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Abstract
The goal of the current study is to investigate the thermal degradation of palm fronds (PF), olive leaves (OL), and wheat straw 
(WS) through pyrolysis and calculate their kinetic data using TG-DTG and DTA approaches. The kinetic parameters were 
assessed using isoconversional techniques like the Ozawa-Flynn-Wall (OFW) and Kissinger–Akahira–Sunose (KAS) meth-
ods, as well as model-fitting techniques like the integral method, which employs various diffusion and reaction order models. 
Using kinetics data models, typical parameters for pyrolysis and thermodynamics were estimated. For PF, OL, and WS, the 
values of activation energy (E) from the integral method ranged between 8.82 and 167.13, 23.06 and 149.20, and 11.01 and 
156.27, respectively, for diffusion models. On the other hand, the values of (E) ranged between 22.3 and 117.49, 51.69 and 
92.88, and 23.48 and 125.97, respectively, for reaction-order models. The average activation energies (E) calculated by using 
PF, OL, and WS samples are 91.9, 69.1, and 65.2, respectively, for the OFW method and 87.5, 101.8, and 63.4, respectively, 
for the KAS method. The results demonstrated that the integral method provided values of (E) that were almost identical to 
those produced by the KAS and OFW methods. In the same range of (α), results showed that reaction order models yielded 
greater frequency factor values than diffusion models, demonstrating how simpler and quicker pyrolysis is. The values of 
( ΔG

av
 ) demonstrated the acceptability of these materials for pyrolysis, and for the OFW and KAS techniques, the sequence 

of the degradation process was OL > WS > PF. The calculated ( ΔG
av

 ) showed that more heat energies are required for OL, 
PF, and WS to dissociate the reagent bonds, which agrees with the (E) values derived from the OFW model.

Keywords Biomass · Pyrolysis · Kinetic parameters · Diffusion and reaction order models · Physio-chemical properties · 
TG/DTG/DTA · FTIR

1 Introduction

Lignocellulosic biomass is any organic material that may be 
burned and used as fuel. It is made up of both organic and inor-
ganic components [1]. Due to its abundance and tendency to emit 
fewer greenhouse gases than other energy sources, lignocellulosic 
biomass has received attention [2, 3]. Through photosynthesis, 

 CO2 released after the burning of biomass is absorbed, reducing 
global warming [4, 5]. The presence of more hemicellulose and 
cellulose in lignocellulosic biomass promotes a high pyrolysis 
conversion rate [6, 7]. Similar to cellulose, hemicelluloses are 
complex polysaccharides that co-occur with it. However, unlike 
cellulose, hemicelluloses have a branching structure and are solu-
ble in weak alkaline solutions [8]. Hemicellulose and cellulose 
decompose first during slow pyrolysis at temperatures between 
200 and 260 ◦C , while lignin decomposes at a slightly higher 
temperature. The majority of biomass decomposes at tempera-
tures ranging from 220 to 300 ◦C for hemicellulose, 300 ◦C to 
340 ◦C for cellulose, and 300 ◦C to 900 ◦C for lignin. Further-
more, cellulose and hemicellulose decompose more quickly than 
lignin [9]. The study of lignocellulosic ingredients is important 
for co-pyrolysis because different constituents react differently to 
heat. Lignocellulosic biomass is composed of 3.5–50 wt.% cel-
lulose, 20–40 wt.% hemicellulose, 20–27 wt.% lignin, and 1–10 
wt.% extractives [10].
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TGA of the biomass is used to analyze the trend of mass 
loss or temperature against time at different temperatures 
and heating rates throughout the experiment [11]. The mois-
ture removal or drying zone, the devolatilization or active 
pyrolytic zone, and the char formation zone are the three 
phases in the multistage thermal degradation profile of bio-
mass. Some studies claim that there are two distinct phases 
to the active pyrolysis process: (1) the release of volatile 
gases, and (2) the oxidation of volatile components near the 
particle [12]. Thermogravimetry has shown to be a useful 
tool for quickly and accurately analyzing the characteristics 
of biomass through time [13].

TGA of three different biomass samples, including rice 
husk, sawdust, and wheat husk, is conducted in  N2 at a heat-
ing rate of 10 ◦C∕min from ambient temperature to 800 ◦C 
[14]. Moisture decomposition occurred between 25.77 and 
150.35 ◦C , cellulose-hemicellulose decomposition occurred 
between 171.53 and 393.20 ◦C , and lignin decomposition 
occurred between 364.16 and 797.49 ◦C . Thermal analysis 
and ignition properties to determine the elemental composi-
tion of lignocellulosic biomass were examined using TGA 
[15]. A number of factors, such as heating rate, sample type 
and size, experimental environment, and gas flow rate, affect 
the TGA of biomass [13], and quick heating rates move the 
reactions to higher temperatures [16]. By increasing the 
heating rate and gas flow, a corncob's thermal decomposi-
tion and weight loss were accelerated [17], but at intermedi-
ate temperatures and heating rates, proportionate amounts 
of solid, gas, and liquid were generated [18]. The primary 
biomass constituents (cellulose, hemicellulose, and lignin) 
decompose and recombine during the pyrolysis process used 
to create useable products from solid biomass.

There are many different kinetic models available to cal-
culate kinetic parameters. The determination of the activa-
tion energy uses isoconversional methods that do not require 
prior knowledge of the pre-exponential component or the 
reaction model [19]. Friedman, Kissinger–Akahira–Sunose 
(KAS), Vyazovkin (VYA), and others are examples of such 
methods. The thermal degradation and pyrolysis kinetics of 
wheat straw, wheat dust, and maize cob were examined at 
various heating rates using TGA in a  N2 [20]. It appears that 
the thermal degradation process is postponed as the heating 
rate is increased. Using TGA at various heating rates, the 
thermal degradation and kinetics of olive residue and sugar 
cane bagasse were studied [21]. It was observed that bagasse 
has two significant peaks, the first of which is associated 
with hemicellulose pyrolysis and the second with cellulose 
pyrolysis. The thermogram was shown to shift to higher tem-
peratures as the heating rate increased. The apparent activa-
tion energy was calculated using the Vyazovkin (VZM) and 
Ozawa-Flynn-Wall (OFW) methods. The combustion kinet-
ics and characteristics of sewage sludge, wheat straw, and 
their mixes were investigated using TGA under air [22]. The 

Vyazovkin and OFW methods were employed to evaluate 
( E ). They applied two master plot techniques to determine 
the combustion kinetic model that best fits the data and can 
be explained by Avarami-Erofeve. Using mass spectrom-
etry (MS) and TGA, the gasification behavior of pine wood 
sawdust in  CO2 was investigated at different heating rates 
[23]. They used the OFW, KAS, and master plot methods to 
determine ( E ) and the frequency factor ( A).

TGA was used to investigate the thermal behaviour of oil 
palm, coconut, and bamboo guadua shells at varied heating 
rates [24]. They used a combined kinetics parallel Fraser-
Suzuki function to represent the derivative TGA (DTG) of 
hemicellulose, cellulose, and lignin, and the results were 
very close to the experimental data. The Friedman, OFW, 
and KAS methods were used for kinetic parameter determi-
nation. Mustard stalk (MS) was pyrolyzed at three different 
heating rates to determine its potential as a feedstock for 
bioenergy [25]. The g(α) master plots method, which was 
used to determine the reaction mechanism of the materi-
als, revealed that MS follows the multi-dimension diffusion 
model during pyrolysis. Using the (OFW) and (KAS) mod-
els, the kinetic and thermodynamic parameters were studied. 
The TG/DTG investigation of the thermal degradation of 
palm kernel shell (PKS) revealed two substantial mass-loss 
peaks mostly associated with the degradation of hemicel-
lulose and cellulose, respectively [26]. This trait set it apart 
from other biomass (such as wheat straw and maize stover), 
which either had a single peak or an additional peak known 
as a “shoulder”. At various heating rates, the ( Ea ) was cal-
culated using the (OFW) and (KAS) methods.

Under an environment of  N2, OWR thermal degrada-
tion tests were studied at various heating rates of 2, 5, 10, 
and 15 ◦C∕min [27]. The OFW, Kissinger, model-free, and 
model-fitting (Freeman-Carroll) techniques were used to 
compute the activation energy and pre-exponential factor. 
Three lignocellulosic materials such as bagasse, rice husk, 
and wheat straw were thermally decomposed using TGA, 
and their kinetics were examined to evaluate the efficacy 
of using the Arrhenius and Coats-Redfern (model-fitting), 
KAS, and OFW (model-free) approaches [28].

Although palm fronds, olive leaves, and wheat straw 
have the potential as biofuels, limited research has been 
conducted on the pyrolysis of these biomass materials, and 
nearly no previous studies have investigated the pyrolysis 
of them together, especially for residues originating from 
Egypt. Therefore, the goal of this study is to provide in-depth 
details on the thermochemical conversion of palm fronds, 
olive leaves, and wheat straw biomass wastes by using a 
thorough chemical kinetic analysis to forecast the kinetic 
parameters of thermal decomposition. This study focused 
on the thermal degradation of the tested biomass materials 
in  N2 under different heating rates. For sake of comparison, 
the integral (Coat-Redfern), Ozawa-Flynn-Wall (OFW), and 
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Kissinger–Akahira–Sunose (KAS) methods using different 
diffusion and reaction order models are used to estimate the 
pyrolysis kinetic data. The pyrolysis characteristics and ther-
modynamic parameters of samples are estimated to deeply 
understand their pyrolysis behaviour. The physio-chemical 
properties of the biomass waste samples are measured and 
extensively analyzed. The surface morphology of biomass 
was investigated by scanning electron microscopy (SEM). 
The chemical functional groups and the main gaseous prod-
ucts produced in lignocellulosic samples were predicted with 
the help of FTIR.

