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Abstract: Carbon fiber is a kind of new polymer material with excellent mechanical properties and being applied widely. The
process of carbon fiber prepared by bamboo tar, including extraction, condensation, spinning, oxidation and carbonation, is
influenced by the pyrolysis kinetics significantly. In this paper, the thermogravimetric analysis (TGA) of bamboo tar
produced in the process of pyrolysis and gasification of the bamboo which is known as Phylostachys sulphurea, was analyzed
by the distributed activation energy model (DAEM) to understand the kinetic properties and parameters of bamboo tar. The
thermogravimetric analysis of bamboo tar which is used as the raw material of carbon fiber was conducted under 5 different
heating rates (i.e. 5, 10, 15, 30 and 50 °C/min, etc.) in nitrogen atmosphere. The results show that the activation energy of
bamboo tar and the exponential factor increased significantly with the increase of the heating rate, and the low heating rate is
advantageous to the extraction of bamboo tar solvent and the thermal polycondensation, which can provide scientific reference
for the optimization of carbon fiber technology. The thermal weight results show that the temperature range of bamboo tar
being decomposed rapidly is 213°C-410°C. The ranges of the activation energy were calculated by DAEM, which have small
difference in comparisons with five heating rates when the conversion rate is at 0.1-0.6 and the average value of the activation

energy is 119 kJ/mol.
heating rate increases.

The stability range of the activation energy is enlarged when the conversion rate is greater than 0.6 and
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heating rates based on distributed activation energy model.

1 Introduction

Biomass is typically referring to a type of renewable energy
created from the photosynthesis of plants, which uses carbon
dioxide, water and solar energy to produce carbohydrates. Green
plants convert solar energy into chemical energy by the use of
chlorophyll and store this energy in the biomass, where each mole
of carbon fixed represents about 470 kJ of energy absorbed!'Z.
Biomass is generally composed of carbon, hydrogen, oxygen,
nitrogen and other components of the complex hydrocarbons
derived from plant, animal and microorganism renewable
organics®*, and it can be converted into conventional solid, liquid
and gaseous fuels.

Currently, biomass conversion methods includes gasification,
liquefaction, briquetting and direct combustion™®. The study of
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Thermogravimetric analysis of bamboo-tar under different

biomass gasification began from the year of 1883, and became a
research hotspot in recent years. In the early days, it provided
power to automotive or agricultural irrigation machinery, using
charcoal as raw material and driving the engine with the
gasification gas. Because of a fuel shortage, Germany developed
the car engine gasifier for civilians. After World War II, the
Middle East provided cheap and high-quality oil to the world,
which made it become the primary energy of almost all developed
Biomass gasification regained attention after the oil
crisis occurred in the 1970s.

Biomass tar is one of the byproducts from the process of
biomass pyrolysis and gasification. There is not a uniform
definition of what it is, and scholars from various countries have
different understandings'”. The U.S. and EU experts define it as a
mass with a relative molecular mass greater than benzene
organics™™.  Chinese scholars!” think that the tar should include
macromolecules, including benzene and aromatic hydrocarbon
organics. Thermochemical conversion technology is widely used
in extracting useful carbon materials through the conversion of
biomass pyrolysis tar. The activated carbon materials and
products made of biomass tar exhibit high specific surface area and
good mechanical properties. The preparation of tar-based carbon

countries.

fiber was done by pretreating the feedstock with solvent followed
by heated filtering. Then, the isotropic tar samples were obtained
from thermal refining and modification with the help of the
polycondensation reaction of the biomass tar. The molten tar
samples at high temperature were sent to the spinning jet with a
high-pressure pump, the gushing filaments were simultaneously
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cooled with the help of high speed gas flow and drawn into
filaments. The products of tar-based carbon fiber were then
obtained by pre-oxidation and high temperature carbonization.
Bamboo belongs to Wood family (Peaceac) Bambusoideae
(Bambusaideae), is a perennial woody plant with rapid growth,
high reproductive and regeneration ability, high output, high
mechanical strength, strong adaptability and other characteristics.
It is an ideal renewable resources.
70 genera and more than 1200 species, occupied an area of about
22 million hm? and widely distributed in Asia, South America,
% China and Southeast Asia
Bamboo energy utilization
methods mainly include: Bamboo plant power generation
technology, bamboo waste as industrial boiler fuel, the production
of bamboo charcoal and bio-fuel technology!''l. At present,
China's bamboo forest area was about 4.21 million hm? each year
can fell more than 500 million branches, more than 3 million t
of miscellaneous bamboo, which is equivalent to more than
10 million m* wood and was widely used in the car floor, floor,
building model, furniture and many other aspects.
utilization rate is lower, only for the cutting volume of about 30%.
In recent years, 3 major world problems, such as energy,
environment and materials, have led to a bright research hotspot in
biomass energy and biomass materials. Furthermore, the research
on the related technologies processing resource-rich bamboo
residues to the biomass energy and biomass based materials
became a recent research hot spot, especially the bamboo charcoal

