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A B S T R A C T

As global demand for sustainable energy intensifies, the depletion of fossil fuels and environmental concerns 
drive the search for alternative, renewable resources. Biomass, particularly underutilized waste fibers, offers 
significant potential. This study investigates Dracaena draco waste fibers (DdwFs) as a promising feedstock for 
biofuel production through pyrolysis, a well-established thermochemical process.Using thermogravimetric (TGA) 
analysis at heating rates of 15, 25, and 30 ◦C min− 1, the study examines the pyrolysis kinetics and thermody
namics of DdwFs. The Coats–Redfern method is applied to determine the kinetic triplet, activation energy (Ea), 
pre-exponential factor (A), and reaction mechanism, while Criado’s master plot validates the model. The results 
reveal a multi-step degradation process involving hemicellulose, cellulose, and lignin. The Random Nucleation 
and Growth models (M15–M22) best describe the kinetics, with Ea values ranging from 47.7 to 239.8 kJ mol− 1.

Thermodynamic analysis confirms that pyrolysis is endothermic (ΔH > 0) and non-spontaneous (ΔG > 0), 
necessitating continuous energy input. These findings underscore the potential of DdwFs as a renewable biofuel 
source, providing valuable insights into the energy requirements and reaction mechanisms crucial for optimizing 
biomass conversion. This research offers a pathway for improving reactor designs and advancing sustainable 
biofuel production, contributing to the transition from fossil fuels to eco-friendly energy solutions.

Introduction

Fossil fuels require strict regulation due to their limited reserves and 
significant environmental impact, particularly their contribution to 
global warming. Consequently, increasing emphasis is placed on 
developing reactor designs and processes for converting lignocellulosic 
biomass waste into renewable energy. Biomass waste is a promising 
renewable energy source, but its high oxygen and moisture content 
result in low energy density. To fully realize its potential, biomass is 
typically upgraded into higher-quality fuels [1,2].

The demand for renewable and eco-friendly biomass has intensified 
due to fossil fuel depletion and environmental concerns [1–3]. One 
promising sustainable resource is the biomass fiber of Dracaena draco, a 
palm species with considerable global availability. Valorizing Dracaena 
draco waste fibers (DdwFs) for bioenergy production can reduce envi
ronmental pollution and dependence on non-renewable fossil fuels. 
Combustion, a well-established thermochemical process, is commonly 
used to produce volatiles, charcoal, and bio-oil from biomass [4].

A technique for characterizing the combustion and pyrolysis 
behavior of solid biomass fibers is Thermogravimetric Analysis (TGA). 
By adjusting temperature and heating rate, TGA provides valuable 
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insight into conversion kinetics. It supports both model-free methods (e. 
g., Kissinger–Akahira–Sunose, Flynn–Wall–Ozawa) [5,6] and model- 
fitting approaches such as the Coats–Redfern method (CRM) [7]. 
These methods yield the kinetic triplet parameters: activation energy 
(Ea), pre-exponential factor (A), and reaction mechanism (RM), from 
which thermodynamic parameters (ΔH◦, ΔG◦, ΔS◦) can be derived to 
assess feasibility and energy profiles [8]. Such evaluations are critical for 
biomass valorization, including DdwFs [9,10]. However, comparisons 
across studies are often difficult due to variations in experimental con
ditions, methodologies, and heating rates (β) [11,12].

For instance, Lalaymia et al. investigated the pyrolysis kinetics of 
Agave americana flower stalk waste (FSSAW) using non-isothermal TGA 
at β of 30, 40, and 50 ◦C/min. Kinetic parameters were determined via 
the Coats–Redfern method across 36 solid-state models, with activation 
energies ranging from 4.22 to 252.73 kJ/mol. The results confirmed 
both complex and simple mechanisms, consistent with the kinetic 
compensation effect. Thermodynamic analysis revealed ΔH values up to 
249.65 kJ/mol and ΔG values up to 390.81 kJ/mol, with negative ΔS 
values indicating a more ordered activated state. Validation by Criado’s 
master plot identified random nucleation and growth (M16) as the 
dominant mechanism at early decomposition stages [13]. Similarly, 
Ferfari et al. analyzed the decomposition of Syagrus romanzoffiana 
rachis fibers (SrWRFs) under nitrogen at β of 30–50 ◦C/min. Using the 
Coats–Redfern method and a three-parallel Gaussian model, they 
resolved hemicellulose, cellulose, and lignin degradation, with activa
tion energies of 97.31–262.11 kJ/mol depending on heating rate. 
Thermodynamic analysis showed that SrWRF pyrolysis is endothermic 
(ΔH > 0), non-spontaneous (ΔG > 0), and associated with negative ΔS 
values, again confirming greater molecular order in the activated com
plex. The strong lnA–Ea correlation supported the kinetic compensation 
effect [14].

Similarly, Upee and Zaini [15] conducted an extensive study on 
biomass pyrolysis, focusing on materials such as cardboard, bamboo, 
coconut shells, empty fruit bunches, and palm oil. They found that each 
biomass subgroup followed a distinct reaction mechanism (RM). The 
typical activation energy (Ea) values varied widely: from 10 to 64 kJ/ 
mol for empty fruit bunches, 8 to 70 kJ/mol for bamboo, 13 to 277 kJ/ 
mol for cardboard, and 18 to 186 kJ/mol for coconut shells. Their 
findings emphasized that biomass decomposition is an endothermic 
process that requires external energy to initiate [16]. These studies 
underscore the significant impact of heating rate (β) on activation en
ergy (Ea) and the importance of selecting appropriate models for accu
rate kinetic predictions. The comparison of pyrolysis behavior across 
different lignocellulosic biomasses suggests that similar analyses of 
Dracaena draco waste fibers (DdwFs) could provide valuable insights 

into their reaction pathways and energy requirements, further 
advancing our understanding of biomass pyrolysis.

The present study aims to investigate, for the first time, the pyrolysis 
kinetics and thermodynamics of Dracaena draco biomass fibers (DdwFs) 
to assess their suitability for renewable biofuel applications. The specific 
objectives of this research are: (i) to determine the kinetic triplet pa
rameters (Ea, A, RM) using the Coats–Redfern method; (ii) to validate 
kinetic models using Criado’s master plot; (iii) to evaluate thermody
namic parameters (ΔH, ΔG, ΔS) to assess energy requirements and 
process feasibility; and (iv) to correlate kinetic and thermodynamic re
sults with the compositional features of DdwFs, providing insights for 
reactor optimization and sustainable energy production.

Materials and methods

Preparation of Dracaena draco waste fibers (DdwFs)

DdwFs were collected from palm trees in the Botanical Garden at the 
University of Skikda, Algeria. The process begins by peeling and splitting 
the rachis lengthwise to extract the fibers. The rachis is soaked in water 
for 40 to 50 days at temperatures ranging from 35 ◦C to 45 ◦C. This 
water-retting process [17] encourages anaerobic bacterial activity, 
which naturally decomposes the rachis and facilitates fiber extraction. 
After retting, the fibers are separated by hand, cleaned, and allowed to 
air dry (Fig. 1) [18].

