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Abstract
In the last decades, one of the most ordinary challenges that countries of Southern Europe face is the management of wastes 
and by-products of olive oil production activities which are disposed into the environment and contribute to the enhancement 
of major ecological issues due to their organic loads. Exploitation of these olive residues wastes by thermochemical treat-
ment has been proved a very popular way to generate a wide range of valuable products. In this concept, this work studies 
the thermal decomposition process of olive stone samples using thermogravimetric analysis (TGA) data obtained under inert 
atmosphere at various heating rates (5–20 °C) and their kinetic analysis conducted via model-free and model fitting methods. 
The changes in the crystal structure for various pyrolysis temperatures of the sample were examined by X-ray diffraction 
analysis (XRD), while the morphological characteristics were examined by scanning electron microscopy (SEM). Results 
indicated that the thermal behavior of olive stone sample was a typical one for a lignocellulosic material with the first mass 
loss being attributed to moisture removal while the following stages were assigned to lignocellulosic degradation substances. 
Vyazovkin (VYA) isoconversional method was performed to estimate effective activation energy (Ea) and the pre-exponential 
factor, while using a model fitting method the best fitting results were obtained by a three independent parallel reactions 
model, obeying the nth order with Fn code and described by the f(α) = (1 − α)n equation.
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Introduction

Worldwide 900 million olive trees are cultivated over 10 
million hectares with the 98% of them are estimated to be 
located in the Mediterranean region. Spain is the biggest 
olive-oil-producing country with an average annual output of 
9.8 million tons of olive while Greece is the third country in 
the world in the production of olive oil after Italy. Olive oil 
production is an activity particularly developed in Greece for 
many centuries, but even today it maintains a leading role in 
the economy of the whole country [1, 2]. Greek production 
originates by the approximately 130 million cultivated trees 
and accounts about 15% of the world production. Each olive 
tree produces 15 to 40 kg of olives/year depending on the 
climate conditions [3]. It is therefore understood that large 
quantities of wastes generated after the procedure of pruning 

trees and harvesting fruit remain practically unused, and this 
is unsolved issue with significant environmental impact [4, 
5]. In particular, the by-products created by this activity can 
be classified into solid wastes (untreated olive stone, olive 
flesh), known as “olive cake,” obtained after extracting the 
oil from the fruit and liquid wastes (mill effluent). The deg-
radation of these by-products is a difficult procedure due to 
their contents which is abundance in phenolic components 
[6].

In the last decades, biomass materials have attracted 
research interest due to their composition and physicochemi-
cal characteristics, and for this reason, they have being thor-
oughly studied. In general, biomass can be classified into 
three main categories, namely energy crops, agricultural 
wastes and forestry residues which consist an alternative 
source of heat and power production through many conver-
sion processes [7]. This energy source “provide” a potential 
to minimize fossil fuel dependence becoming a promising 
solution in sustainability issues worldwide [8]. In addi-
tion, considering the advantages of biomass such as being 
renewable, cheap, not adding new CO2 in the atmosphere, 
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feasibility and high availability around the word set its use 
as it highly competitive to fossil fuels [9–11]

Combustion, gasification and pyrolysis are some biomass 
thermochemical conversion processes that suggest a viable 
option in the reduction of pollutants by wastes disposal 
and for energy production [12]. Among these processes, 
pyrolysis has attracted much interest since it succeeds to 
convert biomass into bio-oil, biogas and carbonaceous char 
products oriented for several applications. Pyrolysis occurs 
in the absence of oxygen and includes complex reactions 
defined by several parameters such as heating rate, parti-
cle size composition of biomass and temperature [8, 13]. 
Pyrolysis kinetics can be studied by several methods. One 
of the most common techniques used to study the degrada-
tion behavior of biomass during pyrolysis process is thermo-
gravimetric analysis (TGA) which monitors mass loss data 
by either isothermal or non-isothermal pyrolysis processes 
[14]. Dynamic solid state kinetic analysis can be obtained 
either by model-free or by model fitting methods. The model 
fitting methods are considered to be approximate, while they 
are based on the assumption that all kinetic parameters are 
constant during the reaction progress for every individual 
step and the thermoanalytical signal is the sum of the signals 
of the single reaction step [15]. In the model-free methods, 
multiple TGA experiments at different heating rates are per-
formed and the kinetic parameters are calculated in progres-
sive degree of conversion (α) without evaluating the reaction 
model f(α).

