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Abstract: A kinetic study of the pyrolysis process of raw Eriobotrya japonica Lindl. Kernels (RLK) 

was investigated using a thermogravimetric analyzer. The weight loss was measured in a nitrogen 

atmosphere. The samples were heated over a range of temperature from 298 K to 873 K with four 

different heating rates of 5, 10, 15, 20 K min-1. Mass loss (TGA) and derivative mass loss (DTG) 

measurements indicate that the increase in heating rate has no noticeable effect on the thermal 

degradation of the RLK. The results obtained from the thermal decomposition process indicate that 

there are three main stages such as dehydration, active, and passive pyrolysis. TGA curves indicate that 

active pyrolysis of RLK is between 160 and 450 °C. In this interval, a shoulder followed by a peak 

exists on the DTG plots. The shoulder corresponds to the decomposition of hemicelluloses, the first 

peak to that of cellulose. Lignin decomposes through all temperature range. The kinetic parameters such 

as activation energy and pre-exponential factor were obtained for two degradation steps by 

isoconversional model-free methods proposed by FWO, KAS, Kissinger, Tang, MKN, and FR, with 

degradation mode being: f(α)=(1-α)n with n = 1 for FR and g(α)=-Ln(1- α) for the other methods.  The 

activation energy and pre-exponential factor obtained by the Kissinger method are 173 kJ/mol and 

1.9×1016 min-1. While for free model methods, the average kinetic parameters calculated are 172-248 

kJ.mol-1 and 5,30×1020 for integral methods (FWO, KAS, Tang and MKN) and 190-271 kJ.mol-1 and 

1.77×1022 min-1 for differential Fr method. The activation energy decreases in the final stages of the 

process. The energy required for hemicellulose degradation is lower than that of cellulose. The most 

probable reaction functions have thus been determined for these two stages by Coats-Redfern and 

Criado method, leading to greatly improved calculation performance over the entire conversion range. 

The reaction, second-order F2, describes the pyrolysis reaction models of RLK. With the Arrhenius 

parameters obtained from the fitting model of CR, we attempt to reconstruct the temperature-dependent 

mass conversion curves and have resulted in generally acceptable results.  Based on the Arrhenius 

parameter values obtained by Kissinger equation, the changes in entropy, enthalpy and Gibbs free 
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energy, and lifetime predictions have been estimated concerning the thermal degradation processes of 

RLK. 

Keywords: Raw Loquat Kernels (RLK); TG; DTA; DSC; kinetics; model free methods; model fitting 

methods. 

© 2020 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative 
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1. Introduction 

Loquat (Eriobotrya japonica Lindl.) is a subtropical evergreen fruit tree native to 

China's southeast, belonging to the Maloideae subfamily of the Rosaceae. Loquat is cultivated 

in Cyprus, Egypt, Greece, Israel, Italy, Spain, Tunisia, and Turkey. It is also widely distributed 

in many European, Asian, and American countries [1, 2]. Loquat was introduced and cultivated 

to Zegzel valley (Berkan, Marrakech, Fes-Meknes, Khemisset, and Tetouan) in Morocco in the 

sixties [3]. Indeed, under the Morocco Green Plan launched in recent years (PMV), loquat trees 

have benefited from subsidies for rehabilitation and densification of existing plantations and 

the creation of new modern ones [4]. This plan has led to an increase in the production of loquat 

fruit. Thus, according to the latest data [4], its total area is 270 Ha, and Production of 7,200 T 

with an average return of 20-25 T/Ha. With the increase in loquat fruit production, the amount 

of waste associated with the packaging and production of pulp and loquat juice, especially 

loquat kernels, rose significantly [4]. Although the loquats are small fruits of 3 to 5 cm in 

diameter, in the form of a spinning top, their flesh surrounds maximally four kernels, 

representing almost 90% of the fruit's total weight.  

Based on the above consideration, loquat kernels are accordingly of significant 

economic interest, so their valuation is essential. Knowledge of raw kernels composition is 

therefore essential for any further application. Thus, loquat kernels contain extractable 

components with high added value. They are rich in protein, dietary fiber, phenolic compounds, 

and antioxidants [5].  

Loquat kernels contain active components highly used in various fields, including 

medicine and cosmetics. One can find them to manufacture activated carbon [6] and bio-

adsorbents for dye removal [7, 8]. They are also substrates for bacterial [9] and methane 

fermentation [10]. Loquat kernels also contain many cyanide compounds, such as amygdalin, 

known for their anti-tumor efficacy. Indeed, in Asian countries, the loquat kernel powder was 

consumed for medicinal purposes, especially against cancer. It has been found that during its 

digestion, the cyanides contained in kernels turn into hydrocyanic acid toxic when decomposed 

in the human body. This is why the food and drug authorities have denied their use in traditional 

medicine. The amygdalin is extracted from loquat seeds. It is prescribed under medical 

supervision, yet, the effective therapeutic doses being established for the moment only in vivo 

[11]. However, loquat kernels are used in the food industries because they contain much starch 

[12]. 

However, even though loquat kernels have been the subject of several studies in recent 

years, as well as the fact that the presence of bioactive compounds in its composition has been 

proven, no reviews on loquat kernels kinetic data were found, and their energy features and 

valuation as fuel are still not sufficiently discussed. Therefore, we propose in this work to 

examine the thermal profile of loquat kernels to highlight their energy potential and the 

possibility of using them as fuel. 
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The most emphasis on the use of biomass fuels, for environmental or economic reasons, 

demands a larger knowledge of kinetic parameters involved in the thermo-conversion reactions 

[13-16]. The kinetic investigation is one of the most important applications of thermal analysis, 

once the knowledge of the kinetic parameters, mechanisms, and mathematical models 

associated with the thermal decomposition process can take to the improvement of the current 

practices of biomass conversion, modeling of industrial processes, and combustion in furnaces 

and boilers [13-16].  

Several methods can study degradation kinetics, but one of the most popular and 

simplest techniques widely used in the literature is the thermogravimetric analysis [17]. 

Literature reviews present several kinetic models related to biomass fuels' pyrolysis, e.g., the 

single reaction model, the consecutive reaction model, and the independent parallel model 

(IPR) [18]. 

This work aims to study the thermal features and degradation kinetics of the date seeds 

under an inert atmosphere through thermogravimetric analysis and differential thermal 

analysis. The kinetic parameters like E and lnA were determined from the non-isothermal mass 

loss data using different temperature integral methods and the first-order reaction assumption. 