and gas technology and the adsorption properties (Figure 1) of the
[12-14]

The world’s bamboo is about

Oceania, Africa and other regions
are the central areas of bamboo.

But its actual

bamboo charcoal by the pyrolysis process Countries
involved in early development of bamboo charcoal preparation and
bamboo charcoal performance related research are mainly Japan,
Korea, Indonesia and other countries!™. Since 1995, China's
Zhejiang, Fujian and other places began to fire bamboo charcoal,
and developed a series of bamboo charcoal products!'®.
in the pyrolysis process of bamboo charcoal, there is a certain
amount of bamboo tar, generally as the pyrolysis waste, is not used.
Arbitrary disposal will cause environmental pollution and waste of
agricultural and forestry resources.

However,

C-Gas
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-
. - » Gas >
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Note: C-Gas: cleangas; EGR: exhaust gas recirculation.
Figure 1  Gasification processdiagram of the bamboobiomass

Qiao et al.'”! proposed a method of preparing carbon fiber
The elemental analysis of bamboo
biomass tar showed a carbon content of up to 62%, the carbon fiber
of bamboo biomass tar showed a tensile strength in the range of
340-620 MPa and a modulus range of 27-44 GPa.

indicated a fiber diameter of 27 MPa and a fiber tensile modulus of
[18]

from bamboo biomass tar.

Prauchner et al.

14 GPa when testing the isotropic tar-based carbon fibers
Therefore, the bamboo tar can be thought of as having a huge
potential in the production of tar-based carbon fiber.

However, the related research on bamboo tar gasification and
pyrolysis of the product is still in the initial stage, especially the
study of bamboo tar to produce high grade energy or material
utilization is rarely reported. = Therefore, to understand the
bamboo gasification tar, a lot of basic research on the pyrolysis
behavior of bamboo tar can achieve the purpose of making full use
of bamboo resources and converting them into high grade energy or
nanometer carbon fiber materials.

Heating rate is one of the important thermal parameters
affecting the process of carbon fiber preparation. The high
heating rate is advantageous to the fracture of the bond, and the low
heating rate will result in the reconnection of the organic volatile
fragments in the carbonization process of tar materialst'?. At high
temperature, the fast heating rate makes the tar small molecule
matter precipitate rapidly, the volatile concentration is released,
which increases the pore specific surface area of the coke™ and
strengthens the carbonization stage in the carbon fiber preparation
process.  Through the thermogravimetric analysis (TGA) of
bamboo tar produced in the pyrolysis and gasification process of
Phyllostachys sulphurea bamboo, the pyrolysis kinetics of bamboo
tar was studied by the distributed activation energy model (DAEM).
The objective of this study was to study the thermal degradation
mechanism of biomass-derived tar in order to better control,
separate and utilize this promising biomaterial. The thermal
degradation process was analyzed by thermogravimetry using
multi-heating rates at non-isothermal conditions. The relationship
between the structure and thermal properties of bamboo tar was
also discussed.

2 Materials and methods

2.1 Materials

The bamboo tar used in the experiment was produced from
Institute of Chemical Industry of Forestry Products, Chinese
Academy of Forestry. It is derived from the byproduct of the
pyrolysis process of Phyllostachys sulphurea bamboo under
450°C-600°C conditions. The bamboo tar samples was
processed through pretreating for 20-30 min by centrifuge with
5000 r/min, placing 2 h, filtering out impurities by filter cloth and
placing 48 h in a drying oven under 80°C. The composition and
structural properties of bamboo tar samples were analyzed by a
Vario MACRO cube v2.0.9 elemental analyzer based on China's
national standards (GB/T 21923-2008 General testing rules for
solid biofuels, GB/T 28734-2012 Determination of carbon and
hydrogen in solid biofuels, GB/T 30728-2014 Determination of
nitrogen and oxygen in solid biofuels™™ ") as shown in Table 1.
The rate of carbon and hydrogen (C/H) is 0.57, and the rate of
carbon and oxygen (C/O) is 2.9. The elemental analysis of
bamboo tar samples showed that the higher oxygen content was
22.41%.