Determination of the pyrolysis kinetic mechanism is 
a critical task to fulfill in the effort to guide the process 
toward favorable products, increase reaction efficiency, 
promote feasibility and, thus, assist the design and opti-
mization of large-scale reactors. Regarding available lit-
erature works, the majority of olive stone pyrolysis stud-
ies, approach the process (mainly) by model-free methods. 
Aboulkas et al. studied olive residue decomposition via 
Ozawa–Flynn–Wall (OFW) and Vyazovkin (VYA) model-
free methods determining the Ea at 148–154 kJ mol−1 and 
160–166 kJ mol−1 for hemicellulose and at 200–211 kJ 
mol−1 and at 210-219 kJ mol−1 for cellulose, respectively 
[16]. Alrawashdeh et al. determined the Ea with the Kiss-
inger method at 130 kJ mol−1 and compared the results 
with the isoconversional OFW model-free and the Free-
man–Carol model fitting methods, estimating their Ea at 
26–214 kJ mol−1 and at 123 kJ mol−1, respectively, for 
the whole process. Moreover, they reported that the OFW 
isoconversional model-free method revealed the “not one-
step” mechanism of reaction that occurs during the slow 
pyrolysis process compared to the Kissinger model-free 
and model fitting methods [17]. Guida et al. determined 
the Ea,Mean at 176 kJ mol−1, 167 kJ mol−1, 150 kJ mol−1 
for hemicellulose component and at 235 kJ mol−1, 210 kJ 
mol−1, 212 kJ mol−1 for cellulose component by Friedman 

(FR), OFW and VYA isoconversional model-free methods 
for the entire conversion range [13]. It is therefore under-
stood that since the study of the kinetics of the thermal 
degradation of olive residue has been mainly approached 
by model-free methods, the thermal decomposition mecha-
nisms has not been thoroughly studied.

Another part be mentioned is dealing with the factors 
affecting the biomass pyrolysis process. Many studies have 
been carried out to investigate the effect of these processing 
parameters aiming to succeed optimum product yield. Bio-
mass composition is a major factor with a remarkable effect 
in pyrolysis performance since it has been reported that for 
high bio-oil yield it is preferable to use biomass containing 
cellulose and hemicellulose while to achieve a high biochar 
yield recommended with higher lignin content is recom-
mended. On the contrary, moisture content negatively affects 
the stability, viscosity and corrosiveness and is preferable to 
be removed. Particle size of biomass is a parameter of funda-
mental importance. For larger particle size, char formation 
is favored as a result of the large temperature gradient inside 
particle transmitting poor heat transfer while smaller particle 
size is suitable for a high bio-oil yield. Pyrolysis of biomass 
can be classified in three main categories, with respect to 
the heating rate along with the reaction temperature, namely 
slow pyrolysis, fast pyrolysis and ultra-fast or flash pyrolysis. 
Slow pyrolysis is typically used to modify the solid material, 
minimizing the oil produced while fast pyrolysis and ultra-
fast pyrolysis maximize the gases and oil produced. Finally, 
it should be considered the residence time and the reaction 
atmosphere parameters which also affect the performance of 
the process and the product yield [18–21].

This work aims to study the pyrolysis process of olive 
stone with TGA, determine the effective activation Ea by an 
isoconversional model-free method (VYA) and suggest the 
degradation mechanisms of olive stone decomposition by a 
model fitting method. Additionally, to highlight the struc-
tural modifications, several pyrolysis temperatures were 
chosen to spot the final temperature of degradation process, 
which were employed by XRD analysis. The morphological 
characteristics of the pyrolyzed samples were examined by 
(SEM) analysis.

Materials and methods

Olive stones samples were supplied by Pharmagnose S.A. 
which is a company based in Athens specialized in natural 
ingredients research. The olive stones were selected from 
crops in the Central Greece region after the oil extrac-
tion, and they were milled and sieved to succeed a particle 
size ≤ 200 μm. In addition, the olive stones were air dried 
at 100 °C for 3 h.
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Thermogravimetric analysis (TGA)

Thermogravimetric measurements were taken using a 
TG–DTA Setaram Setsys 16/18 instrument. Approxi-
mately 3–4 mg of each sample was placed in alumina cru-
cibles while an empty alumina crucible was used as refer-
ence. Then the samples were heated from 25 to 800 °C in 
N2 atmosphere at heating rates of 5, 10, 15, 20 °C min-1. 
Τhermographs of mass loss versus temperature and deriva-
tive thermogravimetric curves were obtained indicating the 
decomposition steps and the maximum mass loss of each 
sample. The kinetic study was carried out via the NETZSCH 
Kinetics NEO software.

