
Prime Archives in Molecular Sciences: 4th Edition 

1                                                                                www.videleaf.com 

Book Chapter 
 

Thermogravimetric Analysis and Kinetic 

Modeling of Nanche Stone BSC Pyrolysis: 

A Potential Agro-Industrial Waste for 

Bioenergy Production 
 

Jonathan M Sanchez-Silva1, Raúl Ocampo-Pérez1, Erika Padilla-

Ortega1, Diakaridia Sangaré2, Miguel A Escobedo-Bretado3, 

Jorge L Domínguez-Arvizu4, Blanca C Hernández-Majalca4, 

Javier E Morales-Mendoza4, Alejandro López-Ortiz4* and 

Virginia Collins-Martínez4 
 
1Centro de Investigación y Estudios de Posgrado, Facultad de 

Ciencias Químicas, Universidad Autónoma de San Luis Potosí, 

Mexico 
2Institut Universitaire de Technologie, Université d’Orléans, 

France 
3Facultad de Ciencias Químicas, Universidad Juárez del Estado 

de Durango, Mexico 
4Centro de Investigación en Materiales Avanzados, 

Departamento de Ingeniería y Química de Materiales, Mexico 
 

*Corresponding Author: Alejandro López-Ortiz, Centro de 

Investigación en Materiales Avanzados, Departamento de 

Ingeniería y Química de Materiales, S.C., Miguel de Cervantes 

120, Chihuahua 31136, Mexico 
 

Published May 23, 2023 
 

This Book Chapter is an excerpt of an article published by 

Alejandro López-Ortiz, et al. at Molecules in January 2023. 

(Sanchez-Silva, J.M.; Ocampo-Pérez, R.; Padilla-Ortega, E.; 

Sangaré, D.; Escobedo-Bretado, M.A.; Domínguez-Arvizu, J.L.; 

Hernández-Majalca, B.C.; Salinas-Gutiérrez, J.M.; López-Ortiz, 

A.; Collins-Martínez, V. Pyrolysis Kinetics of Byrsonima 

crassifolia Stone as Agro-Industrial Waste through 

Isoconversional Models. Molecules 2023, 28, 544. 

https://doi.org/10.3390/molecules28020544) 

 



Prime Archives in Molecular Sciences: 4th Edition 

2                                                                                www.videleaf.com 

How to cite this book chapter: Jonathan M Sanchez-Silva, Raúl 

Ocampo-Pérez, Erika Padilla-Ortega, Diakaridia Sangaré, 

Miguel A Escobedo-Bretado, Jorge L Domínguez-Arvizu, 

Blanca C Hernández-Majalca, Javier E Morales-Mendoza, 

Alejandro López-Ortiz, Virginia Collins-Martínez. 

Thermogravimetric Analysis and Kinetic Modeling of Nanche 

Stone BSC Pyrolysis: A Potential Agro-Industrial Waste for 

Bioenergy Production. In: Prime Archives in Molecular 

Sciences: 4th Edition. Hyderabad, India: Vide Leaf. 2023. 

 

© The Author(s) 2023. This article is distributed under the terms 

of the Creative Commons Attribution 4.0 International License 

(http://creativecommons.org/licenses/by/4.0/), which permits 

unrestricted use, distribution, and reproduction in any medium, 

provided the original work is properly cited. 

 

Abstract  
 

The aim of this study is to examine the pyrolysis kinetics of 

Nanche stone BSC (Byrsonima crassifolia), a type of agro-

industrial waste, through non-isothermal thermogravimetric 

experiments. By identifying the triplet kinetics (including 

apparent activation energy, pre-exponential factor, and reaction 

model) and thermodynamic parameters, we intend to collect 

essential information for the design, construction, and operation 

of a pilot-scale reactor to pyrolyze this lignocellulosic residue. 

The findings suggest that BCS has low levels of moisture and 

ash, while exhibiting a high percentage of volatile matter 

(≥70%). These characteristics make BCS a promising candidate 

for producing a range of bioenergy products. Average apparent 

activation energies obtained from different methods (KAS, FWO 

and SK) were consistent in value (~123.8 kJ/mol). The pre-

exponential factor from the Kissinger method ranged from 105 to 

1014 min−1 for the highest pyrolytic activity stage, indicating a 

high-temperature reactive system The thermodynamic analysis 

showed that the difference between EA and ∆H is small (5.2 

kJ/mol), which is favorable for the pyrolysis reaction and 

indicates that the energy process is feasible. The analysis of the 

reaction models, using the master plot method, revealed that the 

pyrolytic degradation is primarily governed by a decreasing 
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reaction order with respect to the degree of conversion. 

Furthermore, BCS exhibits a relatively high calorific value of 

14.9 MJ/kg, coupled with a comparatively low average apparent 

activation energy of 122.7 kJ/mol as determined by the Starink 

method. These characteristics show BCS highly suitable for 

utilization in value-added energy production. 
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Pyrolysis Kinetic Triplet; Byrsonima crassifolia; Lignocellulosic 
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Introduction  
 

The most pressing environmental issue facing the world today is 

undoubtedly climate change, which has negative impacts on the 

economy and the energy sector. The root cause of this 

phenomenon is primarily environmental pollution and the 

greenhouse gas emissions resulting from the overuse of fossil 

fuels. Therefore, there is an urgent need to explore and develop 

alternative energy sources [1]. 

 

Biomass has emerged as a significant renewable energy source 

and is now considered the fourth most relevant energy source 

worldwide after coal, oil, and natural gas [2]. Lignocellulosic 

residues derived from various agro-industrial sectors are a 

sustainable and viable option for generating energy due to their 

abundance, low cost, low greenhouse gas emissions, and carbon 

neutrality [3,4]. These residues comprise of three primary 

components, namely hemicellulose (20–40%), cellulose (40–

60%), and lignin (10–25%) [5], making them favorable for 

conversion into liquid, solid, and gaseous products through 

different conversion processes, such as biochemical, 

thermochemical, and physicochemical methods [6]. 

 

Nanche, scientifically known as Byrsonima crassifolia, is a 

tropical and subtropical fruit species that is found in Mexico, 

Central, and South America [7]. The fruit, which is a yellow-

orange drupe, is harvested from July to September and has a 

fibrous pulp that surrounds a hard and woody endocarp, 
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commonly referred to as the "stone" [8]. The consumption of this 

fruit has recently increased due to its high content of antioxidants 

and unsaturated fatty acids [9,10]. In Mexico, 9262 tons of fruit 

were produced in 2020, with a planted area of 1752 hectares 

[11]. As the endocarp comprises between 25-34% of the total 

fruit weight [12], it is considered a significant agro-industrial 

waste with the potential to be converted through various 

thermochemical processes, such as liquefaction, combustion, 

hydrothermal carbonization, gasification, or pyrolysis. These 

processes enable the conversion of the primary biomass 

components into valuable energy products [13]. 

 

Thermochemical processes provide an opportunity to utilize 

agro-industrial wastes to produce gaseous, liquid, and solid fuels 

[14]. Pyrolysis is one such process that is renewable, cost-

effective, and efficient for converting agro-industrial wastes 

[15]. However, there is a significant challenge in understanding 

the factors that influence the process, especially for designing, 

scaling up, and operating pyrolysis reactors. Pyrolysis is the 

thermal degradation of organic matter without oxygen, leading to 

the production of biochar, bio-oil, tar (an aqueous solution of 

organic compounds), and gaseous products [16]. The process 

occurs at temperatures ranging from 300 to 600°C in an inert 

atmosphere to prevent combustion and gasification reactions. It 

is noteworthy that the products obtained from pyrolysis are more 

valuable than the raw material [14]. 