The performances of the isoconversional Friedman [19] Flynn–Wall–Ozawa method [20, 21], 

Kissinger-Akahira-Sunos [22,23], Coats–Redfern method [24], Madhusudanan–Krishnan–

Ninan approximation method [25] Tang method [26] and Kissinger have been thoroughly 

compared. Based on the CR calculations, the most suitable reaction functions have been 

scanned to describe the two thermal pyrolysis stages of RLK. With the kinetic parameters of 

the activation energy E and ln A of RLK, the changes in entropy, enthalpy and Gibbs free 

energy, and lifetime predictions have been made concerning the thermal degradation processes 

RLK. 

2. Materials and Methods 

 2.1. Materials.  

Fresh loquat (Eriobotrya japonica Lindl.) fruits were purchased from a local market in 

Berkane. Firstly, the seeds were manually removed from the flesh (edible parts) and other 

tissues. The seed testa or seed skin was separated from the kernel, and the loquat kernel was 

recovered. Kernels were cleaned once with distilled water to remove the undesirable materials, 

dried in the oven at 60 °C for 24 h. The seeds are then crushed using a micro-grinder and sieved, 

and the particle size used in this work is less than/or equal to 180 µm. 

2.2. Methods of material analyzes. 

2.2.1. Proximate analysis. 

Proximate analysis of raw loquat kernels was performed according to AOAC (1995, 

1997 and 000) [27-29]. Thus, the moisture content was measured gravimetrically by drying the 

sample in an air oven at 100°C until it reached a constant weight. Total nitrogen was determined 

by the Kjeldahl method (AOAC, 1997) [28], followed by the protein calculation using the 

general factor 6.25. Fat content was quantified by the Soxhlet method using ether as a solvent 

for 6 hours at 70°C and then removing the solvent by distillation. Ash was determined by 

combusting dry sample in a muffle furnace (Thermolyne 62700) at 525 °C for around 18 h. All 
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values are expressed as mean (n=3). Dry matter (DM), organic matter (OM), and total 

carbohydrates content are estimated using the following equations: 

DM = 100 - fat - Moisture 

OM  = 100 - Ashes 

Total carbohydrates content = 100 – [% moisture+ %protein +%fat+%Ash] (Weende method) 

% lignin=OM- total carbohydrates content (Weende method) 

The energy value was evaluated using the formula described by Egan et al. [30] 

Energy = (% fat x37 kJ/ g) + (% protein x17 kJ/g) + (% carbohydrate x16 kJ/g) 

2.2.2. Ultimate analyses and higher heating values HHV. 

The total elemental content of C, H, N, and S in samples was measured on a CHNS 

analyzer (series II, PerkinElmer, USA). The percentage of oxygen content was then calculated 

using the following equation: 

O(%) = 100 -(C + H + N + S + %ash) 

The higher heating value (HHV) of the investigated sample was estimated using the ultimate 

analysis data; C, H, O, and N contents; using the formula described by Ayhan Demirbas [31] 

HHV = {33.5[%C] + 142.3 [%H] - 15.4 [%O]- 14.5[%N]} × 10-2 (MJ/kg) 

2.2.3. Polysaccharides immunodetection. 

Samples were solubilized in ionic liquid acetate 1-ethyl-3-methylimidazole 

(EmimOAc) after 5 minutes of activation in the microwave at a maximum temperature below 

80°C and a power of 200W. The solubilized polysaccharides are quantified via an antigen-

antibody reaction through an Enzyme-linked immunosorbent assay (ELISA) for rapid detection 

of polysaccharides, with a set of 14 monoclonal antibodies (mAbs) as described (Table1). The 

revelation was done in 50 µL of 1-Step Ultra TMB (3.3',5,5'-Tetramethylbenzidine) - ELISA 

Substrate Solution (Life Technologies) for 20 min before being stopped by adding 50 µL of 

0.5 N sulfuric acids. Absorbance has been read at 450 nm and 655 nm with a microplate reader 

(BMG-Labtech, FLUOstar Omega) (reference: Plazanet I, et al. Ann Glycomics Lipidomics: 

AGL-101 DOI: 10.29011/AGL-101/100001) [32]. 

2.2.4. X-ray diffraction.  

The powder diagram of raw loquat kernels is recorded with a diffractometer Siemens 

D5000 type using K1 ray of copper ( = 1.5406 Å). 

The degree of relative crystallinity was quantitatively estimated, following the method 

described in the literature [33]. A smooth curve, with connecting peak baselines, was computed 

and plotted on the diffractograms. The area above the smooth curve was taken as the crystalline 

portion. The lower area between the smooth curve and the linear baseline covering the 2h range 

from 5 to 50 was taken as the amorphous section. The upper diffraction peak area and the total 

diffraction area over the diffraction angle 5–50 were integrated. The ratio of upper area to total 

diffraction was used as the degree of relative crystallinity. The equation for calculating the 

degree of relative crystallinity is as follows: 

p

c b

b

A
X A

A
= +

 
Where, Xc refers to the degree of relative crystallinity, Ap refers to the crystallized area on the 

X-ray diffractogram, and Ab refers to the amorphous area on the X-ray diffractogram [33]. 
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2.2.5. Thermogravimetric and differential thermal analyzes. 

The thermogravimetric (TG) and thermal differential analyzes (DTA) of loquat kernels 

were made on a simultaneous thermal analyzer of the ‘LabsysTMEvo (1F)’ type and 

SETARAM brand. This device consists of a TG microbalance associated with DTA sensor 

with a single rod, a metal resistor furnace up to 1600°C, and multitasking software controlling 

the various modules. The tests are carried out from ambient temperature to 600°C at four 

heating rates (5, 10, 15, and 20 °C/min) under nitrogen with a 10 cm3/min flow rate. The initial 

mass of samples is about 10 mg, and the particle size is of 180 µm. Three replicates were used 

for thermogravimetric and thermal differential analyzes. 

2.2.6. Differential scanning calorimetry. 

The differential scanning calorimetry (DSC) measurements are carried out on a 

SETARAM DSC 12 type apparatus. The tests are carried out from ambient temperature to              

500 °C, under argon with a flow rate of 10 cm3 and a temperature rise rate of 5°C.min-1. The 

sample's initial mass is about 10 mg, and the particle size of the order of 180 µm. 

