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This study presents a comparative analysis of different kinetic models applied to the thermochemical pyrolysis of
palm empty fruit bunch (PEFB). The kinetic parameters, particularly the activation energy, are determined
through thermogravimetric analysis (TGA) of samples that underwent heating rates ranging from 10 to 50 °C/
min. Image analysis of PEFB in a hot-stage microscope reveals an intriguing correlation between the observed
shrinkage and the conversion rate («) and indicates that significant physical and chemical transformations

occurred within o between 0.2 and 0.8. The experimental data from TGA demonstrates good alignment with four
distinct kinetic models. The Coast-Redfern model gives activation energies ranging from 60 to 134 kJ/mol for
between 0.2 and 0.8. In contrast, the Kissinger model and the isoconversion models, Kissinger-Akahira-Sunose
and Ozawa-Flyn-Wall, show higher activation energy of 151, 156, and 157 kJ/mol, respectively. The findings
underscore the significant impact of the selected kinetic model on determining kinetic parameters.

1. Introduction

Global warming, caused by the emission of greenhouse gases, is an
urgent issue. Second-generation biomass made up of residues and
organic waste (Rousset, 2013; Beniche et al., 2021; Sounni et al., 2023;
Habchi et al., 2024), such as date palm empty fruit bunch (PEFB), offers
a promising alternative, both economically and environmentally, for
reducing the demand for fossil fuels to meet the world’s need for
transport fuel and certain basic chemical products (Ouhammou et al.,
2019; El Gnaoui et al., 2022; Ouhammou et al., 2022).

According to the Moroccan Ministry of Agriculture (Sedra, 2015), the
date palm sector in Morocco spans over 59,600 ha. Recent studies by
Agoudjil et al., (2011) and Ghnimi et al., (2017) reveal a potential for
over 2 million tons of waste from the exploitation of >200 million date
palms globally.

PEFB, in particular, is known to be composed of significant amounts
of cellulose, hemicellulose, and lignin, making it a valuable feedstock for
energy recovery through thermochemical conversion methods like py-
rolysis (Nasser et al., 2016; Raza et al., 2021; Lahboubi et al., 2022a;
Akinnawo et al., 2023).

Pyrolysis is a thermochemical process that converts biomass or
plastic waste into fuel in a deoxygenated environment, using high
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temperatures and specific heating rates (El Bari et al., 2024; Liang et al.,
2024). The pyrolysis of lignocellulosic biomass, such as PEFB, has
several advantages, as it produces green energy that is environmentally
friendly, not time-consuming, and increasingly economically competi-
tive with fossil fuels (Bensidhom et al., 2018). The pyrolysis of PEFB
results in the production of three products: bio-oil, biochar and a gas.
These products have the potential to be utilized in a variety of appli-
cations, including the production of biofuels, chemicals and energy. This
represents a promising method for converting agricultural waste into
valuable products, there by promoting the management of waste and the
production of renewable energy. In fact, the maximum yield of bio-oil is
typically around 40-45%wt, obtained at pyrolysis temperatures of
450-500 °C (Sutrisno and Hidayat, 2018; Nzihou et al., 2019; Al-Maari
etal., 2021). Bio-oil is a complex mixture of compounds, including acids,
aldehydes, ketones, alcohols, phenols, and oligomers. Ferreira et al.,
(2020) identified the main compounds present in the bio-oil as hex-
adecenoic acid methyl ester, nonane, hexadecenoic acid, and phenol.
The bio-oil displays a high antioxidant capacity due to the phenolic
compounds. Al-Maari et al., (2021) observed that the pyrolysis of PEFB
qualitatively yielded 44.37 % esters, 5.09 % phenols, 5 % carbonyls,
23.7 % acids, and 15.85 % hydrocarbons. The biochar yield is typically
25-30%wt and exhibits characteristics similar to sub-bituminous coal,
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with a calorific value of approximately 5000 kcal/kg (Handoko et al.,
2021; Ferreira et al., 2020; Makowska and Dziosa, 2024). The biochar
can be used in numerous fields, such as renewable fuel, metallurgy,
leisure industries, soil amendment, activated carbon, and electrode
production (Ferreira et al., 2020). The gas is a syngas, which is a mixture
of methane (13-17 %), hydrogen (28-33 %), carbon monoxide (17-26
%), and carbon dioxide (16-31 %) (Handoko et al., 2021). The calorific
value of syngas ranges from 2600 to 3300 kcal/Nm®, and it can be
employed as an energy source for the pyrolysis process itself or as a
feedstock for chemical synthesis, such as methanol (Handoko et al.,
2021).

The yields and compositions of the products depend on the pyrolysis
conditions, including temperature, heating rate, and residence time. In
order to ensure the effective and optimal utilization of PEFB as a raw
material, it is essential to gain a thorough comprehension of the inter-
relationship between these parameters, the pyrolysis process and its
associated kinetics.