2  Materials and methods

2.1  Samples collection and preparation

The biomass materials used in this study, as shown in Fig. 1, 
were collected from farms in Egypt's Al-Sharkia Province 
and dried in the sun for several days before being stored at 
room temperature in tightly sealed plastic bags to prevent 
moisture pollution. Then, they were cut into small pieces and 
ground using a universal high-speed grinder (Model MDY-
2000, China, 2300 watts) with a maximum rotary speed of 
2800 RPM and a grinding capacity of 2 kg. The final powder 
is mechanically sieved into a size of less than 500 µm.

2.2  Materials properties and characteristics

The biomass waste samples were subjected to proximate, 
ultimate, compositional (fiber), and metallic element 
analyses as well as the samples’ morphology. The proxi-
mate analysis, ultimate analysis, heating value, and XRF 
analysis (metals and metal oxides) were measured using 
the LECO TGA-701 apparatus, LECO CHNS-932 appara-
tus, Barr oxygen bomb calorimeter (Model 1341EE Plain 
Oxygen Bomb Calorimeter), X-ray fluorescence (XRF) 
(lab- × 3500, Oxford, British Columbia). The images 
taken by SEM (Model: Quanta 250 FEG; FEI, USA) were 
analysed using Image J software (version 1.53a, National 
Institutes of Health, USA) to aid in defining the particle 
size distributions of the different samples, respectively. 
The chemical functional groups and the main gaseous 
products produced in lignocellulosic samples were pre-
dicted with the help of the FT/IR-4000 spectrometer 
(JASCO, Tokyo, Japan). The absorbance spectra of the 
deposited films were obtained in transmission mode with 
a resolution of 4 cm−1 in the range of 4000 to 399.19 cm−1 . 
The wavenumber accuracy and maximum resolution were 
within ± 0.01 cm−1 and 0.7 cm−1 , respectively. The sig-
nal-to-noise ratio was 35,000:1. Chemical composition 
and structural analysis and of the biomass materials are 
presented in Table 1.

Fig. 1  Palm fronds (PF), oil leaves (OL), and wheat straw (WS) from the field, chopped and materials powders
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2.3  Thermal gravimetric analysis

The most popular method for analysing the kinetics and ther-
mal behaviour of biomass fuels is thought to be thermal gravi-
metric analysis (TGA) [29]. Using a Shimadzu DTG-60H 
differential thermal gravimetric analyzer with a temperature 
range (ambient to 1000 ◦C ), 500 mg measurable range (TG), 
1000 V measurable range (DTA), 0.1 g weight readability, 
and sample quantity, TGA/DTG/DTA experiments were car-
ried out in  N2 (1.0 g max. in gross weight). All TGA tests 
were performed at constant heating rates in non-isothermal 
environments. To get accurate kinetic parameters and to vali-
date the used models, TGA experiments were conducted for 
each material at three distinct heating rates: 10, 20, and 30 
◦C∕min [30].

2.4  Chemical kinetic models

The velocity of any reaction that depends mainly on tem-
perature (T) , conversion (�) , and time (t) from the TGA 
data can be represented by the activation energy (E) and 
the frequency factor (A) [31]. The thermal conversion of a 
single-step kinetic can be expressed based on the TGA data 
at different operating conditions as follows [32]:

where k is the apparent conversion rate that depends on the 
temperature and partial pressure ( Pg ) of the reactive gas 
( min

−1 ), α is the fractional conversion degree of the mate-
rial ( 0 < α < 1.0 ), and f (�) represents the reaction model. 
Different reaction models have been proposed considering 
different geometrical assumptions for the driving forces and 
particle shapes as shown in Table 2 [33].

The fractional conversion degree (α) can be expressed as:

The apparent conversion reaction rate k(T) can be 
expressed based on the temperature according to the Arrhe-
nius equation as follows [34]:

where mi , mt , and mf  are the initial, instantaneous, and final 
masses of the sample, respectively ( gm ); A is the pre-expo-
nential factor ( min−1 ); E is the apparent activation energy 
( kJ∕mole ) and R is the universal gas constant (8.314 kJ/mole 
K). Combining Eqs. (1) and (3) yields

(1)
d�

dt
= k

(

Pg, T
)

f (�)

(2)α =
mi − mt

mi − mf

(3)k(T) = Ae
−E

RT

(4)
d�

dt
= Ae

−E

RT f (�)

In the non-isothermal conversion process, the TGA experi-
ments are performed at a constant heating rate ( � = dT∕dt ). 
Therefore, Eq. (4) could be produced for non-isothermal con-
version as follows:

The integral function g(α), which is considered the most 
common integral form of a reaction model, can be obtained by 
integrating either Eqs. (4) or (5) by performing the separation 
variable method as follows [35]:

where To is the initial absolute temperature ( ◦C ), and x = E�

RT�,i
 

and p(x) = ∫ ∞

x

e−x

x2
dx is the temperature integral (or Arrhe-

nius integral) that has no analytical solution [36]. Table 2 
presents different reaction models in their differential f (α ) 
and integral form g(�) that can be used to obtain the kinetic 
parameters.

2.4.1  Integral method

Coats and Redfern developed this method to obtain the kinetic 
parameters based on an integral model-fitting procedure [37]. 
This method uses asymptotic series expansion for estimation 
of the temperature integral in Eq. (6) and neglects higher order 
terms [38]. Using the Coats-Redfern method (model-fitting), 
Eq. (7) can be integrated as follows:

Since the term 2RT
E

<< 1 , so it can be omitted [39]. With 
this simplification, Eq. (7) can be expressed as:

where the suitable g(α) model can be selected from the data 
presented in Table  2. By considering  Y = ��

[

g(�)

T2

]

 and 
X =

1∕
T
 , a straight line (Y = bX + a) from which the values 

of E and A can be easily calculated from the slope b =
−E

R
 

and the intercept term a = ��
AR

�E
 , respectively.

To evaluate the kinetic parameters based on the suit-
able order of reaction, the nth-order reaction integral model 
[

g(α) =
(

1 − (1 − α)
1−n

)

∕(1 − n)
]

 is used [39, 40]. With this 
assumption, Eq. (8) will become:

(5)
d�

dT
=

A

�
e

−E

RT f (�)

(6)

g(�) = ∫
�

0

d�

f (�)
= A∫

t

0

e
−E

RT dt =
A

� ∫
T

To

e
−E

RT dT ≈
AE

�R
p(x)

(7)��

[

g(�)

T2

]

= ��
AR

�E

(

1 −
2RT

E

)

−
E

RT

(8)��

[

g(�)

T2

]

= ��
AR

�E
−

E

RT

(9)��

[

1−(1−α)
1−n

T2(1−n)

]

= ��
AR

�E
−

E

RT
for(n ≠ 1)
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Table 2  Different algebraic functions of g(�) and f (�) for solid-state kinetics [33, 36, 41–43]

Symbol Mechanism f (�) g(�)

Diffusion model
  D1 1D diffusion 1∕(2α) α

2

  D2a 2D diffusion [−ln(1 − α)]
−1 [(1 − α)ln(1 − α)] + α

  D2b 2D diffusion 4
[

(1 − α){1 − (1 − α)}
1∕2

]1∕2 [

1 − (1 − α)
1∕2

]1∕2

  D3a 3D diffusion (Jander) [

(3∕2)(1 − α)
2∕3

]

∕
[

1 − (1 − α)
1∕3

]

[

1 − (1 − α)
1∕3

]2

  D3b 3D diffusion (Ginstling-Brounshtein) (3∕2)∕
[

(1 − α)
−1∕3

− 1
]

1 − (2α∕3) − (1 − α)
2∕3

  D3c 3D diffusion (Zhuravleve-Lesokine) [

(3∕2)(1 − α)
4∕3

]

∕
[

(1 − α)
−1∕3

− 1
]

[

(1 − α)
−1∕3

− 1
]2

  D3d 3D diffusion [

(3∕2)(1 + α)
2∕3

]

∕
[

(1 + α)
1∕3

− 1
]

[

(1 + α)
1∕3

− 1
]2

  D3e 3D diffusion (3∕2)∕
[

(1 + α)
−1∕3

− 1
]

1 + (2α∕3) − (1 + α)
2∕3

  D3f 3D diffusion [

(3∕2)(1 + α)
4∕3

]

∕
[

(1 + α)
−1∕3

− 1
]

[

(1 + α)
−1∕3

− 1
]2

  D3g 3D diffusion 6(1 − α)
2∕3

[

1 − (1 − α)
1∕3

]1∕2 [

1 − (1 − α)
1∕3

]1∕2

Reaction order model
  F0 Zero-order reaction 1 α

  F1 First-order reaction 1 − α −ln(1 − α)

  F2 Second-order reaction (1 − α)
2

(1 − α)
−1

− 1

  F3 Third-order reaction (1 − α)
3

[

(1 − α)
−2

− 1
]

∕2

  F4 Fourth-order reaction (1 − α)
4

[

(1 − α)
−3

− 1
]

∕3

  Fn nth-order reaction (1 − α)
n [

1 − (1 − α)
1−n

]

∕(1 − n)

Table 3  Assignment of FTIR absorption bands for biomass materials

Wavenumber ( cm−1) Band assignment/ Group and class Group and class

PF OL WS

ــــــ 469.582 467.653 Bending vibration of Si–O–Si and Si–O– or stretching 
vibration of organic sulfur (aromatic double sulfide–
S–S–or–SH)