X‑ray diffraction analysis (XRD)

Monitoring of structural phase modifications at specific 
temperature intervals in the region of mass loss occurrence 
due to pyrolysis was carried out by X-ray diffraction (XRD) 
measurements. Proper sampling was performed by collect-
ing the residual of TG experiment at the corresponding tem-
perature 260–420 °C. The X-ray diffraction patterns were 
obtained using a water-cooled Rigaku Ultima + instrument 
operating with CuKa (λ = 1.5406 A) radiation a step size of 
0.05° and a step time of 5 s, operating at 40 kV and 30 mA.

Scanning electron microscopy (SEM)

The morphological characteristics of the samples were 
studied with SEM analysis using a JEOL JSM-7610F Plus 
scanning microscope, equipped with an AZTEC ENERGY 
ADVANCED X-act EDS Oxford analytical system. The 
samples were used in powder form and they were placed 
on a double-sided adhesive tape, attached to the holder, 
whereas carbon coating the samples reassured an efficient 
conductivity of the electron beam. The operating conditions 
were accelerating voltage 20 kV, probe current 45 nA and 
counting time 60 s.

Model‑free analysis

Theoretical background

The fundamental rate equation used in all kinetic studies is 
generally described as

where k is the rate constant and f(α) a function that describes 
the reaction model and depends on the actual reaction 

(1)
d�

dt
= k(T)f (�)

mechanism. Equation (1) expresses the rate of conversion, 
dα/dt, at a constant temperature as a function of the reactant 
mass loss and rate constant.

The conversion rate α is defined as:

where mt, mo and mf are the mass of the sample at the time 
t, the initial and the final condition, respectively. The rate 
constant k is generally given by the Arrhenius equation:

where E is the apparent activation energy (kJ mol−1), R is the 
gas constant (8.314 J K−1 mol−1), A is the pre-exponential 
factor (min) and T is the absolute temperature (K). The com-
bination of Eq. (1) and (3) gives the following relationship:

For a dynamic TGA process, introducing the heating rate, 
β = dT/dt, into Eq. (4), Eq. (5) is obtained as:

Equations (4) and (5) are the fundamental expressions 
of analytical methods expressions of analytical methods to 
calculate kinetic parameters based on TGA data.

Vyazovkin (VYA) model

Vyazovkin has also developed an advanced integral isocon-
versional method using the integral form of Eq. 1 divided by 
the heating rate β, where k is given by Eq. (3). This method 
refers to the kinetics that occur under arbitrary variation 
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α by finding the Ea, value which minimizes the function:

where

The subscript α indicates the values at a given degree of 
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α to obtain the effective’s Ea dependence on the degree of 
conversion.

Results and discussion

Structural modification

The XRD of olive stone samples at 260, 290, 320, 350, 390 
and 420 °C pyrolysis temperatures is presented in Fig. 1. The 
selection of temperature range between 260 and 420 °C was 
based in the preliminary TG experiments which revealed 
that all thermal degradation effects and consequent struc-
tural modifications take place this temperature range. It 
is observed that that the samples pyrolyzed up to 360 °C 
revealed broaden diffraction peaks at 2θ = 16°, 22° and 34° 
which correspond to the diffraction of (110), (200) and (004) 
planes of the cellulose I structure since this is the only lig-
nocellulosic component in comparison with hemicellulose 
and lignin that “provides” crystallinity [24]. So, it may be 
concluded that the pyrolysis of olive stone did occur below 
320 °C. For pyrolysis temperatures higher than 350 °C, the 
broaden diffraction peaks almost seem to disappear, espe-
cially for the sample pyrolyzed at 420 °C, which can be 
characterized as completely amorphous. This structural 
conversion is attributed to the thermal decomposition of 
cellulose substance which takes place in the 320–400 °C 
temperature range.