Various kinetic models, including Ozawa-Flynn-Wall (OFW),
Kissinger-Akahira-Sunose (KAS) and Friedman have been used to
analyze the pyrolysis of PEFB. For instance, Fauziyah et al., (2024)
found activation energy values between 50.9 and 169.6 kJ/mol at
heating rates (p) of 5, 10, and 20 °C/min using methods such as Fried-
man, KAS, OFW, and Starink. Conversely, the study of Raza et al., (2021)
found activation energies ranging from 96 to 114 kJ/mol using the Coast
Redfern approach under similar heating conditions at a single heating
rate of 10 °C/min. In addition, Nyakuma B.B. et al., (2015) used the
OFW model over these three heating rates and found an average acti-
vation energy of 160 kJ/mol.

However, it is rare to find studies in the literature that analyze the
kinetics of PEFB specifically at heating rates of up to 50 °C/min and
compare the efficiency of the different models used.

In this context, and in order to provide a more comprehensive insight
into the pyrolysis process, especially at different and higher heating
rates, this study aimed to reveal new perspectives on the kinetic and
morphological evolution of PEFB. The investigation began by studying
the behavior of PEFB using thermogravimetric analysis (TGA) at five
different heating rates. The thermal behaviors, the shrinkage, the color
changes, and the morphological evolution during PEFB pyrolysis were
then observed using a hot stage microscope. Continuous monitoring of
shrinkage with increasing temperature provided good insights into the
physical and chemical changes of the PEFB. The research also included
an analysis of the kinetic model for PEFB pyrolysis. This involved
determining the activation energies and pre-exponential factor and
comparing the effectiveness of different models: Kissinger (Blaine and
Kissinger, 2012), Coats-Redfern (CR) (Ke et al., 2011), and Ozawa-
Flynn-Wall (OFW) (Phuakpunk et al., 2020). The strengths and limita-
tions of each model were evaluated in detail. The Kissinger-Akahira-
Sunose (KAS) isoconversion models were used in addition to the OFW
isoconversion method.

The results of this study can help fine-tune the necessary character-
istics of the pyrolysis reactor for this biomass and guide the selection of
influential parameters to optimize the yield and quality of the pyrolysis
products.

2. Materials and methods

2.1. Biomass: sample preparation and characterization

PEFB came from date palms in south-east of Morocco (Draa-Tafila-
let). A blinder was used to reduce the size of the substrate (size <5 mm).
Before being used, the substrate was kept at 5 °C. The total solid was
determined by drying the sample for 24 h at 105 °C. The method DIN
51732: 2014-07:L was used to carry out the ultimate analysis to
determine the composition of carbon, oxygen, nitrogen, and hydrogen.
Fiber contents (acidic detergent fiber, neutral detergent fiber, and acid
detergent lignin) were analyzed using a Gerhard Fibretherm cellulose

extractor, following the Weender method and the van Soest detergent
analysis method (Strauch et al., 2018). The fiber content allows hemi-
celluloses, cellulose, and lignin compositions to be determined (Elsayed
et al., 2018).

2.2. Experimental methods

2.2.1. Thermogravimetric analysis (TGA)

TGA was performed using a TA Instrument Q500. The sample,
weighing between 6 and 8 mg and cut into small pieces, underwent
heating rates of 10, 20, 30, 40, and 50 °C/min under a nitrogen flow rate
of 90 mL/min until the final temperature of 600 °C. The analysis was
conducted in a 100 pL platinum crucible.

2.2.2. Visualization of PEFB through hot stage microscope
A hot-stage microscope, allowing for the observation and analysis of
morphological transformations of PEFB materials experiencing
controlled temperature variation is used. This tool allows for the
monitoring of the biomass as it changes with time and temperature.
During the process, the sample was placed between two thin glass slides
in the hot-stage micro-reactor (Linkam cell THMS600) and positioned
under a Nikon optical microscope. To create an inert environment,
liquid nitrogen was used. The sample was then rapidly heated to 500 °C
at a rate of 150 °C/min using control software. A 22 mm diameter
heating plate with a 2 mm quartz disk served as the base for the sample.
The sample was observed using transmitted light captured from above at
5x magnification while being heated. A color video camera with a
resolution of 1200 x 1600 pixels was used to capture images based on
temperature and time (Dhahak et al., 2024).
From these images, the shrinkage ratio, S, is defined based on the
area by:
A(t)
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Where A(t) is the area at instantaneous time t and A, is the initial
area of the sample PEFB.

2.3. Modeling of kinetics

Kinetic analysis techniques can be categorized into two main cate-
gories: model fitting and isoconversion methods. Model fitting involves
identifying reaction kinetic model phenomena, while isoconversion
methods are used to determine the activation energy of a reaction at
different conversion levels (Soon et al., 2016).

In this study, intrinsic reaction rate coefficients for the pyrolysis of
PEFB under different heating rates are determined to Eq. (2) (Ahmad
et al., 2017) as follows:

da
e
Where t is the time, k(T) is the constant depending on the tempera-
ture T, and f(a) is the reaction model and shows the relationship be-
tween the reaction rate and the evolution of the conversion rate, a, given
by:
m; —mr

a=_— 4 3
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where m;, my and my are, respectively, the initial mass, mass at tem-
perature T and final mass of the sample.