 

The thermal degradation behavior of biomass, fuels, and other 

compounds is commonly examined through thermogravimetric 

analysis (TGA) and differential thermal analysis (DTG) 

techniques. These methods provide valuable data on the thermal 

behavior and kinetics of the material under different heating 

rates. TGA and DTG are widely used for the evaluation of 

characteristics and degradation kinetics of biomass due to their 

accuracy and simplicity [16,17]. These analyses can also provide 

important information on the kinetic triplet of the process, 

including the apparent activation energy (EA), pre-exponential 

factor (Aα), and reaction mechanism or kinetic model, f(α) 

[6,18]. By estimating these parameters, it is possible to evaluate 

the thermodynamic properties of the pyrolysis process, including 
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the ∆H, ∆G, and ∆S values. These parameters are critical for 

evaluating the energetic feasibility of the pyrolysis process 

[13,18]. 

 

In the literature, there are several studies of biomass pyrolysis 

using various agro-industrial wastes such as avocado stone, 

Agave salmiana bagasse, and cocoa shell by Sangaré et al. [18], 

apple pomace by Baray-Guerrero et al. [19], garlic husk by 

Singh et al. [20], peanut shells by Açıkalın [17], corn stalk by 

Cai et al. [15], wheat straw by Mani et al. [21], and waste 

sawdust by Mishra & Mohanty [5], using various kinetic 

methods. However, the reported results are different for each 

agro-industrial waste due to different physicochemical 

characteristics and pyrolytic operating conditions [22]. The 

kinetic analysis of biomass thermal degradation is generally 

based on the degradation rate equation developed by Friedman in 

1964 [23], and the ICTAC (International Confederation for 

Thermal Analysis and Calorimetry) committee has evaluated 

integral isoconversional methods such as Kissinger–Akahira–

Sunose (KAS), Flynn–Wall–Ozawa (FWO), and Starink (SK), 

and concluded that the SK method is the most valid and reliable 

integral isoconversional method for the estimation of apparent 

kinetics [24]. This method can provide effective and accurate 

activation energies for kinetic analysis of biomass pyrolysis 

[1,15,24]. Therefore, the physicochemical characterization 

composed of the proximal and compositional analysis of 

biomass, the kinetic study involving the kinetic triplet in 

combination with the calculation of the thermodynamic 

parameters; enthalpy (∆H), Gibbs free energy (∆G), and entropy 

(∆S) of the pyrolysis process, represent a set of information that 

is fundamental for the design, construction, and operation of a 

large-scale reactor for the pyrolysis of any lignocellulosic 

residue [16]. 

 

The aim of this study is to investigate the pyrolysis kinetics of 

Nanche (Byrsonima crassifolia) stone, a biomass waste, for the 

first time. This will be achieved by conducting a 

physicochemical characterization of the waste and analyzing the 

kinetic triplet, which consists of the apparent activation energy, 

pre-exponential factor, and reaction model. In addition, the 
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thermodynamic parameters, namely enthalpy (∆H), Gibbs free 

energy (∆G), and entropy (∆S), will be estimated. The findings 

of this research will provide insight into the potential use of 

Nanche stone as a valuable bioenergy resource. 

 

Materials and Methods  
Feedstock Preparation and Characterization  
 

The Nanche (Byrsonima crassifolia, BCS) endocarp was 

collected in the state of Nayarit, México and was dried (100 °C 

for 24 hr), crushed, and sieved to particle sizes using standard 

sieves according to ASTM E11 procedure as follows: 75 < Dp1 < 

150 µm, 150 < Dp2 < 300 µm, 600 < Dp3 < 850 µm and 850 < 

Dp4 < 1680 µm, which correspond to Mesh Numbers of 200, 

100, 30, and 20, respectively. Biomass characterization consisted 

of evaluating the following: (i) Elemental analysis and ash 

content using an elemental analyzer (Carlo Erba Ea-1110) 

coupled to ICP (Thermo Jarrell Ash IRIS/AP DUO ICP), (ii) 

Calorific value using an adiabatic bomb calorimeter (Parr-1341 

Oxygen Bomb Calorimeter) following the ASTM D-2015-96 

standard method, (iii) Lignin, cellulose, and hemicellulose 

content by gravimetric techniques described in ASTM (E1756-

95, D1106-95, and D1103-60), and (iv) Moisture, volatiles, and 

ash content according to the procedure described in ASTM E 

(871-82), ASTM (872-82), and ASTM (1755-1795), 

respectively. 

 

Thermogravimetric Analysis  
 

The thermal degradation of the Nanche endocarp was 

investigated using a thermogravimetric analyzer (TA 

Instruments, Q500). Thermogravimetric analysis (TGA) data 

were collected in a temperature range between 30 and 900 °C to 

completely evaluate the deconvolution of DTG considering the 

region of decomposition of hemicellulose, cellulose, and lignin. 

According to the ICTAC recommendations [24–26], it is 

required to use slow heating rates to avoid self-heating/cooling 

and to generally minimize the adverse heat and mass transfer 

phenomena, for which the following heating rates (β) were 

chosen: 5, 10, and 15 °C/min under a nitrogen atmosphere (N2, 
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flow rate: 100 cm3/min) and using a BCS mass of ~30 mg. The 

differential thermogravimetric analysis (DTG) was calculated 

using Origin Plot Software from the different data generated by 

the decomposition heating rates previously performed. To find 

the appropriate particle size (Dp) for the kinetic analysis, samples 

with different particle sizes were analyzed: 200, 100, 30, and 20 

mesh at 5 °C/min. 

 

Kinetic Triplet Estimation  
 

The process of thermochemical conversion of biomass is highly 

intricate, involving the simultaneous degradation of 

hemicellulose, cellulose, and lignin, and their subsequent 

interactions with degradation products [19,27]. To simplify the 

kinetic analysis, the overall biomass pyrolysis reaction is usually 

represented by the following general reaction scheme: 

 

Lignocellulosic biomass 
𝑘(𝑇)
→   Vollatiles + biochar 

 

The general expression for biomass pyrolysis kinetics is 

evaluated by the degradation rate, which is a function of 

temperature (T) and degree of conversion (α) and can be 

expressed by Equation (1). 

 
𝑑𝛼

𝑑𝑡
= 𝑘(𝑇) ∗ 𝑓(𝛼)                                                                      (1) 

 

where k corresponds to the apparent rate constant, f(α) is the 

model-based function of conversion, and α is the degree of 

conversion which is expressed as: 

 

𝛼 =
(𝑚𝑜−𝑚𝑡)

(𝑚𝑜−𝑚∞)
                                                                              (2) 

 

where mo is the initial weight of biomass sample, mt is its weight 

at time t, and mꝏ is the weight of char at the end of the thermal 

degradation. Incorporating the Arrhenius type equation, Equation 

(1) converts to: 

 
𝑑𝛼

𝑑𝑡
= 𝐴 𝑒𝑥𝑝 (

−𝐸𝐴

𝑅𝑇
)  𝑓(𝛼)                                                            (3) 
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Here, EA is the apparent activation energy (kJ/mol), A is the pre-

exponential factor (min−1), T is the temperature (K), and R is the 

universal gas constant (8.314 J/K mol). During pyrolysis, the 

temperature increases with time since a heating rate in an inert 

atmosphere is fixed (β, °C/min), which can also be expressed as  

follows using the chain rule: 

 
𝑑𝛼

𝑑𝑇
=
𝐴

𝛽
 𝑒𝑥𝑝 (

−𝐸𝐴

𝑅𝑇
)  𝑓(𝛼)                                                            (4) 

 

Combining Equations (3) and (4), results: 

 

Equation (5) refers to the biomass degradation during pyrolysis 

and is used to calculate the kinetic parameters involved in the 

process. The integration as a function of temperature of Equation 

(5) gives the following results: 

 

𝛽 =
𝑑𝑇

𝑑𝑡
=
𝑑𝑇

𝑑𝛼
∗
𝑑𝛼

𝑑𝑡
                                                                       (5) 

 

The integral form of Equation (6) is obtained by solving the 

integral as follows: 

 

𝑔(𝛼) = ∫
𝛼

0

𝑑𝛼

𝑓(𝛼)
= 

𝐴

𝛽
 ∫
𝑇

𝑇𝑜
𝑒𝑥𝑝 (

−𝐸𝐴

𝑅𝑇
) 𝑑𝑇                            (6) 

 

where g(α) is the integrated reaction model, x is equal to EA/RT, 

p(x) is the exponential integral of temperature and has no 

analytical solution. Generally, Equations (6) and (7) are used to 

determine the kinetic triplet; apparent activation energy, pre-

exponential factor, and reaction model [22]. 