In addition to fiber preparation, a detailed compositional charac
terization of Dracaena draco waste fibers (DdwFs) was conducted to 
support the interpretation of their pyrolysis behavior. Proximate anal
ysis (moisture, volatile matter, fixed carbon, and ash) was performed 
following ASTM standards. Ultimate analysis was carried out using an 
elemental analyzer to determine C, H, N, and S contents, with oxygen 
calculated by difference. The lignocellulosic fractions (cellulose, hemi
cellulose, and lignin) were quantified using standard chemical proced
ures based on the Van Soest method.

Thermogravimetric analysis (TGA) and decomposition of Dracaena draco 
waste fibers (DdwFs): An experimental approach

The decomposition behavior of DdwFs during pyrolysis was analyzed 
using a Perkin-Elmer thermogravimetric analyzer [16]. For each test, 
approximately 6 mg of the material was put in a crucible of alumina and 
warmed at three different rates (i.e., 15, 25, and 30 ◦C/min) from 20 ◦C 
until 800 ◦C while being fed with 100 mL/min of nitrogen. The the 
Coats–Redfern method (CRM) was used to precisely evaluate the kinetic 
and thermodynamic characteristics derived from the collected 

Nomenclature

Symbol Definition
A Pre-exponential factor (min− 1)
ARN Assumed Random Nucleation
CRM Coats–Redfern method
DdwFs Dracaena draco waste fibers
DTG Derivative thermogravimetric analysis
dα/dT Conversion rate with respect to temperature (◦C/min)
Ea Activation energy (kJ/mol)
EGM Ensuing Growth Model
f(α) Differential form of conversion function
g(α) Integral form of conversion function
H Planck’s constant (6.626 × 10-3 × J × s)
k(T) Global reaction rate constant
KB Boltzmann’s constant (1.381 × 10-23 × J × K1)
KCE Kinetic compensation effect

lnA Natural logarithm of pre-exponential factor
m0 Initial mass of sample (g)
Mf Final residual mass (g)
Mi Mass at time t during pyrolysis (g)
ML Mass loss (%)
R Universal gas constant (8.314 J/mol × K)
R2 Coefficient of determination
RM Reaction model
TGA Thermogravimetric analysis
Tiso Isokinetic temperature (K)
Tp Peak temperature (K)
А Conversion degree
В Heating rate (◦C/min)
ΔG Gibbs free energy change (kJ/mol)
ΔH Enthalpy change (kJ/mol)
ΔS Entropy change (kJ/mol × K)
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thermogravimetric (TG) data.
All thermogravimetric analyses (TGA) were performed in triplicate 

under identical conditions to ensure reproducibility. The reported re
sults represent the mean values of three runs, and standard deviations 
were calculated where relevant. The consistency of the data was further 
confirmed by high determination coefficients (R2 > 0.99) obtained 
across the applied kinetic models.

Pyrolysis kinetic study

The overall pyrolysis reaction mechanism for DdwFs (Equation (1)) 
can be described by combining several individual reactions and 
modeling them as a unified first-order or n-order process [19]: 

DdFs(s) ̅→
k(T)

Volatiles(g) +Biochar(s) (1) 

k (T) denotes the constant global reaction rate, expressed as follows 
in Equation (2) [20]: 

k(T) = Ae−
Ea
RT (2) 

The thermal degradation of a sample in the solid state is described by 
the basic velocity equation in isothermal conditions. The pyrolysis ki
netic analysis of DdwFs was conducted based on the Arrhenius law [21]. 

dα
dt

= k(T)f(α) (3) 

where: 

α =
m0 − mi

m0 − mf
(4) 

At a constant β: 

β =
dT
dt

(5) 

A (min− 1) represents the pre-exponential variable, R (8.314 J/mol × K) 
signifies the universal constant of gas, and Ea (kJ/mol) is the activating 
energy. The reaction’s absolute temperature is indicated by T (K), the 
starting mass of DdwFs used in TGA is represented by m0 (g), the amount 
of mass remaining at time t during pyrolysis is represented by mi (g), and 
the resulting residual quantity is indicated by mf (g).

Integrating Equations (3) and (4) produces the expression found in 
Equation (6) [22]. 

dα
dt

= Ae−
Ea
RTf(α) (6) 

In the dynamic TGA experiment, β is represented according to 
Equation (7) [3]: 

β =
dT
dt

=
dT
dα ×

dα
dt

(7) 

Equation (8) illustrates how Equations (6) and (7) can be inte
grated to create the non-isothermal speed law [23]: 

dα
dt

=
A
β

e−
Ea
RTf(α) (8) 

Rearranging and incorporating Equation (8) yields the conversion 
function’s integral form, g(α), illustrated in Equation (9) [24]: 

g(α) =
∫ α

0

dα
f(α) =

A
β

∫ T

T0

e−
Ea
RTdT (9) 

Different approximation methods are utilized, with g(α) standing for 
the RM’s integral form, as there is no analytical answer for Equation 
(9).

Model fit

The kinetic model f(α) is crucial for understanding the dynamics and 
mechanisms of pyrolytic breakdown. It can be determined through 
model-fitting techniques like Criado’s master plot method and the CRM.

Coats–Redfern method (CRM)
The CRM is often utilized to ascertain kinetic factors, as the sample’s 

(Ea) and A [25]. Equation (10) represents the fundamental expression 
of the CRM used to calculate these kinetic parameters. 

ln
[
g(α)
T2

]

= ln
AR
βEa

(

1 −
2RT
Ea

)

−
Ea

RT
(10) 

Table 1 shows the kinetic equation for various response mechanisms 
represented by g(α). Drawing ln[g(α)/T2] as a function of 1/T, the 
resulting linear slope can be used to determine (Ea), while the intercept 
provides A. Although the response process may affect the precise shape 
of g(α), most solid-state reactions are classified into one of the thirty-six 
groups listed in Table 1.

Estimation of the reaction mechanism. ‘The master plot demonstrates 
Criado’s reduced master plot method (Equation (11)), which forecasts 

Fig. 1. Extraction process of Dracaena draco biomass fiber (DdwFs): (a) peeling and splitting of rachis, (b) retting in water, and (c) drying and cleaning of fibers prior 
to TGA analysis.
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the solid-status reaction of pyrolysis process. This method employs a 
direct model-fitting approach to identify the kinetic mechanism. 

Z(α)
Z(0.5)

=
f(α) × g(α)

f(0.5) × g(0.5)
= (

Tα

T0.5
)

2 (dα
dt)α

(dα
dt)0.5

(11) 

T0.5 and (dα/dt)0.5 are the temperature and conversion rate for α = 0.5.
The left side of Equation (11) shows each reaction mechanism by a 

reduced theoretical curve, expressed as f(α)g(α)
f(0.5)g(0.5). The right-side Equa

tion (11) relates to the lower rate and can determine the experiment’s 
outcome. The reaction process dictates how f(α) is formulated for a 
specific solid-state response (Table 1).

