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ABSTRACT KEYWORDS

This study explores the thermal degradation behavior and pyrolysis kinetics of fibers Pyrolysis; Kinetics; Coats-
derived from the flower stalk of Agave americana waste (FSSAW), aiming to assess their ~ redfern method;
suitability for bioenergy applications. Non-isothermal thermogravimetric analysis (TGA) thermodynamic analysis;
was conducted at heating rates of 30, 40, and 50 °C/min. Kinetic modeling using the ~ <fiado master plot; Waste
Coats — Redfern method evaluated 36 solid-state reaction models to determine the S uE

activation energy-Ea and pre-exponential factor (InA). The highest Ea was observed for P Bufif; Coats-Redfern
Model M22, increasing from 218.87 kJ/mol at 30 °C/min to 252.73 kJ/mol at 50 °C/min, W ) ET TR
while the lowest Ea, 4.22 kJ/mol, was recorded for Model M19. These results indicate the 79, IR

presence of both complex and simple reaction mechanisms, with a general increase in Ea

at higher heating rates, consistent with the kinetic compensation effect. Thermodynamic

analysis revealed a maximum enthalpy change (AH) of 249.65 kJ/mol, a maximum Gibbs

free energy change (AG) of 390.81 kJ/mol, and a minimum entropy change (AS) of —0.31

kJ/mol-K, confirming that the pyrolysis process is endothermic and non-spontaneous,

leading to a more ordered transition state. Criado’s master plot technique further

validated Model M16 (random nucleation and growth) as the most representative

mechanism during early decomposition stages. However, deviations at higher conver-

sions suggest the occurrence of multi-step processes, including diffusion and char

formation.

HE

AHFFIRDT T I35 2K FY) (FSSAW) TEE LT UK AR AT A IR ) 12, B AE
PEAl AT AR R S v R FH . 7630 405000 N HGE 2 R 34T AR S iR SR A T
(TGA) °C/43%T. 1 Coats-Redfern /7 vk 1 5)) 11 24 AR PEAR T 36/ 8] 24 e WA Y, DA
i e AL BEEaAFEELAT B 7~ (InA) . M22B fIEaf i,  M218.87 LTI 301 fkJ/mol °-
C/min%252.73 500 [f)kJ/mol °C/min, H{KEak4.22 it.5% T M19%4 f¥]kJ/mol. ixXLbgs JL
KW, AFAEE RN I N, ZER I In#UE R T Eatrimi n, X535 12
AMEER N 8L B2 BoR, KIBAE (AHD 4249.65 kJ/mol, kAl A
AeAEfk (AG) 4390.81 kJ/mol, F/MiiAE (AS) 4-0.31kJ/mol-K, I SEH g FE 2
W ARIEAE BRI, PECEA PRI, Criadoft E EIEOARBE B IIE T M16KIA
(BEMLESAZ R A 2 IR Bt LARRYE ML SR, B s R 1 2 3%
WIRAT Z DB FE, W BN RIE K.

Introduction and literature review

In response to the substantial increase in energy demand, considerable efforts have been dedicated to the
development of renewable energy sources and alternative fuels, leading to notable advancements. Among
these, lignocellulosic biomass has attracted growing attention as a renewable energy resource, particularly
for applications such as pyrolysis, combustion, and other energy conversion processes (Ding et al. 2019).
Biomass energy is widely acknowledged in the near future as the renewable resource most likely to promote
sustainable development (Van De Velden et al. 2010). Currently, biomass accounts for 14% of global major
source of energy, yet much of it is wasted because of inefficient utilization and unsustainable practices.
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Unlocking its full potential requires the adoption of innovative approaches and advanced technologies (Li
et al. 2017). It is commonly known that waste-to-energy technologies like pyrolysis, gasification, and
combustion are efficient ways to turn leftover biomass into biofuels and bioenergy (Vieira et al. 2016).
Pyrolysis has recently received more attention because to its ease of use, low operating costs, high inherent
safety, and reduced emissions of pollutants as compared to gasification and combustion (Navarro et al.
2018). As non-native raw materials, invasive grasses, exhibit large yields even on barren and marginal lands
(Salama 2020), making them readily available at low cost. Moreover, their substantial carbon content offers
promising potential for bioenergy production. Among the various technological pathways for the profitable
conversion of lignocellulosic biomass, thermochemical processes including the well-established methods of
pyrolysis, combustion, and gasification are particularly noteworthy Pyrolysis offers several advantages over
combustion and gasification, including moderate costs, operational simplicity, and lower emissions of
polluting gases (Constantino et al. 2019).