Table1 Elemental analysis for bamboo tar
H (Wt%) N (Wt%)

C (Wt%) O (Wt%) CH c/o

65 7.46 0.52 22.41 0.57 29

2.2 Thermogravimetric analysis of bamboo tar

Thermal analysis (TGA) of bamboo tar samples was studied
under atmospheric pressure by using TGA or differential thermal
analysis (DTA) analyzer (SDT- Q600, TA instruments, USA).
The experimental parameters were as follow: calorimetry accuracy
was +2%, measuring range was 0-200 mg, balance sensitivity was
+0.1 ug, DTA sensitivity was +£0.001°C, temperature range was
from room temperature to 1500°C, flow rate constant of nitrogen as
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a protective gas was 100 mL/min under the condition that the
heating rate is less than 50 °C/min®*!. The bamboo tar samples of
5-10 mg were placed in alumina crucible. The bamboo tar
samples were heated from 30°C to 800°C under conditions of 5, 10,
15, 30, 50 °C/min respectively. In order to prevent the possible
secondary reaction of the volatile and coke at a higher temperature,
the weight loss data of the bamboo tar samples were used as an
experimental analysis in this study in the temperature range
between 100°C and 675°C™*.
2.3 Pyrolytic kinetic modeling

The pyrolysis reaction of the bamboo tar samples occurred in
the temperature programmed, and the pyrolysis conversion rate can
be expressed as a first-order kinetic Equation (1)

do/dt=K(T)f(er) )

where, K is reaction rate constant; 7 is temperature; fla) is the
reaction mechanism function; da/d¢ is the pyrolysis conversion rate
of bamboo tar, and a is the weight loss rate of bamboo tar at time ¢.
a can be obtained by Equation (2):

o= (W W)/(Wo— W) 6)
where, Wy, W, and W, are the initial quality of samples, t-time
quality and final quality, respectively. According to Arrhenius
law, the reaction rate constant can be expressed as:

K(T) =Aexp(—E/RT) 3)
where, A is the frequency factor, Sl R is the molar gas constant,
8.314 J/(K'mol); E is apparent activation energy, kJ/mol; and T is
absolute temperature, K. The kinetic Equation (4) can be obtained
by Equations (1) and (3).

4)

(do/ dt) = Aexp( jf(a)

adopts

_E
RT

Thermodynamic analysis usually isothermal or

nonisothermal experiments. The isothermal test is done in a
narrow temperature range and it is difficult to obtain the real
isothermal condition under the low and high reaction schedule.
The non-isothermal method is suitable for being applied in the wide
temperature range, and detecting the complex quality of the
multi-step solid-state reaction process””. The heating rate of
bamboo tar can be defined by the equation in the dynamic
non-isothermal method. Therefore, the three dynamic factors and
can expression by Equation (5):

)

do./ dT = A/ﬂexp( jf(a)

E
RT
2.4 Model based procedure of DAEM

Thermal weight loss of bamboo tar is an important process for
the carbonization process of carbon fiber preparation and has
important influence on its carbonization reaction activity and
transformation process. The thermogravimetric analysis method
of bamboo tar mainly includes the method of constant temperature
and temperature programming. The temperature programming
method has been widely used because only one or several
weightless curves can get the distribution of kinetic parameters
throughout the temperature range. In order to obtain the thermal
kinetic parameters of bamboo tar, a variety of bamboo tar pyrolysis
model of single reaction, dual competition reaction, finite
multi-parallel reaction, infinite multi-parallel reaction and so on
have been developed.

The single reaction model considers that the pyrolysis process
of bamboo tar is approximately the first or n-stage reaction, and the
single reaction model can only obtain the average of a certain
temperature range. The application of the dual competitive

reaction model is limited because it has 6 undetermined parameters.