The relationship between temperature and rate constants is defined
by the Arrhenius equation, formulated as follows:

k(T):Axexp<—%) 4)

Where E, is the activation energy, the ideal gas constant is R =



8.3145 Jmol~ ' K~ ! and the pre-exponential factor is A.

The pre-exponential factor A, also known as the frequency factor,
indicates the rate at which molecules collide during a reaction. Conse-
quently, it provides the frequency of molecular collisions with the
proper particle orientation and temperature for the reaction to proceed.

The primary kinetic model function utilized for biomass pyrolysis, as
proposed by (Gil et al., 2010; Xie et al., 2018; Matali et al., 2020) is given
by:

fla)=(1 —a)"# 5)

Where n is the kinetic order of the reaction.
By incorporating Eq. (2), (4), and (5), a new equation can be derived.

da/dt_Axexp< §T>><(1fa)”# (6)

Due to the dynamic nature of the data, samples are acquired at a
constant heating rate (f = dT/dt = constant), this is integrated into Eq.
(6). As a result, the rate expression can be reformulated into a non-
isothermal rate expression that characterizes the reaction as a function
of temperature at a constant rate, as follows:

da A Ea n
E:ﬁxexp<fR—T>><(1fa)# @

After rearrangement, the equation can be expressed as:

da A E,
e w)

Introducing the function g(a)

*  da Tr A
g(“):/o Ao ) p

It is important to highlight that for biomass pyrolysis, it is common to
assume a first-order reaction (n = 1) as the kinetic model (Anca-Couce
et al., 2014; Fauziyah et al., 2024). However, the present study aims to
take a more comprehensive approach by investigating the reaction or-
ders at n =1, 1.5, and 2. Studying these different reaction orders allows
the determination of the most appropriate order that best describes
PEFB pyrolysis process.

_ (% _da Fae
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2.3.1. Model-free kinetics: coats and Redfern approximation

This is a fitting method based on optimization of the reaction order,
A and E,. This approach is thoroughly explained in the literature (Naqvi
et al., 2019; Boukaous et al., 2021; Sidek et al., 2022). But in this
instance, as previously said, the first order was already considered for
biomass pyrolysis. This method is sensitive to measurement noise and
requires the results to be as accurate as possible.

The Coats and Redfern (CR) method can be derived from Eq. (8). For
a first-order reaction where n = 1, the primary kinetic model function
leads to:

fl@)=1-a
Then
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After integration, we obtain for T; = Tp =0 and Ty = T:
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For n = 1.5, Eq. (4) leads to:

fl@)=(1-a)'®
Then
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After integration, for T; = To = 0 and T; = T, we obtain:
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For second order n = 2, Eq. (5) leads to:
fl@)=(1-a)
Then,
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After integration, we obtain, for T; = To =0 and Ty = T:
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of 1/T, respectively,n=1,n=1.5, and n = 2, yields a linear relationship

with a slope of Eo/R. Eq. (9) is solved between [T;; T7] for the five heating

rates. The term % is often disregarded in the literature. Based on

various heating rates, average values for the parameters E, and A are
determined.
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2.3.2. Kissinger method

Kissinger’s method is widely used in the analysis of solids and the
decomposition of liquids under non-isothermal conditions. Developed
by Kissinger, this model-free approach offers a means to determine the
activation energy (E,) of a system by examining the variation of the
maximum temperature of the exothermic peak Ty, as a function of the
heating rate.

The pyrolysis reaction is regarded as a single reaction for biomass
degradation, generating bio-oil, gas, and bio-char. The Kissinger rela-
tionship can be simplified as follows:

B AR\ E,
(L) ~n(25) - an

m

where T, is the maximum temperature of the ‘é—‘[’ curve associated with
the maximum reaction rate, and f is the heating rate.

This method allows the activation energy value to be obtained from
the slope In T2> as a function of 1/T for a series of experiments at

different heating rates, .

2.3.3. Iso-conversional modeling of TGA results: Kissinger-Akahira-Sunose
method (KAS) and Ozawa- Flynn-Wall method (OFW)

2.3.3.1. Ozawa- Flynn-Wall (OFW) method. The OFW method is one of
the linear integral methods and is derived from the Doyle approximation
(Zhong et al., 2024). It is formulated by the following equation:



Inp = ln{ AE, (13)

Rg(a)

It is used to obtain the apparent activation energy E, from a natural

log plot of heating rates, In $, as a function of 1/T, which represents the

linear relationship with a given conversion value at different heating
rates.

E,
} —5.335 - 1.0516<R—T) #

2.3.3.2. Kissinger-Akahira-Sunose method (KAS). Iso-conversion
methods are widely used to study kinetic parameters. The KAS method,
inspired by the Kissinger method, is reputed to be excellent for man-
aging the complexity of the biomass decomposition reaction, unlike the
Coats-Redfern method. KAS is based on the assumption that, when the
value of the reaction rate is constant, the activation energy is a function
of temperature only. These temperatures are given experimentally for
this study at 10, 20, 30, 40, and 50 °C/min.

