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ABSTRACT

In this scientific paper, thermochemical conversion of redwood (RW) was studied. Using the thermog-
ravimetric analysis’ technique (TGA), the thermal behavior of RW samples was examined at four heating
rates ranging from 5 to 20 K min�1 in inert atmosphere between 300 and 900 K. Two main objectives have
been set for this study; the first one was the determination of the kinetic decomposition parameters of RW
(Pinus sylvestris L.), and the second one was the study of the variation of characteristic parameters from the
TG-DTG curves of the main RW’s components, such as; cellulose, hemicellulose and lignin. The kinetic
analysis was performed using three isoconversional methods (Vyazovkin (VYA), Friedman (FR) and
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Flynn-Wall-Ozawa (FWO)), Avrami theory method and the Integral master-plots (Z(x)/Z(0.5)) method to
estimate activation energy (Ea), reaction order (n), pre-exponential factor (A) and model kinetic (f(x)) for
the thermal decomposition of cellulose, hemicellulose and lignin components.

The DTG and TG curves showed that three stages identify the thermal decomposition of RW, the first
stage corresponds to the decomposition of hemicellulose and the second stage corresponds to the cellulose,
while the third stage corresponds to the lignin’s decomposition. For the range of conversion degree (x)
investigated (0.1 ≤ x ≤ 0.7), the mean values of apparent activation energies for RW biomass were 127.60–
130.65 KJ mol�1, 173.74–176.48 KJ mol�1 and 197.21–200.36 KJ mol�1 for hemicellulose, cellulose and
lignin, respectively. Through varied temperatures from 550 to 600 K for hemicellulose, from 600 to 650 K
for cellulose and from 750 to 800 K for lignin, the corresponding mean values of reaction order (n) were
0.200 for hemicellulose, 0.209 for cellulose and 0.047 for lignin. The pre-exponential factor’s average values
for three components of RW ranges from 0.083 1012 s�1 to 2.53 1012 s�1 (Ahemicellulose 5 1.093 1012 s�1),
0.103 1014 s�1 to 0.283 1014 s�1 (Acellulose 5 0.173 1014 s�1) and 3.073 1016 s�1 to 3.693 1016 s�1

(Alignin 5 3.333 1016 s�1), respectively. The experimental data of RW had overlapped the D4, D2 and F3 in
the conversion degree of 10–30%, 30–55% and 55–70% for the three components, respectively.
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INTRODUCTION

The world today is suffering from several environmental problems that affect the quality of
human life (Shang et al., 2013). Due to the overuse of fossil fuels, the environment knows a large
deterioration, a radical degradation and transformation from carbon dioxide (CO2) and
methane (CH4) emissions (Xiao et al., 2017; Pimenta et al., 2018). In this context, lignocellulosic
biomass presents a good solution and a right replacement to fossil fuels by advantage of its large
quantity, low sulfur and nitrogen contents, environment friendly character and CO2 neutral
energy source (Guida et al., 2021; Malakar et al., 2021). For many years, lignocellulosic bio-
masses have gained and attracted a lot of interest; they have been investigated in several re-
searches with the purpose to use it as renewable source of energy that can be utilized in different
fields and aspects. From literature point of view (Benedeck et al., 2018; Yanting and Liyun, 2011;
Bayramzadeh and Aghaei, 2020), there are several types of lignocellulosic biomasses that are
composed from cellulose, lignin and hemicellulose contents, such as; organic biomass waste,
forest biomass residues, agricultural biomass, energy crops biomass, etc. Among these biomass’
types, woody biomass has attracted a lot of researchers with the purpose to produce power,
liquid fuels and chemical products from various wood biomasses’ categories.

Nowadays, thermochemical conversion technologies, such as; pyrolysis, liquefaction, gasi-
fication and combustion, present a good alternative that can be used to valorize lignocellulosic
woody biomass into bio-oils, bio-chars and fuels gas products (Khan et al., 2020; Minkova et al.,
2001; Uzun et al., 2007). The pyrolysis technology is the main promising thermochemical
conversion method for conversion woody biomass. This method ‘pyrolysis’ is based on chemical
degradation of lignocellulosic biomass under effect of heat ‘temperature’ in the absence of air
and oxygen (O2) (Guida et al., 2020; Liew et al., 2021). Several researches have been carried out
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on pyrolysis of various types of lignocellulosic biomass (Ozbay et al., 2001; Zabaniotou, 2010;
Huang et al., 2016; Klaas et al., 2020), their results have showed that temperature, heating rate,
particle size, moisture, residence time and nature of lignocellulosic biomass, are the parameters
that affect the course of pyrolysis experiments and influence on the yields of liquid, solid and gas
products. To better understand the pyrolysis reaction, it is necessary and imperative to study the
thermal degradation of biomasses’ types and evaluate their potential thermochemical valori-
zation process. Thermogravimetric analysis is the main reliable technique used to study the
thermal degradation and to estimate and study the kinetic parameters of the thermal process
decomposition. Several scientific papers have been published on thermogravimetric analysis of
various biomasses’ kind (Meshitsuka and Isogai, 1996; Worasuwannarak et al., 2007; Guida
et al., 2021; Duan et al., 2020; Ioannidou et al., 2009), they showed that the thermal decom-
position of biomass is different from one type to another. As mentioned in Fig. 1a, that presents
documents published on thermogravimetric analysis of wood waste during 1978–2021 period, it
can be seen that from 1978 to 2000, the number of documents published was low; it does not