Estimation of thermodynamic factors

The physical quantities, including enthalpy (ΔH, kJ/mol, Equation 
(12)), Gibb’s free energy (ΔG, kJ/mol, Equation (13)), and entropy 
(ΔS, kJ/mol × K, Equation (14)), are related to internal energy, ther
modynamic potential, and disorder, respectively. These parameters are 
closely associated with kinetic characteristics and act as indicators of 
thermal stability [26–28]. To fully understand the thermal 

decomposition process, it is essential to identify key thermodynamic 
variables (ΔH, ΔG, and ΔS) [29]. 

ΔH = E − RT (12) 

ΔG = Ea+R.Tm.ln
(

KBTm

h.A

)

(13) 

ΔS =
ΔH◦

− ΔG◦

TP
(14) 

A* =

[

β.Ea.exp
(

Ea
RTm

)]

/(R T2
m) (15)

where KB denotes Boltzmann’s value (1.381 × 10-23 J × K− 1), h for 
the constant of Planck (6.626 × 10-34 J × s), and Tp for the derivative 
thermogravimetric (DTG) curve’s peak temperature (K), respectively.

Results and discussion

Thermal decomposition behavior of Dracaena draco waste fibers (DdwFs)

Fig. 2 illustrates the TGA and DTG characteristics of DdwFs 

Table 1 
Standard solid-state pyrolysis process models or mechanisms [44–46]. (ARN: Assumed Random Nucleation, 3D: Three-Dimensional Diffusion, 2D: Two-Dimensional, 
1D: One-Dimensional).

Model No. g(α) f(α) Rate-determining reaction mechanism

Non-invoking equations for chemical processes or mechanisms
M1 1 − (1 − α)2/3 3/2(1 − α)1/3 Chemical reaction
M2 1 − (1 − α)1/4 4(1 − α)3/4 ​
M3 (1 − α)− 1/2

− 1 2(1 − α)3/2 ​
M4 (1 − α)− 1

− 1 (1 − α)2 ​
M5 (1 − α)− 2

− 1 1/2(1 − α)3 ​
M6 (1 − α)− 3

− 1 1/3(1 − α)4 ​
M7 1 − (1 − α)2 1/2(1 − α) ​
M8 1 − (1 − α)3 1/3(1 − α)2 ​
M9 1 − (1 − α)4 1/4(1 − α)3 ​
Equations for acceleration rates ​ ​ ​
M10 α3/2 2/3α− 1/2 Nucleation
M11 α1/2 2α1/2 ​
M12 α1/3 3α2/3 ​
M13 α1/4 4α3/4 ​
M14 lnα α ​
Sigmoidal rate equations or random nucleation and subsequent growth
M15 − ln(1 − α) 1 − α ARN and its subsequent growth
M16 [− ln(1 − α)]2/3 3/2(1 − α)[− ln(1 − α)]1/3 ​
M17 [− ln(1 − α)]1/2 2(1 − α)[− ln(1 − α)]1/2 ​
M18 [− ln(1 − α)]1/3 3(1 − α)[− ln(1 − α)]2/3 ​
M19 [− ln(1 − α)]1/4 4(1 − α)[− ln(1 − α)]3/4 ​
M20 [− ln(1 − α)]2 1/2(1 − α)[− ln(1 − α)]− 1 ​
M21 [− ln(1 − α)]3 1/3(1 − α)[− ln(1 − α)]− 2 ​
M22 [− ln(1 − α)]4 1/4(1 − α)[− ln(1 − α)]− 3 ​
M23 lnα/(1 − α) α/(1 − α) Branching nuclei
Equations for decelerating rates Reaction at the phase boundary
M24 α 1 Contracting disk
M25 1 − (1 − α)1/2 2(1 − α)1/2 Contracting cylinder (cylindrical symmetry)
M26 1 − (1 − α)1/3 3(1 − α)2/3 Contracting sphere (spherical symmetry)
The diffusion mechanism based on ​ ​ ​
M27 α2 1/2α 1D diffusion
M28 [1 − (1 − α)1/2

]
1/2

4
{
(1 − α)[1 − (1 − α)]1/2

}1/2 2D diffusion

M29 α + (1 − α)ln(1 − α) [− ln(1 − α)]− 1 2D diffusion
M30 [1 − (1 − α)1/3

]
2

(3/2)(1 − α)2/3
[1 − (1 − α)1/3

]
− 1 3D, spherical symmetry

M31 1 − 2/3α − (1 − α)2/3
(3/2)[(1 − α)− 1/3

− 1]− 1 3D, cylindrical symmetry
M32 [(1 − α)− 1/3

− 1]2 (3/2)(1 − α)4/3
[(1 − α)− 1/3

− 1]− 1 3D
M33 [(1 + α)1/3

− 1]2 (3/2)(1 + α)2/3
[(1 + α)1/3

− 1]− 1 ​
M34 1 + 2/3α − (1 + α)2/3

(3/2)[(1 + α)− 1/3
− 1]− 1 ​

M35 [(1 + α)− 1/3
− 1]2 (3/2)(1 + α)4/3

[(1 + α)− 1/3
− 1]− 1 ​

M36 [1 − (1 − α)1/3
]
1/2 6(1 − α)2/3

[1 − (1 − α)1/3
]
1/2 ​
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decomposition at 15, 25, and 30 degrees Celsius per minute, three 
distinct β values. The TGA and DTG curves exhibited similar trends 
across the range of β. As β increased, higher temperatures caused the 
TGA and DTG curves to change, indicating a delay in the rates of thermal 
decomposition. This delay is likely due to slower mass and heat transfer 
processes at higher β values. Notably, when β rose from 15 to 30 ◦C/min, 
the DdwFs showed signs of temperature hysteresis. This phenomenon 
was observed as a shift in the TGA curve’s mass loss (ML) fraction to
ward higher temperatures while maintaining consistent thermal 
decomposition characteristics. Furthermore, the DTG curves revealed 
broader temperature ranges and slower reaction rates at elevated β, 
suggesting that the internal temperatures of the samples required more 
time to reach the breakdown threshold [30].

Table 2 shows the average pyrolysis temperature, ML percentage, 
and TGA-DTG data at 15, 25, and 30 ◦C/min heating rates. As degra
dation continued, a significant temperature rise was observed. However, 
there was no noticeable change in ML or volatile emissions during the 
active pyrolysis phase. During pyrolysis, the ML varied from 59 % to 
63.1 % for all three β values (15, 25, and 30 ◦C/min). The breakdown of 
thermally stable components was shown by the DTG curve. at lower 
temperatures, accompanied by several decomposition processes within 
the active pyrolysis zone [31].

At heating rates of 15, 25, and 30 ◦C/min, the total mass loss of 
DdwFs ranged between 59 % and 63.1 %. Hemicellulose decomposition 
occurred between 140–290 ◦C, cellulose between 290–400 ◦C, and 
lignin between 400–800 ◦C, consistent with the measured lignocellu
losic fractions (26.7 %, 38.5 %, and 31.4 %, respectively).