The finite parallel reaction model considers that the pyrolysis of
bamboo tar is the thermal decomposition of one or several
compounds, and the number of parallel reactions can be determined
by empirical tests. The pyrolysis reactions of bamboo tar as a
complex polymer is considered to be composed of an infinite
number of parallel primary reactions and its activation energy has a
continuous distribution, called DAEM. It can be good prediction
The DAEM can be used to

commendably.

of the thermal kinetic parameters.
predict thermodynamic parameters

d®¥ which was used to describe the
[29]

It was
originally proposed by Van
development of complex reaction The method considered
countless parallel irreversible a-level reactions**", assumed
individual activation energy for each parallel reaction, and a

continuous distribution function, DAEM, as shown in Equation (6):
[ —Af" -EIRT - (6)
l-a _jo exp( Ajoe dt) f(E)dE

where, a is the pyrolysis of bamboo tar at any time ¢ when the rate
of weight loss, frequency factor corresponding to the activation
energy, activation energy distribution function, to reflect the
differences in the parallel first-order reaction activation energy, and

satisfy the ISO AE)JE=1 condition. Using the Miura step function
approximation (integration) theory, the Equation (6) can be
simplified as Equation (7):
Ln(p/T?) :Ln(%)+0.6075—E/RT @
In terms of a given, E and A are obtained by making Lu(f/T*)
and 1/T correlation diagrams, thus the activation energy E and the
frequency factor 4 were obtained. Each activation energy E and
the frequency factor A can be obtained by repeating the above steps
relative to different weightlessness rates a. The activation energy
change curve of bamboo tar during the process of thermal
weightlessness was obtained by the correlation diagram of the
weightlessness rate a to activation energy E. The activation
energy distribution function f{E) can be obtained according to
weight loss rate a for differential calculation of activation energy E.
Therefore, when using the DAEM method to analyze the thermal
dynamics of bamboo tar, at least three groups of parallel reaction
experimental data were required. Five different heating rates (5,
10, 15, 30 and 50 °C/min) were selected for the thermogravimetric
analysis of bamboo tar in this study.

3 Results and discussion

3.1 Pyrolysis characteristics
The DAEM method has been widely used for the thermal

kinetic analysis of biomass, including agricultural residues®?,

B3 and pyrolysis products from fowl dropping®!. The

wood
results of the thermogravimetric analysis of bamboo tar under the
condition of different heating rates (5, 10, 15, 30 and 50 °C/min)
are shown in Figure 2. When the heating rate is 5, 10 and 15
°C/min, respectively, the slow and equal interval weight losses of
bamboo tar samples were compared as shown in Figure 2a.
Whereas, when the heating rate is 5, 30, 50 and 10, 30, 50 °C/min,
respectively, the fast and non-equal interval weight losses of
bamboo tar samples were compared as shown in Figure 2b and
Figure 2c.

The pyrolytic process of bamboo tar samples can be divided
into three main stages: preheating solution for water loss, main
pyrolysis and carbonization, etc. The results of the
thermogravimetric analysis of bamboo tar in each stage were
shown in Table 2.
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Figure 2 TG and DTG profiles at heating rates of bamboo tar

Table 2 Weight loss and final residue rate of bamboo biomass
tar during pyrolysis

Loss of weight at all stages/%

Heating rate Residue
/°C-min” Dehydration preheating  Main pyrolysis Carbonizatio rate/%
solution stage stage n stage

5 6 52.25 7.17 34.58

10 4.61 55.39 7.75 32.25

15 2.95 58.73 6.14 32.18

30 1.24 61.68 5.22 31.86

50 1 65 5.12 28.88

The preheating solution for water loss of bamboo tar samples
mainly occurs in the low temperature region (131°C-176°C) as
shown in Figure 2 “Stage I”, in which weight loss is less and the
weightless substance is mainly the water vapor and light volatile
evaporation of bamboo tar samples. The main pyrolysis stage of
bamboo tar samples covers a wide temperature range as shown in
Figure 2 “Stage II”.  The DTG curve indicates a significant weight
loss peak at 213°C with heating rate of 5 °C/min and 226°C with
heating rate of 15 °C/min, respectively. The higher thermal