Fig. 1. Documents published on thermogravimetric analysis (TGA) of wood waste during 1978–2021
periods. (a) per year, (b) by subject and (c) network of cooperation based on co-authorship between

countries. (Keywords: ‘thermogravimetric’ AND ‘analysis’ AND ‘of’ AND ‘wood’ AND ‘waste’)
(source: Scopus)
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exceed 15 documents. However, from 2000 to 2021, the number of published documents has
increased, there was a shift increase of TGA of wood documents studies. Figure 1b shows that
energy (18.7%), environmental science (16.4%), chemical engineering (14.4%), chemistry
(13.6%), engineering (10.5%) and materials science (10.1%) are the domains and areas which use
thermogravimetric analysis of wood biomass between 1978 and 2021. As can be seen in Fig. 1c,
the greatest countries that made their researches on thermogravimetric analysis of wood waste
are: the United States, China, Germany, Canada, France, the United Kingdom, Spain and Brazil.
Morocco is one of the countries that are attracted by TGA of wood biomass. Moroccan cluster
contains; France, Burkina Faso, Benin, Algeria, Gabon and Morocco, as mentioned in Fig. 1c.

Previous studies have been made on thermochemical valorization of wood biomass (Chen
et al., 2016; Moya et al., 2018; Mafu et al., 2018; Zhou et al., 2013). Zhou et al. (2013) have
studied the pyrolysis simulation of poplar wood biomass between 323 and 1273 K with heating
rate of 10 K/min; they have showed that pyrolysis process of poplar wood biomass could be
divided into three phases. Chen et al. (2016) have shown that weight loss of woody biomass
increased with increasing the pyrolysis temperature. According to Moya et al. (2018) and Mafu
et al. (2018), temperature of pyrolysis plays an important role in and influences thermal
decomposition of woody biomass. Other studies have been carried out on the kinetic parameters
of wood biomass degradation (Slopiecka et al., 2012; Poletto et al., 2016; Grønli et al., 2002;
Mishra et al., 2015). Using thermogravimetric technique, the pyrolysis of poplar wood biomass
was studied by Slopiecka et al. (2012); they have found that TGA of wood biomass can be
divided into three zones that are drying, active pyrolysis and passive pyrolysis. The authors have
used three methods; Kissinger, FWO and KAS models, activation energies values obtained were
157.27 KJ mol�1, 153.92 KJ mol�1 and 158.58 KJ mol�1, from KAS, Kissinger and FWO
methods, respectively. According to Grønli et al. (2002), hardwoods and softwoods biomasses
have been studied. The authors have showed that degradation of all biomass wood types
occurred as three parallel reactions. They divided biomasses studied to hemicellulose, cellulose
and lignin compounds. Activation energies obtained from their researches were 100 KJ mol�1

for hemicelluloses, 236 KJ mol�1 for cellulose and 46 KJ mol�1 for lignin. Poletto et al. (2016)
have studied pine wood biomass using TGA. They found that thermal decomposition of wood
biomass is due to D3 mechanism, which means a three dimension diffusion process. Misha et al.
(2015) have studied pine wood biomass degradation. The results obtained from their work have
showed that the thermal decomposition mechanism was governed by D2 diffusion. The values of
activation energy obtained were 134.32 KJ mol�1, 146.89 KJ mol�1, and 155.76 KJ mol�1 for
hemicellulose component, cellulose component and lignin component, respectively. Anca-
Couce et al. (2016) have shown that activation energies of lignocellulosic biomass are different; it
depends on nature of biomasses. The authors have mentioned that activation energies for cel-
lulose ranged from 114 KJ mol�1 to 288 KJ mol�1, for hemicellulose ranged from 34 KJ mol�1 to
179 KJ mol�1, while for lignin compound activation energies values ranged from 7 KJ mol�1 to
226 KJ mol�1. Other published scientific papers (Antal et al., 1998; Gronli et al., 1999; Anca-
Couce et al., 2014; White et al., 2011; Branca et al., 2005; Sànchez-Jiménez et al., 2014) have
shown that the nature of biomass studies influences the study of kinetic parameters and the
thermal decomposition of the raw material. In our previous studies (Guida et al., 2015, 2017,
2019, 2020, 2021), several types of biomasses have been studied using TGA technique and
pyrolysis apparatus. From these scientific works, it has been concluded that the nature of
biomass and the amounts of cellulose, hemicellulose and lignin contents have significant
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influence on the thermal degradation of the biomass’ type and on the thermal comportment of
all pseudo-components compounds.

Using isoconversional models can show the dependence of activation energies on the re-
action’s conversion degree, knowing that pyrolysis reaction includes several different reactions
that occur at the same reaction time. There are two pyrolysis approaches which describe the
thermal decomposition of the wood biomass; the first one considers the biomass as one
component and the second one considers the biomass as pseudo-components of different
compounds (hemicellulose, cellulose, and lignin). Little scientific works have been reported for
thermal composition, kinetic study and mechanism characteristics of biomasses adopting the
pseudo-components approach. Especially, redwood (Pinus sylvestris L.) kinetic and mechanistic
analyses using the second approach (pseudo-components) have not been reported yet.

The main objectives of this scientific study are to determine qualitatively and quantitatively
the thermal degradation characteristics of P. sylvestris L. species of RW. First of all, thermog-
ravimetric analysis of RW was recorded using a device named ‘thermogravimetric analyzer’ at
four heating rates of 5, 10, 15 and 20 K min�1. Furthermore, based on raw thermogravimetric
results, isoconversional methods and Avrami theory were used to determine energy of activation
values and reaction order. Finally, using the integral master plots, the reactions models for
hemicellulose, cellulose and lignin components were determined during the TGA of P. sylvestris
redwood.