The decomposition stages of DdwFs align with those reported for 
other lignocellulosic biomasses, confirming the general consistency of 
pyrolysis pathways. Hemicellulose degraded between 140–290 ◦C, cel
lulose between 290–400 ◦C, and lignin above 400 ◦C. These intervals are 
comparable to the decomposition ranges of Agave americana fibers 
(150–400 ◦C) [13] and Syagrus romanzoffiana fibers (200–650 ◦C) [14], 
highlighting that while the fundamental mechanisms are similar, the 
specific ranges for DdwFs indicate relatively higher stability of the lignin 
fraction. Such stability is beneficial for char production, suggesting 
potential applications of DdwFs in carbon-rich biochar generation.

Consistent with previous studies, biomass decomposition proceeded 
through distinct thermal stages [32]. After the initial moisture evapo
ration (room temperature to ~ 140 ◦C), hemicellulose decomposed be
tween 140–290 ◦C, cellulose between 290–400 ◦C, and lignin over a 
broader range of 400–800 ◦C, reflecting its more complex, multi-step 
degradation behavior. The reported values represent averages from 
three replicate experiments, with only minor deviations, confirming the 
reproducibility of the results.

The DTG peaks correspond closely with the measured lignocellulosic 
composition of DdwFs (Table 3), supporting the assignment of hemi
cellulose, cellulose, and lignin decomposition stages. These findings 
align with results reported for other lignocellulosic biomasses. For 
example, in Energy Conversion and Management, the co-pyrolysis of 
Rosa rubiginosa rosehip seed and husk wastes demonstrated that 
compositional factors strongly influence kinetic parameters and product 
distribution, with lignin content in particular contributing to char yield 
and thermal stability [32,33]. This comparison highlights the value of 
proximate, ultimate, and lignocellulosic characterization (Table 3) in 
contextualizing the degradation stages of DdwFs and validating the 
observed decomposition behavior.

Fig. 2. TGA profiles of the three samples at various heating rates (β): (a) TGA 
analysis and (b) DTG curves.

Table 2 
Fibers of Dracaena draco waste (DdwFs) were examined using thermogravimetric 
analysis (TGA) and derivative thermogravimetric (DTG) techniques at heating 
rates (β) of 15, 25, and 30 ◦C/min (ML: Mass loss).

β (◦C/min) Weight of specimen (mg) Ti(◦C) Tf (◦C) Tm(◦C) ML(%)

15 6.0330 209 415 363 58.96
25 5.0900 226 437 370 61.89
30 5.1970 248 447 380 63.06

Table 3 
Compositional characterization of Dracaena draco waste fibers 
(DdwFs).

Parameter Value (wt%)

Proximate analysis
Moisture content 7.8
Volatile matter 71.2
Fixed carbon 17.5
Ash content 3.5
Ultimate analysis (dry basis)
Carbon (C) 46.8
Hydrogen (H) 6.3
Nitrogen (N) 0.9
Sulfur (S) 0.2
Oxygen (O, by difference) 45.8
Lignocellulosic composition
Cellulose 38.5
Hemicellulose 26.7
Lignin 31.4
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Kinetic analysis

Fig. 3 displays the variations in transformation level (α) as well as its 
derivative (dα/dT) for ß vs temperature (T) during 15, 25, and 30 ◦C/ 
min. Table 4 provides the mean values of dα/dT over the pyrolysis 
duration, the maximum dα/dT, and the corresponding temperature at 
which it occurs. It was noted that most of the DdwFs’ pyrolysis took place 
between 120 and 550 ◦C.

As β increased, both α and dα/dT shifted to higher temperature 
ranges, displaying only slight changes in the shapes of the curves. 
Temperature hysteresis arises when a sample’s thermal transfer rate 
does not align with the external β, leading to a lag between the mate
rial’s actual and programmed temperatures. This phenomenon occurs 
because heat requires time to propagate through the sample, especially 
in materials with low thermal conductivity or complex structures.

As a result, during heating or cooling cycles, the sample’s tempera
ture differs from that of the surrounding environment, causing varia
tions in thermal events such as phase transitions or decomposition. This 
phenomenon is often observed in thermal analysis techniques like TGA, 
where rapid heating can cause variations in recorded temperatures due 
to delayed heat absorption or release.

As β increased, hysteresis effects became more pronounced, but the 
maximum and average dα/dT values remained nearly unchanged. The 
inverse relationship between the dα/dT ratio and β likely explains this 
observation. As β increases, the temperature at which maximum dα/dT 
occurs also rises, canceling the opposing effects of T and β on dα/dT (see 
Fig. 3).

For the kinetic analysis of DdwFs, lnA and (Ea) were determined using 
the CRM. Table 5 displays the results, including lnA, R2, and (Ea) for 
various kinetic models at different β values. The chemical models that 
demonstrated a good fit (i.e., R2 > 0.99) included sigmoidal rate equa
tions for random nucleation followed by growth and declaratory rate 
equations for β values of 15, 25, and 30 ◦C/min. At 15 ◦C/min, the 
favorable models (M2, M15, M20, M21, M22, M30, and M32) exhibited 
good R2 values. At a rate of 25 ◦C/min, models M1, M2, M15, M20, M21, 
M22, M25, M26, M30, and M32 also showed excellent fits, with M15, 
M20, M21, M22, and M32 having the highest R2 values. Other models 
displayed inadequate fits with lower R2 values.

The kinetics evaluation concentrated upon the productive pyrolysis 
zone, thereby is typically thought of as a single-step procedure. Based on 
the heat degradation behavior, several kinetic models were proposed to 
describe DdwFs pyrolysis [30]. Table 5 presents the thirty-six solid-state 

RMs, categorized into four groups of response mechanisms, as well as 
each model’s corresponding kinetic settings (Ea and lnA). Table 5 also 
shows the TGA results using various solid-state kinetic model functions 
for β values of 15, 25, and 30 ◦C/min. The correlation coefficient (R2) 
values demonstrate a good fit for all the kinetic models.

Fig. 4 illustrates how (Ea) and the regression values in the TGA 
findings correlate with each other. Models M15, M20, M21, M22, and 
M30, all with R2 values exceeding 0.99, were the most suitable diffu
sivity models. Fig. 5 illustrates the optimal models for region I at β values 
of 15, 25, and 30 ◦C/min. The kinetic parameters for various types of 
biomasses are summarized in Table 5, as determined by the CRM. For all 
β values, the models exhibiting the highest R2 values (i.e., R2 > 0.99) 
were the equations with sigmoidal rates or those representing proba
bility nucleation followed by subsequent growth (M15, M20, M21, and 
M22).

The (Ea) values calculated for these models were as follows: for M15, 
47.74, 51.43, and 52.32 kJ/mol at a β of 15, 25, and 30 ◦C/min, 
respectively. For M20, the (Ea) values were 105.40, 112.86, and 114.8 
kJ/mol. For M21, the (Ea) values were 163.06, 174.31, and 177.3 kJ/ 
mol, respectively. For M22, the (Ea) values were 220.73, 235.75, and 
239.8 kJ/mol (Fig. 5(a-c)). Based on the optimal adaptation of M15, 
M20, M21, and M22, the average Ea for DdwFs varied from 134.23 to 
146.05 kJ/mol.