 

𝑔(𝛼) =
𝐴𝐸𝐴

𝛽𝑅
 ∫
∞

0
𝑒𝑥𝑝(−𝑢)𝑑𝑢 =  

𝐴 𝐸𝐴

𝛽 𝑅
𝑝(𝑥)                           (7) 

 

Estimation of Apparent Activation Energy (EA)  

 

Various mathematical models have been proposed to solve 

Equation (6) in isoconversional methods [5,28]. In this study, we 

evaluated the kinetic triplet by estimating the apparent activation 

energy (EA) using integral isoconversional models such as 
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Kissinger–Akahira–Sunose (KAS), Flynn–Wall–Ozawa (FWO), 

and Starink (SK). These models are presented below: 

 

Kissinger–Akahira–Sunose (KAS) method is an integral 

isoconversional method that was first proposed by Kissinger [29] 

and later modified by Akahira and Sunose [30]. The KAS 

method employs a simple approximation for the exponential 

integral, px = x-2ex. By introducing this approximation in 

Equation (6), the following expression is obtained: 

 

𝑙𝑛 (
𝛽𝑖

𝑇𝛼,𝑖
2) = 𝑙𝑛 (

𝐴𝛼𝑅

𝐸𝐴𝑔(𝛼)
) −

𝐸𝐴

𝑅𝑇𝛼,𝑖
                                                 (8) 

 

For each degree of conversion, the 𝑙𝑛 (
𝛽𝑖

𝑇𝛼,𝑖
2)  vs.

1

𝑇𝛼,𝑖
 is plotted 

using the experimental data, and from the slope of the straight 

lines, the apparent activation energy is obtained. 

 

𝑙𝑛 (𝛽𝑖) = 𝑙𝑛 (
𝐴𝛼𝐸𝐴

𝑔(𝛼)𝑅
) − 5.331 − 1.052

𝐸𝐴

𝑅𝑇𝛼,𝑖
                              (9) 

 

The Flynn–Wall–Ozawa (FWO) method is another integrated 

isoconversional technique for calculating the apparent activation 

energy. The FWO method was proposed by Ozawa [31]  and 

Flynn and Wall [32] and it uses Doyle’s linear approximation 

instead of the temperature integral for Equation (6): ln 𝑃(𝑥) ≈ 

 

−5.331 − 1 − 052𝑥. The FWO method can be expressed as 

follows: 

 

The apparent activation energy can be calculated through the 

slope of the plot between 𝑙𝑛(𝛽𝑖) vs. 1/𝑇𝛼,𝑖 
 

The Starink (SK) method is another integral isoconversional 

technique that has been widely used to calculate the apparent 

activation energy [33,34]. This method is based on a modified 

form of the Kissinger equation, considering the temperature 

dependence of the pre-exponential factor. The SK method is 

expressed as follows: 
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𝑙𝑛 (
𝛽𝑖

𝑇𝛼,𝑖
1.92) = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 − 1.0008

𝐸𝐴

𝑅𝑇𝛼,𝑖
                                 (10) 

 

Here, 𝑙𝑛 (
𝛽𝑖

𝑇𝛼,𝑖
1.92) versus 

1

𝑇𝛼,𝑖
 is plotted to obtain a set of straight 

lines at different conversions, where the apparent activation 

energy can be obtained from the slopes of these lines. 

 

Estimation of the Pre-Exponential Factor (Aα) 

 

Although the isoconversional methods mentioned above are 

useful in determining the apparent activation energy, the 

calculated value of Aα using these methods is often deemed 

unreliable [35]. Thus, the ASTM E698-18 standard method, 

based on Kissinger's equation, is employed, as it provides a more 

accurate estimate of the activation energy. The equation is 

presented below: 

 

𝑙𝑛 (
𝛽

𝑇𝑝
2) = 𝑙𝑛 (

𝐴𝛼𝑅

𝐸𝐴𝑔(𝛼)
) −

𝐸𝐴

𝑅𝑇𝑝
                                                 (11) 

 

In this method, the temperature at the maximum peak of the 

DTG plot for a given value of β is denoted by Tp. The value of 

EA is then calculated using the isoconversional methods 

described above, for different conversion levels α. Once the 

values of EA are known, Equation (12) is derived from Equation 

(11) to calculate Aα [6,35]. 

 

𝐴𝛼 =
𝛽𝐸𝐴,𝛼𝑖𝑒𝑥𝑝(

𝐸𝐴,𝛼𝑖
𝑅𝑇𝑝

)

𝑅𝑇𝑝
2                                                                (12) 

 

Estimation of the Reaction Model  

 

Various kinetic methods have been reported in the literature, and 

several reaction models have been proposed to describe the 

overall solid-state reaction [20,22]. One such method is the 

master plots method [28,36], which employs the Taylor series 

approach to estimate the exponential temperature integral and 

can be mathematically expressed as follows: 
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𝑔(𝛼) =
𝐴𝐸𝐴

𝛽𝑅
𝑝(𝑥) =

𝐴𝐸𝐴

𝛽𝑅
[
𝑒−𝑥

𝑥2
(1 −

2!

𝑥
+
3!

𝑥2
+
4!

𝑥3
+⋯)]           (13) 

 

For 20 ≤ x ≤ 50 and using the normalized equation [Equation 

(14)], masters plots are developed, considering the integral 

models described in Table 1, and by plotting the experimental 

and model data in parallel, the reaction model associated with 

the thermal degradation of biomass can be defined [5]. 

 

𝜆(𝛼) =
𝑔(𝛼)𝑖

𝑔(𝛼)0.5
=

𝑝(𝑥)𝑖

𝑝(𝑥)0.5
                                                            (14) 

 

where g(α)0.5 is the integral model at α = 0.5 and p(x)0.5 is the 

approximation for α = 0.5, where x = EA,α:0.5/RTα:0.5. The main 

reaction model is chosen by comparing the theoretical and 

experimental curves, where the theoretical curve with the  

 

𝑆𝑆𝐸 = ∑
𝑁
𝑖=1 (𝜆(𝛼)𝑒𝑥𝑝 − 𝜆(𝛼)𝑐𝑎𝑙𝑐)

2
                                    (15) 

 

smallest value of sums square error (SSE, Equation (15)) is 

selected as the reaction model [20]. 

 

where N is the number of data points; λ(α)exp is the 

experimental master plot equation; λ(α)calc is the calculated 

master plot normalized equation by the integral models. 

 
Table 1: Expressions for f(α) and g(α) functions of reaction models to describe 

thermal decomposition solid state reactions (Sangaré et al. and Mumbach et al.) 

[18,19]. 
 