599.753 520.686 ــــــ Bending vibration of Si–O–Si and Si–O– or stretching 
vibration of organic sulfur (aromatic double sulfide–
S–S–or–SH)

ــــــ ــــــ 610.36 Alcohol, O–H out-of-plane bend or Disulfides (C–S and 
S–S stretch)

ــــــ 778.136 899.63 Out-of-plane aromatic C–H bending vibrations Cellulose and amourphous cellulose
1051.01 1040.41 1053.91 C–C; C–O stretching; and –OH bending vibrations Aliphatic skeletal, C–O in hemicellulose and cellulose
ــــــ ــــــ 1106.94 Aliphatic skeletal C–C, C–O–C and C–OH, stretching Hemicellulose and cellulose
ــــــ 1158.04 1159.97 symmetric–antisymmetric glycosidic link C–O–C, ring Hemicellulose and cellulose
1247.72 1249.65 1247.72 C–C; C–O stretching; and –OH bending vibrations Aliphatic skeletal
1328.71 1319.07 1324.86 –CH2 bending vibration Hemicellulose
1375 1384.64 1374.03 bond type: C–H, −  CH3 bend Alkanes
1427.07 1444.56 1427.07 Alkyl-chain structure  CH2 and  CH3 deformation vibration –CH asymmetric bend (aliphatic compounds)
1506.13 ــــــ 1509.99 Aromatic ring C = C Stretching vibrations (lignin)
1627.63 1650.77 1643.05 C─C stretch C─C in aromatic compounds
1735.62 ــــــ 1731.76 C─O stretch C─O in ethers or aromatic compounds
2133.85 ــــــ ــــــ C≡C stretching C≡C alkynes group
2920.66 2926.45 2919.7 ─CH stretch ─CH in aromatic and unsaturated compounds
3399.89 3351.68 3396.03 OH stretching vibration OH in alcohols, phenols and carboxylic acid
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The correct value of the reaction order will be estimated 
by plotting ��

[

1−(1−α)
1−n

T2(1−n)

]

 versus 1∕
T
 and ��

[

−ln(1−�)

T2

]

 versus 
1∕

T
 for n ≠ 1 and n = 1 , respectively.

2.4.2  OFW method

Ozawa-Flynn-Wall (OFW) is a model-free method that was 
developed by Flynn and Ozawa [44, 45]. It is one of the most 
commonly used isoconversional methods. For the purpose of 
estimating the temperature integral, Doyle’s approximation 
p(x) ≅ exp(−5.331 − 1.052x) is used in a linear integration 
approach [33, 46]. The final expression for the OFW model 
can be expressed by including this approximation in Eq. 11.

This method can be solved by plotting ln�i versus 1∕T�,i 
at different ( � ) for a given value of ( � ). E� and A can be 
obtained from the slope 1.052

(

E�

R

)

 and the intersection term 

ln
(

A�E�

Rg(�)

)

− 5.331 , respectively.

2.4.3  KAS method

The Kissinger–Akahira–Sunose (KAS) model uses the fol-
lowing approximation p(x) ≅ e−x

x2
, 20 ≤ x ≤ 50 proposed by 

Murray and White [35]. By taking the logarithm of Eq. (6) 
and using p(x) approximation, the following relation is 
obtained as follows:

This method can be solved by plotting ln
[

�i∕
(

T�,i
)2
]

 ver-
sus 1∕T�,i at different heating rates for a given value of con-
version ( � ). E� and A can be obtained from the slope 
(

−E�∕R
)

 and the intersection term ln
(

A�E�∕Rg(�)
)

 , 
respectively.

The uncertainty in estimating the activation energy from 
the isoconversional methods has been avoided because these 
methods don’t depend on the reaction models [47].

2.4.4  DTA kinetic model

The thermogram of the subject material can be used to 
directly calculate the activation energy of a phase transition 
according to the following equation [25]:

(10)��

[

−ln(1−�)

T2

]

= ��
AR

�E
−

E

RT
for(n = 1)

(11)���i = ln

(

A�E�

Rg(�)

)

− 5.331 − 1.052

(

E�

RT�,i

)

(12)��
�i

(

T�,i
)2

= ln

(

A�E�

Rg(�)

)

−

(

E�

RT�,i

)

where T in is the temperature at which the phase transition 
process begins (K), � is the heating rate ( ◦C∕min ), τ is the 
duration of the transition process (min.), Edir is the direct 
activation energy of the decomposition reaction (kJ /mole), 
and R is the universal gas constant (8.314 J∕moleK ). Addi-
tionally, using the experimental function ( 1∕T

max
= ƒ ln� ), 

the activation energy for the entire material's phase transition 
may be determined from the DTA thermogram using the 
kinetic equation shown below [48]:

where, Efit is the activation energy of the decomposition 
reaction obtained from the fitting method ( kJ∕mole ) and 
M is a constant.

2.5  Pyrolysis parameters

A variety of characteristic parameters (Eqs. 15–18) can be 
used to quantify the performance of any pyrolysis process, 
including the initial devolatilization temperature ( Ti ), peak 
temperature ( TP,max ), maximum pyrolysis rate ( −RP,max ) or 
(− DTGP,max ), average weight loss rate (− Rav ), comprehen-
sive pyrolysis index ( CPI ), devolatilization index ( Ddev ) and 
pyrolysis stability index ( RW ) [49, 50]. The devolatilization 
temperature  (Ti), which may be estimated using the intersec-
tion approach, is the extrapolated onset temperature based on 
the partial peak caused by the degradation of the hemicellulose 
[40, 51]. Also, both the devolatilization temperature ( Ti ) and 
the final temperature ( Tf  ) can be used to compute the average 
mass loss rate (-R av).

where Ti is the temperature at which volatiles are first 
released ( ◦C ), Rp is the mass loss rate peak ( %∕min ), Tp 
is the temperature at which the mass loss rate peak occurs 
( ◦C ),  Tp,max is the temperature at which the mass loss rate 

(13)Edir = R
T2

in

β�

(14)
1

Tmax
= M −

R

Efit

ln�

(15)CPI =
−(RP,max × Rav) × m

∞

Ti × Tp,max × ΔT1∕2

(16)Ddev =
RP,max

Ti × Tp,max × ΔT1∕2

(17)RW = 8.5875 × 10
7
×

−RP,max

Ti × Tp,max

(18)RMtot = 100
∑ Rp

Tp
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is at its highest ( ◦C ), RP,max is the maximum mass loss rate 
( %∕min ), Rav is the average mass loss rate at temperatures 
ranging from Ti to Tf  ( %∕min ) under pyrolysis conditions, 
ΔT1∕2 is the temperature interval when R∕RP,max = 0.5 
(i.e. is the difference between the two temperatures when 
R∕RP,max = 0.5 ) ( ◦C ), CPI  is the comprehensive pyroly-
sis index ( %2

∕min
2◦C

3 ), Ddev is the devolatilization index 
( %∕min

◦C
3 ) and RMtot is the mean reactivity ( %∕min

◦

C).

2.6  Thermodynamics parameters 

Theoretical Eqs. (19–21) that were constructed from the 
activation complex theory (Eyring theory) based on activa-
tion energy ( E ) and frequency factor ( A ) were used to esti-
mate thermodynamic parameters including enthalpy change 
( ΔH ), Gibbs free energy ( ΔG ), and entropy change ( ΔS ) [52, 
53]. Gibbs free energy ( ΔG ) indicates the available energy in 
the system, ΔS signifies the degree of disorderliness, and ΔH 
represents the difference between the energy of the reagent 
and the activation complex.

where Tpeak is the temperature at the maximum rate of mass 
loss ( ◦C ), KB is the Boltzmann constant (1.381 ×  10–23 J∕K ) 
and h is the plank constant (6.626 × 10 J.s).

3  Results and discussions

3.1  Physio‑chemical analysis of biomass wastes

The ultimate and proximate analyses of the biomass materi-
als used in this study are displayed in Table 1. According 
to (ASTM-E-871, D1102-84) standards, proximate analysis 
was used to estimate the amounts of moisture (M), ash, and 
volatile matter (VM). From FC = 100 − (M + Ash + VM), 
fixed carbon (FC) was estimated. According to standards, 
biomass with a low moisture content (10% wt.%) can reduce 
waste heat generated during the pyrolysis process [54, 55]. 
The three samples' moisture contents (< 8.0 wt.%), as 
reported in Table 1, demonstrated their compatibility with 
the pyrolysis process. The very low ash percentage in the 
three samples indicates their smaller potential for residue 
and their impact on handling and energy conversion pro-
cedures. While OL falls within the range for comparable 

(19)ΔH = E − RTpeak

(20)ΔG = E +

(

RTpeakln
KBTpeak

hko

)

(21)ΔS =
ΔH − ΔG

Tpeak

agro waste [56], PF and WS had lower ash concentrations 
(2.9% and 5.1%, respectively) compared to other specific 
portions of the date palm [57] and other wheat straw [58]. 
As shown in Table 1, the high VM content of the biomass 
samples indicates their suitability for pyrolysis as well as 
their ease of ignition or oxidation. The fixed carbon content 
mostly represents the energy contained in carbon–carbon 
bonds [32]. The OL sample had the least fixed carbon (14.18 
wt. %), which to some part demonstrates that burning can-
not be used to produce energy. The PF sample, on the other 
hand, contains the highest proportion of FC, demonstrating 
its appropriateness for generating energy [54].