2.3. Kinetic approach. 

2.3.1. Theoretical background. 

The kinetics of solid reactions are described by various explicitly analytical equations 

considering their decomposition reactions' special features. The reaction rate for a solid 

reaction may be represented through the degree of conversion, α, according to the formula as 

follows: 

0

0


−

=
−

t

f

m m

m m
                               (Eq.1) 

Where, mt, m0, and mf are, respectively, the mass at time t, initial mass, and final mass of the 

sample. They are all collected from experimental mass loss results. Then, the kinetic equation 

of the reaction process can be generalized as the following: 

( ) ( )


=
d

k T f
dt                                (Eq.2) 

Where, dα/dt is the mass conversion rate, T is the absolute temperature (K), k(T) is the 

degradation rate constant, and f(α) is the differential form of a kinetic model function. For very 

common non-isothermal measurements, the sample was heated at a constant rate of b. Then, β 

= dT/dt = constant. The temperature dependence of the rate constant k(T) is usually described 

by the Arrhenius equation: 

( ) exp
− 

=  
 

aE
k T A

RT                            (Eq.3) 

Where, E is the apparent activation energy, A is the pre-exponential factor, and R is the gas 

constant. Substitution of Eq.3 in Eq.2 gives: 

( ) exp



− 

=  
 

d E
Af

dt RT                      (Eq.4) 

For a specific solid-state reaction, the expression of f(α) depends on the reaction mechanism. 
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The expression of the function f(α) and its derivative is used for describing solid-state 

first order reaction; hence many authors restrict the mathematical function f(α) to the following 

expression:  

( ) ( )
n

f 1 = −
         (Eq.5) 

Where, n is the reaction order, substituting expression (5) into equation (4) gives the expression 

of reaction rate in the form: 

( )1 exp



− 

= −  
 

n aEd
A

dt RT                (Eq.6) 

For non-isothermal TGA experiments at linear heating rate β = dT/dt, equation (6) can 

be written as: 

( )1 exp





− 
= −  

 

n aEd A

dt RT                    (Eq.7) 

This equation expresses the fraction of material consumed in the time. 

After separating variables and integrating, taking into account the variation of the 

temperature as a function of time, Eq. (4) may be transformed as: 

( )
( )

0

T

a

0 T

Ed A
g exp dT

f RT





 

 
= = − 

 
 

         (Eq.8) 

Where, g(α) is the integral form of the reaction model function. The right-hand side of Eq. (8) 

is a well-known temperature integral function that has no analytical solution but can be 

determined by using either numerical methods or approximations. The latter has been 

considered in this paper for kinetic analysis. 

In this work, the activation energy was obtained from non-isothermal TGA. The 

methods used to calculate kinetic parameters are called model-free non-isothermal methods 

and require a set of experimental tests at different heating rates. 

2.3.2. Isoconversional kinetic analysis methods. 

ICTAC kinetics committee recommends model-free isoconversional methodology used 

for kinetically analyzing non-isothermal experiments since model-free methods are believed to 

be the most reliable methods for calculating the activation energy of thermally activated 

reactions [34]. Model-free methods can calculate the activation energy, Ea, at progressive 

conversion values, α, without any modelistic assumptions. Using isoconversional methods, the 

activation energy at a given degree of conversion does not depend on the heating rate. At 

present, isoconversional methods based on multiple heating programs are the most popular 

method that can unscramble the kinetics of thermal decomposition reactions. 

2.3.2.1. Friedman method. 

Friedman [19] was the first to apply the differential method to mass loss paths obtained 

at different heating rates; he used the equation (6) in the following form: 

( )
d Ea

Ln Ln Af
dt RT


 = − 

   (Eq. 9) 

This method allows the value of activation energy from a plot of ln (dα/dt) against 

1000/T for a series of experiments at different heating rates (β). 
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2.3.2.2. Kissinger method. 

These methods allow obtaining the kinetic parameters of a solid-state reaction without 

knowing the reaction mechanism. Kissinger [22] developed a model-free non-isothermal 

method with no need to calculate Ea for each conversion value to evaluate kinetic parameters. 

This method allows the obtaining the value of activation energy from a plot of ln (β/Tm2) 

against 1000/T for a series of experiments at different heating rates (β), where, Tm is the 

temperature peak of the DTG curve (shown in Fig. 6). The equation is the following: 

a

2
a mm

EA R
Ln ( ) Ln

E R TT

 
= − 

   (Eq.10) 

2.3.2.3. Flynn–Wall–Ozawa method. 

The FWO method [20, 21] allows the obtaining apparent activation energy (Ea) from a 

plot of the natural logarithm of heating rates, ln β, versus 1000/T, which represents the linear 

relation with a given value of conversion at different heating rates. 

a a
i

,i

A E E
Ln Ln 5,331 1,052

R g( ) R T

 
 = − − 

   (Eq. 11) 

Where, g(α) is constant at a given value of conversion, the subscripts i and α denote the given 

value of the heating rate and the given value of a conversion. The activation energy Ea is 

calculated from the slope -1.052Ea/R. 

Once the integral reaction function g(α) is correctly known, the pre-exponential factor 

ln A can be simply determined from the above expression. 

Initially, the first-order reaction with g(α) =-ln(1 - α) has been adopted for kinetic 

analysis of RLK thermal degradation.  

2.3.2.4. Madhusudanan–Krishnan–Ninan method. 

Later, Madhusudanan et al. [25] have proposed three different new approximate 

formulae for integral temperature calculation. Of these approximations, the one given below 

performs the best and is denoted as the present study's MKN method. 
0.884318

1.884318

A Ea Ea
L n L n 1.0011928 0.389677

g( ) R RTT





−    
= − −   

        (Eq. 12) 

Apparently, a straight line could be yielded for each conversion α if plotting 

Ln[β/T1.884318] against 1/T. Readily, Ea and A's values can be, respectively, calculated from the 

slope and intercept terms, provided that a reaction function g(α) is explicitly given. 

2.3.2.5. Tang method. 

Similarly, Tang et al. [26] have attempted the numerical analysis to boost the integral 

temperature approximation accuracy and put forward a newly modified form to the MKN 

method with relatively improved accuracy and reliability. This approximation, denoted as the 

Tang method, can be expressed as below: 
0.894661

1.894661

A Ea Ea
Ln L n 1.00145033 0.37773896

g( ) R RTT





−    
= − −   

      (Eq.13) 

Accordingly, the plots of Ln[β/T 1.894661 ] against 1/T should result in a straight line 

for each chosen conversion, 
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and the values of α series of Ea can be calculated from the slopes of the resultant lines. 

Similarly, the A cannot be obtained from the intercepts if the g(α) is not scanned correctly. 

2.3.2.6. Coats–Redfern method. 

Coats–Redfern method [24] is also an integral method, and it involves the thermal 

degradation mechanism. Using an asymptotic approximation for the resolution of Eq. (8) 

(2RT/Ea<<1), the following equation can be obtained: 

2

g( ) AR Ea
Ln Ln

Ea RTT





 
= − 

       (Eq.14) 

With the kinetic parameters calculated, the thermal degradation curves could be reconstructed 

for evaluating the calculation performance. 