MATERIALS AND METHODS

Materials

In this study, the redwood samples were obtained from Beni-Mellal area (central zone) that is
located about 304 Km of Rabat and 200 Km of Marrakech (Morocco). The samples of RW
biomass used in this work were P. sylvestris L. species. These samples were obtained from the
Beni-Mellal’s carpentry of construction that is located in the middle of the city. The samples
collected were crushed and sieved with a particle size of 0.10–0.20 mm. Volatile matter content,
Ash and Moisture contents were determined using TGA analysis. The fixed carbon content was
calculated using the following formula:

Fixed carbonðwt%Þ ¼ 100� ðVolatile matterðwt%Þ þ Ashðwt%ÞÞ
The ultimate, proximate and fiber analyses of P. sylvestris species samples are depicted in

Table 1.

Thermogravimetric analysis experiments

RW samples used in this study were exposed to thermogravimetric analysis in an inert atmo-
sphere of nitrogen (N2). Rheometrix scientific STA 1500 analyzer was utilized to trace the mass
loss change versus temperature (TG) and to evaluate kinetic parameters of redwood biomass’s
decomposition, through the pyrolysis reaction course. DTG (derivative thermogravimetry) and
TG curves were obtained at heating rates of 5 K min�1, 10 K min�1, 15 K min�1 and 20 K min�1,
between 300 and 900 K. Nitrogen flow rate was 60mL min�1. All samples’ quantities used in this
study averaged 20mg. The experiments of TGA were carried out two times for better repro-
ducibility and accuracy of results.
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Kinetic methods and theory

Woody biomass’ thermal decomposition is a heterogeneous reaction, it can be modeled as:

Woody biomassðsÞ � � ��� >VolatileðgasesþtarÞ þ charðsolid residueÞ

There are two types of kinetic analysis models; the modelfiting models and the isoconversional
models. Several studies (Guida et al., 2015; Mu et al., 2015; Vyazovkin, 2006; Watt et al., 2020;
Phuakpunk et al., 2020; Mullen et al., 2010) have demonstrated that isoconversional models are
preferred and used in thermochemical study’s researches. There are two reasons for this pref-
erence. Firstly, these models are sufficiently flexible to allow for a change in mechanism during a
reaction. Secondly, the limitations of mass transfer are reduced by the use of multiple heating
rates (generally, three or four heating rates).

Biomass conversion can be calculated as:

x ¼ m0 �mt

m0 �mf
(1)

Where, mt is the sample mass at a given time t, m0 and mf refer to mass values at the beginning
and the end of the mass loss rate. The heterogeneous rate solid state reactions can be generally
described as follows:

dx
dt

¼ KðTÞ 3 f ðxÞ (2)

According to Arrhenius equation, the rate constant is described by equation (3), as follows:

Table 1. Proximate, ultimate and fiber analyses of redwood

Characteristics Percentage

Proximate analysis (wt%) Moisture content 4.8
Volatile matter 76.83

Ash 4.19
Fixed carbon 18.98

Ultimate analysis (wt%) Carbon 44.59
Hydrogen 5.1
Nitrogen 0.51
Sulfur 0.44
Oxygen 45.17

Fiber analysis (wt%) Hemicellulose 29.07
Cellulose 42.51
Lignin 19.66

Extractive 8.76
H/C molar ratio 1.372
O/C molar ratio 0.759
Empirical formula CH1.372O0.759N0.009

Higher heating value (MJ kg�1) 17.82
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KðTÞ ¼ A 3 exp

�
−E

R 3 T

�
(3)

f(x) is the reaction model that describes the reaction’s mechanism. T is the temperature, E is
the activation energy, A is the Arrhenius parameter, and R is the gas constant. Using equations
(2) and (3), the reaction rate can be written as follows:

dx
dt

¼ A 3 exp

�
−E

R 3 T

�
3 f ðxÞ (4)

Friedman method (FR)

This method is considered the most used general differential isoconversional method. It is
directly based on equation (4) (Friedman, 1964). Using the direct integration of equation (4), it
gives the following equation:

ln

�
dx
dt

�
¼ lnðf ðxÞ 3 AÞ � E

R 3 T
(5)

From this equation (5), it is possible to obtain the apparent activation energy over a wide
range of conversion degree (x) by plotting ln(dx/dt) against 1/T under a given value of con-
version degree.

Flynn-Wall-Ozawa (FWO)

In this method, Doyle’s approximation was used (Doyle, 1961). It can be transformed into non
isothermal rate expression that describes reaction rate at a constant heating rate (b), as
mentioned in equations (6) and (7):

b ¼ dT
dt

(6)

dx
dt

¼ A
b

3 exp

�
−E

R 3 T

�
3 f ðxÞ (7)

Using equation (7) and integrating it, it can give equation (8) above:Z x

0

dx
f ðxÞ ¼ gðxÞ ¼ A

b
3

Z T

T0

exp

�
−E

R 3 T

�
dT (8)

In this equation (8), g(x) is the integral kinetic function or integral reaction model when its
form is mathematically defined, as can be seen in Table 2.

Using this method, activation energy can be obtained by plotting ln(b) versus 1/T, as can be
seen in equation (9):

lnðbÞ ¼ ln

�
A 3 E

R 3 gðxÞ
�
� 5:331� 1:052 3

E
R 3 T

(9)
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Vyazovkin method (VYA)

This method was developed by Vyazovkin and Lesnikovick (Vyazovkin et al., 1988). It can
distribute both complex and simple reactions to be estimated and evaluated.