The fiber of Agave americana (FSSAW), cultivated notably in arid and semi-arid areas such as Ain Achir
in Annaba, Algeria, represents a promising renewable and sustainable biomass resource (Lalaymia, Belaadi,
and Ghernaout 2025). Utilizing FSSA fibers for bioenergy production can help decrease dependence on
nonrenewable fossil fuels and reduce environmental pollution (Lalaymia, Belaadi, et al. 2024). This aligns
with the growing need for renewable, sustainable, and eco-friendly materials, driven by the intensive use of
fossil fuels and the environmental issues they cause (Lalaymia, Bedjaoui, et al. 2024). Among the available
conversion methods, combustion stands out as a well-established and effective thermal process for treating
solid biomass, enabling the production of valuable biofuels such as volatiles, charcoal, and bio-oil (Lalaymia
et al. 2023).

Various kinetic methods are frequently applied to investigate the thermal degradation behavior of
biomass materials. The Coats-Redfern method, a model-fitting approach, is often used to determine
activation energy and identify the most probable reaction mechanism by fitting experimental data to
different kinetic models (Ferfari et al. 2024). In contrast, the Flynn-Wall-Ozawa (FWO) and the Kissinger-
Akahira-Sunose (KAS) techniques don’t rely on models. The isoconversional techniques that allow for
activation energy is calculated without assuming a particular reaction model (Dubdub and Al-Yaari 2020).
These methods analyze the variation of decomposition temperatures under different heating rates, offering
a more detailed understanding of the kinetic behavior across the entire conversion range (Stamopoulos,
Tserpes, and Dentsoras 2018). The thermal and kinetic information necessary for applying these methods is
typically obtained through Thermogravimetric Analysis (TGA), a powerful tool that measures the mass loss
of a substance under regulated air circumstances as a function of temperature or time. TGA offers
important information on the thermal stability and breakdown properties of biomass (Y. Wang et al.
2024b).