Reaction model f(α) g(α) 

Reaction order models 

R1 Mampel (first 

order) 

1 - α -ln(1 - α) 

R2 Second order (1 - α)2 (1 - α)-1 - 1 

R3 Third order (1 - α)3 0.5[(1 - α)-2 - 1] 

R4 One and half 

order 

(1 - α)3/2 [(1 - α)-1/2 - 1] 

Rn n-order 

reaction 

(1 - α)n [1-(1 - α)1-n]/(1-n) 

Diffusion models 
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D1 One 

dimensional  

0.5 α-1 α2 

D2 Two 

dimensional 

(Valensi 

model) 

[-ln(1 - α)]-1 (1 - α)ln(1 - α) + α 

D3 Diffusion 

control (Jander 

control) 

(1 - α)2/3 [1 - (1 - α)1/3]-1 [1 - (1 - α)1/3]2 

D4 Diffusion 

control 

(Ginstling 

model) 

(3/2) [(1 - α)-1/3 - 1]-1 1 - (2/3)α - (1 - α)2/3 

Power law nucleation models 

P1 Power law (2/3)α-1/2 α3/2 

P2 Power law 2α1/2 α1/2 

P3 Power law 3α2/3 α1/3 

P4 Power law 4α3/4 α1/4 

Random nucleation and subsequent growth models 

A1 Avarami-

Erofeev 

1.5(1 - α)[-ln(1 - α)]1/3 [-ln(1 - α)]2/3 

A2 Avarami-

Erofeev 

2(1 - α)[-ln(1 - α)]1/2 [-ln(1 - α)]1/2 

A3 Avarami-

Erofeev 

3(1 - α)[-ln(1 - α)]2/3 [-ln(1 - α)]1/3 

A4 Avarami-

Erofeev 

4(1 - α)[-ln(1 - α)]3/4 [-ln(1 - α)]1/4 

A5 Random 

nucleation 

(1 - α)2 (1 - α)-1 

A6 Random 

nucleation 

0.5(1 - α)3 (1 - α)-2 

Geometrical contraction models 

F2 Contracting 

cylinder 

2(1 - α)1/3 1 - (1 - α)1/2 

F3 Contracting 

sphere 

2(1 - α)2/3 1 - (1 - α)1/3 

 

Estimation of Thermodynamic Parameters  
 

Thermodynamic properties, such as Gibbs free energy (∆G), 

enthalpy (∆H), and entropy (∆S), are essential for evaluating the 

feasibility of a thermochemical conversion process in terms of 

energy requirements [13]. These properties can be estimated 
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using the apparent activation energy and the pre-exponential 

factor determined by the methods described above [6]. The 

thermodynamic parameters can be calculated using the following 

equations: 

 

∆𝐺 = 𝐸𝐴 +  𝑅𝑇𝑝 𝑙𝑛 (
𝑘𝐵 𝑇𝑝

ℎ 𝐴𝛼
)                                                      (16) 

 

∆𝐻 = 𝐸𝐴 +  𝑅𝑇𝑝                                                                       (17) 

 

∆𝑆 =
∆𝐻−∆𝐺

𝑇𝑝
                                                                              (18) 

 

Here kB is the Boltzmann constant (1.381 × 10−23 J/K, h is the 

Plank constant 6.626 × 10−34 J/s. All kinetic triplet calculations 

and thermodynamic parameters were determined using Microsoft 

Excel. 

 

Results and Discussions  
Biomass Physicochemical Characterization  
 

Table 2 presents the results of the characterization of the Nanche 

stone. From these results, it is evident that there is a low ash 

content (2.2 wt %), a high volatile content (71.7 wt %), and a 

significant amount of fixed carbon (14.8 wt %), which is 

characteristic of lignocellulosic biomasses, making this residual 

biomass attractive for thermal degradation processes and biochar 

generation [27]. Regarding the mineral composition of the ash, 

the highest contributions come from alkali metals such as 

potassium (76.38 wt %), sodium (7.95 wt %), and calcium (6.66 

wt %), this high composition is beneficial for the 

thermochemical conversion process. It has been shown that these 

metals could modify the crystalline structure of cellulose and 

further promote reactivity during pyrolysis [36]. The elemental 

analysis shows that the Nanche stone has a small amount of N 

(1.52 wt %) and no S, which is advantageous because it 

minimizes corrosion problems associated with the formation of 

acids in thermochemical processing equipment. It is also evident 

that the highest elemental amount corresponds to carbon, with 

49.88 wt %, followed by oxygen, with 42.95 wt %. From the 
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lignocellulosic composition, it is important to note the high 

content of cellulose (44.16 wt %) and lignin (34.67 wt %), which 

gives high rigidity and hardness to the biomass. Finally, the 

calorific power value (14.93 MJ/kg) is among values commonly 

found in different biomasses such as Rice husk (17.96 MJ/kg), 

Wheat Straw (15.29 MJ/kg), Sugar cane bagasse (18.56 MJ/kg), 

Banana trunk (13.41 MJ/kg), and Rice Straw (15.06 MJ/kg) [28], 

where biomass having higher volatile matter content and low 

moisture content presents high calorific power value and better 

ignition and combustion rate [5]. 

  
Table 2: Characterization of BCS.  

Elemental analysis (wt %, dry basis) 

C 49.88 

H 5.65 

N 1.52 

O a 42.95 

S N.D. 

Compositional analysis (wt %, dry removable-free 

basis) 

Cellulose a 44.16 

Hemicellulose 21.17 

Lignin 34.67 

Extractibles with 

ethanol 

2.01 

Proximate analysis (wt %, dry basis) 

MC 11.3 

VM 71.7 

FC a 14.8 

Ash 2.2 

Ash composition (wt %) 

B 0.23 

Ba 0.42 

Ca 6.66 

Co 0.02 

Cr 0.21 

Cu 0.34 

Fe 1.41 

K 76.38 

Mg 1.59 

Mn 0.61 

Mo 0.03 

Na 7.95 

Ni 0.26 

Si 2.49 
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MC: moisture content; VM: volatile matter; FC: fixed carbon; a; by difference; 

N.D: non detected.  

 

Thermogravimetric Analysis (TGA & DTG)  
Particle Size Effect  

 

Figure 1 shows the TGA and DTG curves obtained from 

experimental data and calculations for the Nanche endocarp, 

considering a heating rate of 5 °C/min and varying particle sizes. 

In Figure 1, it is evident that the devolatilization phase takes 

place within the temperature range of 250 °C to 450 °C. Notably, 

when the particle size is reduced to Dp < 600 µm, a more 

pronounced devolatilization of the biomass occurs, accounting 

for approximately 79% of the total mass loss. This enhanced 

devolatilization leads to an augmented production of volatile 

materials while concurrently decreasing the production of 

biochar. Refer to Figure 1 for a visual representation of these 

trends [37].  

 

The DTG curves, depicted in Figure 1, exhibit distinct patterns 

associated with hemicellulose degradation. Notably, a clear 

shoulder is observed around 275 °C, indicating changes in the 

degradation behavior of hemicellulose. This phenomenon can be 

attributed to a clogging effect caused by cross-linked 

hemicellulose present in the lignin structure. 

 

Furthermore, the particle size of the biomass plays a crucial role 

in these degradation processes. Smaller particle sizes offer a 

larger exposed surface area, facilitating the more efficient release 

of decomposed hemicellulose into the inert atmosphere. This 

effect is visually evident in the DTG curves, where a decrease in 

particle size leads to a more pronounced and distinct peak related 

to hemicellulose degradation. 

 

Sr 0.83 

Ti 0.16 

Zn 0.40 

Physical properties (dry basis) 

Bulk density (kg/m3) 980 

Calorific Power (MJ/kg) 14.93 
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Additionally, the DTG curves also highlight that larger particle 

sizes contribute to a shift in the temperature of the maximum 

peak, indicating variations in the kinetics of the reactions 

involved. Moreover, there is a noticeable discrepancy in the 

decline of the cellulose degradation peak within the temperature 

range of 340–367 °C, further emphasizing the influence of 

particle size on the degradation behavior of cellulose. For a 

comprehensive visualization of these findings, refer to Figure 1. 