In equation (8), since E/2RT >> 1, the temperature integral could be approximated by
equation (10): Z T

T0

exp

�
−E

R 3 T

�
dT ≈

R
E

3 T2 3 exp

�
−E

R 3 T

�
(10)

By taking the logarithm and substituting the temperature integral, equation (11) can be
obtained:

ln

�
b

T2
x

�
¼ ln

�
R 3 A

E 3 gðxÞ
�
� E
R 3 T

(11)

By plotting ln(b/T2x) versus 1/T, activation energy (E) can be obtained as a function of
conversion degree (x).

Avrami theory

In order to evaluate the order of reaction, Avrami theory was used in this scientific work
(Ozawa, 1965; Liu et al., 2009). Reaction order is a significant parameter to investigate the
biomass’ pyrolysis characteristic, in addition activation energy. It could be described as:

Table 2. Reaction models applied to simulate the reaction kinetics in heterogeneous solid-state system

Model Integral form g(x) Differential form f(x)

Reaction-order models
First-order F1 �ln(1�x) (1�x)
Second-order F2 (1�x)�1�1 (1�x)2

Third-order F3 [(1�x)�2�1]/2 (1�x)3

Diffusion models
1-D diffusion D1 x2 1/2x
2-D diffusion D2 [(1�x)ln(1�x)]þx [�ln(1�x)]�1

3-D diffusion, Jander D3 [1�(1�x)1/3]2 3(1�x)2/3/[2(1�(1�x)1/3)]
Ginstling-Brounshtein D4 1�(2x/3)�(1�x)2/3 3/[2((1�x)�1/3�1)]
Geometrical contraction models
Contracting area R2 [1�(1�x)1/2] 2(1�x)1/2

Contraction volume R3 [1�(1�x)1/3] 3(1�x)2/3

Nucleation models
Power law P2 x1/2 2x1/2

Power law P3 x1/3 3x2/3

Power law P4 x1/4 4x3/4

Avrami-Erofeyev A2 [�ln(1�x)]1/2 2(1�x)[�ln(1�x)]1/2

Avrami-Erofeyev A3 [�ln(1�x)]1/3 3(1�x)[�ln(1�x)]2/3

Avrami-Erofeyev A4 [�ln(1�x)]1/4 4(1�x)[�ln(1�x)]3/4
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x ¼ 1� exp

�
−KðTÞ
bn

�
(12)

x, b and K(T) are the conversion degree, heating rate and Arrhenius equation. Transporting
and taking the double logarithm, equation (12) will be transformed into the following
equation:

lnð−lnð1� xÞÞ ¼ lnðAÞ � E
R 3 T

� n 3 lnðbÞ (13)

By a given temperature T, ln(�ln(1�x)) versus ln(b) at different temperature heating
rate can be fitted to a straight line. The slope obtained of the straight line corresponds
to (–n).

Pre-exponential factor (A)

By using the Kissinger method (Kissinger, 1957), as can be seen in equation (14). At different
heating rates, this method can give activation energy at a wide range of conversion’s degree (x).
However, by determining the energy of activation at a range of degree of conversion, equation
(15) can be used to calculate pre-exponential factor.

ln

�
b

T2
m

�
¼ ln

�
A 3 R

E

�
� E
R 3 Tm

(14)

A ¼ b 3 E 3 exp
�

E
R 3 T

�
R 3 Tm

(15)

Thermal degradation mechanism using master plots models

This method uses equation (8) (Doyle, 1965):

gðxÞ ¼ A
b

3

Z T

T0

exp

�
−E

R 3 T

�
dT ¼ A 3 E

b 3 R
3 pðuÞ (16)

p(u) is given as:

pðuÞ ¼
Zu

∞

−

�
e−u

u2

�
du (17)

u ¼ E=RT

To obtain the solution of equation p(u), Doyle’s approximation was used (Doyle, 1965). From
equation (16) and given that; x 5 0.5 as an orientation it follows:

Zð0:5Þ ¼ A 3 E
b 3 R

3 pðu0:5Þ (18)

From equations (16) and (18), the following can be obtained:
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ZðxÞ
Zð0:5Þ ¼

pðuÞ
pðu0:5Þ ¼

T2

T2
0:5

3
exp

�
−E

R 3 T

�
exp

�
−E

R 3 T0:5

� ¼ gðxÞ 3 f ðxÞ
gð0:5Þ 3 f ð0:5Þ (19)

Table 2, was used to determine the mechanism type in the thermal decomposition of RW
biomass studied. The right side of equation (19) is used to fit and to characterize the experi-
mental curves. By comparing experimental curve with the theoretical curves for each model, the
mechanism type can be identified.

RESULTS AND DISCUSSION

P. sylvestris RW biomass’ characterization

The ultimate, proximate and fiber analyses were determined which the aim to characterize the
raw material used in this scientific study. Table 1 shows the main characteristics of RW biomass
used in this study. All the presented results have been shown as mass percentage (wt%). From
proximate analysis, the RW biomass has a volatile matter of 76.83 wt%; this value is higher than
70 wt% which indicates that P. sylvestris species of RW biomass could produce condensable
vapors through pyrolysis experiments. Several studies have shown that volatile matter content is
desirable for the pyrolysis process and the ash content varies depending on biomass types. It was
determined at 4.5 wt% for switchgrass, 6 wt% for barely straw and 4 wt% for wheat straw
(Akhtar et al., 2012; Huang et al., 2016; Mohan et al., 2006) In this study, the ash percentage was
4.19 wt%, comparing this value with other published works values, it can be said that RW
biomass has a low percentage. Other works have shown that a higher ash value can affect the
mechanism of biomass degradation, because inorganic material which is in ash compound has
the ability to affect the pyrolysis mechanism. As far as moisture and fixed carbon contents are
concerned, they were 4.8 wt% and 18.98 wt%, respectively. These values obtained in this work
are in consistence with other works (Sensoz et al., 2006; Asadullah et al., 2007) that showed that
moisture content in lignocellulosic biomass must be below 10 wt%.