Thermogravimetric analysis (TGA)

Figure  2 illustrates the thermogravimetric (TGA) and 
derivative thermogravimetric curves (DTG) of the residual 

biomass of olive stone sample. It was confirmed that the 
thermal decomposition of the olive stone achieved in three 
areas of mass loss: moisture evaporation, main devolatili-
zation and slight devolatilization. The first occurs up to 
107 °C corresponding to the elimination of the “remain-
ing” moisture and is accompanied by a mass loss of 3.8 
mass%. With further heating, follows a second mass loss 
in the temperature range from 200 °C to the end of the pro-
cess in which take place the decomposition of the lignocel-
lulosic materials: cellulose, hemicellulose and lignin takes 
place. Initially the hemicellulose component degradation is 
observed followed by that of cellulose with the decompo-
sition of those components occurring partially simultane-
ously, contributing to the overlapping peaks at DTG curves 
(Fig. 2) [25]. The decomposition range of lignin is not as 
narrow as that of cellulose and hemicellulose estimated to 
initiate with hemicellulose’s decomposition and extending 
up to the end of the process [26, 27]. Indicatively for a rate 
of 10 °C min−1, which is normally used in the literature, the 
decomposition of the residual biomass of olive stone sam-
ples is represented by two peaks, with maximum mass loss 
rates at 362 °C as depicted by the DTG curve of Fig. 2. The 
formation of the peaks in the DTG curve is a result of the 
sum of the contributions by all three constituents assigned to 
the three lignocellulosic components. It can be assumed that 
the hemicellulose degradation takes place at 170–360 °C and 
that of cellulose at 240–380 °C while lignin decomposes 
over a broader temperature range almost simultaneously 
with hemicellulose expanding up to the end of the process. 
The referred temperature ranges for these effects are in a 
good agreement with the literature [28].

One of the most crucial factors that affect the process 
is the heating rate. It is obvious that higher heating rates 
cause a shift the "less pronounced peak" to higher maximum 
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decomposition temperatures resulting in higher peak over-
lapping (Fig. 3). This change in the maximum pyrolysis rate 
can be assigned to the heterogeneous structure of biomass 
and to various substances of biomass which give decomposi-
tion peaks in specific temperature ranges. This phenomenon 
is dominant at higher heating rates where some of the com-
ponents decomposed simultaneously, and several adjacent 
peaks were merged to form overlapped broader and higher 
peaks [29].

Kinetic analysis

The TGA profile for the rate 10 °C min−1 in Fig. 2 indicates 
that the pyrolysis process has not be completed up to 450 °C 
proceeding slowly up to 800 °C. It should be clarified that 
the first mass loss, region I, related to moisture removal was 
not taken into account and was not included in the data to 
be processed as this stage has no particular value in kinetic 
analysis. Nevertheless, for the kinetic study of olive stone 
degradation the applied model was restricted in region II, 
overlooking the almost linear part of the curve above 450 °C 
(region III) which interferes the accuracy of the fitting.

Model‑free analysis

The kinetic parameters and the estimation of the reaction 
mechanism function for both model-free and model fitting 
methods were determined via NETZSCH Kinetics NEO 
software. The model-free methods were applied to experi-
mental data aiming to determine Ea and log A for each 
degree of conversion, corresponding to the decomposi-
tion process of olive stone. It should be mentioned that the 
Ozawa–Flynn–Wall (OZW) approach was not applicable for 

the case of variable activation energy, and for this reason, it 
is not presented for comparison [30]. Figure 4 illustrates the 
Ea and log A as a function of the degree of conversion (α), 
using the VYA isoconversional method.

From the observation of Fig. 4, the presence of several 
regions in both kinetic parameters’ variation for the olive 
stone decomposition sample is clearly visible. The first 
region corresponds to the degradation of hemicellulose 
component, which is the least stable component and under-
going rapid thermal decomposition and is characterized 
by an increase in Ea values up to 139 kJ mol−1 while the 
log A value estimated up to 9.7 according to VYA method 
for conversion up to 0.5. In the next step, higher values of 
Ea are obtained, ranging between 140 and 168 kJ mol−1, for 
conversion levels extended from 0.5 to 0.85 which probably 
related to the degradation of cellulose component. The log A 
values in this conversion range calculated at 9.5–10.5. For 
conversion values above 0.85, a sudden increase in Ea and 
log A values is visible, as a result of the increasing aromatic 
character of the lignin-derived biochar when higher tem-
peratures are reached [11]. In addition, Fig. 4 indicates a 
higher standard deviation (error bars) in both kinetic param-
eters which further increases at initial of the analysis for 
conversion beyond 0.85. According to the literature, these 
increased standard deviations in effective Ea and log A val-
ues may attribute to the methods themselves which are sensi-
tive to baseline subtract. Here the variation in Ea at different 
conversion values reveals that pyrolysis of olive stone is a 
complex process, and probably could be described by more 
than one-step mechanism. Comparing the results of VYA 
method with those have mention in the introduction is obvi-
ous that the values which have been estimated by the former 
are lower. Particularly Aboulkas et al. estimated the Ea of 
olive residue decomposition via Vyazovkin (VYA) model-
free methods Ea at 160–166 kJ mol−1 for hemicellulose and 
at 210-219 kJ mol−1 for cellulose.