Following the integration and reorganization of (5), the KAS method
can be expressed as follows:

B AR E,
n(52) e ] a

a
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Where g is a complex integral function. Plotting In (%) is as a
function of % The integral reaction mechanism g(a) indicates that the
limiting step of the reaction is chosen on the basis of the best-fit data
with the correlation coefficient, R close to one.

The activation energy (Ea) and pre-exponential factor (A) were
determined through the application of the Kissinger, CR and iso-
conversion methods (OFW and KAS). In each method, Ea was derived
from the slope, while A was obtained from the y-intercept of the cor-
responding equation.

The kinetic parameters were evaluated by plotting I[n {%} ,

In (ﬂ) , Inp, and In <fa> plotted against the inverse of temperature in

Kelvin (1/T), respectively, for each method for biomass at different
heating rates (Lim et al., 2016; Madany et al., 2023).

Thus, the slope line is used to calculate the value of Ea as a function
of the conversion rate («) and heating rate (f).

Although the Kissinger, KAS, and OFW kinetic models are known for
their simplicity, they are often criticized for being too general. In
contrast, the CR model produces superior qualitative outcomes, but its
main drawback is its high complexity.

3. Results and discussions
3.1. Experimental results

3.1.1. Biomass characterization: proximate analysis and ultimate analysis

The proximate and ultimate analysis of PEFB are presented in Table 1
(Lahboubi et al., 2022b). Ultimate analysis of PEFB revealed a high
proportion of carbon (40.3 %), followed by oxygen (47 %) and hydrogen
(6.4 %). These findings are consistent with those reported in the liter-
ature (Sembiring et al., 2015; Fauziyah et al., 2024).

The results of the proximate analysis demonstrated that the pro-
portion of cellulose, hemicelluloses and lignin were found to be 16 %,
9.5 %, and 9.4 % respectively. The results differ slightly from those in
the literature, primarily due to the drying time (24 h) and the drying

Table 1
Proximate and ultimate analysis of PEFB.

temperature (105 °C), which resulted in a high ash content. For
example, Yiin et al., (2018) reported a drying temperature of 80 °C for
18 h, resulting in a hemicellulose content of 26.9 %, a cellulose content
of 26.6 %, a lignin content of 25.4 %, and an ash content of 21.1 %. Idris
et al., (2021) demonstrated that the application of drying at 100 °C for
12 h resulted in the production of a material comprising 51.2 % cellu-
lose, 20.3 % hemicellulose, 25.4 % lignin, and 3.1 % ash.

3.1.2. Thermogravimetric analysis (TGA)

Fig. 1 shows the TGA (a), the derivative of the thermogravimetric
curve DTG (b) and the conversion rate (c) curves of the pyrolysis of PEFB
as a function of temperature. The DTG curves fitted with nonlinear least
squares method for PEFB at 50 °C/min are presented in Fig. S1. The
biomass conversion rate noted « is calculated using Eq. (3).

The pyrolysis process of PEFB exhibits three distinct stages of weight
loss at different heating rates, which is consistent with previous studies
on the pyrolysis of other biomass materials (Chong et al., 2020; Patrick
et al., 2020; Fauziyah et al., 2024). This suggests a common pattern in
the pyrolysis behavior of such materials. The first stage, which occurs at
around 100 °C, corresponds to the evaporation of water and light
components from PEFB, resulting in a 5.5 % mass loss and a conversion
rate between 0 and 0.1. The second stage involves the degradation of
cellulose and hemicellulose. The first peak of hemicellulose degradation
occurs at a temperature below 200 °C, due to its low-level polymeriza-
tion structure, while the second peak varies depending on the heating
rate, with a conversion rate between 0.33 and 0.36 for the different
heating rates. Specifically, at a heating rate of 10 °C/min, the maximum
peak temperature is around 287 °C; at 30 °C/min, it is 302 °C; and at
50 °C/min, it is 314 °C. The degradation of cellulose varies with the
heating rate, as evidenced by the highest peak. The conversion rates of
the maximum degradation of cellulose range from 0.67 to 0.69 for the
different heating rates. It should be noted that this minimal variation in
conversion rates between the beginning and end of the degradation
process, with rates of 0.33-0.36 and 0.67 and 0.69, is due to the effect of
the reduced thermal inertia of the PEFB. This increases the degradation
of the cellulose when more heat is provided. As the heating rate in-
creases, the DTG peak also increases. For instance, at a heating rate of
10 °C/min, the maximum DTG is at 335 °C; at 30 °C/min, it rises to
349 °C; and at 50 °C/min, it reaches 361 °C. Cellulose decomposition
involves depolymerization, dehydration, decarboxylation, and aroma-
tization. The third stage, which is the longest decomposition stage,
ranges from 250 to 600 °C. This slow degradation of lignin is due to its
complex structure and thermal stability, resulting in residual masses
varying between 19 % and 24 % for all heating rates.