Many researchers have investigated the deterioration caused by heat characteristics of various
biomass materials, including the evaluation of kinetic parameters under both inert and oxidative
atmospheres. In general, thermal analysis results indicate that the predominant activation energy factor
influencing the reactivity during biomass thermal degradation (Inayat, Jamil, Forruque, et al. 2023).
Elmay el al (Elmay et al. 2016). was assessed while inert (nitrogen) and oxidative (air) atmospheres by
using thermogravimetric analysis (TGA). The kinetic parameters were determined through isoconver-
sional techniques, such as Kissinger — Akahira — Sunose (KAS) and Flynn - Wall - Ozawa (FWO), to
evaluate how activation energy changes with conversion degree. Furthermore, the Coats — Redfern
method was applied to identify the most probable solid-state mechanisms describing the degradation
process. The results provide crucial details regarding the pyrolysis and combustion characteristics of
FSSA fibers, contributing to their valorization in bioenergy applications. Naqvi et al. (2015) examined
the behavior of thermal degradation. of paddy husk under both non-catalytic and catalytic conditions.
They used thermogravimetric analysis (TGA) to monitor the mass loss of the biomass as it was heated,
providing insights into its thermal stability and decomposition patterns. To interpret the TGA data, the
Coats — Redfern method - a widely used integral method for kinetic analysis was employed to
determine the pre-exponential variables and activation energy related to the pyrolysis processes. The
study identified two distinct temperature regions during the pyrolysis process: 240-330°C is Region I,
and 360-450°C is Region II. It was discovered that adding zeolite catalysts (ZSM-5, MCM-22, and ITQ-
2) decreased the activation energy in Region I, indicating an enhanced decomposition rate. Conversely,
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in Region II, the presence of catalysts increased the activation energy, suggesting a different reaction
mechanism or a change in the rate-limiting step. The authors concluded that both chemical reaction
and diffusion-controlled mechanisms could effectively describe the pyrolysis behavior of paddy husk,
emphasizing the complexity of biomass thermal decomposition and the influence of catalytic additives
(Zuo et al. 2017). explored the pyrolysis characteristics of three types of biomass in the presence of
copper slag as a heat carrier. TGA experiments were conducted to analyze the thermal decomposition
behavior. Kinetic parameters were determined using the Coats — Redfern method, revealing that the
pyrolysis process conformed well to the shrinking core model (A3). The addition of copper slag was
discovered to encourage both primary pyrolysis reactions and alkanes and alkenes breaking down,
although it did not notablely reduce the activation energy. Using TGA data evaluated using the Coats —
Redfern approach with 27 distinct model equations, Postawa et al. (2022) concentrated on figuring out
the kinetic characteristics of maize biomass. Activation energies ranged from 6.5 to 71.6 kJ/mol, and the
study found several reaction orders across several pyrolysis phases. The results demonstrated how
complicated biomass pyrolysis is and how using a variety of kinetic models is essential to properly
characterizing the process. Dewayanto, Isha, and Ridzuan (2014) used TGA to investigate the catalytic
pyrolysis of decanter cake, a by-product of milling palm oil. The kinetic behavior was examined using
the Coats — Redfern method, which revealed two primary stages of breakdown. While the second stage
adhered to a second-order kinetic model, the first stage followed a first-order one. In all phases, it was
discovered that the presence of catalysts decreased the activation energy; the lowest activation energy
was recorded at a 10 weight percent catalyst loading. Dhaundiyal et al. (2018)used TGA to examine
Parthenium hysterophorus’s heat deterioration. Kinetic parameters were determined using the Coats -
Redfern method and model-free techniques like Kissinger — Akahira - Sunose (KAS) and Flynn -
Wall - Ozawa (FWO). Dehydration, active pyrolysis, and passive pyrolysis were the three primary
phases of the decomposition process. Despite the Coats — Redfern model’s shortcomings at varying
heating rates, the study concluded that diffusion models offered a satisfactory fit for the experimental
results.

It is imperative to look at untreated waste materials because there aren’t many empirical studies on the
pyrolysis behavior of FSAAW fiber. In this situation, a more thorough comprehension of the pyrolysis
reaction mechanisms requires taking into account the impact of changing the heating rate (). Examining
kinetic characteristics under various  values enhances the accuracy of activation energy (Ea) computations
and fortifies the dependability of reaction mechanism models.

Analyses focus point

A thorough comparison between our findings and previously reported data is provided to reinforce the
validity of our analysis. The consequences of the different heating rates are the main focus of this
investigation (B) on the stability and efficiency of volatile chemical release during pyrolysis. Using the
Coats — Redfern method (CRM), precise kinetic and thermodynamic parameters are determined to predict
reaction mechanisms and support the optimization of large-scale conversion systems. Overall, the key focus
of this work is on the thermal degradation and kinetic analysis of lignocellulosic materials, aiming to achieve
a comprehensive understanding of their pyrolysis behavior under different p conditions. A thorough
comparison between our findings and the data from the literature is given in Table 1.

Novelty of the current work

The current work is new since it thoroughly examines fibers from FSSAW, an undiscovered biomass
feedstock for the generation of bioenergy. Activation energy (Ea), enthalpy change (AH), Gibbs free energy
change (AG), and entropy change (AS) are among the important kinetic and thermodynamic parameters
that are determined in this study’s first analysis of the pyrolysis behavior of FSSAW fibers using sophisti-
cated techniques like Thermogravimetric Analysis (TGA). The application of multiple isoconversional
methods, including Friedman, Vyazovkin, and Coats-Redfern, allows for an in-depth understanding of
the pyrolysis kinetics, offering robust and reliable results. Additionally, the use of Criado’s master plot
technique introduces a novel approach to identifying the reaction mechanisms governing the thermal
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Table 1. Comparison of kinetic parameters in this study and previous studies.
Average activation energy Average pre-exponential factor Reaction