Model fitting analysis

Model fitting methods involve fitting of conversion–tempera-
ture curves by different models and simultaneous determi-
nation of the effective Ea and the log A [31]. Model fitting 
methods assume that the reaction has several steps, each of 
which has its own kinetic equation while the kinetic param-
eters of each step are constant values. Determination of the 
kinetic triplet ((Ea, A, f(a)) in biomass pyrolysis using model 
fitting methods is in general a difficult “process” because 
the required information about the interaction of steps is not 
directly presented in the experimental data [15].

In our case, for the determination of the kinetic triplet 
((Ea, A, f(a)) in olive stone pyrolysis process various reaction 
models were considered for the fitting to the experimental 
data at different heating rates. Taking into consideration that 
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the biomass degradation is a complex process and results 
of the VYA method revealed that the pyrolysis should be 
described by more than one mechanism, two different mod-
els were tested for the mechanism determination. Figure 5 
illustrates the mass loss–T data and the corresponding fitting 
curves of olive stone sample at four different heating rates for 
a two independent parallel reaction mechanism and a three 
independent parallel reaction one, both obeying nth order 
with Fn reaction models (Fn code). Although the quality of 
the two independent parallel reaction mechanisms is con-
sidered satisfactory (R2 = 0.99974), there are divergences, 
particularly obvious at the end of the process, and for rate 
20 °C min−1 on the fitting model data, thus, the assumption 
of the two independent parallel reaction mechanism was not 

qualified appropriate for describing the process. The corre-
sponding parameters obtained by the aforementioned model 
are summarized in Table 1.

The reaction model that describes better the experimental 
data of olive stone sample can be expressed by three inde-
pendent parallel reactions, obeying the nth order with Fn 
code and described by the f(α) = (1 − α)n equation. In par-
ticular, the established three independent parallel reaction 
models analyze only the decomposition of the main compo-
nents of olive stone, cellulose, hemicellulose and lignin. The 
results of model fitting analysis, which concludes the best 
selected model (Fn) and three independent reaction mecha-
nisms, are presented in Table 2.
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Hemicellulose is constituted by sugar monomers and 
short-chain heteropolysaccharides and presents an amor-
phous and branched structure, such as xylan while the 
shorter chain formation of this component results in lower 
thermal stability. Cellulose is characterized as polycrystal 
component with β 1,4-glycosidic bonds and with higher 
thermal stability [32]. On the other hand lignin is the most 
stable component due to the aromatic rings constituents 
and covers a range from 170 °C to the end of the process 
[27, 33]. In accordance with the aforementioned informa-
tion, the first reaction (A→B) with effective Ea = 118.9 kJ 
mol−1, log A = 8.96 and contribution 0.32 is associated with 
the degradation of hemicellulose component, while the sec-
ond reaction (C→D) with effective Ea = 143.7 kJ mol−1, 
log A = 9.94 and contribution 0.45 is attributed to the deg-
radation of cellulose. The effective Ea and the contribution 
of the third reaction (Ε→F) correspond to Ea = 217.6 kJ 
mol−1, log A = 4.67 and 0.22, respectively, suggesting that 
this reaction is related to the lignin degradation. In this way, 
the Fn model simplified the complex nature of the olive 
stone degradation.

The rate equations with respect to each reaction, consid-
ering the Fn kinetic model for three reaction mechanisms, 
can be presented as:

Step: A → B

Step: C → D

(8)d(a → b)∕dt = A1a
n1 exp

[

−Ea1∕RT
]

(9)d(c → d)∕dt = A2c
n2 exp

[

−Ea2∕RT
]

Step: E → F

The a, c and e elements represent the concentration of 
reactants, a→concentration of A, c→concentration of C 
and e→concentration of E that they could simulate/match 
with the decomposition of the main components: cellulose, 
hemicellulose and lignin.