2.3.2.7. Criado method.  

If the activation energy value is known, the process's kinetic model can be determined 

by Criado method [35] method. Combining Eq. (4) with Eq. (14), the following equation is 

obtained: 

( )

( )

2

x x

0.5 0.5

dx / dtTZ(x) f ( )g( )

Z(0.5) f (0.5)g(0.5) T dx / dt

   
= =  

  (Eq. 15) 

Where, 0.5 refers to the conversion in x = 0.5. 

The left side of Eq. (15) f(x)g(x)/f(0.5)g(0.5) is a reduced theoretical curve, which is 

characteristic of each reaction mechanism. In contrast, the equation's right side associated with 

the reduced rate can be obtained from experimental data. 

Table 1. Algebraic expressions of functions of the most common reaction mechanisms. 

Degradation mode Code Differential form : f() Integral form : g() 

Diffusion    

One-way transport D1 1 / (2) 2 

two-way transport , Valensi-Barrer D2 -1 / Ln(1-)  + (1-)Ln(1-) 

three-way transport, Jander D3 1,5(1-)2/3 / [1-(1-)1/3] [1-(1-)1/3]2 

Ginstling-Brounshtein D4 1,5 / [(1-)-1/3-1] 1-2/3-(1-)2/3 

Zhuravlev D5 1,5(1-)2/3 / [1 / (1-)1/3-1] [1 / (1-)1/3-1]2 

Anti-Jander D6 1,5(1+)2/3 / [(1+)1/3-1] [(1+)1/3-1]2 

Kroger-Ziegler D7 [1,5(1-)2/3 / [1-(1-)1/3]] / t [1-(1-)1/3)]2 – log(t) 

Two dimensions, Jander D8 (1-)1/2 / [1-(1-)1/2] [1-(1-)1/2)]2 

Two dimensions, Anti-Jander D9 (1+)1/2 / [(1+)1/2-1] [(1+)1/2 – 1]2 

Interfacial transfer D10 3(1-)4/3 [1/ (1-)1/3- 1] 

Transfer and diffusion D11 3 / [(1-)-4/3 - (1-)-1] 1/(1-)1/3 –1+1/3Ln(1-) 

Diffusion with two directions D12 3 / [(1-)-8/3 - (1-)-7/3] 1/5(1-)-5/3 – ¼(1-)-4/3 +1/20 

Random nucleation and nuclei growth    

Avrami-Erofeev 

n = 1, 2, 3, 4 et 5 

An 

 
x(1-)[ -Ln (1-)]y 

x=4, 2, 3, 4/3 and 3/2 

y=3/4, 1/2, 2/3, 1/4 and 1/3 

[-Ln(1-)]z 

z=1/4, 1/2, 1/3, 3/4 and 2/3 

Chemical reactions    

Zero order F0 Constant  

First order F1 1- -Ln(1-) 

Second  order F2 (1-)2 (1-)-1-1 

Contraction (surface, volume and interface 

respectively for n = 2, 3 and 4) 

Rn x(1-)y 

x=2, 3 et 3/2. y=1/2, 2/3 and 1/3 

1-(1-)z 

z = 1/2, 1/3 and 2/3 

Power / Exponential    

Low power (half, third and quarter 

respectively for n = 2, 3 and 4) 

Pn nx 

x = 1/2, 2/3 and ¾ 

y 

y = 1/2, 1/3 et ¼ 

Exponential E1  Ln() 

D1, D2, …..  are symbols given to models 
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A comparison of both sides of Eq. (15) tells us which kinetic model describes an 

experimental reactive process. Table 1 indicates the algebraic expressions of f(x) and g(x) for 

the kinetic models used. 

2.4. Calculation of thermodynamic parameters. 

Based on the transition state theory, the rate of constant expression can be given as the 

well-known Eyring equation of the activated complex [36, 37]: 

#
B p a

ek T ES
K exp exp

h R RT

    
= −           (eq. 16) 

Where, χ is the transmission coefficient, which is unity for monomolecular reactions, kB is 

Boltzmann’s constant, h is 

Planck’s constant and e = 2.7183 is Neper’s number, and Tp is the average peak temperature of 

the DTG curves at different heating rates. 

Taking into account that : 

#
B pek T S

A exp
h R

  
=   

    (eq. 17) 

The thermodynamic functions ∆S#, ∆H#, and ∆G#, which well characterize the 

decomposition process, may be calculated. Then, the change of the entropy could also be 

calculated according to the formula: 

#

B p

Ah
S R Ln

ek T
 =

  (eq. 18) 

Since 
#

a pH E RT = −
  (eq. 19) 

The changes of Gibbs free energy ∆G# for the activated complex formation from the 

reagents can be calculated using the well-known thermodynamic equation: 
# # #

pG H T S =  − 
  (eq. 20) 

The values of ∆S#, ∆H#, and ∆G# were calculated at T = Tp, since this temperature 

characterizes the process's highest rate. 

Based on the results of Ea and A calculated from the Kissinger equation over the whole 

RLK decomposition, ΔG#, ΔH#, and ΔS# can be obtained to form the activated complex from 

the reagent and the calculated results are presented in Table 6. 

2.5. Estimation of a lifetime. 

Lifespan estimation helps select polymers for different specific applications properly, 

and the accelerated air oven aging studies may determine it; however, this kind of method 

usually takes very long periods for materials lifespan measurements. For practical applications, 

the service life is a critical parameter to various polymer-based articles. Usually, polymer 

materials' physical properties will decrease considerably and fail to service properly when their 

mass loss approaches a certain amount. In this work, the life period of RLK, tp, has been 

estimated as the time when its mass loss reaches 5%, i.e., a = 0.05, and can be estimated by 

using the following equation: 

p

p
p

E0.0513
t exp

A RT

 
=   

      (eq. 21) 
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Where, Ep is the activation energy and usually evaluated from Kissinger’s plot and Ap is the 

pre-exponential factor evaluated as follows: 

p p

p
p p

E E
A exp

RT RT

  
=  

 
    (eq. 22) 

With these prerequisite assumptions, the time to undergo equivalent thermal damage at 

different temperatures or the time to various damages under isothermal conditions can be 

readily estimated. It should be noted that the method used here is very rough and may lead to 

high errors in lifetime predictions. However, the estimation does provide certain information 

for subsequent thermal applications. 

3. Results and Discussion 

3.1. Raw loquat kernels composition. 

The Proximate analysis of raw loquat kernels and energy value expressed in 

(Kcal/100g) are gathered in table 2. 

Table 2. Proximate analysis of raw loquat kernels (%) and energy value (Kcal/100g). 