Specimen B (°C/min) E (kJ/mol) A (1/min) model g(a) Reference
FSSAW 30,40,50 68.78 19.61 [~In(1 — a)r This study
Banana fiber 20, 30, 40 145.25-182.10 3.12x10° 0 5.67x 10"  [1-(1-0a)'"/4% (Yunus et al. 2013)
waste
Coconut shell 10, 20, 30 195.40 241x 10" (1-a)” "2 =1 (Sun and Cheng 2002)
powder
Rice straw pellets 5, 15, 25, 121.73-138.90 7.26 X 10° t0 2.1 x 10° [-In(1 -a)]®  (X. Wang and Ni 2017)
35
Corn cob biochar 10, 20, 30, 210.85-245.55 5.15%10 to 7.89x 10" 3 1-(1-a)?? (Felipe et al. 2017)
40
Waste coffee 15, 25, 35 162.40-175.90 820x 10" to 1.02x 10" 2 [(1-a)A-1/  (Ballesteros, Teixeira, and
grounds 2-117 Mussatto 2014)
Palm kernel 10, 20, 30 202.10 1.73x10™ [1/(1 —a)] =1 (Saddawi, Jones, and Williams
shells 2012)
Sunflower husk 10, 20, 30 155.35 297 x 10" 1-(1-a)'? (Lemoine et al. 2013)

degradation of FSSAW fibers. Overall, this work contributes valuable thermodynamic insights that can
enhance the development of bioenergy systems according to natural fiber feedstocks, positioning FSSAW
fibers as a promising source for renewable energy applications.

Materials and methods
Materials

Agave americana produces yellow flowers (Lalaymia et al. 2023). Once the plant flowers, it dies, leaving
behind a sturdy stalk that is typically discarded but holds notable value for natural fiber (NF) production.
The process begins by peeling the FSAAW and cutting them into 50 cm segments. These segments are then
soaked in water for 30-45 days at 30°C to 45°C. Anaerobic bacterial activity speeds up the fiber extraction
process during soaking. The fibers are hand sorted, cleaned, and allowed to air dry after soaking. This
method not only makes effective use of Agave americana’s otherwise waste stalks but also provides
a sustainable source of natural fibers, supporting the development of eco-friendly materials (Lalaymia,
Bedjaoui, et al. 2024).

Characterization of FSSAW

Fourier Transform Infrared Spectroscopy (FTIR), along with proximate and ultimate analyses, were
employed to characterize the FSSAW biomass (Apaydin Varol and Mutlu 2023). Detailed descriptions of
the proximate, ultimate, and compositional analyses are provided elsewhere. The functional groups present
in the FSSAW fiber samples were examined using FTIR spectroscopy. Spectra were recorded at a resolution
of 1 cm™ ' over a scan range of 4000-400 cm™ ' to identify the chemical bonds and functional groups in the
material (Ni et al. 2021).

Physicochemical analysis for FSSAW

The physicochemical composition of FSSAW was determined through proximate and ultimate analyses. In
accordance with the GB/T 212-2008 standard, proximate analysis was carried out using a muftle furnace to
determine the amounts of ash, fixed carbon, and volatile matter (Inayat, Jamil, Ahmed, et al. 2023). Ultimate
analysis was carried out with a CHNS/O elemental analyzer (Batna, Algeria) to measure carbon, hydrogen,
nitrogen, and oxygen contents (V et al. 1989). Together, these analyses provide a complete characterization
of the elemental composition and thermal properties of FSSAW.

Thermogravimetric analyses

Thermogravimetric analysis (TGA) of FSSAW fibers was conducted using a METTLER TOLEDO TGA/
DSC 3+ instrument, equipped with a high-precision balance and automatic baseline correction features
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(Shagali et al. 2023). The fibers, weighing approximately 10 + 0.2 mg, were placed in alumina crucibles and
heated from room temperature to 800°C under a constant nitrogen flow of 60 mL/min to ensure an inert
atmosphere. The experiments were performed at five distinct heating rates (5, 10, 20, 30, and 50 °C/min) to
investigate the kinetic behavior (Anca-Couce et al. 2020).

Equipment calibration

The instrument was calibrated before each set of experiments using certified reference materials (Indium
and Zinc) for temperature calibration, and standard calibration weights for mass accuracy, in accordance
with ISO 11,358-1:2014 standards. The temperature accuracy was * 1°C, while the mass accuracy was
within +0.01 mg. Drift in the baseline was corrected using blank runs under the same conditions.