The presence of significant levels of C in the PF sam-
ple demonstrates that it is practicable for creating fuel and 
energy and promising for producing char. Measurements 
revealed that the proportion of fuel lost during the pyrolysis 
first stage of the combustion process increased with a rise 
in the H:C ratio (0.129, 0.118, and 0.112 for PF, OL, and 
WS, respectively) and O:C ratio (0.784, 1.176, and 1.669 
for PF, OL, and WS, respectively) [59]. However, the high 
oxygen concentration (40.65 wt. %) contributes to the com-
bustion characteristics and reduces the heating value. The 
heating value is the amount of energy that will be released 
when burning biomass material in the air (HV). When com-
pared to other biomass materials of a comparable type, the 
examined biomass materials, particularly OL, exhibit greater 
HV values [20]. In the final analyses of PF and WS,  N2 is 
absent, although OL has a very little quantity (1.29%). The 
low nitrogen concentration of biomass makes burning it at 
high temperatures to reduce thermal NOx advantageous.

The values of the samples' chemical constituents, by con-
trast, are in good accord with other biomass commonly fall-
ing within the following ranges: C = 42–71 wt.%, H = 3–11 
wt.%, N = 0.1–12 wt.%, S = 0.01 –2.3 wt.%, and O = 16–49 
wt.% [60]. The study's biomass samples had significant 
concentrations of condensable and non-condensable gases, 
which may be used to produce high-quality products and 
energy during pyrolysis, as evidenced by their high VM and 
FC values. The investigated biomass materials may make 
excellent candidates for use as biofuels in a variety of energy 
and industrial applications due to their high HV, C, FC, VM, 
moisture, ash, and  N2 content. A significant liquid fraction 
yield is produced during pyrolysis as a result of the high 
hemicellulose and cellulose content in PF and WS [61]. The 
high lignin content of OL suggests that char can be produced 
from it. Typically, during the pyrolysis process, cellulose 
and hemicellulose help generate volatile compounds. On 
the other hand, lignin is a key biochar pioneer and helps to 
increase the yield of biochar with various physicochemical 
characteristics throughout the pyrolysis process.

Biomass contains metallic elements, which have a con-
siderable impact on the temperature of pyrolysis and the 
constitution of the products (char, tar, and gases) [51]. The 
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principal components are potassium (K), calcium (Ca), sul-
phur (S), silicon (Si), Ferro (Fe), and Phosphorus (P) for 
the PF sample, Ca, K, S, Si, P, and Fe for OL sample, K, 
Ca, Si, S, Fe, and P for WS sample, in descending order 
of importance. In descending order of power, the primary 
oxide elements are  K2O, CaO,  SO3,  SiO2,  P2O5,  Fe2O3, and 
FeO for PF, CaO,  SO3,  K2O,  SiO2,  Fe2O3, and  P2O5 for OL, 
and  K2O,  SiO2,  SO3, CaO,  Fe2O3, and FeO for WS. Heavy 
metals (such as calcium (Ca), magnesium (Mn), manganese 
(Mg), lead (P), iron (Fe), zinc (Zn), copper (Cu), sulphur 
(S), sodium (Na), and potassium (K)) may accelerate the 
pyrolysis of more hydrocarbons and enhance the product’s 
quality [62], while in this process, catalysts such as Cu, Pb, 
Ni, and Cr are effective [63]. Ca, K, S, and Fe are present in 
high amounts in each sample. Many metals and metalloids, 
including Cu, Zn, Pb, cadmium (Cd), and chromium (Cr), 
which are only trace amounts in all samples, are released 
into the atmosphere with fly ash after combustion, posing a 
serious threat to both humans and the environment [64]. If 
there are considerable concentrations of heavy metals, they 
can be transported in one of three ways after combustion: 
solid residues in the combustion chamber, solid particles 
in fly ash, or flue gas [65]. Experiments showed that heavy 
metals were highly flammable at temperatures of 800 ◦C for 
combustion and 250–300 ◦C for flue gas [66]. Cu, Cr, and 
Ni were concentrated in the bottom ash, which included heat 
exchanger and cyclone ash, during the burning of typical 
biomass. Cd and Zn, on the other hand, mostly existed in 
the gas phase. In the presence of the Calcium oxide (CaO) 
catalyst, the char residue dramatically rises (20.47, 42.49, 
and 8.63 wt.% for PF, OL, and WS, respectively). It can 
be because the Calcium catalyst accelerated the second-
ary reaction. Additionally, its presence lets the cellulose 
and hemicellulose elements of biomass degrade at a slow 
rate.  Fe2O3 and ZnO presumably prevented organic materi-
als from decomposing to produce additional solid residues 
[67]. Overall, the findings showed that several metal and 
non-metal oxides had been detected in both significant and 
trace levels. The presence of alkali and alkali earth metal 
(AAEM) oxides can affect the ability of biomass to serve 
as a feedstock for energy recovery and the generation of 
biofuels.

3.2  FTIR analysis

Figure 2 and Table 3 display the FTIR spectra of the 
PF, OL, and WS samples together with their functional 
groups. First, bands between 3000 and 3500 cm−1 that 
were attributed to OH stretching vibration confirmed the 
existence of water, protein, alcohol, and contaminants that 
were aromatic, phenolic, acidic, and water-soluble [8, 68]. 
For hydroxyl groups, this zone is specified in accordance 
with a specific frequency value, such as the indicated 

maximum of 3351.6 cm−1 . Methylene, methoxyl C-H, and 
methyl groups, which are components of hemicellulose, 
are related with symmetrical and non-symmetrical vibra-
tions in the band range between 3000 and 2700 cm−1 [69]. 
Gases like  CO2 and CO are present in the region between 
2133 and 2000 cm−1 . C≡C stretching of alkyne groups 
like ethene, propyne, 1-butyne, and 1-hexyne is account-
able for a band of 2133 cm−1 . The bands between 1627.63 
and 1650.77 cm−1 had attributed to a C–C stretch in ethers 
or aromatic compounds. The presence of cellulose, lignin, 
and protein in biomass was suggested by the band at 1500 
cm

−1 that was associated with a C = C aromatic ring [70, 
71]. It is significant to note that the C–C bonds found 
in the lignin’s aromatic ring match the wavelength of 
1510 cm−1 [72, 73]. Symmetric-antisymmetric glyco-
sidic link C–O–C, ring C–C, C–O stretching, –OH, and 
–CH2 bending vibrations, and C–H,  CH3 bend alkyl-chain 
structure  CH2,  CH3 deformation vibrations that indicate 
the existence of hemicellulose, cellulose, alkanes, or ali-
phatic skeletal (saturated hydrocarbon) compounds such 
as ethane, pentane, etc. are accountable for bands in the 
range of 1159 to 1444.5 cm−1 . Aliphatic skeletal C–C, 
C–O–C, and C–OH stretching, as well as C–H bending 
vibrations, C–C, C–O stretching, and –OH bending vibra-
tions, were also attributed to bands ranging from 778.136 
to 1106 cm−1 that revealed the presence of esters charac-
teristic of hemicellulose, cellulose, and amorphous cel-
lulose as well as aliphatic compounds (saturated), joined 
by single bonds (alkynes). The bands between 610 and 
467 cm−1 are attributed to substances such as alcohol, 
disulfides, R2S2 (C–S and S–S stretch), bending vibra-
tion of Si–O–Si and Si–O–, or stretching vibration of 
organic sulphur (aromatic double sulfide–S–S– or –SH) 
such as  CH3–CH2–S–CH3 2-butyl 1-propyl sulphide, ethyl 

Fig. 2  FTIR spectra of palm fronds (PF), olive leaves (OL), and 
wheat straw (WS) samples
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methyl sulphide, ethyl phenyl sulphide, etc. It was deter-
mined from the FTIR results that all samples are suitable 
feedstocks for pyrolysis. It is clear from looking at all 
the spectra that the determined region between 469 and 
1650 cm−1 contains a concentration of peaks that stand 
out. These peaks correlate to some bands that stretch 
and deform into different vibrational groups and values, 
which are representative of the components of the ligno-
cellulosic material. This range is extremely important for 
understanding changes (stretching and deformation vibra-
tions) in the components of cellulose, hemicellulose, and 
lignin in lignocellulosic materials [74].

3.3  Scanning electron microscope analysis

Scanning electron microscopy (SEM) was used to exam-
ine the structure of biomass sample. SEM works well for 
describing the surface morphology of biomass [75]. This 
technique aids in examining any pores or anomalies that 
may be present on the sample surface. Figure 3 displays 
the outcomes of the study at various magnifications, and 
Table 4 displays the descriptive parameters derived from 
the photos using Image J analysis. As seen in Fig. 3, 
the surfaces of all samples had some regular, long, flat, 
and fibrous flakes. The explanation for why the surface 

Fig. 3  Scanning electron microscope (SEM) for different biomass materials
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morphology of all samples is nearly uniform is because 
there are a number of grains of comparable sizes as well 
as a few larger grains. No pores of any shape or size have 
been visible on the surface in the photos. Compared to 
the PF and OL samples, the WS particles appear signifi-
cantly more elongated, and their distribution is more dis-
persed. By displaying how smaller particles cling to the 
surface of larger ones, the image effectively illustrates the 
agglomeration phenomenon.