3.1.3. Visualization of empty fruit bunch through hot stage microscopy

The thermal characteristics of PEFB can be analyzed through
shrinkage measurements using a hot stage microscope. This technique
demonstrates the gradual evolution of PEFB during thermal decompo-
sition, providing valuable insights into its behavior and color changes
throughout this process. Images in Fig. 2 (a, b) depict a PEFB sample
before and after pyrolysis. The process starts with a slight shrinkage at
178 °C, followed by the onset of darkness around 230 °C. As the tem-
perature increases, a notable shrinkage occurs around 300 °C, indicating
significant structural changes within PEFB.

Finally, the sample reaches complete darkness at 366 °C, signifying
the completion of the carbonization reaction, while the PEFB continues
to shrink. In Fig. 2, S ratio, DTG, and conversion rate « are plotted as a
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Fig. 1. Thermal evolution of (a) weight, (b) DTG and (c) conversion rate at
heating rates 10, 20, 30, 40, and 50 °C/min for PEFB.

function of temperature. The curves of conversion rate and S present the
same behavior. The conversion rate o, which ranges from 0.2 to 0.8,
coincides with the beginning of biomass shrinkage, indicating that sig-
nificant physical and chemical transformations (Dhahak et al., 2024)
occur within this range of conversion rate. Significantly, the onset of
increased shrinkage corresponds with the maximum decomposition of
the second peak of hemicellulose at around 300 °C. This synchronization
highlights a crucial stage where significant changes occur, marking an
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Fig. 2. Images of PEFB before (a) and after (b) pyrolysis in the hot stage mi-
croscope at 150 °C/min. (c) DTG and conversion factor as a function of tem-
perature at 50 °C/min combined with shrinkage ratio from image analysis.

important point in the conversion process.

3.2. Evaluation and discussion of the kinetic parameters of PEFB

3.2.1. Model-free kinetics: coats and Redfern (CR) approximation

The Coats and Redfern model was used to study the pyrolysis of PEFB
at different chemical reaction orders (n = 1, n = 1.5, and n = 2), using
the linear regression analysis presented in Fig. 3 and Table S1 for each
case. Table S3 in the supplementary material presents data for the
activation energy, pre-exponential factor and R? correlation coefficient
for different heating rates and conversion rate ranges from the analysis
of these linear regressions.

When examining chemical reaction models of different orders (n =1,
1.5, and 2), Coast and Redfern’s model was found to be inadequate for
the full range of conversion rates between 0 and 1. The model CR pro-
duced the correlations coefficient and average activation energies of E,
=16.74 kJ/mol (R2 =0.8487) and A = 4.406 min~! forn=1, 22.95 kJ/
mol (R% = 0.8822) and A = 651.33 min~! forn = 1.5, and E, = 28.81 kJ/
mol (R% = 0.7656) and A = 270.29 min~! forn = 2, which are considered
too low. Despite its simplicity, this model provides valuable insights into
the evolving reaction mechanisms during pyrolysis at different conver-
sion rates.

In the context of conversion rates ranging from O to 0.2, character-
ized by low activation energies and pre-exponential factors, the
observed values average at E, = 8.45 kJ/mol with A < 0.21 min~! for n
=1, E, = —2.59 kJ/mol with A < —0.054 min~'for n = 1.5, and E, =
9.90 kJ/mol with A < 1.61 min~! for n = 2. This behavior can be
attributed to the absence of significant degradation in this phase, which
is primarily associated with dehydration processes.

In the conversion rate range of 0.8 to 1, particularly for reaction
orders n = 1.5 and n = 2, there is a notable increase in activation en-
ergies. Specifically, there is an increase to E, = 118.37 kJ/mol with an
average R? of 0.8073 and A = 5.43x10'! min~! for n = 1.5, and an in-
crease to E, = 78.08 kJ/mol with an average R? of 0.8084 and A =
2.04x107 min~! for n = 2 in this range. These increased activation en-
ergies are associated with the degradation of lignin, a compound known
for its complex structure that requires higher temperatures for efficient
breakdown.

It should be noted that, at order n = 1, the model used is unable to
accurately evaluate the lignin degradation process. This results in a
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Fig. 3. Coats Redfern regression line reference for conversion rate range 0.2 <
o < 0.8 at different reaction order, (a) n =1, (b) n =1, and (¢c) n = 2.

decrease in activation energy to an average of E, = 9.84 kJ/mol with R?
of 0.8689.

This study focuses on the interval where mass degradation exceeds
60 % to refine the CR and KAS models. The aim is to enhance the cor-
relation by restricting the study area, ensuring a robust correlation co-
efficient of R > 0.9. The findings reveal a significant rise in activation
energy within the conversion rate range of 0.2 < o < 0.8. Additionally,
exceptional R? correlation coefficients exceeding 0.9877 were observed

across all five heating rates. Table 2 presents the temperature ranges for
this conversion rate range at different heating rates.

Using the first-order chemical reaction model (n = 1), the range of
activation energies is determined between 49.121 and 52.599 kJ/mol
for 0.2 < a < 0.8 with a robust coefficient R®> between 0.9877 and
0.9923. These findings are in line with previous research, as demon-
strated by Soon et al., (2016). They found that E, for palm leaves varied
between 29.05 and 64.60 kJ/mol for heating rates ranging from 10 to
50 °C/min. The pre-exponential factor, in this study, increases with
higher heating rates, ranging from 4.6 x10°% to 8.86 x10% min~!, be-
tween 10 and 50 °C/min, respectively. The CR model easily overcomes
the complexity of the reaction with lower pre-exponential
factors A < 10® because it takes into account, in the formula, small
variations in the conversion rate. It also shows a low molecular collision
during the reaction taken at each small variation in the conversion rate.