Measurement uncertainty

Each TGA test was repeated three times, and results were averaged to reduce random error. The relative
standard deviation (RSD) for the mass loss and temperature at peak degradation remained below 2.5%,
ensuring good reproducibility. Small fluctuations in mass loss (£1%) were observed due to inherent sample
heterogeneity and surface moisture variability.

Kinetic study for FSAAW fibers

The kinetic analysis accounts for varying heating rates B, which influence the apparent activation energy and
reaction rates due to thermal lag and heat transfer effects. Multiple heating rates improve the reliability of
the kinetic parameters A kinetic analysis of FSAAW fiber pyrolysis was carried out using Arrhenius’s law
(Ali, Tariq, Raza, et al. 2021). The reaction rate is described by:

da
—=k(T 1
& K(1)f (o) m
In this equation, the conversion fraction, a, is defined as:
o= Mo — m; (2)
moy — mf

Here, m, is the initial mass of the sample, m;; is its mass at any given point during pyrolysis, and mf
represents the final, residual mass.
According to the Arrhenius equation, the temperature-dependent rate constant, k(T), is:

k(T) = Aexp (— %) 3)

where T is the absolute temperature in Kelvin, The pre-exponential factor, A, represents the frequency of
collisions in min~ ', E, is the activation energy in kJ/mol, and R is the universal gas constant (0.008314
kJ-mol™ ' -K™ ') (Sharma, Joshi, and Singh, n.d.).

At a constant heating rate, § = 4L, combining the previous equations yields:

= 4T,
da A E,
a7 Eexp <— ﬁ)f(“) (4)

The reaction model’s integral form can be found using:

T
][ (— %) dr (5)
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Since this integral lacks an analytical answer and uses a variety of approximations models are employed to
evaluate the kinetic parameters for FSAAW fibers effectively (Bourmaud and Baley 2010).

Model fit

One essential element among the kinetic triplets is the kinetic model, f(a). This function can be determined
through model-fit techniques, such as Criado’s method of master plots and the CR approach, which are
effective tools for analyzing the mechanism and dynamics of pyrolytic decomposition.

Coats - Redfern Approach

The Coats - Redfern method was selected not only to estimate activation energy but also to assess and
compare 36 solid-state reaction models for identifying the most suitable decomposition mechanism of
FSSAW fibers. Unlike model-free methods such as FWO and KAS, which provide average Ea values, the CR
method enables direct model fitting and facilitates mechanistic interpretation. Its use yielded high correla-
tion coefficients (R*>0.94), and the derived kinetic parameters supported the calculation of thermody-
namic properties (AH, AG, AS). Although model-free methods are more precise for Ea, the CR method was
intentionally used here for its strength in reaction mechanism identification (Ali, Tariq, Naqvi, et al. 2021).
The Coats-Redfern integral assumes Ea/RT)1, allowing simplification of the temperature integral to a linear
form, which enables straightforward linear regression for kinetic parameter extraction. This approximation
holds true in the temperature ranges studied. The CR model’s fundamental equation is provided by:

gla)] AR ([ 2RT\ E,
In |:?:| = lnﬂEa <1 Ea ) RT (6)

The equivalent integral form of the kinetic model to different reaction processes is represented by g (a) in

this equation, as described in Table 2. By plotting In [‘%} against 1/T, a linear relationship is obtained. The

intercept of this line can be used to determine the pre-exponential factor (A), while the slope provides
a measure of the activation energy (E.) (Inayat, Jamil, Ahmed, et al. 2023). Although the specific form of
g (a) may differ depending on the reaction mechanism, most solid-state reactions are categorized into one
of the 36 groups listed in Table 2.

Criado’s master plot method

A straightforward model-fitting technique for determining the reaction mechanism controlling the pyr-
olysis kinetics is Criado’s master plot method (V et al. 1989). The method is based on the following
equation:

7

2@) _ fle)xgla) _ (T)

) ),
Z(0.5)  f(0.5) x g(0.5) Tos (%)0.5

Here, the temperature and conversion rate for a=0.5 are denoted as T 0.5 and (da/dt)0.5. The equation’s
left-hand side represents theoretical reduced curves for various reaction processes, expressed as f (a)g(a)/f
(0.5) g (0.5) The right-hand side, derived from the experimental data, includes the temperature and
conversion rate at any o. By comparing experimental data to these theoretical curves, the most suitable
reaction mechanism can be determined. The assumed reaction model determines the particular shape of f
(a0), as described in Table 2.