3.4  TG/DTG thermal degradation profiles

Figure 4 displays the TG/DTG and DTA profiles for the PF, 
OL, and WS samples during pyrolysis at heating rates of 10, 
20, and 30 ◦C∕min regarding temperature and mass loss. The 
profiles demonstrate how various lignocellulosic materials 
typically behave during pyrolysis as well as how heating 
rate and material type affect behaviour. It is evident that for 
each heating rate in all profiles, the mass loss of the biomass 
samples rises with temperature. The pyrolysis process is a 

Table 4  Descriptive parameters 
obtained from SEM images 
based on Image J analysis

Descriptive PF OL WS

Statistic St. Err Statistic St. Err Statistic St. Err

Mean diameter (µm) 32.39 1.49 43.54 1.96 53.21 3.07
95% Confidence Interval 

for Mean (Lower 
bound)

29.45 39.66 47.10

95% Confidence Interval 
for Mean (Upper 
bound)

35.33 47.42 59.33

5% Trimmed Mean 30.49 42.53 51.19
Median 28.33 39.85 46.39
Variance 253.64 381.87 812.74
Std. Deviation 15.93 19.54 28.51
Minimum 15.25 12.43 17.05
Maximum 102.51 106.89 181.04
Range 87.26 94.46 163.99
Interquartile Range 14.98 28.93 37.52
Skewness 2.05 0.226 0.77 0.241 1.45 0.260
Kurtosis 5.10 0.447 0.47 0.478 3.41 0.514

Fig. 4  TG/DTG and DTA of the biomass materials
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multistage decomposition of lignocellulosic biomass that 
can be divided into three phases based on their profiles: 
in the first stage, moisture is evaporated, and volatile CO 
and  CO2 are released. The temperature ranges in this dry-
ing stage for PF, OL, and WS for all ( � ) are (40–154 ◦C ), 
(24–170 ◦C ), and (30–160 ◦C ), respectively. The mass losses 
at this stage are (7–7.5%) for PF, (6.3–6.7%) for OL, and 
(6.5–7.15) for WS, and they are well-matched to the results 
of proximate analysis. The second stage is the devolatiliza-
tion or active pyrolytic stage, which occurs at (123–568 ◦C ) 
for PF, (121–560 ◦C ) for OL, and (114–525 ◦C ) for WS for 
all ( � ), with the exception of WS at = 30 ◦C∕min , where 
this stage of devolatilization extended to 900 ◦C where the 
mass loss rate increases violently as shown in Fig. 4. High 
molecular weight molecules were decomposed into lower 
molecular weight ones at this stage. In this stage, hemicellu-
lose degradation (200–350 ◦C ), lignin and cellulose decom-
position (350–480 ◦C ), and char formation zone of lignin 
degradation (> 480 ◦C ) all take place [12]. Other sources 
state that cellulose decomposes between 230 and 450 ◦C , 
hemicellulose decomposes between 180 and 340 ◦C , while 
lignin undergoes thermal decomposition at temperatures 
over 500 ◦C [76, 77]. At a greater temperature, liquid for-
mation takes place because, at a lower temperature, cellulose 
first decomposes into monomers and produces CO,  CO2, and 
carbonaceous gases.

In contrast, lignin decomposes more slowly and at tem-
peratures exceeding 500 ◦C as a result of its linkage with 
a hydroxyl phenolic group (see Table 3). For all biomass 
samples, the stage where complex compounds are decom-
posed into linear compounds by the constant flow of energy 
is the one with the highest rate of volatilization [39, 78, 
79]. The majority of the volatiles were released at this time, 
and the secondary gas evolution was essentially finished, 
which encouraged the creation of carbon [80]. The major-
ity of the cellulose, hemicellulose, and some lignin are 
said to be degrading at this stage, which results in a mass 
loss of (86.5–88.5%) for PF, (81.2–82.9%) for OL, and 
(81.3–84.7%) for WS. There is no degradation in the third 
zone of (530–1000 ◦C ) for PF, (510–1000 ◦C ) for OL, and 
(525–1000 ◦C ) for WS for all ( � ), but the carbon and ashes 
are still included in the final solid waste. The lengthy tail at 
this stage represents lignin decomposition and char produc-
tion, where the lignin has been converted more slowly in 
order to maximise carbonization. Lignin is covalently bonded 
to hemicellulose and cross-linked to polysaccharides; it is 
formed between cellulose and microfibers. The greater lignin 
content of OL caused the separation of hemicellulose and 
cellulose in addition to slowing down the rate of pyrolysis.

A significant factor affecting the yields of products like 
bio-oil, biochar, and non-condensable gases is the heating 
rate ( � ) in pyrolysis processes. Additionally, evaluating the 
kinetic and thermodynamic characteristics depends on it. 

The DTG curve showed three separate peaks for all biomass 
samples, with each peak shifting to a higher temperature 
with an increase in heating rate. The lower � gave enough 
time for thermochemical reactions to cause the internal and 
external surfaces of the biomass samples to gather at the 
same temperature at a given time, which enabled its surface 
and interior to be decomposed simultaneously because bio-
mass waste does not conduct heat well [81]. On the other 
hand, the slower reactions and the migration of the DTG 
profiles to higher temperature regions were caused by the 
greater heating rates' inability to elevate the internal tem-
perature high enough to achieve the decomposition tem-
perature [82–84]. The leftover solid materials (char) after 
pyrolysis also vary slightly with the heating rate. It is crucial 
to understand that strong heat flows during the final stage 
of heating (devolatilization) reduce the viscosity of the bio-
mass material while accelerating the processes that produce 
volatiles. Several biofuels have shown this behaviour in the 
past [85, 86]. Two peaks are observed in the reactive stage 
that are evidence of hemicellulose and cellulose decomposi-
tion, while there is no indication of any peak derived from 
lignin decomposition, as shown in ref. [87]. On the other 
hand, the first peak is seen as a result of the first stage's 
elimination of moisture and light volatile materials. It can 
be seen from the comparison of the peaks of hemicellulose 
and cellulose in all samples that they have distinct shapes 
and locations, which suggests that the distribution of organic 
and inorganic chemicals has an impact on how quickly they 
degrade thermally. The maximum peak in the (DTG) profiles 
is where the greatest mass loss occurs, and the height of 
this maximum peak establishes the reactivity of the biomass 
materials. For PF, OL, and WS, respectively, the mass losses 
at the maximum peak are (44.5–47.5%), (33.–35.3%), and 
(38.5–45.25%) (see Table 5).

3.5  Pyrolysis characterization of waste biomass 
materials

The order of the materials' increasing reactivity, as indi-
cated by the DTG profiles of the three biomass samples, is 
PF > WS > OL, as shown in Table 5. The table also demon-
strates that for all samples, the temperature at the greatest 
peak rises as � rises while the time to reach it falls sub-
stantially. As demonstrated in Table 5, the rate of pyroly-
sis ( −Rp ) increases as � increases in the following order: 
WS > PF > OL. A greater � was conducive to the pyrolysis, 
as evidenced by the rise in the maximum volatile release 
rate ( −Rp ) or the maximum rate of the pyrolysis process 
with an increased � . Rp increased as the rate was increased 
from 10 to 30 ◦C∕min because there wasn’t enough time 
for the products to volatilize, causing the thermal hysteresis 
phenomenon [49]. Table 5 displays the pyrolysis character-
istics and the samples' reactivity through the devolatilization 



Biomass Conversion and Biorefinery 

1 3

and char stages (a, b). The reactivity index measures the 
rate of structural component deterioration as revealed by 
peak DTG profiles ( RM ). The results indicated that while 
PF and WS were the most reactive biomass samples, OL 
was least reactive at the volatile decomposition (reactive) 
stage. This is because the lignin composition of the OL 
exceeds that of its hemicellulose and cellulose constituents 
(see Table 1). On the other hand, at the char pyrolysis stage, 
PF became the most reactive. These are once more shown 
by the height of their DTG profiles within the two stages, 
as seen in Fig. 4. The residual mass ranges for PF, OL, and 
WS were (1.43–2.74%), (1.97–2.94%), and (1.11–3.67%), 
respectively, at the end of the experiment (1000 ◦C ). These 
values resembled the ash contents for PF and WS in Table 1 
considerably, demonstrating that the reaction was finished. 
Thermal hysteresis was primarily responsible for the varia-
tion in residual mass with varying heating rates.

Because the sample’s mass and heat transfers were hin-
dered, some of the product's components didn't have enough 
time to volatilize, and thermal hysteresis occurred under the 
maximal pyrolysis rate, there was a proportional increase 
in ( Tp ) with the ( � ) [32]. The results of Table 6 show that 
the Ddev indices of the PF and WS samples were greater 
than those of the OL samples due to the latter's higher Ti 
and Tp and lower ( −Rp ) than those of the other samples. 
The Ddev index increases as � increases for all samples. This 
demonstrates the benefit of high � for devolatilizing bio-
mass products. Indicating that the pyrolysis benefited from 
the quicker heating rate and that the volatiles was released 
more readily, CPI increased as � increased, but that there 
was not enough time for all of the volatiles to be released. 
The CPI is increased for all samples in the following order: 
PF > OL > WS. Volatiles were liberated more quickly 
because PF and WS biomass samples had better pyrolysis 

Table 5  Thermal degradation 
parameters for different biomass 
materials

� Parameter Unit First peak Second peak (maxi-
mum)

Third peak

PF OL WS PF OL WS PF OL WS

10 −Rp %∕min 3.73 3.09 4.3 5.45 3.26 6.05 2.91 2.49 2.19
Tp

◦C 73.5 76 76.4 293.4 296 291 417.66 470 432.5
tp min 1.23 1.8 1.43 22.25 23.58 20.97 38.28 46.23 39.1
mloss % 2.91 2.89 3.31 44.79 34.07 39.35 74.91 78.13 75.87
RM %∕min

◦C 0.051 0.041 0.056 0.019 0.011 0.021 0.007 0.005 0.005
20 −Rp %∕min 5.87 3.71 4.81 11.11 6.68 13.65 4.24 3.6 3.64