In the chemical reaction model at order n = 1.5, within the range 0.2
< a < 0.8, anotable increase in activation energies is observed, varying
from 58.395 < E, < 63.368 kJ/mol, accompanied by a strong correlation
coefficient ranging between 0.9682 < R? < 0.9826. The associated pre-
exponential factor falls within 3.13 x10° < A < 1.22 x10° min~!.

The CR model of order n = 1.5 emerges as the most suitable,
providing a comprehensive explanation of the reaction mechanism. The
conversion rate between 0 < o < 0.2, with the E, being low, between
—4.076 < E, < 3.995 kJ/mol, shows the absence of hemicellulose and
cellulose degradation at this phase, and confirms that there was just
dehydration. The model also confirms that hemicellulose and cellulose
degradation actually take place at phase 2 for 0.2 < a < 0.8. It finally
shows that lignin requires a high activation energy and is actually totally
degraded during this phase, hence an E, between 101.44 < E, < 134.52
kJ/mol.

The model of the chemical reaction of the second order (n = 2)
shows, unlike the order n = 1.5, that part of the line is degraded in phase
2 for the conversion rate 0.2 < a < 0.8, which implies an increase in the
activation energy in this phase between 65.627 < E, < 75.045 kJ/mol
with an R? of 0.963 < R? < 0.9725 and a pre-exponential factor of
8.49x10% < A < 3.14x10° min~!. As part of the lignin is degraded in
phase 2, we see a drop in the activation energy. Therefore, for conver-
sion rates, a > 0.9. Table 3 compares the E, in the literature with the E,
in this present study. (See Table 4.)

3.2.2. Kissinger method

The Kissinger method provides a unique value for the activation
energy as it is obtained at the point of the maximum derivative of the
thermogravimetric (DTG) curve, which represents the overall reaction
process and is consistent across the five heating rates. However, it is
important to note that the Kissinger method may not fully elucidate the
complexity of the reaction mechanism (Colpani et al., 2022).

The temperature peaks were identified by analyzing the DTG peaks
shown in Fig. 1(b). Table 3 displays the regression equations, correlation
coefficients (Rz), activation energies (E,), and pre-exponential factors
(A). These values were calculated using the slope of —18,199.2 and y-
intercept of 19.689 of the regression lines in Fig. 4. The Kissinger
method was used to determine an activation energy of E, = 151.31 kJ/
mol and a pre-exponential factor of A = 1.85E+15 min~!, with a fairly
robust correlation coefficient of R2 = 0.966, showing that the Kissinger

Table 2
Range of conversion rate used in the study.
p (°C/min) T (°C)
o =1[0.2;0.8]
10 259; 347
20 263; 350
30 273; 363
40 279; 368
50 279; 379




Table 3

Activation energy from the present study and comparison with literature.

Coats and Redfern (CR) Approximation

Feedstocks E, (kJ/mol) E, (kJ/ E, (kJ/ References
n=1 mol) mol)
n=15 n=2
PEFB [46.27; [53.941; [65.627; This study
02<a< 52.569] 63.352] 75.034]
0.8)
p = {10; 20;
30; 40;
50 °C/min}
Date palm fiber 58.07 78.72 98.93 (Raza et al.,
02<a< 2021)
0.8)
p = {10; 20;
30; 40 °C/
min}
PEFB 17.24 40.2 60.41 (Wang et al.,
0O<a<l) 2022)
p = {5; 10;
20 °C/min}
PEFB [30.15; 31.44] - [50.59; (Sidek et al.,
(02<a< 51.26] 2022)
0.8)
p=<5; 10;
15 °C/min}
Kissinger Method
Feedstocks Catalysts E, (kJ/mol) References
PEFB - 151.31 This study
Rice husk Zeolith 153.10 (Loy etal., 2019)
Nickel 199.9
beechwood and - ~183.81 (Abdelouahed
flax shives et al., 2017)
Ozawa- Flynn-Wall method (OFW)
PEFB - 153.69 This study
PEFB - 65,12-122,83 (Fauziyah et al.,
Clam shell 66.25-119.79 2024)
Tithonia Zeolite 105-151.4 (Bhuyan et al.,
diversifolia (HZSM-5, Co/ 2024)
ZSM-5 and Ni/
ZSM-5)
Table 4
Kinetic parameters of PEFB by iso-conversional methods KAS and OFW.
Kissinger Method OFW Method
E, (kJ/ A R? E, (kJ/ A R?
mol) mol)
Tinax du 6.23
DTG 151.31 1.85E+15 0.9669 153.69 E+21 0.971
Alpha
(o) KAS iso-conversion OFW Method isoconversion
1.29 4.24
0.2 125.603 E+12 0.9102 141.522 E+21 0.8804
1.84 2.36
0.3 147.744 E+13 0.9101 162.901 E+23 0.9203
6.72 1.90
0.4 156.806 E+13 0.871 165.004 E+23 0.9117
1.28 6.49
0.5 163.225 E+14 0.851 163.28 E+22 0.9161
2.77 1.79
0.6 157.854 E+13 0.8489 159.319 E+22 0.9249
1.92 6.47
0.7 157.28 E+13 0.8577 155.682 E+21 0.9239
3.66 8.53
0.8 186.014 E+15 0.7348 147.167 E+20 0.8849
1.98
0.9 - - - 161.343 E+21 0.6091
5.60 6.53
Means 156.360 E+14 0.854814 157.027 E+22 0.871