decomposition rate is shown in the temperature range. Due to the
hysteresis effect of heat transfer, the temperature of shoulder and
tail peaks is shifted to high temperature with the increase of heating
rate after 400°C, and the DTG peak height decreases with the
increase of the rate. At high heating rates such as 30 °C/min and
50 °C/min, there are many weightlessness peaks (231°C-300°C) in
the bamboo tar samples, and the TG curves appear to coincide,
which indicates that higher heating rate is advantageous for the
main pyrolysis reaction stage of bamboo tar samples. and the
weightlessness rate of bamboo tar samples in the main pyrolysis
stage when the heating rate is 5 °C/min than the weightlessness rate
when the higher heating rate was lower than 10%, and the end
temperature of main pyrolysis reaction is also lower than 100°C,
but the maximum weight loss rate of main pyrolysis reaction is
basically close, which indicates that the effect of heating rate on the
maximum weight loss of the main pyrolysis reaction of bamboo tar
samples is less. At the carbonization of bamboo tar samples as
shown in Figure 2 “Stage I1I”, the end temperature of bamboo tar
samples was 650°C, 600°C, 550°C in turn with heating rate of
The end
temperature of bamboo tar samples was 550°C with heating rate of
30 °C/min and 50 °C/min, which is close to that with heating rate
of 15 °C/min. This shows that the heating rate higher than
15 °C/min has less effect on the end temperature of bamboo tar
samples.

The residue rate of bamboo tar samples in carbonization stage
decreases with the increase of heating rate as shown in Table 2,
which indicates that proper raising of heating rate is propitious to
accelerate the pyrolysis reaction rate of bamboo tar samples. At
the same time, the trend of the DTG curve of thermal
weightlessness is shifted laterally to the higher temperature
direction, and the DTG curve peak of thermal weightlessness
decreases with the increase of heating rate, which indicates that the
pyrolysis rate of bamboo tar samples is affected by the synergistic
effect of the heat and mass transfer process. The characteristic
temperatures of weight loss were shown in Table 3.

5 °C/min, 10 °C/min, and 15 °C/min, respectively.

Table 3 Characteristic temperatures of weight loss

Stage 1 1T 1

Temperature/°C 131-176 213, 226... 550

3.2 Correlation between heating rate and weight loss rate

During the pyrolysis process of bamboo tar samples, different
heating rates (i.e. 5, 10, 15, 30, 50 °C/min) associated with the
pyrolysis conversion rate were shown in Figure 3. It can be seen
from Figure 3 that before 320°C, lower heating rate leads to higher
pyrolysis weight loss rate of bamboo tar samples. The pyrolysis
rate curve of bamboo tar samples with different heating rates
between 320°C-410°C is basically coincident, which indicates that
the pyrolysis rate of bamboo tar samples is not affected by the
heating rate. After 410°C, the pyrolysis rate of bamboo tar
samples increased slightly with the increase of heating rate, but the
increment value was not significant. The change trend of heating
rate and pyrolysis rate of bamboo tar samples should be obvious
under slow heating rates (i.e. 5 °C/min, 10 °C/min, 15 °C/min), but
the pyrolysis rate curve of bamboo tar sample did not change
significantly under the rapid heating rate (i.e. 30 °C/min,
50 °C/min), showed that the heating rate had a greater influence on
the thermal weightlessness rate of bamboo tar samples. Before
320°C, the greater weight loss rate of bamboo tar samples can be
obtained when heating rate is lower.
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3.3 Distributed activation energy model parameters

When bamboo tar was used to prepare carbon fiber materials,
the carbonization reaction activity of bamboo tar samples was
significantly demonstrated through the thermal weightlessness
behavior of the carbonization process. The relationship between
the weight loss rate and activation energy of bamboo tar samples at
different heating rate can be obtained by using distribution
activation energy model, which has a significant influence on the
carbonization process of bamboo tar samples. The Arrhenius
curve of bamboo tar samples was drawn using distribution
activation energy model under different heating rate conditions as
shown in Figure 4.

/%
=
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a
)
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Figure 3 Temperature dependence of the extent of conversion (o)
for different heating rates
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Figure 4 Arrhenius plots at selected conversion rates by the

DAEM method

The slow and equal interval thermal weight loss rate of
bamboo tar samples was within the scope of 0.1-0.6 with heating
rate of 5, 10, 15 °C/min, respectively. It was similar to the slope
of the Arrhenius curve and had obvious linear parallel relations,
and the activation energy can be in a certain continuous distribution
as shown Figure 4a. Therefore, when the thermal weight loss rate
reaches 0.6, the thermal physical properties of the bamboo tar
samples can be approximately described as multiple parallel
primary reactions. The slope of the Arrhenius curve is larger
when the thermal weight loss rate is greater than 0.6, and it was no
longer linearly parallel relationship with the Arrhenius curve when
it was less than 0.6. This shows that with extremely complex
multiple parallel multistage reaction mechanism, pyrolysis reaction
has exceeded the application range of the approximate assumption
of multiple parallel first order reaction in the distributed activation
energy model™”.