These variations may be attributed to heat and mass transfer 

problems [38].  

 

To examine the impact of heating rate, we specifically chose a 

particle size range (850 µm < Dp4 < 1680 µm, mesh #20) that 

demonstrated the most consistent behavior. Among the tested 

particle sizes, this range exhibited distinct and well-defined 

peaks corresponding to hemicellulose, cellulose, and lignin on 

the DTG curve, making it highly suitable for a comprehensive 

analysis employing the deconvolution technique outlined below. 

This selected particle size range allows for a thorough 

investigation of the thermal decomposition process, as it 

provides clear and distinguishable peaks associated with the 

individual components of the biomass. By employing the 

deconvolution technique, the contributions of hemicellulose, 

cellulose, and lignin to the overall decomposition profile can be 

accurately assessed, enabling a comprehensive understanding of 

the thermal behavior of the biomass. The DTG curve for this 

particle size range serves as an excellent basis for a complete 

analysis, providing valuable insights into the thermal 

decomposition process. 
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Figure 1: TGA and DTG curves for the pyrolysis of BCS at 5 °C/min and 

different particle sizes. 
 

Heating Rates Effect  
 

The TGA and DTG curves obtained from the Nanche endocarp 

by modifying the heating rate are presented in Figure 2. The 

thermal degradation is divided into three stages, as shown in the 

corresponding figure. The DTG curves initially indicate 

endothermic dehydration and moisture loss in the first stage 

(drying stage, 30–150 °C) with a mass loss between 3.21 to 

3.82%, which means that the biomass has less than 5% moisture, 

so it can be considered feasible for combustion. The decay in the 

degree of conversion during the second stage (active pyrolytic 

stage, 150–450 °C) is characteristic of lignocellulosic biomasses 

[39], and this stage has two zones, i.e., in a temperature range of 

250 to 300 °C (Z1) corresponds to the degradation of 

hemicellulose. Subsequently, at a temperature between 320 °C 

and 380 °C (Z2) indicates the degradation of cellulose and part of 

lignin, and it is this stage that contributes most to mass loss 

(>60%). Finally, the third stage (passive pyrolytic stage, > 

450 °C) corresponds to the degradation of lignin and the 

formation of charcoal. Yang et al. [40] report the temperature 

ranges for the degradation of hemicellulose, cellulose, and lignin 
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as 220–315, 315–400, and 160–900 °C, respectively, and more 

specifically, it has been found that cellulose degrades between 

277 and 427 °C, hemicellulose around 197 and 327 °C and lignin 

between 277 and 527 °C [33]. 
 

 
 

Figure 2: TGA and DTG curves for the pyrolysis of BCS at different heating 

rates 5, 10, and 15 °C/min and particle size Dp4.  
 

Furthermore, it is observed that when the heating rate is high, the 

degradation rate becomes slower due to the restriction of heat 

transfer between the particles, as opposed to a slow heating rate 

where the heat remains in the biomass for a longer time, thus 

resulting in an intense heat transfer between the particles 

favoring a higher degradation rate, allowing a greater amount of 

dehydration, depolymerization, carbonylation, carboxylation, 

and transglycosylation reactions [37], thus causing a decrease in 

the DTGmax value (%/°C) presented in Table 3.  
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Table 3: Peak temperatures and residues of different particle sizes of BCS 

sample and different heating rates. 
 

BCS sample 

(5 °C/min)  

Dp1  Dp2  Dp3  Dp4  

Particle size (µm)  75–150  150–300  600–850  850–1680  

Peakmax.Temp. (°C)  338.85  336.28  341.49  340.03  

DTGmax (%/°C)  0.7932  0.8125  1.020  1.01  

Residue940°C (%)  21.87  20.46  26.45  27.08  

BCS Dp4 Heating 

rate °C/min)  

5 °C/min  10 °C/min  15 °C/min    

Peakmax,1 Temp. (°C)  269.98  280.55  285.45    

Peakmax,2 Temp. (°C)  340.03  394.56  354.54    

DTGmax (%/°C)  1.01  0.95  0.89    

Residue940°C (%)  27.08  20.86  20.48    

 

Concerning the fact that a reverse behavior is observed in the 

temperature range of 315–400 °C with respect to the 

hemicellulose decomposition, this can be explained by the 

behavior of the cellulose decomposition reported by Várhegyi et 

al. [41], where mass transfer problems caused by high heating 

rates can delay the decomposition process, and in the case of 

cellulose the presence of reaction products during its 

decomposition can initiate autocatalytic reactions and cellulose 

can be consumed below the maximum cellulose decomposition 

temperatures, thus causing a shift and decrease in the maximum 

peak cellulose degradation of DTG’s as in the present study. 

Finally, yields of 31.61, 29.84, and 30.45% were observed for 

heating rates of 5, 10, and 15 °C/min, respectively, at a 

temperature of 600 °C. Thus, Nanche endocarp can be 

considered a very good precursor for the generation of biochar 

and volatile compounds by slow pyrolysis [35]. 

 

Saffe et al. [42] have reported an estimation of hemicellulose, 

cellulose, and lignin contents of various agro-industrial wastes 

based on a deconvolution technique of the dα/dT vs. T profiles 

as observed in Figure 3. This technique is applied to clearly 

separate all the peaks corresponding to the degradation of the 

three natural polymers contained in the biomass, and their 

contents are determined with the size ratio of the areas under 
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these peaks. The deconvolution of the dα/dT vs. T curves in the 

present study was carried out using Origin 9.0 software. Figure 3 

shows the results obtained using this technique for the heating 

rate of β = 5 °C/min. A Gaussian equation was used to fit each 

peak as described by Perejón et al. [43] where a mathematical 

model was proposed, and its integration allowed to estimate the 

percentage of hemicellulose, cellulose, and lignin content 

corresponding to the Nanche stone.  

 
Figure 3: Deconvolution curves for the pyrolysis of BCS at 5 °C/min and 

particle size Dp4. 

 

Based on the findings depicted in Figure 3, a thorough analysis 

reveals distinct deconvolution results for the various components 

of the Nanche stone. Notably, the deconvolution of the first 

peak, corresponding to hemicellulose, initiates at a temperature 

of approximately 204 °C and concludes around 380 °C. This 

peak exhibits a prominent maximum at 285.8 °C, indicative of 

hemicellulose decomposition. Additionally, a second peak is 

evident, representing the cellulose component. Its deconvolution 

demonstrates a temperature range starting at approximately 

220 °C and ending at 440 °C. The peak exhibits a maximum 

value at 339.6 °C, reflecting the specific characteristics of 

cellulose degradation. 

 

 

 



Prime Archives in Molecular Sciences: 4th Edition 

21                                                                                www.videleaf.com 

Furthermore, a third peak emerges from the deconvolution 

process, beginning at around 240 °C and extending up to 700 °C. 

This peak exhibits a maximum value at 421.7 °C, directly 

associated with the lignin content present in the Nanche stone. 

 

These deconvolution results provide valuable insights into the 

thermal behavior and decomposition characteristics of the 

Nanche stone's constituent components. By accurately 

identifying and analyzing these distinct peaks, a comprehensive 

understanding of the thermal profile and composition of the 

Nanche stone can be attained based on the hemicellulose, 

cellulose, and lignin content. Please refer to Figure 3 for a visual 

representation of these deconvolution outcomes. 

 

The obtained results presented in Figure 3 align closely with the 

findings reported in existing literature for similar lignocellulosic 

biomass [44]. Through the deconvolution process, it becomes 

evident that the percentage of area associated with each of the 

three peaks corresponds remarkably well to the theoretical 

percentage content of hemicellulose, cellulose, and lignin, which 

are 34%, 43%, and 23%, respectively. 