Tp
◦C 86 93.4 91 316.2 314.55 304.6 431.3 502.55 445.4

tp min 1.23 1.2 1.13 11 10.28 9.12 18.22 22.43 18.33
mloss % 3.54 2.77 3.43 47.52 35.34 38.59 73.57 78.79 76.23
RM %∕min

◦C 0.068 0.04 0.053 0.035 0.021 0.045 0.01 0.007 0.008
30 −Rp %∕min 7.61 5.96 8.23 20.45 13.17 20.88 5.21 5.34 ـــــــ

Tp
◦C 98.3 105 99.6 321.6 319.5 333.2 448.3 473.5 ـــــــ

tp min 0.87 0.92 0.93 5.13 5.05 5.98 10.25 11.37 ـــــــ
mloss % 3.63 3.08 3.47 44.58 33.63 45.23 73.84 70.2 ـــــــ
RM %∕min

◦C 0.078 0.057 0.083 0.064 0.041 0.063 0.012 0.011 ـــــــ

Table 6  Pyrolysis parameters for different materials

� Ti ti mloss Tf tf mloss RMtot ΔT1∕2 CPI × 10
6 Ddev × 10

6 RW × 10
−3

◦C min %
◦C min % %∕min

◦C ◦C %
2
∕min

2◦C
3

%∕min
◦C

3
%∕min

◦C
2

10 PF 229.6 14.00 12.68 485.98 47.65 95.07 7.63 263.65 0.34 0.31 6.95
OL 225.5 14.52 12.39 503.65 51.12 88.27 5.70 451.01 0.02 0.11 4.20
WS 242.0 14.82 12.78 483.56 46 88.72 8.21 260.88 0.15 0.33 7.38

20 PF 250.7 7.17 15.24 527.89 24.92 95.45 11.32 259.72 1.77 0.54 12.04
OL 240.0 5.93 12.26 558.2 26.32 89.92 6.81 443.56 0.35 0.20 7.60
WS 256.0 6.53 13.07 524.98 23.98 91.86 10.58 65.78 5.46 2.66 15.04

30 PF 260.0 3.38 13.79 562.89 15.73 95.13 15.27 86.42 14.94 2.83 21.00
OL 250.0 3.10 11.54 559.53 15.5 88.46 10.93 118.29 1.60 1.39 14.16
WS 278.0 4.07 14.69 595.72 17.37 77.00 14.53 74.89 7.80 3.01 19.35
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properties and stability (higher CPI and RW ). The acquired 
CPI and RW values for each sample make this clear.

3.6  Chemical kinetics

3.6.1  Kinetics from integral models

In this method, the devolatilization process was taken as 
one zone for all samples, as shown in Table 7. All the data 
obtained using different diffusion and reaction order mod-
els are fitted, and the best-fit regression line that has the 
highest value of the correlation coefficient R2 was deter-
mined, as shown in Fig. 5. Table 7 shows the values of E 
and A for all samples using different diffusion and reaction 
models at different heating rates ( � ). The values of ( E ) for 
the PF sample ranged between 30.36 and 167.13 kJ∕mole , 
23.59 and 142.41 kJ∕mole , and 8.82 and 90.02 kJ∕mole for 
diffusion models at β of 10, 20, and 30 ◦C∕min , respec-
tively. On the other hand, for the PF sample, the values of 
( E ) ranged between 66.49 and 117.49 kJ∕mole , 53.36 and 
107.61 kJ∕mole , and 22.3 and 93.62 kJ∕mole for β of 10, 20, 
and 30 ◦C∕min , respectively, for reaction order models. For 
the OL sample, the values of ( E ) ranged between 27.55 and 
149.20 kJ∕mole , 23.06 and 131.69 kJ∕mole , and 23.29 and 
130.51 kJ∕mole for � of 10, 20, and 30 ◦C∕min , respectively, 
for diffusion models. For reaction order models, the values 
of ( E ) ranged between 60.91 and 92.88 kJ∕mole , 52.0 and 
83.41 kJ∕mole , and 51.69 and 83.18 kJ∕mole at � of 10, 20, 
and 30 ◦C∕min , respectively. For the WS sample, the values 
of ( E ) ranged between 25.04 and 149.92 kJ∕mole , 26.43 
and 156.27 kJ∕mole , and 11.01 and 102.51 kJ∕mole for � 
of 10, 20, and 30 ◦C∕min , respectively, for diffusion models. 
For reaction order models with � of 10, 20, and 30 ◦C∕min , 
E values ranged from 56.87 to 117.38 kJ∕mole , 58.33 to 
119.76 kJ∕mole , and 23.48 to 125.97 kJ∕mole , respectively. 
These results clarified that the ( � ) has an effect on the val-
ues of the ( E ). It can be seen that some diffusion–reaction 
models gave reasonable values of ( E ), which matched with 
other biomass materials in the literature. The diffusion mod-
els gave logical values (high values mean a fast and easy 
pyrolysis process) for ( A ), as shown in Table 7 compared to 
the reaction order models (low values). It can be seen that 
R2 values showed low correlation values, especially for the 
diffusion models.

3.6.2  Kinetics from isoconversional models

Figure 6 shows ( E ) and ( A ) distribution as f (α) using OFW, 
KAS, diffusion, and reaction order models, respectively. The 
OFW and KAS methods are used to estimate the activation 
energy, ( E ), at a specific extent of conversion (α) for an 
independent model. We can obtain the profile of the ( E ) 
as a function of (α) by repeating this procedure at different 

conversion values (α). The underlying assumption is that the 
reaction model f (α) , is identical at a given (α) for a given 
reaction under different conditions. The frequency factor ( A ) 
was obtained from the intersection term of Eqs. 11 and 12 
based on the values of the integral function g(α) in Eq. 6 and 
the estimated ( E ). Different algebraic functions of g(α) and 
f (α) that describe the reaction models are given in Table 2. 
The diffusion and reaction order models were used for esti-
mating the frequency factor ( A ) based on the ( E ) values 
obtained from the OFW and KAS models for PF, OL, and 
WS biomass samples. The values of Eav calculated by using 
OFW are 69.1, 91.9, and 65.2 kJ∕mole for OL, PF, and WS 
samples, respectively, and Eav calculated by using KAS is 
101.8, 87.5, and 63.4 kJ∕mole for OL, PF, and WS samples, 
respectively. The Eav estimated using the OFW method was 
a little higher than the obtained values from KAS for the 
PF and WS biomass samples. The KAS, on the other hand, 
yields a higher value of Eav than the value obtained from 
the KAS for the OL sample. The decomposition of hemi-
cellulose and cellulose occurred mostly in the (α) range of 
0.1–0.7, while lignin decomposed in the same range at the 
same time for OL and WS samples using both kinetic mod-
els. For (α > 0.7), there is a fluctuation in the values of ( E ) 
for the PF sample. The E distribution showed a bell-shaped 
pattern with an increased (α) in the devolatilization tempera-
ture range of all samples (150–600 ◦C ). The E of the hemi-
cellulose decomposition at the lower part of (α) was lower 
than that of the cellulose decomposition at the higher part 
of (α) in the range of 0.1–0.7 according to the two peaks in 
the DTG profiles in Fig. 4 and ref. [54]. The difference in the 
Eav value between the OFW and KSA methods was 1.8, 4.4, 
and − 33.7 kJ∕mole for PF, WS, and OL, respectively. When 
hemicellulose was decomposed to a certain extent (α > 0.25), 
the E value began to increase, causing the decomposition of 
hemicellulose to overcome a higher energy barrier [88, 89]. 
When α > 0.7, the main reactant became lignin, which in 
turn led to a sharp decrease in E for the WS and OL samples 
or a fluctuation between decrease and increase for the PF 
sample, which is opposed to that in ref. [90]. This is due to 
the difference in nature, composition, physical and chemical 
properties, etc. of the samples used in this study. The KAS 
and OFW models provide an efficient way to estimate activa-
tion energy [91], but the OFW method gives more reason-
able values of Eav than the KAS gave.

The pre-exponential factor ( A ) represents the number of 
collisions per time unit between atoms, which indicates the 
proper orientation for a reaction to take place. The value of 
A increased with the increase in (α), which indicated the reli-
ability of the calculated activation energy values. Figure 6 
shows the distributions of A as a function of (α) profiles 
using the E values produced by the OFW method. Based on 
the E

α
 values obtained using the OFW method, it can be seen 

that for reaction models, the distributions of A are almost 
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Table 7  Kinetic parameters of the biomass materials pyrolysis using an integral method based on different diffusion and reaction order models

E A R2 E A R2 E A R2

Model kJ∕���� ���
−1 kJ∕���� ���

−1 kJ∕���� ���
−1

Diffusion model (HR 10 ◦�∕min)
PF (205 – 490◦C) OL (200 – 510◦C) WS (225 – 490◦C)