Moisture  9.73 

Ash  1.60 

Crude fat 4.10 

Crude protein 7.92 

DM 87.17 

OM 97.1 

total carbohydrates 71.43 

Lignin 13.32 

Energy  341.53 

The higher heating values of RLK was 16 MJ.kg-1 (Table 3), which is almost 

comparable to the energy content of multiple agricultural byproducts such as rapeseed straw 

(17.64 MJ.kg-1) [38], pine chips (18.98 MJ.kg-1) [39], and Hardwood (19.10 MJ.kg-1) [40, 41]. 

Softwood [42] presents higher heating values compared to other biomass types. For the same 

biomass, Sütcü et al. [6] have recorded quite a similar value, 16.95 MJ.kg-1. 

Table. 3. Ultimate composition (wt% dry basis) and HHV (kcal/kg) (dry basis) of RLK. 

Sample Ultimate analysis (wt% dry basis) HHV (MJ /kg) (dry basis) 

RLK 
%C %H %N %O %S 

16 
43.60 6.27 0.46 47.95 0.12 

RLK [6] 
%C %H %N %O %S 

16.95 
42.38 6.60 0.58 47.82 0.084 

Hardwood [41] 
%C %H %N %O %S 

17 
48.2 5.6 0.9 45.3 - 

Softwood [42] 
%C %H %N %O %S 

24 
47 7.7 0.1 45.2 - 

Polysaccharide immuno-detection (figure 1) [32] highlights important amounts of un-

esterified Homogalacturonans and xyloglucans, with traces of Mannanes and Galactanes and 

complete absence of Arabinanes and Xylanes among loquat seeds polysaccharides. 

Quantities of RLK dissolved: 10 µg for CCRC-M14, LM19, LM25, 5µg for LM5, and 

0.5 µg for LM11 and LM21 (Table 4). Dissolution and ELISA were done in triplicate. 
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Figure 1. Immuno-labeling intensity (OD) measurement for a set of 6 antibodies in the function of time and 

temperature after RLK polysaccharide dissolution in [Emim]Br. 

Table 4. Monoclonal list of antibodies (mAbs). 

Antibody Polymers recognition 

LM21 Mannan, glucomannan, galactomannan 

LM10 Un-substituted xylan, low substituted arabinoxylan 

LM25 Xyloglucan, XLLG, XXLG, XXXG 

LM5 Galactan 

LM19 Un-esterified Homogalacturonan 

LM6 Arabinan 

Antibody: name code of the antibody,  

Polymer recognition: epitope or polysaccharide recognized by the antibody. 

X-ray diffraction patterns of raw loquat kernels are given in Fig. 2. The diffractogram 

does not exhibit a basic horizontal line. This shows that the major part of the matter is 

amorphous. However, a few diffraction peaks emerge from the basic line, indicating a small 

amount of crystalline matter.  
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Figure 2. X-ray diffraction patterns of loquat kernels. 

Table 5. Bragg diffraction angle (°2Th) and reticular distance (d) of RLK and their corresponding compounds 

identified in the JCPDF crystallographic database. 

Pos. [°2] d (Å) Corresponding compounds 

18.4921 5.57122 N.Cel et HCel 

22.9887 4.49214 N.Cel et HCel 

27.4209 3.77678 C 

30.8246 3.36824 HCel 

38.5353 2.71274 N.Cel et HCel 

       (N.Cl : native cellulose, HCel: hemicellulose dehydrate, C: solid carbon) 
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The XRD pattern of RLK has been compared to those of native cellulose (C6H12 O6), 

xylane dehydrate (C10 H12 O9.2 H2O), or hemicellulose dehydrates given in the JCPDF 

crystallographic database (Table 5).  

The XRD results show that RLK had relative crystallinity of 24.43%, similar to results 

obtained by Barbi et al. [12]. 

The composition mentioned above characterizations is typically by most of the biomass 

contents used for pyrolysis purposes [43-46]. 

3.2. Thermogravimetric analysis. 

Figure 3 shows the TG/DTG curves that are mass loss of RLK as a function of 

temperature at four heating rates (5, 10, 15, and 20°C/min). Table 6 gather data taken from 

TG/DTG curves of RLK under nitrogen atmosphere at different heating rates. 

The TG curves highlight two thermal decomposition zones, the first one with a loss of 

approximately 12% and the second with a loss of 55%. The first range, from room temperature 

to about 130°C, with a maximum peak around 90°C on the derivative curve, is relative to 

dehydration. This latter would be linked to the departure of the so-called free water of the 

material retained in vessels and fiber lumens [47]. Other volatile compounds may also leave 

the material as specified by some work [48]. 

The second zone, from 130 to 410 °C, corresponds to the main pyrolysis. The loss of 

mass 55% represents the volatile, condensable, and non-condensable matters emitted by the 

decomposition of the vegetable matter. At the end of the thermal solicitation, the yield of solid 

residue, in this case, loquat kernels char, is around 25% at 500 °C. 

 The changes in the slope of TG curves in the temperature range between 130 and 410 

°C indicate the decomposition of the different constituents of loquat kernels, which are 

hemicelluloses, cellulose, and lignin. The plot of the mass loss and that of the mass loss 

derivative leads us to distinguish three groups of constituents and their decomposition intervals. 

Thus, between 130 and 230 °C, the mass loss is of about 12%, on the derivative curve DTG, 

there corresponds a shoulder to 220 °C, between 230 and 320°C the loss is of 35%, on DTG 

curve, there corresponds a thin and strong peak at 300°C, and from 320 to 410°C the loss is of 

12%. The literature on the thermal decomposition of vegetable matters [49–51] and that of 

loquat kernels [6] makes possible to attribute the first mass loss to the release of so-called, 

bounded, hygroscopic or constitution water retained by cell walls, and considered as adsorbed 

on hydroxyl functions of polysaccharides chains and lignin mainly by van der Waals and on 

the other hand, to the irreversible destruction of hemicelluloses and cellulose (holocellulose) 

[52, 53]. It was also considered by certain authors [54] that between 180 and 280 °C, pyrolysis 

is in the torrefaction zone, where the solid residue has lost its ability to regain moisture. The 

second and the last mass loss are related to cellulose is the lignin thermal decomposition [52]. 