The kinetic analysis of FSAAW fiber pyrolysis relies on the Arrhenius law combined with solid-state
reaction models to describe the temperature-dependent conversion behavior. The Coats-Redfern method
linearizes the integral form of the rate equation by approximating the temperature integral, enabling the
extraction of the activation energy (Ea) and pre-exponential factor (A) through linear regression of ln[‘%‘)]
versus 1/T. This approach assumes a specific reaction model f(a) characterizing the decomposition
mechanism, which is crucial for mechanistic interpretation. Complementarily, Criado’s master plot method



JOURNAL OF NATURAL FIBERS (&) 7

Table 2. The common reaction model/mechanism of solid-state pyrolysis.

Rate-determining reaction mechanism

Model No. gla) fla)

(1) Chemical process or mechanism non-invoking equations

M-1 T—(1—a)?? 3/2(1—a)'

M-2 T—(1—a)" 401 — a)**

M3 (1—a) =1 2(1 —a)*?

M-4 (1—a)™ =1 (1—a)

M-5 (1—a)?-1 1/2(1 —a)®

M-6 (1—a)> -1 1/3(1 —a)*

M-7 1—(1—a)? 1/2(1 —a)

M-8 1-(1-a) 1/3(1 - a)’?

M-9 1T—(1—a) 1/4(1 — a)’

(2) Acceleratory rate equations

M-10 a3/2 2/3a—‘|/2

M-11 a2 2412

M-12 a3 3023

M-13 a4 403/

M-14 Ina a

(3) Sigmoidal rate equations or random nucleation and subsequent growth

M-15 —In(1 —a) 1-a

M-16 [=In(1 — )] 3/2(1 = a)[-In(1 — a)]"?

M-17 [=In(1 — a)]'/2 2(1 = a)[=In(1 — a)]'?

M-18 [~In(1 —a)]'”? 3(1—a)[~In(1 — a)]?

M-19 [=In(1 —a)]'/* 4(1 = a)[=In(1 — a)P*

M-20 [~In(1 —a)]? 1/2(1 — a)[-In(1 —a)]™"

M-21 [~In(1 —a)]? 1/3(1 = a)[=In(1 — a)] 2

M-22 [-In(1 —a)]* 1/4(1 — a)[-In(1 — a)]®

M-23 Ina/(1—a) a/(1—a)

(4) Deceleratory rate equations

(4.1) Phase boundary reaction

M-24 ? 1

M-25 1T—(1—a)'? 201 —a)'/?

M-26 1T—(1—a)? 3(1—a)??

(4.2) Based on the diffusion mechanism

M-27 a? 1/2a

M-28 i-0-a""  afa-an-0-ar}”

M-29 a+(1-a)n(1-a) [~In(1 —a)] ™

M-30 2 -
{1 —(1- a)‘/ﬂ (3/2)(1 - a)*? [1 (- a)”3]

M-31 1-23a- (-0 @)1 -a) 1] 1

M-s2 [(1—a) - 1}2 (/200 -a)**[(1-a) " 1]

M-33 {(1 +a)1/3_1}2 (3/2)1 Jra)z/s [(1+a)1/3,1]’1

M-34 1 +2/3G* (1 +G)2/3 (3/2) [(—I +a)*1/3 —I] !

M=35 {(1 +a)y - 1}2 3/200 +a)*[(1+ a2 1]

M-36 1/2

{1 -(1- a)”"’} v

Chemical reaction
Chemical reaction
Chemical reaction
Chemical reaction
Chemical reaction
Chemical reaction
Chemical reaction
Chemical reaction
Chemical reaction

Nucleation
Nucleation
Nucleation
Nucleation
Nucleation

Assumed random nucleation and its subsequent growth
Assumed random nucleation and its subsequent growth

Assumed random nucleation and its subsequent growth
Assumed random nucleation and its subsequent growth
Assumed random nucleation and its subsequent growth
Assumed random nucleation and its subsequent growth
Assumed random nucleation and its subsequent growth
Assumed random nucleation and its subsequent growth
Branching nuclei