From Table 1, it can be seen that cellulose, hemicellulose and lignin’s contents were 42.51 wt%,
29.07 wt% and 19.66 wt%, respectively. It can be seen that RW biomass presents a good
opportunity for source of renewable energy using pyrolysis conversion technique. Several
studies have been published (Guida et al., 2020; Xin et al., 2020; Situmorang et al., 2021)
which showed that hemicellulose, cellulose and lignin contents vary depending on the type of
lignocellulosic biomasses studied.

From the ultimate analysis, the carbon, oxygen, hydrogen, nitrogen and sulfur contents were 44.59
wt%, 45.17wt%, 5.1 wt%, 0.51 wt% and 0.44 wt%, respectively. This type of RW biomass with low
sulfur and nitrogen contents could be a good nominee for thermochemical conversion technology.
They are some researches (Guida et al., 2020; Xin et al., 2020; Situmorang et al., 2021) which have
shown that low nitrogen and sulfur amounts in lignocellulosic biomasses imply little amounts of SOx

and NOx compounds’ production during the thermogravimetric and pyrolysis analyses.

Thermal degradation of RW biomass

The thermogravimetric (TG) and derivative thermogravimetry (DTG) curves of RW biomass
samples at heating rates of 5 K min�1, 10 K min�1, 15 K min�1 and 20 K min�1 are presented in

42 Progress in Agricultural Engineering Sciences 18 (2022) 1, 33–59

Brought to you by Library and Information Centre of the Hungarian Academy of Sciences MTA | Unauthenticated | Downloaded 08/31/23 08:17 AM UTC



Figs 2a and 2b. The thermogravimetric analysis profiles under inert atmosphere (N2) of
P. sylvestris biomass obtained are similar to TGA profiles of several types of wood biomass
(Anca-Couce et al., 2020; Guida et al., 2017, 2020). The differences exist between this study and
other studies that are the nature of the biomasses utilized during the thermal characterization
and the composition of wood biomass analyzed. As mentioned above, lignocellulosic biomasses
are composed from cellulose, hemicellulose and lignin components. Figures 3a and 3b show that
P. sylvestris L. biomass is composed from three pseudo-components that are cellulose, hemi-
cellulose and lignin, and each pseudo-component has dissimilar temperatures of degradation. As
can be seen in Fig. 3a, the thermochemical degradation of RW biomass has been identified by
three thermal zones. As mentioned in Table 3, the first zone occurs in the thermal interval from
ambient temperature that is 301 K to around 430–465 K; this zone was linked to the moisture
loss and drying of the raw material ‘RW biomass’ with some light volatile components. The mass
loss rate in this first zone was approximately 4.72 wt%, which confirms the result obtained from
proximate analysis in characterization section, which showed moisture content of 4.8 wt%. The
main decomposition process, which relates to the degradation and devolatilization of cellulose,
hemicellulose and lignin, occurred in the second zone that is called ‘active zone’ in other studies
(Guida et al., 2021; Kumar Varma et al., 2019). This second zone has been ranged from 429 to
464 K to around 751–793 K (Table 3a), the mass loss of the main thermogravimetric analysis
was 73.11 wt%. After the main decomposition pyrolytic of cellulose, hemicellulose and some
lignin, a continuous and slow decomposition mainly ups to 900 K. This continuous and slow
degradation occurs in the third zone, which ranged from 751 to 793 K to around 891–897 K.
This third zone has been attributed to the degradation of the lignin component (Figs 3b and 3c)
and some of carbonaceous compounds ‘bio-char’ that are in the residues. The residual mass
obtained after 897 K was 21.47 wt% for this type of RW biomass. According to these results
obtained from this scientific study, it can be seen that temperature plays an important role in the
thermal decomposition of the RW biomass. Added to this and as mentioned in Fig. 2b, heating
rate is one the most important parameters that must be taken in consideration through thermal
degradation study of the biomass. Heating rates affect significantly the maximum degradation
rate, when the heating rate increases the maximum of decomposition rate increases, which
influences the initial and final decomposition temperatures (Table 3).

Fig. 2. TG and DTG curves of redwood at different heating rates
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As determined in Table 4, the second zone (zone II) can be divided into three stages, stage I,
stage II and stage III, which correspond to the initial and final temperatures of hemicellulose,

Fig. 3. (a) TG, DTG and conversion degree at 10 K min�1, (b) pyrolysis peaks of RW’s components and (c)
heat flow of RW at 10 K min�1
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cellulose and lignin decompositions. As ranging heating rates from 5 K min�1 to 20 K min�1,
the first stage occurred from 456 to 701 K, the second stage occurred from 489 to 807 K, while
the third stage has been ranged from 515 to 879 K. The second zone was the most important
zone of degradation. It was characterized by the production of large quantities of volatile
compounds. According to these results, several researches have been published on several types
of biomasses (Chen et al., 2015; Kumar Varma et al., 2019; Liew et al., 2021; Rout et al., 2016);
these works have shown that the profile decomposition of biomass is different and depends on
the nature of the raw material used. Kumar Varma et al. (2019), have mentioned that the most
important active pyrolysis ranges from 433 to 793 K. Chen et al. (2015), have shown in their
work that degradation temperatures of hemicellulose, cellulose and lignin ranged from 414 to
577 K, from 549 to 680 K, and from 653 to 861 K, respectively. Kaur et al. (2018) have shown
that the second zone, called ‘active zone’, refers to the decomposition of cellulose, hemicellulose
and lignin components. They mentioned that active zone occurs at temperatures ranging from
433 to 793 K (Kaur et al., 2018).