 

This agreement between the deconvolution results and the 

theoretical composition further strengthens the reliability and 

accuracy of the analysis. It is noteworthy to mention that these 

results closely align with the compositional analysis data 

reported in Table 2, providing a consistent and coherent 

characterization of the Nanche stone's constituents. 

 

The agreement between the deconvolution findings, theoretical 

percentages, and the compositional analysis outcomes 

underscores the robustness and validity of the experimental 

methodology employed. Such a convergence of results reinforces 

the confidence in the obtained data and supports our 

understanding of the composition and thermal behavior of the 

Nanche stone. 

 

It is essential to acknowledge the significance of these results as 

they contribute to the growing body of knowledge regarding 
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lignocellulosic biomass and offer valuable insights for further 

research and practical applications. 

 

Kinetic Triplet Analysis  
Apparent Activation Energy  

 

Figure 4a-c shows the linear fit plots obtained using the KAS, 

FWO, and SK isoconversional methods for determining the 

apparent activation energy. It is observed that the 

isoconversional lines generated by these methods exhibit parallel 

behavior within a specific range of conversion (α) from 0.1 to 

0.65. However, for higher conversion degrees (α ≥ 0.7), slight 

deviations are observed, indicating that reactions beyond this 

threshold become more complex. 

 

The parallel nature of the isoconversional lines within the range 

of 0.1 to 0.65 suggests a consistent activation energy throughout 

this region, indicating a relatively uniform reaction mechanism. 

However, the emergence of deviations beyond α ≥ 0.7 implies a 

deviation from this uniform behavior, suggesting the 

involvement of additional factors or mechanisms influencing the 

reaction kinetics. 

 

These findings shed light on the complexity of the reactions 

occurring beyond α ≥ 0.7, indicating the presence of additional 

factors that contribute to the reaction pathway. It is crucial to 

consider these deviations and the associated complexity when 

analyzing and interpreting the kinetics of the reactions at higher 

conversion degrees [6]. For a visual representation of these 

results, please refer to Figure 4a-c. 
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Figure 4: Linear plots of (a) KAS; (b) FWO model; (c) SK model: and (d) EA 

depending on the degree of conversion 

 

Figure 4d illustrates the apparent activation energy derived from 

various isoconversional methods. Notably, the KAS, FWO, and 

SK methods exhibit a distinct range wherein the apparent 

activation energy reaches its maximum value at approximately α 

= 0.5 (334.4–352.2 °C). This range corresponds to the second 

phase of the active pyrolytic stage, specifically the region 

wherein cellulose degradation peaks according to the DTG 

diagram presented in Figure 2. The observed phenomenon can be 

attributed to the increased energy requirement for the 

degradation of cellulose present in the biomass. Additionally, as 

the degree of conversion advances from 0.5 to 0.85, it was 

observed that the apparent activation energy diminishes. This 

observation suggests that the pyrolysis of BCS involves a 

complex series of reactions, resulting in a minimal presence of 

cellulose and hemicellulose beyond a conversion degree of α > 

0.5 [20]. Consequently, this decrease in apparent activation 
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energy occurs. The average values of the calculated apparent 

activation energy were determined to be 122.3 kJ/mol (KAS), 

126.3 kJ/mol (FWO), and 122.7 kJ/mol (SK), as indicated in 

Table 4. Following the recommendations of ICTAC, the Starink 

method was selected as the most suitable model for representing 

the apparent activation energy in BCS pyrolysis. The results 

obtained from the SK model demonstrated excellent agreement, 

with a deviation of less than 6%. This outcome not only validates 

the accuracy of the calculations but also confirms the predictive 

capability of the SK method. Therefore, the data derived from 

the SK model was employed for subsequent calculations in the 

present study. 

 
Table 4: Apparent activation energy (EA) of pyrolysis of BCS determined by 

isoconversional methods. 

 
 KAS FWO SK 

α EA 

(kJ/mol) 

R2 EA 

(kJ/mol) 

R2 EA 

(kJ/mol) 

R2 

0.10 128.3 0.98 130.4 0.98 128.6 0.98 

0.15 145.8 0.98 147.3 0.98 146.1 0.98 

0.20 150.6 0.97 151.9 0.97 150.8 0.97 

0.25 150.8 0.96 152.4 0.97 151.1 0.96 

0.30 147.9 0.96 149.8 0.96 148.1 0.96 

0.35 149.6 0.96 151.6 0.96 149.9 0.96 

0.40 161.7 0.97 163.2 0.97 161.9 0.97 

0.45 174.4 0.98 175.4 0.98 174.6 0.98 

0.50 178.9 0.98 179.8 0.99 179.2 0.98 

0.55 176.7 0.99 177.8 0.99 177.0 0.99 

0.60 165.9 0.99 167.5 0.99 166.1 0.99 

0.65 140.9 0.98 143.9 0.98 141.2 0.98 

0.70 70.6 0.96 77.3 0.97 70.9 0.96 

0.75 40.8 0.92 49.4 0.95 41.2 0.92 

0.80 32.8 0.89 42.6 0.94 33.3 0.89 

0.85 30.7 0.88 41.5 0.94 31.2 0.88 

0.90 33.4 0.90 45.2 0.95 34.0 0.90 

Average 122.3 0.95 126.3 0.97 122.7 0.96 
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The apparent activation energy represents the minimum energy 

required for a reaction to occur. Therefore, higher values of 

apparent activation energy indicate greater difficulty in initiating 

the pyrolysis reactions. In a study by El May et al. [45] focusing 

on date stone, a relatively low apparent activation energy of 58.9 

kJ/mol was calculated. It is important to note that date stone 

possesses a different composition and characteristics compared 

to Nanche stone studied in the present research (BCS). However, 

when comparing the apparent activation energy of the current 

study with other stones exhibiting similar characteristics, such as 

olive and plum stones, the differences observed are relatively 

minor. Garcia et al. [46] conducted a study on olive stone 

pyrolysis and reported an apparent activation energy value of 

198.7 kJ/mol. In a separate investigation by Ceylan [44] focusing 

on plum stone pyrolysis, an apparent activation energy of 154.8 

kJ/mol was obtained. Damartzis et al. [47] examined the 

pyrolysis kinetics of cardoon (Cynara cardunculus) and 

determined an apparent activation energy of 223.8 kJ/mol. 

Amutio et al. [48] investigated the pyrolysis of pine wood 

residues and observed a range of apparent activation energy 

values from 63 to 205.8 kJ/mol. Overall, the apparent activation 

energy values calculated for Nanche stone exhibit similarities to 

those reported in previous studies on biomass residues. It is 

essential to emphasize that the apparent activation energy values 

obtained for different degrees of conversion should not be 

regarded as the definitive values for specific reaction steps. 

Instead, they represent apparent values that encompass the 

contributions of various parallel and competing reactions, 

influencing the overall reaction rate [15,19]. 

 

Table 5 presents the apparent activation energy values obtained 

using the FWO model for different biomasses, including 

information on their structural composition and elemental ratios. 

Additionally, one of the crucial thermal parameters for biomass 

and waste solid fuels, namely the higher heating value (HHV), is 

included. The HHV represents the maximum energy content that 

can potentially be recovered from solid fuels [49, 50]. 
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Table 5: Comparison of apparent activation energy, structural composition, elemental ratios, and HHV values by different biomass. 