Contracting disk
Contracting cylinder (cylindrical symmetry)

Contracting sphere (spherical symmetry)
One-dimensional diffusion
Two-dimensional diffusion

Two-dimensional diffusion
Three-dimensional diffusion. spherical symmetry

Three-dimensional diffusion. cylindrical symmetry
Three-dimensional diffusion
Three-dimensional diffusion
Three-dimensional diffusion
Three-dimensional diffusion

Three-dimensional diffusion

offers a model-fitting graphical tool by comparing normalized experimental data to theoretical curves,
allowing the qualitative identification of the controlling reaction mechanism without direct calculation of
kinetic parameters. Together, these mathematically justified methods provide a comprehensive framework
for deciphering the complex, multi-step pyrolysis kinetics of lignocellulosic fibers like FSAAW.

Thermodynamic analysis

Thermodynamic analysis involves evaluating key physical quantities such as Gibbs free energy (AG),
entropy (AS), and enthalpy (AH), which reflect the system’s disorder, internal energy, and thermo-
dynamic potential, respectively (Torres-Sciancalepore et al. 2022). These properties are closely linked
to kinetic parameters and serve as important indicators of the material’s thermal stability (Gayathri
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et al. 2020). The nature of the reaction, whether it is endothermic or exothermic, is determined by
the enthalpy change between the reactants and products under specific conditions (M. Raza et al.
2022). It is crucial to compute thermodynamic parameters like AH, AG, and AS in order to evaluate
the viability of the thermal degradation process (Estrada, Linero, and Ramirez 2013). The equations
used for these calculations are presented in references (Goumghar et al. 2022; Ma et al. 2023;
Y. Wang et al. 2024a).

x.E.exp (RLT)
Af=— " 8
RT3 ®
AH = E — RT )
KBTP
AG =E+ RR.Tp.l 10
+ P n< hA ) (10)
AH — A
AS = 7(; (11)
Tp

« h represents Planck’s constant, valued at 6.626 x 10” > * J.s,

« K_B is Boltzmann’s constant, equal to 1.381 x 10~ 231K Y

o T_p denotes the peak temperature (in Kelvin) obtained from the DTG (Derivative Thermogravimetric)
curve.

Results and discussion
FSSAW FT-IR analysis

The distinctive absorption bands corresponding to the main chemical components, including cellulose,
hemicelluloses, and lignin, were identified by analyzing the FTIR spectra of the FSAAW fibers, which are
shown in Figure 1. It is the O — H stretching vibrations that are responsible for the broad absorption band
seen at about 3342 cm™ ' (Huang et al. 2020), which show that there exist hydrogen bonds in cellulose. The
C - H stretching vibrations of the methyl and methylene groups (CH and CHz) are shown by the peak at
2904 cm™ ' (Zsinka 2024), demonstrating that both cellulose and hemicelluloses are present. C = O stretch-
ing vibrations are linked to an absorption band at 1731 cm™ !, which usually corresponds to ester groups
present in hemicelluloses. The aromatic C = C stretching of lignin’s phenylpropanoid units is responsible
for the peak at 1591 cm™ v confirming the substance’s aromatic nature. At 1377 cm™ ! a noticeable peak is
ascribed to C - H bending effects (Xu et al. 2018), commonly observed in polysaccharide structures.
Additionally, the peak at 1243 cm™ ' corresponds to C — O stretching vibrations from the acetyl groups
present in lignin. Dual peaks around 1034 cm™ ' are linked to C - O and O - H vibrations (Komandur,
Vinu, and Mohanty 2022), suggesting the co-presence of lignin and cellulose. Finally, an absorption band
near 597 cm™ ' is associated with out-of-plane bending vibrations of C - OH groups (Gupta, Thengane, and
Mabhajani 2020), further supporting the presence of phenolic structures in the lignin. These spectral
observations are consistent with previous studies (refer to Table 3) and confirm the complex chemical
structure of FSAAW fibers, characterized by multiple functional groups.