Activation energy determination

TGA curves were divided into three temperature stages (Figs 3a and 3b). Thermal kinetic
analyses of experimental results were limited to the stages of thermal decomposition of
hemicellulose, cellulose and lignin. The conversion degrees depending on the pyrolysis’
temperature and at heating rates of 5 K min�1, 10 K min�1, 15 K min�1 and 20 K min�1 have
been shown in Figs 4a–c. It can be seen that conversion degrees for cellulose, hemicellulose
and lignin pseudo-components increase with the temperature increase. The pyrolysis degra-
dation kinetics during the pyrolysis process of RW biomass has been studied by using
Friedman (eq. (5)), Flynn-Wall-Ozawa (eq. (9)) and Vyazovkin (eq. (11)) isoconversional
methods. At a wide range of degree of conversions ranging from 10% to 70% (0.1 ≤ x ≤ 0.7),

Table 3. Initial, maximal and final temperatures of the three zones of redwood’s decomposition

Zone I Zone II Zone III

Ti(K) Tm(K) Tf(K) Ti(K) Tm(K) Tf(K) Ti(K) Tm(K) Tf(K)

5 K min�1 300 351 429 429 597 751 751 778 891
10 K min�1 301 394 459 459 612 724 724 788 893
15 K min�1 301 364 461 461 622 774 774 818 894
20 K min�1 300 367 464 464 627 793 793 866 897

Table 4. Characteristic temperatures of hemicellulose, cellulose and lignin components of redwood

Stage I: hemicellulose Stage II: cellulose Stage III: lignin

Ti(K) Tm(K) Tf(K) Ti(K) Tm(K) Tf(K) Ti(K) Tm(K) Tf(K)

5 K min�1 456 571 693 489 620 761 515 766 801
10 K min�1 473 573 695 510 625 767 581 794 830
15 K min�1 475 574 699 511 634 802 701 810 848
20 K min�1 479 581 701 515 641 807 705 839 879
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with an increment of 5% (x 5 0.05) for the three stages, the activation energy’s values have
been calculated and determined.

Using the linear regression method, as indicated in Figs 5–7. The activation energy values
were calculated and determined from the fitted straight line’s slope (–E/R). For all values sets the
linear isoconversional plots of VYA, FR and FWO methods have resulted in a correlation co-
efficient (R2) higher than 0.95. The dependence of activation energy values (Ea) on the con-
version degree for thermal degradation process of cellulose, hemicellulose and lignin obtained
using isoconversional methods is shown in Figs 5–7d. The apparent activation energies have
values of 127.6–130.65 KJ mol�1 for hemicellulose, 173.74–176.48 KJ mol�1, and 197.21–200.36
KJ mol�1 for lignin decomposition of RW biomass. As shown in Table 5, the mean values
obtained from FR, FWO and VYA methods were ranging from 130.65 KJ mol�1 to 200.36 KJ
mol�1 for FR method, from 129.56 KJ mol�1 to 197.21 KJ mol�1 for FWO method and from
127.60 KJ mol�1 to 199.54 KJ mol�1 for Vyazovkin method. It can be seen that activation en-
ergies obtained from FWO and VYA methods give similar values, whereas, activation energy
values obtained from FR method were larger than those obtained by VYA and FWO. This

Fig. 4. Variation of conversion degree (x) as a function of temperature at different heating rates for (a)
hemicellulose, (b) cellulose and (c) lignin of redwood
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difference in energy of activation can be explained by the error of improper integration in VYA
and FWO equations, while FR method uses a very sensitive and instantaneous (dx/dt) rate
values. It should be noticed that FR method does not use any approximations, despite that, FWO
and VYA methods use some approximations and assumptions. Results obtained from this study
fit with several studies (Anca-Couce et al., 2014; Chen et al., 2015; Hu et al., 2016; Guida et al.,
2020). Anca-Couce et al. (2014) have worked on the determination consistent beech wood
biomass pyrolysis kinetics in parallel reaction scheme; they have shown that activation energies
obtained were 150.8–179.3 KJ mol�1 for hemicellulose, 177.4–190.2 KJ mol�1 for cellulose and
203–211.4 KJ mol�1 for lignin. According to this, Hu et al. (2016) studied the thermogravimetric
kinetic analysis of lignocellulosic biomass; they have shown that the mean activation energies
values for the three pseudo-components were 154.55–168.63 KJ mol�1 for hemicellulose,
188.14–206.71 KJ mol�1 for cellulose and 199.08–221.21 KJ mol�1 for lignin, respectively. Chen
et al. (2015) have derived activation energies of 175.71–201.6 KJ mol�1, 171.04–179.54 KJ mol�1

and 148.12–164.56 KJ mol�1 for lignin, cellulose and hemicellulose, respectively. Guida et al.
(2020) have worked on thermogravimetric analysis and pyrolysis studies of sawdust wood waste,
their results have shown that the mean values of activation energies were 168.34 KJ mol�1 from
FR method, 153.35 KJ mol�1 from VYA method and 168.84 KJ mol�1 from FWO method. From

Fig. 5. Regression linear for determining Ea of hemicellulose component by (a) FR, (b) FWO and (c) VYA,
(d) the dependence of Ea with the conversion degree (x)
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Table 5, and Figs 5–7, it can be seen that the energies of activations take the order Ea(hemi-
cellulose) < Ea(cellulose) < Ea(lignin), which can indicate that the activation energies for the
degradation of hemicellulose are the lowest than that of cellulose and lignin, this result is in
coincidence with the work of Cai et al. (2013). Cai et al. (2013) have studied the distribution of
model of activation energies for thermal degradation of lignocellulosic biomasses; they have
shown an average value of 237–266.6 KJ mol�1, 204.2–212.5 KJ mol�1 and 169.7–186.8 KJ mol�1

for lignin, cellulose and hemicellulose, respectively.