This latter decomposes at low temperatures, and its degradation continues as long as the 

thermal solicitation is maintained [53, 54]. 

https://doi.org/10.33263/BRIAC114.1135711379
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC114.1135711379  

 https://biointerfaceresearch.com/ 11369 

0 100 200 300 400 500 600
0

20

40

60

80

100
 

 

M
a
s
s
 l
o

s
s
 (

%
)

T(°C)

 =5°C/min

 =10°C/min

 =15°C/min

 =20°C/min

(a)

 

0 100 200 300 400 500 600

5

10

15

20
 

 

 =5°C/min

 =10°C/min

 =15°C/min

 =20°C/min

M
a
s

s
 l

o
s

s
 d

e
ri

v
a
ti

v
e

 (
%

/m
in

)

T(°C)

(b)

 
Figure 3. TG (a) and DTG (b) plots of loquat kernels. 

Table 6. Data were taken from TG/DTG curves of RLK under nitrogen atmosphere at different heating rates 

Heating rate 
Temperature  

range (°C) 

Mass loss 

 or residue (%) 

DTG 

maxima (°C) 

β=5°C/min 

108-205 5.23 

286.7 
205-305 35.21 

305-360 12.20 

>360 27 

β=10°C/min 

120-220 5.46 

296.23 

 

220-310 45.05 

310-410 13.86 

>365 26.69 

β=15°C/min 

135-225 5.86 

301.37 

 

225-315 46.63 

315-372 15.84 

>372 25.5 

β=20°C/min 

140-230 5.98 

306.52 
230-320 43.82 

320-380 18.59 

>380 24.7 

3.3. Differential thermal analysis and differential scanning calorimetry. 

Figures 4 and 5 show the DTA and DSC curves of raw loquat kernels. The DTA plot 

of RLK is given in Fig. 4. The DTA, as well as the DSC curve (Figures 4 and  5a), shows, after 

the dehydration step, that the decomposition of loquat kernels is associated with exothermic 

heat flows.  

Moreover, RLK presents a high temperature of thermal transition (figure 5b); this could 

be attributed to the higher protein content exhibited in the proximate composition analysis 

(Table 2) and also to the significant amount of starch 20% [12]. 
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Figure 4. DTA plot of RLK. 
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Proteins have a physical barrier role since they form a matrix around the starch granules 

lowering their water absorption delaying the transition and/or gelatinization process [12]. 
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Figure 5. DSC plots of RLK, DSC curve of RLK (a), onset, mid-, and endpoints of the glass transition 

temperature (b). 

A TG study consists of performing a kinetic analysis, which includes weight loss curves 

obtained at different heating rates to deduce the kinetic parameters' dependence with the 

conversion. The kinetic parameters such as activation energy and pre-exponential factor were 

obtained for two degradation steps by isoconversional model-free methods proposed by FWO, 

KAS, Kissinger, Tang, MKN, and FR. With the assumption that there are no physical 

limitations and that the degradation of RDS is a global chemical reaction, the degradation mode 

thus being: f(α)=(1-α)n with n = 1 for Fr and g(α)=-Ln(1- α) for the other methods. The 

isoconversional lines for each conversion rate are shown in figure 6. The values of activation 

energy Ea and pre-exponential factor A are shown in tables 7 and 8. The dependence of 

activation energies as a function of conversion rate is shown in figure 7. 

Friedman’s method has been first employed to analyze the TG data of RLK, which is 

probably the most general of the derivative techniques. This method is based on the 

intercomparison of the weight loss rates dα/dt with different linear heating rates for a given 

fractional weight loss. Eq. (9) has been utilized to determine the values of activation energies 

from Ln(dα/dt) plots versus 1/T over a wide range of conversions. The calculated results have 

been summarized in Table 7. However, the mean values of Ea are 190-271kJ/mol for RLK 

thermal decomposition. 

Another derivative method used in this paper is KAS method employed to analyze the 

TG data of RLK. Eq. (10) has been used to obtain the activation energy, which can be calculated 

from the plot of Ln(β/T2 ) versus 1/T and fitting to a straight line. The results are given in Table 

7. The activation energy of the thermal degradation of RLK, Ea is 172-242kJ/mol. 

Flynn–Wall–Ozawa method is an integral method also being independent of the 

degradation mechanism. Eq. (11) has been used, and the apparent activation energy of RLK 

can therefore be obtained from a plot of lnβ against 1/T for a specific degree of conversion 

since the slope of such a line is given by 1.052(Ea/RT). The activation energies calculated from 

the slopes are recorded in Table 7. The average values of Ea of RLK, are 172-245kJ/mol. 

Using Eqs. (12) and (13), the Ea and the frequency factor A values can be conveniently 

obtained using the MKN method or Tang method. The calculation results from these two 

methods are given in Table 8. Figure 6 presents the plots of Ln[β/T1.884318] versus 1/T or 

ln[β/T1.894661] versus 1/T for the MKN method or Tang method, respectively. As can be seen, 

the two methods have resulted in linear Arrhenius plots over the two-stage conversion range, 

and such good linearity has also been reflected by the correlation coefficient presented in Table 
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8. It can be seen that the Ea values obtained from these two methods are almost identical to 

each other for each conversion level over the two thermal degradation stages. For the MKN 

method, the Ea value varies from 172 to 221kJ mol-1, similar to the Tang method values. 

Figure 7 shows the dependence of activation energy on the conversion degree for α=0.1-

0.9 for the first and second decomposition intervals of RLK. 

The FWO, KAS, MKN, and Tang methods give similar values of Ea in the α range. In 

contrast, the values achieved by the Friedman method were quite larger than those obtained by 

integral methods. The differences in calculated Ea values can be due to the error of improper 

integration in FWO, KAS, MKN, and Tang equations. Friedman’s method was instantaneous 

values and so very sensitive to the experimental noises. 

The activation energy and pre-exponential factor obtained by the Kissinger method 

(Figure 9, Table 10) are 173 kJ/mol and 1.91×1016. As for free model methods, the average 

parameters calculated are Ea: 172-248 kJ.mol-1 and A: 5,30×1020  min-1 for integral methods 

(FWO, KAS, Tang, and MKN) and Ea:190-271 kJ.mol-1 and A: 1.77×1022min-1 for differential 

Fr method.  

The results obtained from the first method represented actual values of kinetic 

parameters, which are the same for the whole pyrolysis process, while the second method 

presented apparent values of kinetic parameters because they are the sum of the parameters of 

the physical processes and chemical reaction that occur simultaneously during pyrolysis. The 

activation energy decreases in the final stages of the process. The energy required for 

hemicellulose degradation is lower than that of cellulose. 