D1 139.24 2.96E + 11 0.8599 130.88 3.41E + 10 0.8508 117.80 1.60E + 09 0.7800
D2a 145.41 6.82E + 11 0.8743 135.09 4.88E + 10 0.8626 124.74 4.30E + 09 0.7995
D2b 30.36 2.89E + 01 0.8280 27.55 1.31E + 01 0.8053 25.04 6.74E + 00 0.7149
D3a 152.35 8.39E + 11 0.8893 139.66 3.40E + 10 0.8747 132.72 6.58E + 09 0.8203
D3b 147.71 2.68E + 11 0.8795 136.61 1.59E + 10 0.8668 127.39 1.81E + 09 0.8067
D3c 167.13 3.17E + 13 0.9158 149.20 3.67E + 11 0.8966 149.92 4.12E + 11 0.8575
D3d 131.83 5.13E + 09 0.8439 125.21 8.98E + 08 0.8352 110.05 2.60E + 07 0.7605
D3e 134.23 9.38E + 09 0.8493 127.06 1.44E + 09 0.8404 112.55 4.84E + 07 0.7670
D3f 124.82 8.81E + 08 0.8269 119.79 2.27E + 08 0.8188 102.77 4.25E + 06 0.7399
D3g 31.22 2.99E + 01 0.8391 28.12 1.25E + 01 0.8145 26.02 7.20E + 00 0.7313
Reaction order model (HR 10 ◦�∕min)
F0 66.49 9.58E + 04 0.8346 60.91 2.29E + 04 0.8302 56.87 8.02E + 03 0.7366
F1 76.56 1.24E + 06 0.8848 67.63 1.30E + 05 0.8710 68.40 1.44E + 05 0.8072
F2 88.50 2.50E + 07 0.9264 75.22 9.08E + 05 0.9059 82.46 4.60E + 06 0.8674
F3 102.22 7.63E + 08 0.9569 83.66 7.75E + 06 0.9338 98.91 2.53E + 08 0.9127
F4 117.49 3.34E + 10 0.9766 92.88 7.94E + 07 0.9543 117.38 2.17E + 10 0.9435
Diffusion model (HR 20 ◦�∕min)

PF (225 – 530◦C) OL (200 – 560◦C) WS (230 – 525◦C)
D1 113.20 7.83E + 08 0.8310 113.83 8.13E + 08 0.8990 123.73 6.00E + 09 0.8170
D2a 119.59 1.82E + 09 0.8482 117.91 1.12E + 09 0.9096 130.76 1.60E + 10 0.8345
D2b 23.59 8.39E + 00 0.7724 23.06 7.07E + 00 0.8572 26.43 1.60E + 01 0.7630
D3a 126.85 2.31E + 09 0.8661 122.37 7.46E + 08 0.9204 138.85 2.41E + 10 0.8531
D3b 122.00 7.23E + 08 0.8545 119.39 3.58E + 08 0.9134 133.45 6.71E + 09 0.8410
D3c 142.41 9.43E + 10 0.8971 131.69 7.40E + 09 0.9393 156.27 1.46E + 12 0.8858
D3d 105.83 1.43E + 07 0.8128 108.40 2.31E + 07 0.8854 115.83 9.84E + 07 0.7994
D3e 108.21 2.56E + 07 0.8189 110.17 3.61E + 07 0.8900 118.39 1.83E + 08 0.8053
D3f 98.89 2.58E + 06 0.7932 103.23 6.29E + 06 0.8709 108.42 1.62E + 07 0.7807
D3g 24.49 8.75E + 00 0.7875 23.61 6.74E + 00 0.8665 27.43 1.70E + 01 0.7779
Reaction order model (HR 20 ◦�∕���)
F0 53.36 5.96E + 03 0.7969 52.00 4.24E + 03 0.8831 58.33 1.62E + 04 0.7870
F1 63.89 8.20E + 04 0.8590 58.56 2.28E + 04 0.9203 70.05 2.87E + 05 0.8497
F2 76.54 1.82E + 06 0.9082 66.01 1.51E + 05 0.9500 84.33 9.04E + 06 0.9012
F3 91.21 6.32E + 07 0.9429 74.31 1.22E + 06 0.9714 101.03 4.86E + 08 0.9382
F4 107.61 3.22E + 09 0.9647 83.41 1.18E + 07 0.9852 119.76 4.09E + 10 0.9620
Diffusion model (HR 30 ◦�∕���)

PF (240 – 565◦C) OL (200 – 560◦C) WS (253 – 600◦C)
D1 57.01 3.89E + 03 0.6226 112.56 9.31E + 08 0.9031 57.66 5.34E + 03 0.5985
D2a 63.33 9.14E + 03 0.6686 116.66 1.29E + 09 0.9136 65.64 1.84E + 04 0.6481
D2b 8.82 2.04E-01 0.3701 22.74 9.81E + 00 0.8622 9.68 2.81E-01 0.3724
D3a 71.42 1.41E + 04 0.7221 121.14 8.62E + 08 0.9242 76.52 5.35E + 04 0.7089
D3b 65.99 3.85E + 03 0.6874 118.15 4.13E + 08 0.9173 69.19 9.52E + 03 0.6695
D3c 90.02 1.12E + 06 0.8120 130.51 8.64E + 09 0.9427 102.51 2.18E + 07 0.8104
D3d 51.50 1.03E + 02 0.5885 107.11 2.63E + 07 0.8898 51.46 1.20E + 02 0.5665
D3e 53.27 1.64E + 02 0.5999 108.88 4.11E + 07 0.8943 53.44 2.00E + 02 0.5772
D3f 46.42 2.70E + 01 0.5524 101.91 7.12E + 06 0.8755 45.77 2.70E + 01 0.5319
D3g 9.82 2.31E-01 0.4225 23.29 9.37E + 00 0.8715 11.01 3.51E-01 0.4313
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normal in the range of α = 0.3–0.7. The F0-reaction order 
model gives the lowest maximum A value ( 1.00 × 10

9
min

−1 ) 
and the F4-reaction order model gives the highest maxi-
mum value ( 3.75 × 10

9
min

−1 ) for the OL sample. On the 
other hand, the distributions of A for PF and WS samples are 
skewed to the right in the narrow range of α = 0.5–0.7 and 
PF shows very small peaks at α = 0.8 with peak values rang-
ing between 0.25 × 10

10 and 2.50 × 10
10
min

−1 for PF, where 
fast pyrolysis in a short time has occurred, and 0.25 × 10

9 
and 3.50 × 10

9
min

−1 for WS samples. For D2a and D2b dif-
fusion models, the A distribution for an OL sample is nearly 
normal in the range of = 0.3–0.7, with peak values ranging 
between 0.25 × 10

9 and 1.00 × 10
9
min

−1 , respectively. On 
the other hand, the PF sample showed an uneven distribu-
tion of A with a maximum peak value of 3.25 × 10

9
min

−1 , 
but for WS, the distribution of A skewed to the right with a 
maximum peak value of  3.25 × 10

8
min

−1 for the D2b model, 
as shown in Fig. 6. In general, reaction order models give 
higher A values at the same range of (α), which shows that 
pyrolysis is easier and faster. The distributions of A for all 
samples using the E values from the KAS method for both 
diffusion and reaction models are almost the same, but with 
such small values of A , which means that the pyrolysis pro-
cess is difficult and takes a long time for thermal degradation 
(see supplementary). In general, in the ranges of α ≤ 0.2 and 
α ≥ 0.7, the degradation reactions may be different. Conse-
quently, the isoconversional models indicated variations in 
both E

α
 and A

α
 values, with an increase in the conversion 

degree (α). This observation provides evidence that the deg-
radation process for these samples takes place in multiple 
steps. Average activation energy values obtained from the 
integral method based on the diffusion integral models are to 
some extent similar to those obtained from the KAS method, 
as highlighted in Table 7. Whereas the average activation 
energy values obtained based on the reaction order integral 
models are similar to those obtained from the OFW method, 
as also highlighted in Table 7.

3.6.3  Kinetics from DTA model

Figure 4a shows the DTA profiles of the biomass sam-
ples (PF, OL, and WS) at 10, 20, and 30 ◦C∕min . For all 

� values, the DTA profiles are divided into three zones, 
where an exothermic effect is registered. For all � values; 
the first, second, and third zones lie between 85 and 238 
◦C , 236 and 399 ◦C , and 387 and 582 for PF, respectively; 
lie between 86–224 ◦C , 223–432 ◦C , and 396–576 ◦C for 
OL, respectively; and lie between 84 and 270 ◦C , 233 and 
403 ◦C , and 391 and 553 ◦C for WS, respectively. The 
samples dried, and the hemicellulose decomposed with 
one peak in the first zone for all samples except that at 
β = 30 ◦C∕min , PF and OL did not show any peaks. The 
peak temperatures in this zone ranged between 140 and 
176 ◦C , 133 and 194 ◦C , and 136 and 213 ◦C for PF, OL, 
and WS, respectively. The second thermal zone demon-
strated an exothermic effect where the cellulose decom-
posed, with one high peak, especially at � = 30 ◦C∕min , 
and two small peaks at other values of � for all samples. 
The peak temperatures in this zone range between 306 
and 340 ◦C , 330 and 361 ◦C , and 306 and 353 ◦C for 
PF, OL, and WS, respectively. The third zone showed 
an exothermic effect, with almost the highest peak at � 
=20 ◦C∕min for WS and at � =30 ◦C∕min for PF and OL 
samples, and two small peaks at other values of � for all 
samples. The peak temperatures ranged between 432 and 
461 ◦C , 473 and 499 ◦C , and 441 and 456 ◦C for PF, LO, 
and WS, respectively. The zone characteristic parameters 
are shown in Table 8. The activation energy ( E ) of all 
biomass samples was calculated using the direct method 
using Eq. (13) and the fitting method using Eq. (14), with 
the coefficients determined from the experimental func-
tion 1∕Tmax = f (ln) . The E values calculated from DTA 
measurements for all samples are given in Table 8. The 
table, to some extent, is in agreement with some of the 
data obtained by integral methods for diffusion and reac-
tion order models. The Eav values from DTA using the fit 
method are 131.46, 175.32, and 47.8 kJ∕mole . Except for 
the Eav value for WS, these results are much higher than 
those produced using the OFW and KAS approaches. On 
the other hand, the Eav value of WS is lower than those 
produced using the OFW and KAS methods. Since the 
direct method depends on Tin , which is so small compared 
to Tmax , which is used in the fit method, the produced Eav 
values are underestimated.