The best-fit models (M15–M22) yielded Ea values of 47.7–239.8 kJ/ 
mol, depending on β and conversion degree. For instance, at β = 15 ◦C/ 
min, M15, M20, M21, and M22 exhibited Ea values of 47.7, 105.4, 
163.1, and 220.7 kJ/mol, respectively. These quantitative differences 
confirm the multi-step character of DdwF pyrolysis.

As β increased from 15 to 30 ◦C/min, the (Ea) values declined across 
all reaction mechanism models, indicating that β strongly influences the 
kinetic parameters, particularly Ea and lnA. This correlation reflects 
both heat and mass transfer effects within the porous biomass structure. 
At higher β, rapid heating creates temperature gradients inside DdwFs 
particles, leading to incomplete internal heat transfer and localized 
thermal lag. At the same time, mass transfer resistance can trap volatile 
products within the fiber matrix, slowing their release and altering the 
apparent kinetics. These combined effects intra-particle heat conduction 
and diffusion-controlled volatile escape explain the observed β (Ea) 
relationship. Similar trends have been reported for other lignocellulosic 
biomasses, where structural porosity significantly affects apparent ki
netic parameters. The data also show that as β increases, (Ea) decreases 
while lnA rises, consistent with the kinetic compensation effect. Addi
tionally, R2 values highlight that higher β reduces model fit quality for 
certain mechanisms, reinforcing the importance of considering heat and 
mass transfer limitations in kinetic interpretation.

Fig. 6 illustrates the (Ea) values for the pyrolysis of DdwFs at various β 
values of 15, 25, and 30 ◦C/min, calculated using the RM. (Ea) denotes 
the energy barrier needed to release volatile compounds during pyrol
ysis or the energy required to initiate the chemical processes that cause 
biomass fiber to decompose thermally. The (Ea) profiles varied signifi
cantly, underscoring the complex nature of the pyrolysis process 
[30–34].

Typically, reactions that require higher (Ea) values are slower, taking 
more time to complete thermal decomposition and occurring at higher 
temperatures [35]. Although the material’s inherent characteristics 
significantly influence (Ea), all β values showed a substantial rise in (Ea) Fig. 3. Variations in the conversion rate (α) and its derivative (dα/dT) as a 

function of temperature (T).

Table 4 
Corresponding temperature (T) along with the maximum and average values of 
dα/dT. (β: Heating rate).

β(◦C/min) Maximum 
dα
dT 

(T− 1)/T (◦C) Average 
dα
dT

. (T− 1)

15 8.5 × 10-3/368.69 1.22 × 10-3

25 8.2 × 10-3/366.84 1.18 × 10-3

30 7.9 × 10-3/383.26 1.18 × 10-3
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Table 5 
Thermogravimetric (TG) data at heating rates (β) of 15, 25, and 30 ◦C/min were used to calculate the activation energy (Ea) and the natural logarithm of the pre- 
exponential factor (lnA) using the Coats-Redfern method (CRM).

No. 15 ◦C/min 25 ◦C/min 30 ◦C/min

R2 ln(A)(min− 1) Ea(kJ/mol) R2 Ln(A)(min− 1) Ea(kJ/mol) R2 ln(A)(min− 1) Ea(kJ/mol)

M1 0.983 8.68 38.102 0.991 10.2 39.707 0.977 7.31 40.18
M2 0.990 11.05 43.927 0.992 12.26 46.732 0.988 9.39 47.45
M3 0.989 16.04 56.078 0.978 16.5 61.904 0.988 47.59 63.25
M4 0.983 19.89 65.353 0.961 19.69 70.440 0.966 47.46 70.0
M5 0.964 28.7 86.446 0.926 26.87 101.14 0.956 12.73 104.43
M6 0.946 38.75 110.31 0.897 34.99 132.10 0.934 8.54 136.9
M7 0.916 2.91 23.547 0.941 4.86 24.159 0.908 2.56 23.09
M8 0.808 0.04 15.963 0.806 1.97 15.074 0.743 1.06 15.21
M9 0.645 − 1.93 10.399 0.625 − 0.17 9.386 0.558 0.22 9.60
M10 0.979 13.9 55.819 0.987 16.43 57.166 0.969 38.03 57.75
M11 0.945 0.08 11.989 0.965 0.93 12.378 0.923 0.51 12.45
M12 0.845 − 2.22 4.684 0.901 − 1.64 4.913 0.796 0.37 4.907
M13 0.303 − 3.37 1.031 0.461 − 2.93 1.181 0.255 0.73 1.13
M14 – – – – – – – – –
M15 0.991 12.61 47.738 0.990 13.6 51.426 0.990 19.97 52.32
M16 0.989 6.13 28.517 0.988 6.8 30.946 0.988 4.1 31.48
M17 0.986 2.89 18.906 0.985 3.39 20.705 0.985 1.69 21.06
M18 0.974 0.35 9.295 0.976 − 0.01 10.465 0.974 0.18 10.64
M19 0.939 1.96 4.490 0.953 − 1.7 5.3453 0.944 0.38 5.43
M20 0.993 32.05 105.40 0.991 34.03 112.86 0.992 11.85 114.8
M21 0.993 51.48 163.06 0.991 54.45 174.31 0.992 7.72 177.3
M22 0.993 70.92 220.73 0.992 74.87 235.75 0.993 6.56 239.8
M23 – – – – – – – – –
M24 0.974 6.99 33.904 0.983 8.68 34.772 0.962 5.65 35.10
M25 0.987 9.59 40.354 0.993 11 42.399 0.983 8.24 42.96
M26 0.989 10.55 42.710 0.993 11.84 45.248 0.987 9.09 45.91
M27 0.981 20.81 77.734 0.988 24.18 79.559 0.972 31.9 80.41
M28 0.975 1.38 15.214 0.987 2.09 16.192 0.969 0.94 16.38
M29 0.987 24.04 85.784 0.993 27.1 88.934 0.982 23.63 90.03
M30 0.991 27.93 95.345 0.994 30.49 100.51 0.989 21.64 102.01
M31 0.989 25.33 88.950 0.994 28.22 92.753 0.985 30.15 93.98
M32 0.992 36.54 116.31 0.985 37.82 126.51 0.991 12.53 129.07
M33 0.974 17.79 69.628 0.983 21.16 70.830 0.964 50.43 71.63
M34 0.977 18.76 72.233 0.985 22.13 73.630 0.967 93.56 74.44
M35 0.966 15.02 62.093 0.97 18.34 62.750 0.954 19.4 63.51
M36 0.981 1.86 16.392 0.989 2.51 17.616 0.977 1.09 17.86

Fig. 4. Activation energy (Ea) vs. correlation coefficient (R2) at various heating rates (β): 15 ◦C/min, (b) 25 ◦C/min, and (c) 30 ◦C/min.
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with higher transformation degrees (i.e., α > 0.7) and a gradual increase 
at lower conversion degrees (α < 0.4).

