mechanism of thermal decomposition based on the

R? calculation.

Reaction Model Temperature (°C)
Code
250 270 290
F1 Mampel (the first-order) 0.9956 0.9874 0.9919
F2 Second-order 0.9273 0.8937 0.9288
F3 Third-order 0.8061 0.7546 0.8184

The determined In(k) values were used for the determination of the apparent activation
energy and pre-exponential factor (see Table 3). The pertinent kinetic parameters were
determined from the Arrhenius-type plot (Figure 5), where the calculated values of E, and
A are (34 £ 3) k] mol~! and (391 & 2) min~!, respectively.
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Table 3. Determined values of In(k).

Temperature (°C) In (k)
250 —1.87
270 —1.54
290 —-1.32
708 T T T T T T T T T T T T T T
i e Ink) |
-1.0 Linear fit
95% confidence
-1.2 - bounds T
14 |
=
£ 1.6
-1.8 |
ook R®=0.9924 §
22 F B

1.76 1.78 1.80 1.82 1.84 1.86 1.88 1.90 1.92
UT (10° K™

Figure 5. Determination of the apparent activation energy based on the Arrhenius-type plot.

These results are also similar compared to apple tree leaves [7], where the decom-
position region was divided into two steps, with the apparent activation energies of the
first and second stage being 34.2 k] mol~! and 32.3 k] mol !, respectively. However, what
makes the difference is that the authors from the study mentioned above used different
experimental conditions, such as heating rate, reaction atmosphere, and particle size. More-
over, different methods of kinetic analysis were used. On the other hand, the value of E; is
significantly lower than the values published by Cui et al. [39], where the authors used the
apple tree sawdust. In this study, the authors have reached a similar curve measured under
non-isothermal conditions, as shown in Figure 3. However, the values of the activation
energy in this study are in the range of 115.08-160.17 k] mol ! and 120.02-159.39 k] mol !,
as determined by the Kissinger-Akahira-Sunose and Flynn-Wall-Ozawa method, respec-
tively. These differences could be explained by different experimental conditions, such as
isothermal and non-isothermal heating, the atmosphere during the reaction and sample
masses. In case of Arrhenius parameters, it is well known that its values depend on the
reaction atmosphere, where the review of the obtained values for various agricultural
residue case studies could be found in [31]. Besides, the results by Wachter et al. [40] show
that in a dynamic atmosphere, the decomposition temperature peak can occur in a higher
temperature range. However, it is worth noting that the reaction atmosphere used in this
study is more realistic in the case of smaller biomass boilers.

The different content of cellulose, hemicellulose, and lignin also could lead to the
significant differences in the values of the kinetic parameters [41]. Another explanation for
the lower values of the apparent activation energy and pre-exponential factor could be that
the whole process undergoes a variety of competitive reactions.

3.2. Kinetic Prediction of the Thermal Decomposition Region

As soon as the Arrhenius parameters and reaction model were determined, the predic-
tion of the thermal decomposition of the wood chips from the apple tree can be made. In
this study, the kinetic prediction was computed according to Equations (2) and (3) using the
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Runge-Kutta method with the following parameters: E, = 34 k] mol~!, A = 391 min—!, and
T =260 °C. This temperature was chosen due to its correspondence with the main decompo-
sition region. Moreover, it is different than the temperatures used for the parametrization
of the process. The same as in the reaction model, the first-order reaction was chosen. The
comparison of the computed and measured curve is shown in Figure 6.

0.4 1 O Experimental data
' Kinetic prediction

0.2 0 50 100 150 7

Time (min) 1

00 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 |
0 20 40 60 80 100 120 140 160 180

Time (min)

Figure 6. Kinetic prediction of the thermal decomposition of wood from an apple tree at a temperature
of 260 °C.

The comparison of the experimental and predicted curve shows the agreement of
dependencies in the degree of conversion range of 0 < & < 0.9. On the other hand, in the
region with higher values of «, the reaction is slower than was predicted using the deter-
mined parameters. This behaviour can be explained by the influence of the experimental
condition where the seemingly slight differences in certain processes vary, such as the
particle size or heat transport, which can have a significant impact on the nature of the
lignocellulosic decomposition reactions [31]. Nevertheless, the results could be used for
the optimization of the combustion process of wood chips in small-scale biomass boilers.
This can be concluded due to the fact that most of the input material (approximately 90%)
was decomposed during the first ~10 min.

4. Conclusions

A thermogravimetric analysis under a static air atmosphere was used to study the
thermal decomposition of wood chips from an apple tree. The kinetic analysis was carried
out using a conventional model-fitting method, where the apparent activation energy and
pre-exponential factor were determined based on an Arrhenius-type plot. The summary of
the results is as follows:

- The first-order reaction (F1) was determined as the most probable mechanism of the
reaction. Due to the lignin decomposition, this reaction model was determined for a
degree of conversion in the range of 0.10-0.85.

- The determined values of E, and A from the Arrhenius-type plot are (34 4= 3) k] mol !
and (391 £ 2) min~ !, respectively.

Based on these results, the kinetic prediction of the thermal decomposition region
was produced, and the obtained curves were compared with the measurement. This
comparison led to the finding that the seemingly slight differences in certain process can
have a significant impact on the nature of the lignocellulosic decomposition reactions near
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the end of the process; this has a lot of implications for the modelling of such processes,
and not only in the case of wood chips from an apple tree. Of course, the reaction model
that was determined in this work cannot fully describe the whole process (mainly the last
phases of the thermal decomposition), as it was also presented in various studies.

For a real application, such as the thermal decomposition of biomass in boilers, it is
sufficient to vary the temperature in Equation (2) to obtain the reaction rate from which the
mass loss during this process can be simply obtained.

We would like to note that we plan to study the thermal decomposition of a com-
bination of various wood chips, such as with vineyard pruning residues, which is also
important for development of effective combustion applications. So, these results will be
used for studying the effects of adding various biodegradable materials, which is, however,
beyond the scope of this paper.
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