Table 7  (continued)

Reaction order model (HR 30 ◦�∕min)
F0 22.30 5.42E + 00 0.5155 51.69 5.93E + 03 0.8852 23.48 7.72E + 00 0.4914
F1 33.90 1.12E + 02 0.7144 58.26 3.21E + 04 0.9222 38.94 4.00E + 02 0.7079
F2 50.24 6.15E + 03 0.8568 65.73 2.13E + 05 0.9516 62.46 1.09E + 05 0.8639
F3 70.60 7.47E + 05 0.9227 74.06 1.73E + 06 0.9727 92.38 1.06E + 08 0.9358
F4 93.62 1.51E + 08 0.9462 83.18 1.68E + 07 0.9861 125.97 2.10E + 11 0.9636



Biomass Conversion and Biorefinery 

1 3

3.7  Thermodynamic parameters

Using diffusion and reaction order models and the E val-
ues derived from the OFW and KAS models in the range 

of α = 0.2–0.8, the estimated thermodynamic parameters 
ΔHav , ΔGav , and ΔSav are illustrated in Fig. 7a, b. The ΔH 
is the amount of energy needed to break down the complex 
chemical bonds in waste biomass and form new ones; it also 

Fig. 5  Fitting curves of the integral method for estimating the kinetic parameters of biomass pyrolysis based on different diffusion and reaction 
order models
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indicates whether an action is endothermic or exothermic. A 
positive ∆H value also suggests that the thermal degradation 
reactions are all endothermic since energy is needed for the 
reactants to reach their transition state [92]. The value of 
ΔH increases with (α), as seen in Fig. 7a, b, except for WS, 
which exhibits a decline in ΔH for α > 0.7. Based on the E 
from the KAS model and the A from the diffusion and reac-
tion order models, the ΔHav of PF, OL, and WS are 88, 105, 
and 62 kJ∕mole respectively, and for the OFW model, they 
are 88, 105, and 62 kJ∕mole . This indicates that additional 
heat energies are needed for the OL decomposition process, 
PF, and WS to break the reagent bonds, which is consistent 
with the E value obtained from the OFW model but not 

with the E value obtained from the KAS model. The differ-
ence in potential energy barrier between Eav and ΔHav was 
only 3.9, 36.9, and 3.2 kJ∕mole for the OFW, and 4.6, 29.8, 
and 5.5 kJ∕mole for the KAS for the PF and WS samples, 
respectively. This revealed that the reaction was viable under 
the conditions that were present. The favourable formation 
of the activation complex is indicated by the little amount 
of energy used during the thermochemical conversion of 
materials to produce various products, such as liquid, gas, 
and biochar, as well as by the slight difference between Eav 
and ΔHav for PF and WS samples [93].

The ΔG reveals that the total energy increase of the 
system occurs with the approach of the reagents and the 

Fig. 6  Activation energy distribution using the OFW and KAS methods and the frequency factors obtained from OFW data for different diffu-
sion and reaction order models
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formation of the activated complex [94]. It indicates that 
high energy can be evolved from the biomass samples. 
Figure 7a, b shows that ΔG is nearly fixed in the range of 
α = 0.2–0.7 for PF and WS samples, then it fluctuates up 
and down up to α = 0.8 for all diffusion and reaction order 
models used. The OL sample, on the other hand, exhibits 
this behaviour only when the OFW model is used as a source 
of E , whereas for the KAS model, the ΔG values increase as 
(α) increases up to 0.7, then decay until it reaches α = 0.8 for 
all diffusion and reaction order models used. For diffusion 
models, the ( ΔGav ) values calculated by the OFW model are 
185, 181, and 184 kJ∕mole for PF, OL, and WS samples, 
respectively, and for reaction order models, they are 171, 
167, and 170 kJ∕mole for PF, OL, and WS, respectively. For 
diffusion models, the ΔGav values calculated by the KAS 
model are 187, 191, and 190 kJ∕mole for PF, OL, and WS 
samples, respectively, and 173, 177, and 176 kJ∕mole for PF, 
OL, and WS, respectively, for reaction order models. There 
are small differences between the ΔGav calculated by OFW 
and KAS using diffusion and reaction order models (2–10 
kJ∕mole ). The ΔGav values from 182 to 184 kJ∕mole and 
171 to 175 kJ∕mole for different biomasses are reported in 
ref. [55]. During thermal degradation, the disorder change 
can be evaluated using ΔG , with low ΔG values favouring 
the reaction [95]. According to these values, the suitabil-
ity order of the degradation process was OL > WS > PF for 
OFW and KAS using diffusion and reaction order models. 
So, OL and WS consumed a great part of the heat in the 
decomposition process, disordering the system, and support-
ing the pyrolysis process.

The ΔS had negative variation values with (α), indicat-
ing a lower degree of disorder in the products compared 
to the initial biomass in the thermal degradation process 
[96], as shown in Fig. 7a, b. At this condition, the mate-
rial showed little reactivity, and it took more time to form 
an activated complex. On the other hand, the higher value 
of entropy implies that the material is too far from its own 
thermodynamic equilibrium, its reactivity is higher, and it 
takes less time to form the activated complex, which results 
in short reaction times [94]. The ΔSav values calculated by 
the OFW model according to the order of decreasing nega-
tive values are − 0.183, − 0.154, and − 0.192 kJ/K mole for 
OL, PF, and WS samples, respectively, for diffusion mod-
els, and are − 0.131, − 0.160, and − 0.169 kJ/K mole for PF, 
OL, and WS, respectively, for reaction order models. The 
ΔSav calculated by the KAS model are − 0.144, − 0.166, 
and − 0.212  kJ/K mole for OL, PF, and WS samples, 

respectively, for diffusion models, and − 0.120, − 0.143, 
and − 0.188 kJ/K mole for OL, PF, and WS, respectively, 
for reaction order models. The sign of ΔGav is positive at all 
temperatures, and the degradation process is never spontane-
ous since, in general, thermal decomposition is endothermic, 
ΔHav > 0 , and the entropy of the system decreases, ΔSav < 0

.

4  Conclusion

The key conclusions from the results of the present study 
are as follows:

• It was shown that three biomasses had a high deposition 
risk ( Rb∕a > 1.0,Fu > 40.0) , related to fouling and slag-
ging problems. However, FTIR data supported the find-
ings that all samples are suitable feedstock for pyrolysis 
and yield products.

• As the heating rate increases, the rate of pyrolysis ( −Rp ) 
increases in the following order: WS > PF > OL. The fact 
that the maximum rate of the pyrolysis process ( −Rp ) 
increased with the heating rate suggesting that pyrolysis 
was facilitated by higher heating rates.

• For all samples, the Ddev and CPI indices rise as � rises. 
For all samples, the CPI is increased in the following 
order: PF > OL > WS. Since PF and WS biomass sam-
ples showed greater pyrolysis characteristics and stability 
(higher CPI and RW ), volatiles were released more read-
ily. This is evident from the obtained CPI and RW values 
for all samples.

• The KAS and OFW models provide an efficient way 
to estimate activation energy. The values of Eav calcu-
lated by using OFW are 69.1, 91.9, and 65.2 kJ∕mole 
for OL, PF, and WS samples, respectively, and for KAS, 
are 101.8, 87.5, and 63.4 kJ∕mole for OL, PF, and WS 
samples, respectively.

• Using the ( E ) values from the KAS technique for diffu-
sion and reaction models, the distribution of ( A ) for all 
samples is almost same, but with such small values of 
( A ), it suggests that the pyrolysis process is highly dif-
ficult and takes a very long time for thermal degradation 
of the materials.

• Average activation energies based on diffusion integral 
models and derived by the integral technique are quite 
comparable to those based on the KAS method. The aver-
age activation energy values obtained using the reaction 
order integral models, however, are comparable to those 
found using the OFW technique.

• The Eav values from DTA using the fit method are 131.46, 
175.32, and 47.8 kJ∕mole . With the exception of the Eav 
value for WS, these results are much higher than those 
produced using the OFW and KAS approaches.

Fig. 7  a Thermodynamics parameters for the biomass materials based 
on the kinetics from the OFW model and frequency factor from the 
diffusion and reaction order models. b Thermodynamics parameters 
for the biomass materials based on the kinetics from the KAS model 
and frequency factor from the diffusion and reaction order models

◂
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• The small energy consumption during the thermo-
chemical conversion of materials to produce a variety 
of products like liquid, gas, and biochar is reproduced 
by the little difference between the Eav and ΔHav , and 
enthalpy was computed for the PF and WS samples.

• According to ΔGav values, the degradation process 
was appropriate for OFW and KAS in the following 
sequence: OL > WS > PF using diffusion and reaction 
order models. As a result, the thermal decomposition 
generated a substantial amount of heat, which OL and 
WS absorbed, disturbing the system and promoting 
pyrolysis.

• Using diffusion and reaction order models, the degra-
dation process was suitable for OFW and KAS in the 
following order: OL > WS > PF, as indicated by ΔHav 
values. Therefore, OL and WS consumed a significant 
portion of the heat produced by the breakdown process, 
disorganizing the system and promoting pyrolysis.

• In general, the degradation process is never sponta-
neous since thermal decomposition is endothermic, 
ΔHav > 0 , and the entropy of the system decreases, 
ΔSav < 0 , and the sign of ΔGav is positive at all tem-
peratures.
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