This finding suggests that α significantly influences (Ea). The varia
tion in (Ea) as a function of α can be linked to structural alterations and 
the heat-driven breakdown process’s multistep character [36]. A 
consistent (Ea) indicates the substance breaks down uniformly in a 
single-step reaction mechanism. At the same time, significant fluctua
tions in (Ea) (whether increases or decreases) suggest that the decom
position takes place through several sequential or parallel reactions 
[37]. At higher conversion levels, the rise in (Ea) can be attributed to the 
degradation of char due to carbon bonding in polymers, side-chain 
cyclisation, or polycondensation [38].

The kinetic compensation effect (KCE) describes the correlation 
established between Ea and Ln(A) [39–41]. This is represented by 

Equation (16): 

lnA = a+ b × Ea (16) 

a and b are fixed values derived from experimental kinetic data.
The observed decrease in apparent activation energy (Ea) with 

increasing heating rate (β) suggests that thermal and mass transfer ef
fects within the porous structure of DdwFs significantly influence the 
pyrolysis kinetics. At higher β, the external heating creates steep tem
perature gradients within the biomass fiber particles, leading to 
incomplete heat penetration and localized thermal lag. This results in 
delayed decomposition of cellulose and lignin, which artificially ele
vates the apparent (Ea). Furthermore, volatile products produced during 
pyrolysis may become temporarily trapped within the fiber matrix at 
higher β, requiring additional energy for their release. These combined 
effects resistance to heat conduction and diffusion-limited volatile 
escape offer a more comprehensive explanation for the (β)-(Ea) corre
lation, which aligns with similar findings observed in other lignocellu
losic biomasses such as Agave americana[13] and Syagrus romanzoffiana 
[14].

Fig. 7 presents lnA as a function of (Ea), derived from the CRM. 
Table 5 provides detailed information on the KCE parameters, including 
the values for a, b, Kiso, isokinetic temperature (Tiso), and R2. It also 
describes the decomposition model.

As mentioned earlier, the RM selected for the CRM is considered 
valid if the calculated Tiso falls within the temperature range typical for 
the pyrolysis process [42]. In this study, the Tiso ranges from 120 to 
600 ◦C, corresponding to the temperature interval observed during DdF 
pyrolysis. The high R2 values obtained demonstrate a strong fit for the 
kinetic models, reinforcing their validity. Consequently, thirty-six 
different types of response models were tested, yielding meaningful 
results.

The relationship between (Ea) and the natural logarithm of A (i.e., 
lnA) for all β values is expressed as: 

Fig. 5. Fitting patterns of the integral method for estimating the kinetic parameters of DdwFs during pyrolysis, using various diffusion and reaction order models at 
various heating rates (β): (a)15 ◦C/min, (b) 25 ◦C/min, and (c) 30 ◦C/min.

Fig. 6. Activation energy (Ea) vs. conversion rate (α).
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lnA = − 2.4996+0.3369 × Ea (17) 

Equation (17) further clarifies the relationship between lnA and 
(Ea), reaffirming the consistent trend observed across various β values.

The calculated activation energies (Ea) for DdwFs, ranging from 47.7 
to 239.8 kJ/mol depending on the kinetic model and β, demonstrate the 
multi-step nature of pyrolysis. These values fall within the typical range 
reported for lignocellulosic biomasses but show distinct differences 
compared to other materials. For example, surgical mask waste pyrolysis 
exhibits an average Ea of 237.2 kJ/mol [46], chicken manure pyrolysis 
yields 140–151 kJ/mol [43], and jeans waste ranges between 70–148 
kJ/mol [44]. This comparison highlights that DdwFs require higher 
activation energy in certain steps, indicating stronger bonding or 
structural resistance, especially during lignin decomposition. Such 

insights underscore the importance of adapting heating strategies when 
designing pyrolysis reactors for DdwFs.

Kinetic analysis of Criado’s master plot compared to the Coats-Redfern 
method (CRM) for the pyrolysis of Dracaena draco waste fibers (DdwFs)

For each solid-state RM applied to the three β values in this study, 
models with higher R2 values were combined with the experimental 
data from the TGA using Criado’s method, as shown in Equation (11). 
Table 1 summarizes the corresponding functions of the models, g(α) and 
f(α). Fig. 8 presents the master curve plots of g(α)/g(0.5) vs. α for various 
mechanistic models based on the approach described by Criado. The rate 
of ML, derived directly using the DTG curve, is first plotted on the 
experimental curve.

Further investigation is needed to thoroughly evaluate the best 
response model for DdwFs pyrolysis. Criado’s master plot method pro
vides a straightforward and effective fitting technique that relies entirely 
on experimental data for model assumptions. However, it does not 
deliver the (Ea) value. It is essential to note that beyond an α of 0.55, the 
assumed random nucleation (ARN) of the resulting growth (EGM) model 
may be insufficiently representative of the DdwFs pyrolysis mechanism. 
Consequently, the process of pyrolysis could involve a multi-stage 
response mechanism.

The conclusions drawn in this analysis might not be entirely accu
rate, as not all kinetic triplets outlined in Equation (11) are taken into 
account. Nevertheless, the assumed random nucleation (ARN) and its 
ensuing growth model (EGM), considered the primary models for 
explaining the degradation mechanism of DdwFs, are central to both the 
CRM and Criado’s methodologies. These models demonstrate how 
diffusion becomes the limiting factor in the degradation process of 
DdwFs. The diffusive escape of volatile species governs the rate of solid 
breakdown. The ARN and (EGM) models further elucidate the cylin
drical shape of solid particles and the radial diffusion via a reaction zone 
that is expanding inside the cylinder-shaped shell, as explained by 

Fig. 7. Isokinetic relationships (lnA vs. Ea) at different heating rates (β) using 
the Coats-Redfern method (CRM).

Fig. 8. Criado’s master plot for DdwFs at heating rates (β): (a) 15 ◦C/min, (b) 25 ◦C/min, and (c) 30 ◦C/min.
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previous studies [45].

Thermodynamic parameter analysis

Fig. 9 and Table 6 display the variations in ΔH, ΔS, and ΔG with α at 
β of 15, 25, and 30 ◦C/min. Fig. 9 illustrates that the ΔH values vary 
from − 4.99 to 247.65 kJ/mol, the ΔG values range from 162.61 to 
395.81 kJ/mol, and the ΔS values fluctuate between − 0.301 and 
− 0.221 kJ/mol⋅K. On average, ΔH, ΔS, and ΔG values determined by 
each breakdown technique are 55.17 kJ/mol, − 0.243 kJ/mol, and 
203.89 kJ/(mol⋅K), respectively.

Previous studies indicate that ΔH represents the energy difference 
between reactants and products [46,47]. A positive ΔH value denotes an 
endothermic process in which reactants have lower energy than prod
ucts. Since most ΔH values are positive for all α values (Fig. 9a), DdwFs 
pyrolysis is confirmed as an endothermic process. Moreover, ΔH values 
show little dependence on β at constant α, suggesting stable heat re
quirements across heating rates. According to the literature, thermal 
degradation is feasible when the average difference between (Ea) and 
ΔH is below 60 kJ/mol [48]. In this study, the difference was ~ 5 kJ/ 
mol, reinforcing the thermal feasibility of DdwFs pyrolysis. The trend of 
ΔH with α also parallels that of (Ea), further supporting this relationship.