Table 7. Data from Fr, FWO, and KAS model-free methods. 

 conversion 
FR FWO KAS 

R2 Ea (kJ.mol-1) A (min-1) R2 Ea (kJ.mol-1) A (min-1) R2 Ea (kJ.mol-1) A (min-1) 

0,1 0,99977 190,10064 6,338.1017 0,99471 172,024504 2,6113.1016 0,99414 172,429592 3,0014.1016 

0,2 0,99985 189,953886 1,9235.1017 0,99881 180,92671 5,499.1016 0,99868 181,367495 6,3418.1016 

0,3 0,99996 194,516574 3,8865.1017 0,99989 184,061208 6,6948.1016 0,99987 184,455076 7,6271.1016 

0,4 0,9976 190,533591 1,3424.1017 0,9999 186,451912 8,637.1016 0,99989 186,830738 9,7962.1016 

0,5 0,99943 203,952746 1,9022.1018 0,99973 188,591737 1,1179.1017 0,9997 188,96591 1,2655.1017 

0,6 0,99944 209,600138 4,5337.1018 0,99969 192,251376 1,9953.1017 0,99965 192,706324 2,2945.1017 

0,7 0,99549 229,524194 1,7589.1020 0,99892 201,839473 1,1734.1018 0,9988 202,667189 1,4514.1018 

0,8 0,98336 259,37039 3,5023.1022 0,99214 219,860956 3,246.1019 0,99139 221,454769 4,6143.1019 

0,9 0,95603 271,47 1,2378.1023 0,97663 245,485694 2,6592.1021 0,97466 248,151059 4,4884.1021 

RLK has a complex heterogeneous nature; hence, it would be difficult to obtain the 

same experimental results even for nominally the same sample [55]. Therefore, the same 

experimental technique, including sample preparation procedure, analysis method adopted, and 

the kinetic model for the analysis should be employed to enable a reasonable comparison to be 

achieved. 

Table 8.  Data from Tang and MKN integral approximation methods. 

Conversion 
Tang MKN 

R2 Ea (kJ.mol-1) A (min-1) R2 Ea (kJ.mol-1) A (min-1) 

0,1 0,99417 172,629043 3,2858.1016 0,99418 172,590866 3,2319.1016 

0,2 0,99868 181,576407 6,9414.1016 0,99869 181,536121 6,8272.1016 

0,3 0,99987 184,670635 8,3539.1016 0,99987 184,629952 8,217.1016 

0,4 0,99989 187,050159 1,0732.1017 0,99989 187,009088 1,0557.1017 

0,5 0,9997 189,188379 1,3866.1017 0,9997 189,146869 1,3639.1017 

0,6 0,99965 192,929102 2,5119.1017 0,99965 192,886306 2,4706.1017 

0,7 0,99881 202,882179 1,5825.1018 0,99881 202,835302 1,5559.1018 

0,8 0,99144 221,651513 4,9928.1019 0,99144 221,596682 4,9052.1019 

0,9 0,97477 248,322915 4,8111.1021 0,97478 248,256614 4,7223.1021 
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Figure 6. Iso-conversional plots of FWO, KAS, Tang, MKN and FR for RLK at different conversion rates 
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Figure 7.  Dependence of activation energy on conversion degree α according to FR, FWO, KAS, MKN, and 

Tang methods for decomposition of RLK. 

3.5. Determination of the most probable reaction function. 

3.5.1. Criado method. 

In order to find the kinetic model of thermal degradation, the Criado and Coats–Redfern 

methods were chosen as they involve the degradation mechanisms. Coats–Redfern method was 

used. According to Eq. (14), the activation energy for every g(α) function listed in table 1 can 

be calculated for all heating rates from fitting Ln (g(α)/T2) versus 1/T plots. The activation 

energies and correlations are summarized in Table 9. 
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Figure 8. Masterplots of different kinetic models and experimental data at 10 Kmin-1 calculated by Eq. (12) for 

RLK degradation. 

According to Coats Redfern equation, if a correct model is selected for the reaction, the 

plot of Ln(g(α)/T2) versus 1/T will be linear as possible with a high-correlation coefficient, in 

this case, reaction order F1. One can say that the Coats Redfern method reliability is not enough 
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and cannot be used to kinetics assessment of reactions. From this point of view, using Criado's 

method is very important; this method gives us more information and can be additional to Coats 

Redfern's method. 

The used models and the expressions of associated functions g(x) and f(x) are shown in 

Table 1. The master curve plots Z(x)/Z(0.5) versus α for different mechanisms according to the 

Criado method for RLK degradation is illustrated in figure 8. As can be seen, the comparison 

of the experimental master plots with theoretical ones revealed that the reaction order F2 most 

probably described the kinetic process for the degradation of hemicellulose and cellulose of 

RLK. Thus, reaction order, order-based models (Fn) are the simplest models as they are similar 

to those used in homogeneous kinetics. In these models, the reaction rate is proportional to the 

concentration, amount, or fraction remaining of reactant raised to a particular power, which is 

the reaction order. 

 

Table 9.  Data from CR fitting method 

 DM 
β=5°C/min β=10°C/min β=15°C/min β=20°C/min 

Ea(kJ/mol) A (min-1) R2 Ea(kJ/mol) A (min-1) R2 Ea(kJ/mol) A (min-1) R2 Ea(kJ/mol) A (min-1) R2 