 

Sample EA  

(kJ/mol) 

HE a 

(%) 

CE b 

(%) 

LI c 

(%) 

O/C 

Ratio 

H/C 

Ratio 

HHV d  

(MJ/kg) 

Reference 

BCS 122.7 e 21.17 44.16 34.67 0.861 0.113 17.92 This study 

Avocado stone 88.9 f 76.4 3.0 17.0 1.021 0.138 17.24 Sangaré et al. [6] 

Agave salmiana bagasse 111.6 f 43.8 40.7 14.2 1.507 0.107 9.65 

Cocoa Shell 197.7 f 45.4 7.8 21.5 0.678 0.132 21.06 

α-Cellulose 166.4 f - 100 - 1.258 0.157 15.10 

Apple pomace 194.8 f 27.77 47.49 24.72 0.780 0.138 19.66 Baray-Guerrero et al. [19] 

Azadirachta indica 193.7 f 24.64 38.61 12.89 0.750 0.144 20.83 Mishra et al. [5] 

Phyllanthus emblica kernel 195.1 f 21.43 46.11 10.22 0.803 0.137 20.08 

Garlic husk 154.9 f 29.34 41.32 17.14 1.255 0.109 12.46 Singh et al. [20] 

Acacia nilótica 221.6 f 28.64 41.66 24.20 1.105 0.172 17.86 Singh et al. [4] 

Banana leaves 84 f 34.34 43.34 15 1.116 0.157 17.80 Singh et al. [51] 
 

a Hemicellulose, b Cellulose, c Lignin, d Higher heating value calculated by Demirbaş formula [52], e Calculated by Starink model. f 

Calculated by FWO model. 
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The values presented in Table 5 clearly show that cellulose has a 

high apparent activation energy (166.42 kJ/mol). However, it has 

a relatively intermediate higher heating value (15.10 MJ/kg). On 

the other hand, cocoa husk has the highest HHV value (21.06 

MJ/kg), which can be correlated with the elemental components 

of the biomass as demonstrated by the Van-Krevelen diagram in 

Figure 5. Notably, all the analyzed biomasses differ in their O/C 

and H/C ratios. When the O/C ratio is plotted against the HHV 

value, it is evident that biomasses having a small O/C ratio value 

have the highest HHV value. It is also well-known that there is a 

strong correlation between the apparent activation energy and 

lignin content, which governs the structural composition of 

biomass. 

 

 
 

Figure 5: (a) Van-Krevelen plot and (b) Correlation O/C ratio vs. HHV value 

of biomasses. 

 

A high apparent activation energy in biomass does not 

necessarily confer benefits, as it indicates that not all the energy 

utilized during the pyrolysis process for thermal degradation of 

the biomass will be effectively converted into valuable solid, 

liquid, and gaseous products. For instance, the cocoa shell 

contains a substantial amount of hemicellulose, which consists of 

organic matter characterized by relatively weak energetic bonds 

resulting from its structural arrangement. Consequently, the 

thermal degradation of hemicellulose is expected to yield simpler 

combustible products (both liquid and gaseous) compared to 
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biomass with higher cellulose and lignin content [50]. Therefore, 

a higher apparent activation energy may not always result in the 

efficient generation of energetically valuable byproducts during 

biomass pyrolysis. A clarifying example can be observed with 

apple pomace and Phyllanthus emblica kernel, both of which 

exhibit higher cellulose and lignin content. This composition 

results in a higher higher heating value (HHV) accompanied by a 

moderate increase in the apparent activation energy. In the case 

of BCS endocarp, a similar energy balance is observed. It 

possesses a substantial amount of cellulose, along with moderate 

quantities of hemicellulose and lignin. This composition 

contributes to a relatively high HHV value (17.92 MJ/kg) 

accompanied by a comparatively lower average apparent 

activation energy (122.7 kJ/mol) when compared to other 

biomasses listed in Table 5. These characteristics make BCS 

endocarp highly suitable for utilization in pyrolytic processes 

aimed at generating value-added energy. 

 

Pre-Exponential Factor (Aα)  

 

The pre-exponential factor values were determined using the 

Kissinger method, utilizing the apparent activation energies 

obtained from the SK method. The pre-exponential factor holds 

significant importance as it is a crucial parameter in pyrolysis, 

playing a fundamental role in the design and optimization of 

pyrolysis reactors [18,53]. By employing Equation (12), the 

values of Aα corresponding to the degree of conversion at a 

heating rate of 15 °C/min were calculated and are presented in 

Table 6. The values of Aα associated with the pyrolysis of BCS 

exhibited a range of variations from 105 to 1014 min−1 as the 

degree of conversion increased from 0.1 to 0.7. This range 

corresponds to the phase of highest pyrolytic activity, primarily 

driven by the degradation of hemicellulose and cellulose. It is 

suggested that the reactions occurring during this range of 

conversion are complex and demand higher energy input to 

proceed [54]. However, when the degree of conversion reaches 

the range of 0.75 to 0.9, the pre-exponential factor experiences a 

decrease in its value, falling within the range of 101 to 102 

min−1. This decrease indicates that the biomass conversion has 
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entered the passive pyrolytic stage, where less energy is required 

to sustain the pyrolysis process. 

 
Table 6: Apparent activation energy (EA) by the Starink model, pre-

exponential factor (Aα) by the Kissinger method, and thermodynamics 

properties for pyrolysis of BCS. 

 
α EA 

(kJ/mol) 

Aα (min−1) Gibbs Free 

Energy ΔG 

(kJ/mol): 

Enthalpy 

ΔH 

(kJ/mol): 

Entropy 

ΔS 

(kJ/mol): 

0.10 128.6 2.9 × 1010 181.8 123.3 −93.1 

0.15 146.1 9.6 × 1011 181.1 140.9 −64.1 

0.20 150.8 2.5 × 1012 180.9 145.6 −56.3 

0.25 151.1 2.6 × 1012 180.9 145.9 −55.9 

0.30 148.1 1.4 × 1012 181.0 142.9 −60.7 

0.35 149.9 2.1 × 1012 181.0 144.7 −57.8 

0.40 161.9 2.2 × 1013 180.6 156.7 −38.0 

0.45 174.6 2.7 × 1014 180.2 169.4 −17.1 

0.50 179.2 6.7 × 1014 180.0 174.0 −9.6 

0.55 177.0 4.3 × 1014 180.1 171.7 −13.3 

0.60 166.1 5.1 × 1013 180.4 160.9 −31.1 

0.65 141.2 3.6 × 1011 181.3 136.0 −72.2 

0.70 70.9 2.6 × 105 184.9 65.7 −189.8 

0.75 41.2 5.1 × 102 187.7 36.0 −241.7 

0.80 33.3 9.0 × 101 188.8 28.1 −256.1 

0.85 31.2 5.7 × 101 189.1 26.0 −259.9 

0.90 34.0 1.0 × 102 188.7 28.8 −254.8 

Average 122.7 8.6 × 1013 182.8 117.4 −104.2 

 

Reaction Model f(α)  

 

The master plot method was employed to determine the most 

probable reaction model during the pyrolysis of BCS. Figure 6a 

displays all the theoretical models described in Table 2 alongside 

the experimental curve. The master plots were calculated using 

Equation (14) within the range of 0.1 to 0.9, while the 

experimental data were generated using a heating rate of 

15 °C/min and the apparent activation energy determined by the 

SK method. 

 

As depicted in Figure 6a, the experimental curves were fitted to 

three reaction models as a function of the degree of conversion. 

For a heating rate of 15 °C/min, it was found that a seventh-order 

reaction model, f(α) = (1 - α)7, with a sum of squared errors 
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(SSE) of 0.0004, best describes the pyrolysis process when α ≤ 

0.25. In the range of 0.3 ≤ α ≤ 0.45, a fourth-order model, f(α) = 

(1 - α)4, was observed to be the most suitable, yielding an SSE of 

0.0103. Furthermore, for 0.5 ≤ α ≤ 0.7, the best fit was achieved 

with a second-order model of 2.48, f(α) = (1 - α)2.48, resulting in 

an SSE of 0.0056 (Figure 6b). 