model fits well with the devolatization of PEFB

. The value of the
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Fig. 4. Kissinger plot of PEFB.

activation energy is close to the results of Mohamed et al., (2020) work,
which found E, = 167 kJ/mol without the addition of a catalyst, as in
this study, at a heating rate of between 10 and 40 °C/min. This seems to
indicate that heating to 50 °C/min slightly reduced the activation energy
from 167 to 151 kJ/mol.

The higher pre-exponential factor A, of the order of 10 E415 above
the average of 10 E+14, indicates that PEFB has a complex composition
that requires different levels of energy at different stages of thermal
degradation, as will be elucidated by the KAS and OFW isoconversion
methods. It also reflects higher molecular collisions (Yuan et al., 2017;
Chong et al., 2019).

The activation energy values obtained using the Kissinger method
are consistent with those obtained by the OFW and KAS methods, which
are 156 and 157 kJ/mol, respectively. The pre-exponential factor value
is also within the expected range.

3.2.3. KAS method

Table S4 summarizes the activation energies, pre-exponential fac-
tors, and correlation coefficients for different conversion rate ranges and
heating rates evaluated using the KAS method.

This analysis reveals several very strong overall correlations with the
experimental data, with R? values >0.98 for all conversion rate ranges.

Additionally, the activation energy shows a slight increase with
increasing heating rate, particularly in the conversion rate range of 0.2
< a <0.8. This range is associated with the degradation of hemicellulose
and cellulose, where the activation energy falls between E, = 9.547 and
Ea = 9.973 kJ/mol for all five heating rates. The R? values in this range
are exceptionally high, exceeding 0.9995, and the pre-exponential co-
efficient A below 3.59 x10~2 min~!. Despite the strong correlation, the
low activation energies suggest that the generalized KAS model may not
accurately describe the data across the entire range of conversion rates.
In order to overcome these limitations and provide a more compre-
hensive kinetic analysis, it was decided to plot isoconversion curves,
thus ensuring objectivity and precision in the analysis (Sheng Yong
et al., 2023).

3.2.4. Iso-conversional models: Kissinger-Akahira—Sunose method (KAS)
and Ozawa- Flynn-Wall method (OFW)

Table 3 presents the activation energies, pre-exponential factors, and
correlation coefficients at various conversion rates, by fixing a conver-
sion rate. Fig. 5 shows the linear regression lines derived from the data,
and table S2 presents the linear regression equation, providing a visual
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Fig. 5. (a) KAS and (b) OFW plot of PEFB for different values of conver-
sion rate.

representation of the relationship between the kinetic parameters and
conversion rates. (See Fig. 6.)

At conversion rates of 0.1 and 0.9, we obtained low E, values of
around E, = 7.27 kJ/mol with poor R? values of around 0.066, which

180 |-
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Fig. 6. Activation energy of PEFB at different conversion rates from KAS and
OFW models.

shows that there is no degradation of the material at these phases.

Furthermore, as the degree of conversion increases, the activation
energy also rises, as demonstrated by the findings of Wang et al., (2022).
In fact, materials that have been exposed to high temperatures usually
require more energy to be released. Therefore, the higher conversion
levels require increased activation energy, indicating a more complex or
energy-intensive process. This process may involve the breaking and
formation of new chemical bonds or structural rearrangements within
the material (Soltani et al., 2023).

Additionally, the activation energies calculated for PEFB using the
OFW and KAS models remain relatively constant within the conversion
range of 0.2 < a < 0.8. For the KAS model, the activation energy values
fall within the range of E, = 126 and 186 kJ/mol, while for the OFW
model, the range is between E; = 142 and 165 kJ/mol. Fauziyah et al.,
(2024), who studied PEFB at lower heating rates of 5, 10, and 20 °C/mol,
and found that the OFW and KAS method yielded lower activation en-
ergies, with values ranging from 65.12 to 122.83 kJ/mol and 54.42 to
102.65 kJ/mol, respectively. While Mohamed et al., (2020) employed a
heating rate of 40 °C/min with the OFW model, the resulting activation
energy was found to be consistent with that identified in this research,
with a value of Ea = 177.68 kJ/mol. Thus, it can be concluded that an
increase in the heating rate will result in an elevated activation energy.
The pre-exponential factor demonstrates a global increase in value, with
arange of 1.29 x 102 to 3.65 x 10'®> min ™! for the KAS model and 8.53
x 10%° t0 2.36 x 10?2 min~?! for the OFW model. It is notable that the
KAS and OFW models yield particularly high A values in excess of
10E+20. It is evident that PEFB is capable of incorporating a multitude
of complex pyrolysis reaction processes across a range of conversion
rates. R? values also consistently increase, falling within the ranges of
0.7348 < R? < 0.9102 for the KAS model and 0.8804 < R* < 0.9203 for
the OFW.