Determination of reaction order (n) and pre-exponential factor (A)

In this study, Avrami theory was used to determine reaction order (n) of hemicellulose, cellulose
and lignin decomposition. According to eqation (13), linear regression was used to deduce the
order of reaction for the three pseudo-components in three temperatures regions. All the three
regions of temperatures were ranging from 550 to 600 K, from 600 to 650 K and from 750 to
800 K for hemicellulose, cellulose and lignin, respectively. As can be seen in Figs 8a–c, for a
wide range of pyrolysis temperature T, the plot of ln(–ln(1–x)) versus ln(b) at different heating
rates of 5 K min�1, 10 K min�1, 15 K min�1 and 20 K min�1, could be fitted to a straight line,

Fig. 6. Regression linear for determining Ea of cellulose component by (a) FR, (b) FWO and (c) VYA, (d)
the dependence of Ea with the conversion degree (x)
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and the line slope corresponds to (–n). The corresponding values of correlation coefficient (R2)
and reaction order deduced from Avrami theory for hemicellulose, cellulose and lignin for
P. sylvestris RW biomass are listed in Table 6. As presented in Table 6, as the temperatures
increase, the reaction order varies depending on the pseudo-components nature. Firstly,
hemicellulose’s reaction order values have been increased from 0.14 to 0.26 with the temperature
increase from 550 to 600 K. It has been shown that hemicellulose reaction order increases with
the increasing of pyrolysis temperature. Secondly, a cellulose component has been characterized

Fig. 7. Regression linear for determining Ea of lignin component by (a) FR, (b) FWO and (c) VYA, (d) the
dependence of Ea with the conversion degree (x)

Table 5. Average value of Ea obtained for each component of redwood

Activation energy (Ea), KJ mol�1

Isoconversional methods Friedman FWO Vyazovkin

Hemicellulose 130.65 ± 10 129.56 ± 5 127.60 ± 2
Cellulose 176.48 ± 9 173.74 ± 2 175.28 ± 7
Lignin 200.36 ± 12 197.21 ± 5 199.52 ± 1
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Fig. 8. Regression lines to reaction order (n) proposed by Avrami theory for RW, (a) hemicellulose, (b)
cellulose, (c) lignin, and (d) the order variation versus temperature

Table 6. Reaction order and correlation coefficient deduced from Avrami theory for hemicellulose, cellulose
and lignin of redwood

Hemicellulose Cellulose Lignin

Temperature Order (n) R2 Temperature Order (n) R2 Temperature Order (n) R2

550 0.140 0.890 600 0.227 0.951 750 0.042 0.950
555 0.142 0.916 605 0.225 0.960 755 0.061 0.994
560 0.156 0.958 610 0.220 0.955 760 0.053 0.996
565 0.170 0.981 615 0.230 0.900 765 0.040 0.997
570 0.184 0.957 620 0.232 0.794 770 0.047 0.985
575 0.208 0.960 625 0.216 0.892 775 0.047 0.941
580 0.212 0.949 630 0.205 0.918 780 0.054 0.980
585 0.231 0.908 635 0.205 0.941 785 0.031 0.970
590 0.236 0.857 640 0.192 0.946 790 0.044 0.840
595 0.253 0.904 645 0.176 0.812 795 0.053 0.839
600 0.264 0.900 650 0.170 0.801 800 0.041 0.810
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Table 7. Pre-exponential factor (A) for hemicellulose, cellulose and lignin of redwood

Hemicellulose Cellulose Lignin

Conversion
degree (x)

Expo-factor (A)
3 10 12 s�1

Conversion
degree (x)

Expo-factor (A)
3 10 14 s�1

Conversion
degree (x)

Expo-factor
(A)3 10 16 s�1

0.10 0 0.10 0.10 0.10 3.070
0.15 0 0.15 0.12 0.15 3.076
0.20 0.089 0.20 0.14 0.20 3.115
0.25 0.357 0.25 0.18 0.25 3.173
0.30 0.535 0.30 0.20 0.30 3.269
0.35 0.892 0.35 0.22 0.35 3.270
0.40 1.160 0.40 0.184 0.40 3.307
0.45 1.517 0.45 0.20 0.45 3.450
0.50 1.607 0.50 0.162 0.50 3.461
0.55 2.5 0.55 0.142 0.55 3.470
0.60 1.428 0.60 0.12 0.60 3.500
0.65 2.5 0.65 0.17 0.65 3.557
0.70 1.696 0.70 0.28 0.70 3.692

Fig. 9. Variation of pre-exponential factor versus degree of conversion for components of RW, (a)
hemicellulose, (b) cellulose and (c) lignin
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by the increasing of reaction order to a maximum (temperature of 620 K) and then decreases
with the increasing the temperature of pyrolysis (up 650 K). The reaction order for cellulose was
increased from 0.22 to 0.23, and then decreased to 0.17 with the increase of pyrolysis tem-
perature from 600 to 650 K. Finally, the lignin component was characterized by an arbitrary
variation (Fig. 8d). All lignin reaction order values varied from 0.03 to 0.06 with the increase of
temperature from 750 to 800 K. The mean values of reaction order (n) calculated were 0.20 for
hemicellulose, 0.209 for cellulose and 0.047 for lignin components. Anca-Couce et al. (2020)
have worked on biomass pyrolysis TGA assessment with an international round Robin (Anca-
Couce et al., 2020). They have showed that reaction order (n) varies with the variation of heating
rates (from 1 K min�1 to 20 K min�1), and depending on the type of biomass and the pseudo-
components. They have concluded that the difference in compositions between hemicellulose,
cellulose and lignin influences the kinetic parameters and the thermal decomposition.