 

It is clear from the results that the order of the reaction decreases 

with an increasing degree of conversion. This trend can be 

attributed to the growing probability of molecular collision as the 

temperature rises, leading to a higher decomposition rate of 

hemicellulose and cellulose. Consequently, the reaction order 

decreases from 7 to 2.48. It is worth noting that the presence of 

lignin in BCS contributes to its complex and rigid cross-linked 

phenolic structure. 

 

When the degree of conversion reaches α ≥ 0.75, the reaction 

model becomes a result of the combined effects of various 

mechanisms such as nucleation, diffusion, and power effects 

[18]. This observation aligns with the isoconversion lines 

displayed in Figure 4, where the deviation from a single reaction 

model correlates with the occurrence of complex reactions [6]. It 

is worth emphasizing that a high reaction order indicates a low 

probability of molecular collision, which has been observed in 

other biomass materials like bamboo waste and cocoa shell 

[18,55]. Therefore, considering the compositional characteristics 

of the biomass studied, the presence of high lignin content 

implies a complex and rigid cross-linked phenolic structure. 

Consequently, pyrolysis at lower degrees of conversion involves 

the combined effects of various mechanisms, including 

nucleation, diffusion, and power effects. Hence, the elevated 

reaction order observed in this study may arise from the 

combined influence of these mechanisms [56]. 

 

Once the kinetic triplets of BCS pyrolysis are estimated, it 

becomes possible to construct a kinetic expression using 

Equation (5). The averages of the SK apparent activation energy 

and pre-exponential factors corresponding to the appropriate 

range of conversion degrees are incorporated into the following 

equations: 
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𝑑𝛼

𝑑𝑇
=

{
 
 

 
 1.5𝑥1012𝑒𝑥𝑝 (

−17335.1

𝑇
) (1 −  𝛼)7 , 𝛼 ≤ 0.25 (264.4 − 302.8 °C)

7.5𝑥1013𝑒𝑥𝑝 (
−19082.2

𝑇
) (1 −  𝛼)4 , 0.3 ≤ 𝛼 ≤ 0.45 (316.2 − 343 °C) 

2.3𝑥1014 𝑒𝑥𝑝 (
−17665.7

𝑇
) (1 −  𝛼)2.48 , 0.5 ≤ 𝛼 ≤ 0.7 (347.5 − 385.6 °C) 

(19) 

 

 
 

Figure 6: (a) Reaction models using generalized master plot method 

(g(α)/g(0.5) vs. α), and (b) experimental and theoretical curves (g(α)/g(0.5)). 
 

Thermodynamics Analysis  
 

The thermodynamic parameters, enthalpy, Gibbs free energy, 

and entropy were plotted as a function of the degree of 

conversion (α) (Figure 7), and the numerical values are shown in 

Table 6. All these calculations were conducted using the 

apparent activation energy determined through the SK method 

and the pre-exponential factor obtained from the Kissinger 
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method at a heating rate of 15 °C/min. The assessment of 

thermodynamic properties is crucial in defining the operational 

conditions of a process. In this regard, ΔH is defined as the 

energy consumed during the conversion of biomass into various 

pyrolytic products. The average value obtained for ΔH was 117.4 

kJ/mol. Furthermore, the disparity between EA and ΔH 

represents the energy difference between the reactant and the 

activated complex and termed the "potential energy barrier," as it 

provides insights into the ease of activated complex formation. 

In this study, the value of this potential energy barrier was found 

to be 5.2 kJ/mol, which is less than the threshold of 5.5 kJ/mol. 

This value of 5.2 kJ/mol found in the study suggests that the 

pyrolysis of BCS is a feasible reaction to produce bioenergy, as 

little additional energy is required to achieve product generation. 

This result is consistent with previous studies by Mumbach et al. 

and Sangaré et al. [18,22]. These findings suggest that the 

formation of activated complexes is favorable [18,57], and the 

pyrolysis reaction can proceed with ease. In other words, 

pyrolysis can be carried out by providing only a minimal amount 

of additional energy [6]. 
 

The analysis and understanding of these values are crucial for the 

design of a pyrolysis reactor, as it entails ensuring sufficient heat 

transfer to supply the required energy for biomass conversion 

[58]. The Gibbs free energy serves as a measure of the overall 

energy change during a reaction in a thermal process and offers 

valuable insights into the spontaneity and direction of reactions. 

A positive value of ΔG indicates non-spontaneity, while a 

significantly large value suggests a lower feasibility of the 

reaction [56]. The average value of ΔG was determined to be 

182.8 kJ/mol, with a maximum deviation of ± 3.5 kJ/mol. The 

positive value of ΔG indicates that the pyrolysis reaction of BCS 

is non-spontaneous, highlighting the need for additional energy 

for the conversion of biomass into different pyrolytic products. 

On the other hand, ΔS values are employed to qualitatively 

assess the reactivity of the system [59]. In this study, an average 

ΔS value of -104.2 J/mol·K was obtained, providing insights into 

the system's reactivity. The negative value of ΔS indicates that 

the reactions are nearing thermodynamic equilibrium and exhibit 

higher thermodynamic reversibility. Consequently, the degree of 

disorder in the products is lower than that in the reactants [6,18]. 
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This behavior is particularly evident at a conversion close to α = 

0.5, which agrees with the peak observed in the DTG curves 

corresponding to cellulose, a highly reactive component during 

pyrolysis [6,50]. Furthermore, the average apparent activation 

energy values obtained from this biomass highlight its potential 

as a greatly desirable energy source for bioenergy applications. 

 
 

Figure 7: Thermodynamic parameters from the (a) KAS, (b) FWO, and (c) 

Starink methods. 
 

Conclusions 
 

This study presented the first investigation of the pyrolysis 

kinetics of Nanche stone (BCS) using thermogravimetric 

analysis. The favorable characteristics of BCS, including its low 

moisture and ash content, along with a high volatile matter 

content (≥70%), position it as a promising candidate to produce 

diverse bioenergy products. 
 

The average apparent activation energies obtained from different 

methods (KAS, FWO, and SK) were found to be quite similar, 

averaging around 123.8 kJ/mol. Additionally, the evaluation of 
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the pre-exponential factor as a function of the degree of 

conversion using the Kissinger method showed a wide range 

from 105 to 1014 min−1 during the stage of highest pyrolytic 

activity. These findings indicate that the BCS system is highly 

reactive to temperature and suggest that the n-order reaction 

models best describe the pyrolysis process. 
 

Furthermore, the thermodynamic analysis revealed a small 

difference between the apparent activation energy (EA) and the 

enthalpy change (∆H), with a value of 5.2 kJ/mol. This close 

proximity between EA and ∆H favors the pyrolysis reaction and 

indicates the feasibility of the energetic process. 
 

It is worth emphasizing that the complex and rigid cross-linked 

structure of BCS, attributed to its high lignin and cellulose 

content, plays a significant role in its pyrolysis behavior. The 

kinetic triplet analysis, involving the apparent activation energy, 

pre-exponential factor, and reaction model, indicated that the 

pyrolysis pattern of this biomass closely aligns with high-order 

reaction kinetics. This behavior can be attributed to the 

combined influence of diffusion and power law models. 
 

Importantly, this study represents the first investigation into the 

pyrolysis kinetics of Nanche (Byrsonima crassifolia) stone as a 

biomass waste. The findings derived from the kinetics triplets 

and thermodynamic parameters highlight the great potential of 

this biomass as a valuable bioenergy resource. These results 

underscore the feasibility of utilizing BCS for bioenergy 

applications, thus contributing to the sustainable utilization of 

this biomass waste. 
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