F0 54,33 5,63.103 0,9605 56,59 1,56.104 0,9714 57,81 2,68.104 0,9718 58,08 3,44.104 0,9713 

F1 78,65 2,33.106 0,9885 81,41 6,59.106 0,9872 57,81 2,68.104 0,9718 83,58 1,54.107 0,9883 

F2 112,88 9,02.109 0,9692 116,23 2,59.1010 0,9585 118,66 5,06.1010 0,9593 119,34 6,50.1010 0,9606 

D1 117,80 4,70.109 0,9668 122,45 1,76.1010 0,9758 124,98 3,49.1010 0,9761 125,58 4,36.1010 0,9757 

D2 131,09 5,84.1010 0,9779 136,03 2,24.1011 0,9838 138,85 4,56.1011 0,9842 139,53 5,68.1011 0,9841 

D3 106,01 2,78.107 0,9601 110,28 1,00.108 0,9708 112,58 1,93.108 0,9711 113,10 2,42.108 0,9705 

D4 187,10 8,04.1015 0,9874 193,11 3,23.1016 0,9829 197,08 7,44.1016 0,9835 198,17 9,25.1016 0,9842 

A1 12,80 3,53.10-1 0,9741 13,41 7,85.10-1 0,9733 13,77 1,24 0,9749 13,83 1,64 0,9758 

A2 34,75 9,81.101 0,9855 36,08 2,35.102 0,9842 36,89 3,89.102 0,9851 37,08 5,06.102 0,9856 

A3 20,12 2,59 0,9811 20,97 5,90 0,9799 21,48 9,48 0,981 21,58 1,24.101 0,9817 

R2 73,76 2,95.105 0,9735 76,74 8,92.105 0,9831 78,37 1,60.106 0,9833 78,72 2,03.106 0,9823 

R3 65,28 4,35.104 0,981 67,79 1,22.105 0,9856 69,24 2,15.105 0,9862 69,58 2,76.105 0,9862 

R4 61,38 2,20.104 0,9755 63,80 9,64.104 0,9822 65,17 1,07.105 0,9827 65,48 1,38.105 0,9826 

P2 22,59 3,77 0,9421 23,67 8,99 0,9583 24,23 1,45.101 0,9591 24,33 1,89.101 0,9583 

P3 12,01 2,35.10-1 0,9091 12,69 5,37.10-1 0,935 13,04 8,49.10-1 0,9366 13,08 1,11 0,9352 

P4 6,72 4,51.10-2 0,8433 7,21 1,02.10-1 0,8885 7,44 1,60.10-1 0,8922 7,46 2,09.10-1 0,8897 

3.6. Thermodynamic parameters. 

As shown in Table 10, the positive change in Gibbs free energy, ΔG#, reflects that the 

system's total energy increases over the whole thermal degradation, mainly by means of heat-

absorbing. According to thermodynamic definitions, it can be deduced that the degradation 

reaction is a non-spontaneous process. Furthermore, it is well known that the magnitude of 

ΔG#, measures how far a reaction is from equilibrium, and then, the larger the value of ΔG#, 

the further the reaction is from equilibrium and the further the reaction must shift to reach 

equilibrium. Table 10 also shows that the averaged, ΔH#, value for the decomposition of RLK, 

indicating how large the energy difference between the activated complex and the reagent is. 

The ΔH#, value is positive, and it means that the involved reaction is a thermodynamically 

unfavorable endothermic process. 

Moreover, the values of ∆S# for RLK is positive. It means that the activated complexes 

were with a lower degree of the arrangement, higher entropy than the initial state. Thus, the 

large ΔS# value suggests that it is far from the system from the initial equilibrium state to the 

final thermodynamic equilibrium state. Similar observations have also been reported elsewhere 

for pure chitosan [37, 56-58]. 
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Fig. 9. Kissinger’s plots of Ln(β/T2 ) versus 1/T for the first 

and second stages of thermal degradation of RLK 

Table 10. Thermodynamic parameters of ∆S#, ∆H#, and ∆G# calculated for thermal degradation of RLK. 

R2 0,99579 

Intercept 27,50752 

Slope -20,82453 

Ea (kJ.mol-1) 173,05 

A (min-1) 1,9118.1016 

Averagea Tp (K) 570,705 

ΔH#(Kj.mol-1) 168,307003 

ΔS#(j.mol-1) 19,0331285 

ΔG#(Kj.mol-1) 157,444701 

3.7. Lifetime prediction.  

From Kissinger’s plots of the apparent activation energy Ep for RLK was 172,05.  

Then, the pre-exponential factor Ap can be obtained by Eq. (21), and it is slightly 

affected by the heating rate.  
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Figure 10. Dependence of the lifetime on the temperature at 5% conversion (a) and on mass conversion at 423, 450, 

and 473°k for RLK (b) 

The Ap value averaged over multiple heating rates is 5.00906×1015 min-1 for RLK 

decomposition. The values of Ep and Ln Ap should be substituted into Eq. (20) for lifetime 

predictions as 5% mass conversion occurs in the first stage of thermal degradation. The 
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predicted results are shown in Fig. 10, along with the first-order reaction assumption. Figure 

10 shows that the lifetime is strongly dependent on the environmental temperature and 

decreases exponentially with the temperature increase. 

On the other hand, the lifespan is observed to exponentially increase with the RLK mass 

conversion under isothermal conditions, as shown in Fig. 10. Similar ascertainment was 

reported by several authors [37, 56-58]. According to such predictions, it may be interestingly 

estimated that RLK requires <1 day for 5% mass loss at 423, 450, and 473 K. Therefore, the 

life period prediction is much more meaningful since it provides very interesting information 

about the thermal stability of biomass materials. 

4. Conclusions 

 Loquat kernels were subjected to thermo-gravimetric analyzes under an inert 

atmosphere from room temperature to 600 °C at four heating rates (5, 10, 15, and 20 °C/min). 

TGA/DTG has enabled us to study the thermal profile of loquat kernels. Thus, the degradation 

of the major components occurs essentially between 130 and 410 °C. This degradation is 

associated with exothermic flow rates, a phenomenon detected by differential thermal analysis 

and differential scanning calorimetry. The kinetics of thermal degradation of RLK was 

accurately determined from a series of experiments at four heating rates (5, 10, 15, and 20 

°C/min). The activation energy was calculated by the isoconversional methods without 

previous assumptions regarding the conversion model fulfilled by the reaction. 

The activation energy and pre-exponential factor obtained by the Kissinger method are 

173 kJ/mol and 1.91×1016. Concerning the kinetic parameters calculated from free model 

methods, the average activation energies Ea are running from 172 to 248 kJ.mol-1, and the 

average pre-exponential factor A is 5,30×1020 min-1 for integral methods (KAS, FWO, MKN, 

and Tang) and Ea are from 190 to 271 kJ.mol-1, and A is 1.77×1022 min-1 for a differential 

method of Friedman (Fr). 

 The results obtained from the first method represented actual values of kinetic 

parameters, which are the same for the whole pyrolysis process, while the second method 

presented apparent values of kinetic parameters because they are the sum of the parameters of 

the physical processes and chemical reaction that occur simultaneously during pyrolysis. The 

activation energy decreases in the final stages of the process. The energy required for 

hemicellulose degradation is lower than that of cellulose.  

Finally, Coats-Redfern and Criado methods were successfully utilized to predict the 

reaction mechanism of thermal degradation of RLK. Thus, the second-order reaction model 

(F2) was found to have the best mathematical fit for RLK decomposition. 

Based on Arrhenius parameter values, obtained by Kissinger equation, the changes in 

entropy, enthalpy and Gibbs free energy, and lifetime predictions have been estimated 

concerning the thermal degradation processes of RLK. Results indicate that the positive change 

in Gibbs free energy, ΔG#, reflects that the system's total energy increases over the whole 

thermal degradation. Additionally, the ΔH#, value is positive, and it means that the involved 

reaction is a thermodynamically unfavorable endothermic process. Moreover, the values of ∆S# 

is positive. It means that the activated complexes were with a lower degree of the arrangement, 

higher entropy than the initial state. Lifetime predictions, Log tp/day, have also been 

investigated. Results show that RLK requires <1 day for 5% mass loss at 423, 450, and 473 K. 
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