According to the Kissinger method (Kissinger, 1957), the eq. (15) was used which the aim to
determine the pre-exponential factor (A). Table 7 and Fig. 9 show the results obtained of pre-
exponential factor at different conversion degree (0.1 ≤ x ≤ 0.7) for pseudo-components of
redwood biomass. The mean values obtained for pre-exponential factor obtained were 1.093
1012 s�1, 0.173 1014 s�1 and 3.333 1016 s�1 for hemicellulose, cellulose and lignin, respectively.
This variation of pre-exponential (A) for the three components can be explained by the
aggregate and structure composition of the RW biomass and the difficult thermal decomposition
behavior of the cellulose, hemicellulose and lignin. Tabal et al. (2021) have worked on pyrolysis
of Ficus nitada wood biomass; they have determined kinetic parameters from thermogravimetric

Fig. 10. Master curves for theoretical Z(x)/Z(0.5) and experimental master curve for the degradation of
hemicellulose at 10 K min�1
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data of ficus wood biomass (Tabal et al., 2021). The mean values of pre-exponential factors have
been 1.123 1012 s�1, 1.143 1014 s�1 and 3.403 1014 s�1 for hemicellulose, cellulose and lignin,
respectively. Several researches have mentioned that the pre-exponential factor is proportional
to the energy of activation, and there are kinetic compensation effects between the pre-expo-
nential factor and the activation’s energy, that can be interpreted by a linear relationship (Tabal
et al., 2021; Anca-Couce et al., 2016; 2020).

Reaction mechanism of RW biomass’ components

The integral master-plots have been used to reveal and to estimate the kinetic models f(x) for
hemicellulose, cellulose and lignin’s RW biomass components. Figures 10–12 show the plot of
experimental and theoretical master plots. According to eq. (19), the associated expressions g(x)
and f(x) that are listed in Table 2 were used to plot master plots Z(x)/Z(0.5) versus degree of
conversion (x) for different mechanism. As can be seen, the comparison of experimental master
plots obtained at 10 K min�1 with the theoretical master plots, thermochemical degradation
models of hemicellulose, cellulose and lignin can be revealed and estimated. As can be seen in
Figs 10–12, the comparison between theoretical curves and experimental master curve for the
decomposition of RW’s three components indicates that hemicellulose can be described by the
D4 kinetic model, the cellulose compound can be described by D2 and the lignin component can
be associated to F3 kinetic model. Kumar Singh et al. (2021) and Tabal et al. (2021), have worked
on rice bowl and ficus nitida wood biomass, respectively. They have used master plots to
determine the kinetic models of hemicellulose, cellulose and lignin components; they have

Fig. 11. Master curves for theoretical Z(x)/Z(0.5) and experimental master curve for the degradation of
cellulose at 10 K min�1

Progress in Agricultural Engineering Sciences 18 (2022) 1, 33–59 53

Brought to you by Library and Information Centre of the Hungarian Academy of Sciences MTA | Unauthenticated | Downloaded 08/31/23 08:17 AM UTC



concluded that kinetic model f(x) that describes the thermochemical decomposition of biomass,
depends on the nature of the biomass through thermogravimetric analaysis process and the
percentage of cellulose, hemicellulose and lignin components, and ash percentage (Kumar Singh
et al., 2021; Tabal et al., 2021).

CONCLUSION

In this study, the thermal decomposition of RW biomass (P. sylvestris L.) was analyzed using the
thermogravimetric analysis study. The aim was to provide information about the possibility to
convert this type of RW to chemical raw products and to bio-fuel products. The thermal
analysis, kinetic modeling and thermochemical parameters were investigated using the ther-
mogravimetric analyzer under nitrogen flow at different heating rates of 5 K min�1, 10 K min�1,
15 K min�1 and 20 K min�1.

The pyrolysis of RW biomass has been characterized by three stages of decomposition, which
are hemicellulose, cellulose and lignin degradations. In an interval of conversion degree ranging
from 10% to 70% (0.1 ≤ x ≤ 0.7), kinetic analysis of this type of wood has indicated that the
average energy of activations for the thermochemical decomposition of hemicellulose, cellulose
and lignin components were 127.60–130.65 KJ mol�1, 173.74–176.48 KJ mol�1 and 197.21–
200.36 KJ mol�1, respectively. Through varied temperatures from 550 to 600 K for hemicellu-
lose, from 600 to 650 K for cellulose and from 750 to 800 K for lignin, the mean values of

Fig. 12. Master curves for theoretical Z(x)/Z(0.5) and experimental master curve for the degradation of
lignin at 10 K min�1
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reaction order (n) were 0.20, 0.209 and 0.047 for hemicellulose, cellulose and lignin, respectively.
The typical average of pre-exponential factor values (A) for three pseudo-components of red-
wood biomass were ranged from 0.083 1012 s�1 to 2.53 1012 s�1, from 0.103 1014 s�1 to 0.28
3 1014 s�1 and from 3.073 1016 s�1 to 3.693 1016 s�1 for hemicellulose, cellulose and lignin,
respectively. The probable kinetic models for the thermal decomposition of all three pseudo-
components of RW biomass were F3, D2 and D4 for lignin, cellulose and hemicellulose,
respectively.

From these kinetic parameters, it can be concluded that P. sylvestris RW biomass has
interesting properties and can be used as a renewable source of energy and as feedstock in bio-
fuels production.
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