Scanning electron microscopy—morphological 
characterization

The morphological characteristics of pyrolyzed samples 
were examined by scanning electron microscopy (Fig. 6). 
Suggestively, observations involved four samples for which 
thermal degradation were stopped at different temperatures 
in the range 260–800 °C. Figure 6a depicts olive stone pow-
der pyrolyzed up to 260 °C for which the surface appears to 
be inhomogeneous and rough with the presence of irregular 
shapes. SEM micrographs of the resulting char obtained by 
olive stones at 320 °C and 420 °C (Fig. 6b, c) reveals the 
presence of cavities and holes at various geometries imply-
ing to improved porosity. The appearance of such morphol-
ogy is enhanced with the increase in the pyrolysis tempera-
ture, and for the sample pyrolyzed at 800 °C (Fig. 6d), a high 
density of pores is observed, suggesting the formation of a 
and extended porous structure.

(10)d(e → f )∕dt = A3e
n3 exp

[

−Ea3∕RT
]

Table 1   Kinetic parameters for 
the two independent reaction 
mechanisms

Reaction 
model

Activation 
energy Ea /
kJ mol−1

Pre-exponential 
factor log A, A/s−1

Reaction 
order (n)

Contribution R2

1st reaction 
mechanism 
Step A → B

Fn 130 10.04 1.29 0.36 0.99974

2nd reaction 
mechanism 
Step B → C

Fn 150.4 10.53 1.26 0.63

Table 2   Kinetic parameters for the three independent reaction mechanisms

Reaction 
model

Activation energy 
Ea/kJ mol−1

Pre-exponential fac-
tor log A, A/s−1

Reaction 
order (n)

Contribution R2

1st reaction mechanism Step A → B Fn 118.9 8.96 1.32 0.32
2nd reaction mechanism Step C → D Fn 143.7 9.94 0.84 0.45 0.99998
3rd reaction mechanism Step E → F Fn 217.6 14.67 5.47 0.22
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Conclusions

Better understanding of the pyrolysis kinetics is essential 
for the thermochemical treatment of the olive biomass as 
useful information for the proper design pyrolysis system, 
and the operation conditions are conducted. Understand-
ing in depth the process involved in biomass pyrolysis and 
analyzing all the degradation stages can help to optimize 
biomass pyrolysis systems resulting in increased effi-
ciency. In this study, dynamic thermogravimetric analysis 
was performed under nitrogen atmosphere to examine the 
thermal degradation process of olive stone samples while 
the kinetic analysis was done by comparing model-free 
and model fitting methods through NETZSCH Kinetics 
NEO software. In this work, we attempted to propose the 
degradation mechanism of olive stone via simple TGA 
experiments followed by proper fitting using model-based 
methods. This is an advance to the existing literature 
which approached the same problem based exclusively on 
model-free methods. The thermal behavior of the studied 
biomass was typical of a lignocellulosic material with the 
first mass loss assigned to the moisture release, follow-
ing the thermal degradation of cellulose, hemicellulose 
and lignin substances. The effective Ea obtained by the 
VYA isoconversional model-free method presented same 
tendency, presenting a slight increase till α = 0.85 while 
for conversion range α > 0.85, a sudden increase was con-
firmed. Changes in Ea values evidence that more than one 
reaction occurs during decomposition process. Model 

fitting approach was applied in order to propose the most 
appropriate mechanism for the pyrolysis process descrip-
tion of olive stone which is described by three independ-
ent parallel reactions, governed by the nth order with Fn 
code and described by the f(α) = (1 − α)n equation. Addi-
tionally, DTG curves reveal that the process consists of 
at least two degradation mechanisms; thus, the selection 
of the aforementioned kinetic model is based on these 
two assumptions. The first reaction (A→B) with effec-
tive Ea = 118.9 kJ mol−1 is associated with the degradation 
of hemicellulose, while the second reaction (C→D) with 
effective Ea = 143.7 kJ mol−1 is attributed to the degrada-
tion of cellulose in a good agreement with effective Ea 
values of model-free methods, especially to Friedman’s. 
The third reaction (Ε→F), which is related to the lignin 
degradation, corresponds to effective Ea = 217.6 kJ mol−1.
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