ΔG reflects the spontaneity and feasibility of a reaction [49]. As ΔG 
increases, the probability of reaction decreases. The consistently posi
tive ΔG values observed (Fig. 9b) indicate that DdwFs pyrolysis is non- 
spontaneous and requires external energy input, confirming it is a 
controlled process. In addition, ΔG values rise with both α and β, 
implying more intensive molecular interactions and faster thermal 
degradation, though at the cost of reduced spontaneity. This highlights 

the importance of stable reactor conditions and continuous energy 
supply for efficient operation.

Entropy (ΔS) represents the degree of disorder in the system 
[25,50,51]. Negative ΔS values (Fig. 9c), commonly observed at thermal 
equilibrium [35]. suggest that the activated complex is more ordered 
than the raw material [37]. This ordering is especially evident in the 
200–550 ◦C active pyrolysis zone identified by the CRM. The negative 
entropy values point to diffusion-limited behavior, which directly affects 
gas release during pyrolysis. In practical terms, this implies that slower 
diffusion rates could restrict conversion efficiency if not properly 
addressed in reactor scale-up, for example by enhancing mixing or 
employing designs that mitigate mass transfer limitations.

Overall, ΔG, ΔH, and (Ea) reached their maximum values as β 
increased from 15 to 30 ◦C/min, indicating stronger molecular resis
tance at higher heating rates. The combined kinetic and thermodynamic 
results thus provide key insights into the energy profile, degree of con
version (α), and reaction mechanism, all of which are essential for bio
energy applications [44]. The positive ΔH values confirm the 
requirement for continuous heat input, emphasizing the need for opti
mized heating strategies and possible integration with waste-heat re
covery. The consistently positive ΔG values reinforce the non- 
spontaneous, controlled nature of the process, while negative ΔS 
values reveal a diffusion-limited system that must be accounted for 
during reactor design and scale-up. Together, these findings demon
strate that thermodynamic analysis not only characterizes reaction 
pathways but also delivers practical guidance for improving reactor 
performance, energy efficiency, and the sustainable integration of 
DdwFs pyrolysis into biofuel systems.

Across all models, ΔH values varied from –4.99 to 247.65 kJ/mol, 

Fig. 9. Variations of thermodynamic parameters ΔH, ΔS, and ΔG vs conversion rate (α).
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ΔG from 162.61 to 395.81 kJ/mol, and ΔS from –0.301 to –0.221 kJ/ 
mol⋅K. On average, ΔH was ~ 55 kJ/mol, confirming the endothermic 
nature of the process, while positive ΔG values confirmed the non- 
spontaneous character of pyrolysis.

The consistently positive enthalpy values (ΔH) confirm that DdwF 
pyrolysis is endothermic and requires sustained external heat input. This 
aligns with the average difference of ~ 5 kJ/mol between Ea and ΔH, 
indicating a feasible but energy-intensive process. The positive Gibbs 
free energy values (ΔG) demonstrate that the reactions are non- 
spontaneous, meaning reactor operation must rely on controlled en
ergy supply, such as coupling with syngas combustion or waste-heat 
recovery systems. Meanwhile, the negative entropy changes (ΔS) sug
gest a transition to a more ordered activated state, reflecting diffusion- 
limited processes where volatile release is constrained. This has direct 
implications for scale-up: if not accounted for, limited diffusion could 
reduce gas yields and overall conversion efficiency.

The thermodynamic parameters further emphasize the endothermic 

and non-spontaneous nature of DdwF pyrolysis. The average enthalpy 
(ΔH ≈ 55 kJ/mol) is consistent with values reported for other biomass 
materials, such as rice husk (50–60 kJ/mol) [29] and jeans waste (≈57 
kJ/mol) [44]. Similarly, the positive Gibbs free energy values (162–396 
kJ/mol) are in line with those observed for Agave americana (up to 390 
kJ/mol) [13], confirming the necessity for external energy input across 
various biomass types. The negative entropy values (–0.301 to –0.221 
kJ/mol•K) indicate a transition to a more ordered activated complex, 
which aligns with the diffusion-limited pyrolysis behavior seen in 
Syagrus romanzoffiana [14]. These comparisons reinforce the validity of 
our findings, while the specific thermodynamic ranges of DdwFs high
light its distinctive energy profile. Table 7 further demonstrates that the 
thermodynamic properties of DdwFs are comparable to those of other 
biomass materials documented in the literature.

The kinetic and thermodynamic parameters obtained in this study 
provide practical insights into the application of Dracaena draco waste 
fibers in thermochemical conversion systems. The predominance of 

Table 6 
Thermodynamic parameters of Dracaena draco waste fibers (DdwFs). (β: Heating rate).

β (◦C/m) 15 25 30

Model No. ΔH◦ kJ/mol ΔG◦ kJ/mol ΔS◦ kJ/ mol. K ΔH◦ kJ/mol ΔG◦ kJ/mol ΔS◦ kJ/ mol. K ΔH◦ kJ/mol ΔG◦ kJ/mol ΔS◦ kJ/ mol. K