Interestingly, the activation energy increases considerably as the
degree of conversion reaches higher levels. For KAS, the activation en-
ergy reaches up to 186.014 kJ/mol at 80 % conversion, while for OFW, it
reaches 161.346 kJ/mol at 90 % conversion (as shown in Fig. 5). This
increase in activation energy may be related to the decomposition of
lignin, which contains stiffer carbon-carbon bonds that require more
energy to be cleaved (Wang et al., 2017).

Fig. 5 shows a slight decrease in activation energy between the
conversion rates of 0.5 and 0.6. This may be due to the completion of
cellulose degradation just before the onset of lignin degradation. Acti-
vation energy represents the minimum energy required for a reaction to
occur, and a decrease in E, suggests that less external energy is needed to
overcome the energy barrier, allowing the pyrolysis process to proceed
more readily (Wang et al., 2017; Agrizzi et al., 2024).

It should be noted that the decomposition of cellulose occurs in
multiple stages, which may explain the decrease in activation energy
after a peak at 0.5 conversion rate. Chong et al., (2019), suggest that the
decomposition of cellulose at lower temperatures involves at least three
distinct stages, each with one or more reactions. The first stage is an
endothermic process at around 220 °C. This leads to the formation of
‘anhydrocellulose’ by intermolecular dehydration. The second reaction
takes place at around 280 °C. This is more endothermic than the first
reaction and results in the formation of levoglucosan, the primary tar
compound. The mechanism for the formation of levoglucosan has been
established as a depolymerization reaction of 1,4-anhydro-a-p-gluco-
pyranose (Richter and Rein, 2020).

3.2.5. Comparison of the different mathematical models studied for
different heating rates

The analysis of the three models studied in this work, within the
conversion rate range of 0.2 < a < 0.8, is presented in Table S3. The CR
model for the first model (n = 1) does not achieve high accuracy due to
the low activation energies and pre-exponential factors. This is because
these values are evaluated solely based on the reaction rate, which is a
function of the concentration of a single component (cellulose,



hemicellulose, or lignin). However, the accuracy of the reaction mech-
anism improves for n # 1 (1.5 or 2), as the reaction rate becomes pro-
portional either to the square of the concentration of one component or
to the concentration of the interaction of at least two components. The
order n # 1 aligns the results of the CR model with the KAS and OFW
models, which yield higher values. Therefore, the activation energies
range from 60 to 134 kJ/mol, which is similar to the averages obtained
with the KAS and OFW models, which are 156 and 157 kJ/mol,
respectively. In addition, the CR model shows that the activation energy
of the reaction is not significantly affected by the variation in heating
rate. However, it does increase the number of molecular collisions, as
indicated by the pre-exponential factor. All three models (CR, KAS, and
OFW) consistently show that the activation energy increases as the
temperature increases, corresponding to the degradation of the more
thermally stable components. This suggests that the three models are
complementary and jointly suitable for describing the pyrolysis of PEFB.

4. Perspectives and challenges

The study yielded encouraging findings regarding the potential of
PEFB to be converted by pyrolysis for bioenergy. The activation energy
of PEFB is low, averaging no >153 kJ/mol for the four kinetic models,
even in the absence of a catalyst and without delignifying the raw ma-
terial through pre-treatment. It can therefore be employed for cost-
effective industrial production that is less energy-intensive and envi-
ronmentally friendly (Junsittiwate et al., 2022).

Nevertheless, it would be enlightening to observe the collective
impact of delignification and the incorporation of catalysts, such as
zeolite, on the kinetics of PEFB pyrolysis. As demonstrated by Loy et al.,
(2019), the addition of zeolite can reduce the pyrolysis activation energy
of a feedstock to a value exceeding 30 kJ/mol. Similarly, Idris et al.,
(2021) illustrates that the delignification process can also result in a
reduction of this activation energy to a value exceeding 40 kJ/mol.

5. Conclusions

This study investigated the behavior of PEFB constituents during
pyrolysis, as indicated by kinetics, TGA, and shrinkage analysis. The
results provide insights into the optimal degradation temperature and
the devolatilization temperature range of components of PEFB, namely
hemicellulose, cellulose, and lignin. The Coast-Redfern model was found
to be a good fit for the kinetic reaction at orders n = 1.5 and 2. The
Kissinger, KAS and OFW models were used to evaluate each stage,
providing a general view of the reaction. The four models exhibited
relatively low average activation energies, with values ranging from 70
to 151 kJ/mol. This indicates that PEFB can be employed for the pro-
duction of biofuels with minimal energy requirements and that it is
environmentally friendly.
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