From Figures 4b and 4c, it can be found that when the heating
rate falls in group b (5, 30, 50 °C/min) and group c (10, 30,
50 °C/min) respectively, the fast and non-equal interval thermal
weight loss rate of bamboo tar samples was within the scope of
(0.1-0.7) and (0.1-0.8) in turn.
with the Arrhenius curve corresponding to each thermal weight loss

It has a linear parallel relationship

rate, which conforms to the approximate assumption of multiple
parallel first-order reactions in the distribution activation energy
model. When the weight loss rate exceeds 0.7 or 0.8 respectively,
the curve of thermal weight loss rate was no longer linearly parallel
with the Arrhenius curve, and the activation energy of the bamboo
tar samples can vary greatly. The activation energy distribution of
bamboo tar samples can be changed by increasing the heating rate,
but is not conform to the approximate assumption about the
multiple parallel first order in the distributed activation energy

model. Its research should be carried out in a complex multi-level

reaction mechanism obviously®.

According to the Arrhenius curve of bamboo tar samples under
different heating rate, the relationship between the thermal weight
loss rate and the mean apparent activation energy can be obtained

as shown in Figure 5.
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Figure 5 Activation energy (E) plotted against the extent of

conversion rate (o)

When the heating rate is 5 °C/min and the thermal weight loss

rate is within the scope of 0.1-0.6, the mean apparent activation
energy is 119 kJ/mol in the pyrolysis process of the bamboo tar

samples.

But when the heating rate increases to 10 °C/min and

the thermal weight loss rate is within the scope of 0.1-0.6, the mean
apparent activation energy is 142 kJ/mol in the pyrolysis process of
the bamboo tar samples. The mean apparent activation energy

can increase to 248 kJ/mol in the pyrolysis process of the bamboo
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tar samples when the heating rate is 15 °C/min and the thermal
weight loss rate is within the scope of 0.1-0.6. The activation
energy in the pyrolysis process of the bamboo tar samples can
increase with the increase of heating rate and the range of thermal
weight loss rate.
average apparent activation energy can increase remarkably with
higher heating rate in the pyrolysis process of bamboo tar samples.

Therefore, the thermal weight loss rate and

4 Conclusions

The thermal decomposition process of bamboo tar can be
divided into three main stages: water loss preheating, main
In water loss preheating stage,
bamboo tar can be decomposed at lower temperature range of
115°C-190°C. In main pyrolysis stage, the heating rate has less
influence on the maximum weight loss rate of the main pyrolysis

pyrolysis and carbonization.

reaction in the pyrolysis process of bamboo tar samples. In
carbonization stage, the heating rate has less influence on the end
pyrolysis temperature of bamboo tar samples when the heating
rate exceeds 15 °C/min.

There is a significant relationship between heating rate and
thermal weight loss rate, and the thermal weight loss rate can be
increased remarkably with higher heating rate in the pyrolysis
process The
characteristics of bamboo tar were considered to be the theoretical
basis of the thermal preparation process for tar-based carbon fiber.

When the heating rate was lower and the thermal weight loss
rate was within the scope of 0.1-0.6, the mean apparent activation
energy of the bamboo tar samples was 119 kJ/mol in the pyrolysis
process, and the thermodynamic analysis of bamboo tar can be
carried out by using single reaction mechanism according to the
distributed activation energy model.
activation energy can be increased remarkably with higher heating
rate.

of bamboo tar samples. thermogravimetric

The average apparent

In order to simplify the thermal physical analysis of bamboo
tar samples, its research should be mainly focused on the weight
loss rate range of 0.1-0.6 and the activation energy range of
109-119 kJ/mol to understand the thermal properties of carbon
fiber materials prepared by bamboo tar. The DAEM method
reflected the whole thermal reaction process by a set of first-order
single reactions, considering the complex compositions of the tar.
It was suggested that volatilization as well as reactions like
polymerization and condensation occurred during the thermal
degradation process of the tar under the inert atmosphere.
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