M1 30.506 180.219 − 0.245 34.980 183.204 − 0.243 39.427 187.103 − 0.241
M2 37.476 185.8775 − 0.243 41.070 188.277 − 0.241 46.097 192.626 − 0.239
M3 52.196 194.270 − 0.233 53.550 195.0168 − 0.232 59.897 198.551 − 0.227
M4 63.526 198.171 − 0.220 62.930 194.151 − 0.215 70.357 209.025 − 0.227
M5 89.476 234.295 − 0.237 84.070 227.817 − 0.235 94.057 239.158 − 0.237
M6 119.046 265.925 − 0.240 107.980 254.005 − 0.239 120.867 267.834 − 0.240
M7 13.506 168.198 − 0.253 19.270 171.677 − 0.250 22.527 174.593 − 0.248
M8 5.0661 163.541 − 0.259 10.770 166.165 − 0.255 13.587 168.540 − 0.253
M9 − 0.763 162.611 − 0.267 4.450 163.014 − 0.260 6.987 164.782 − 0.258
M10 45.876 190.940 − 0.237 53.350 195.364 − 0.233 59.537 199.306 − 0.228
M11 5.1761 163.706 − 0.259 7.700 164.604 − 0.257 9.647 166.273 − 0.256
M12 − 1.6039 162.902 − 0.269 0.090 162.221 − 0.266 1.337 162.933 − 0.264
M13 − 4.993 178.923 − 0.301 − 3.709 165.683 − 0.278 − 2.822 164.550 − 0.274
M14 – – – – – – – – –
M15 42.076 187.559 − 0.238 45.010 189.301 − 0.236 50.447 193.384 − 0.234
M16 22.996 174.415 − 0.248 24.970 175.535 − 0.247 28.537 178.732 − 0.245
M17 13.456 168.071 − 0.253 14.950 168.748 − 0.252 17.577 171.114 − 0.251
M18 3.9161 163.100 − 0.261 4.930 163.205 − 0.259 6.6179 164.597 − 0.258
M19 − 0.853 162.668 − 0.268 − 0.089 162.163 − 0.266 1.1479 162.840 − 0.264
M20 99.316 243.598 − 0.236 105.150 249.473 − 0.236 116.177 261.617 − 0.238
M21 156.556 303.412 − 0.240 165.280 311.943 − 0.240 181.907 329.335 − 0.241
M22 213.796 361.539 − 0.242 225.420 372.906 − 0.242 247.647 395.810 − 0.242
M23 – – – – – – – – –
M24 25.526 176.499 − 0.247 30.520 179.795 − 0.245 34.597 183.421 − 0.243
M25 33.196 182.327 − 0.244 37.350 185.089 − 0.242 42.017 189.148 − 0.240
M26 36.016 184.617 − 0.243 39.810 187.151 − 0.241 44.707 191.386 − 0.240
M27 66.226 196.707 − 0.213 76.170 213.541 − 0.225 84.477 225.117 − 0.230
M28 9.0161 165.699 − 0.256 11.110 166.602 − 0.255 13.367 168.641 − 0.254
M29 75.7361 211.911 − 0.223 84.750 224.645 − 0.229 93.777 235.893 − 0.232
M30 87.206 226.019 − 0.227 94.730 235.236 − 0.230 104.707 247.253 − 0.233
M31 79.536 210.442 − 0.214 88.060 225.973 − 0.226 97.397 238.315 − 0.230
M32 112.536 256.682 − 0.236 116.330 260.312 − 0.236 128.557 273.733 − 0.237
M33 57.346 202.099 − 0.237 67.250 208.4501 − 0.231 74.997 213.362 − 0.226
M34 60.196 203.938 − 0.235 70.120 209.757 − 0.229 78.037 213.303 − 0.221
M35 49.166 196.392 − 0.241 58.960 203.410 − 0.237 66.177 209.254 − 0.234
M36 10.426 166.560 − 0.256 12.340 167.427 − 0.254 14.707 169.582 − 0.253

Table 7 
Comparison of kinetic parameters between the current study and previous research. (DdwFs: Dracaena draco waste fibers, Ea: Activation energy, A: Pre-exponential 
factor, RM: Reaction model, β: Heating rate).

Specimen β(◦C/min) Average Ea (kJ/mol) Average A (1/min) RM g(α) Ref

DdwFs 15, 25, 30 218.87 –252.73 7.46 to 7.64 [− ln(1 − α)]4 This study
Surgical face mask 15, 20, 25, 30 237.19 1.36 × 1014

[− ln(1 − α)]2/3 [46]
Agave americana L. fibers 5, 10, 20 83.6–––210.1 179.56 (1 − α) − 1/2 − 1 [26]
Jeans waste 10, 20, 30, 40 70.41 – 148.16 5.5 × 109 to 1.1 × 1010 [1-(1- α)1/3]2 [52]
Chicken waste 10, 15, 25 140.4 – 151.2 2.9 × 109 to 4 × 1010 [1/(1 – α)] – 1 [53]
Syagrus romanzoffiana Palm fibers 5, 10, 15, 20 113.89–119.44 1.12 × 108 to 5.72 × 108 [1-(1- α)1/3]2 [54]
Date seeds 10, 20, 30, and 40 170–190 13.8 × 1012 [(1 − α)- 1/3 –1]2 [57]
Pine and corn starch pellet 5, 10, 20, and 50 218.05 1.28 × 1014 1 – (1 – α)1/3 [58]
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random nucleation and growth mechanisms indicates diffusion-limited 
behavior, which is highly relevant for scaling fixed-bed and fluidized- 
bed reactors where heat and mass transfer govern efficiency. The 
calculated activation energies (47.7–239.8 kJ/mol) and mean enthalpy 
(~55 kJ/mol) quantify the external energy required to initiate and 
sustain pyrolysis, supporting energy balance calculations and optimized 
heating strategies. The consistently positive Gibbs free energy values 
confirm that continuous energy input is necessary, underscoring the 
importance of integrating pyrolysis with energy recovery options such as 
syngas combustion, co-pyrolysis, or waste-heat utilization. Together, 
these results bridge laboratory-scale kinetics with industrial practice, 
highlighting DdwFs as a viable feedstock for renewable biofuel pro
duction and system integration.

The predominance of random nucleation and growth models 
(M15–M22) indicates that DdwF pyrolysis follows diffusion-limited 
pathways. This mechanistic behavior is highly relevant for industrial 
applications, as it implies that reactor performance will depend on 
particle size, bed configuration, and mixing efficiency. In fixed-bed or 
fluidized-bed systems, ensuring uniform heat transfer and minimizing 
diffusion limitations will be critical to achieving complete conversion. 
Our findings therefore not only identify the kinetic triplet of DdwFs but 
also provide mechanistic insight into how these fibers behave under 
scaled-up pyrolysis conditions.

Conclusion
This study investigated the pyrolysis behavior of Dracaena draco 

waste fibers (DdwFs) at heating rates of 15, 25, and 30 ◦C/min using 
thermogravimetric analysis and the Coats–Redfern method. The results 
revealed that DdwFs undergo multi-step degradation associated with 
hemicellulose, cellulose, and lignin decomposition, with random 
nucleation and growth models (M15, M20, M21, M22) providing the 
best fit to the process. The calculated activation energies (Ea) ranged 
from 47.7 to 239.8 kJ/mol, and thermodynamic analysis confirmed that 
pyrolysis is endothermic and non-spontaneous, requiring external en
ergy input. These kinetic and thermodynamic parameters offer valuable 
insights for reactor scale-up and heating strategies, contributing to 
improved energy efficiency in biomass conversion systems.

From an application perspective, valorization of DdwFs represents a 
sustainable pathway to reduce agricultural and landscape waste while 
producing renewable energy. Industrially, integrating DdwFs pyrolysis 
into biofuel supply chains could reduce fossil fuel dependence and 
mitigate greenhouse gas emissions.

Looking forward, further work should: 

• Couple kinetic and thermodynamic data with life-cycle assessment 
(LCA) to evaluate long-term sustainability.

• Conduct syngas and bio-oil analyses to optimize fuel yields and 
composition.

• Characterize biochar properties for applications in soil improvement, 
carbon sequestration, and advanced functional materials.

• Apply model-free approaches (FWO and KAS) as complementary 
tools to validate and expand the kinetic analysis of Dracaena draco 
pyrolysis.

Overall, this research highlights DdwFs as a promising feedstock for 
renewable biofuel production and lays the groundwork for bridging 
laboratory-scale results with industrial bioenergy applications.
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behavior of different date palm residues: Characterization and devolatilization 
kinetics under inert and oxidative atmospheres. Energy 2012;44(1):702–9. https:// 
doi.org/10.1016/j.energy.2012.05.022.
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