Physicochemical properties of FSSAW

Table 4 summarizes the physicochemical characterization of FSAAW fibers. The moisture content of 6.24%
and a high volatile matter content of 76.85% indicate strong potential for pyrolytic conversion. The low ash
content (2.31%) and fixed carbon (14.60%) further affirm its suitability as a bioenergy feedstock. Ultimate
analysis reveals significant carbon (48.12%) and hydrogen (6.02%) contents, contributing to a relatively high
higher heating value (HHV) of 19.25 M]/kg. The substantial cellulose (49.87%) and lignin (28.53%)
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Figure 1. The FT-IR spectrum was taken for the FSSAW fibers used in this study.

Table 3. The functional groups detected in the Agave americana biowaste.

Wavenumbers (cm™") Band position (cm™") Functional group
3200-3600 3332 Alcohol
2850-3000 2899 Alkane
2100-2260 2299 Alkyne
1795-1850 1724 Acid

1580-1615 1498 Aromatic
1350-1480 1391 Alkane
1180-1260 1220 Phenolic
1020-1120 1022 Ether

600-700 582 Alkyne

Table 4. Physicochemical analysis of FSSAW.

Physicochemical analysis Properties Values
Proximate analysis (wt. %) Moisture content 6.24
Volatile matter 76.85
Ash content 231
Fixed carbon 14.60
Ultimate analysis (wt. %) C 48.12
H 6.02
0] 44.25
N 0.90
S 0.29
Compositional analysis (wt. %) Cellulose 49.87
Hemicellulose 18.14
Lignin 28.53
H/C 1.50
o/C 0.69
HHV (MJ/kg) 19.25

Molecular Formula CH4.5000.69N0-01050-0020
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fractions favor the production of bio-oil and biochar during thermal decomposition. Collectively, these
properties suggest FSAAW fibers are excellent candidates for sustainable thermal conversion processes.

Thermal degradation

Figure 2 shows the TG and DTG characteristics of FSAAW fibers (M. Raza et al. 2022). The thermal
degradation proceeds in multiple stages corresponding to moisture loss, hemicellulose, cellulose, and lignin
decomposition. Moisture evaporation occurs below ~ 120°C, preparing the biomass for pyrolysis.
Hemicellulose decomposes rapidly between 150°C and 300°C, releasing volatiles and causing substantial
mass loss (Gerald Arul Selvan et al. 2023), Cellulose degradation follows between 300°C and 400°C, leading
to significant volatile emission and char formation. The lignin phase degrades gradually from 400°C to
800°C, producing solid char and gaseous byproducts such as COz and CO (Parida, Pradhan, and Pandit
2023). Higher heating rates (40-50 °C/min) induce thermal lag, shifting decomposition peaks to elevated
temperatures and broadening the DTG curves due to insufficient reaction time, as seen in Figure 2.
Conversely, at moderate heating rates (e.g., 30 °C/min), decomposition stages are more distinctly separated
(Parida, Pradhan, and Pandit 2023). Unlike hemicellulose and cellulose, lignin’s breakdown is more
complex and slower, often involving multiple steps, and it leads to the formation of solid char residue
and the evolution of gases such as COz and CO. The rate at which heat is applied plays a significant role in
the thermal decomposition of FSAAW fiber. At higher heating rates (e.g., 40-50 °C/min), the decomposi-
tion peaks shift to higher temperatures due to thermal lag, meaning the reaction does not have enough time
to proceed at lower temperatures. This results in broader, delayed thermal responses in the DTG profiles,
with overlapping decomposition stages. Conversely, at moderate heating rates (e.g., 30 °C/min), the
degradation stages are more distinct, with clearer separation between the peaks corresponding to moisture
evaporation, hemicellulose breakdown, cellulose degradation, and lignin decomposition (Yu et al. 2020).
Additionally, increased heating rates result in slightly higher char residues, consistent with the kinetic
compensation effect where faster heating limits complete volatilization (Sarkar and Wang 2020). The
thermal degradation behavior of FSAAW fibers is consistent with findings from other lignocellulosic
biomass studies, including wheat straw, palm fronds, and rice husks. For instance, Hu et al. (2021) reported
that Guanzhong wheat straw decomposes in three main stages: moisture evaporation below 150°C, hemi-
cellulose degradation between 180°C and 260°C, and cellulose breakdown from 320°C to 380°C, followed by
a broad lignin decomposition from 400°C to 800°C. These ranges are highly comparable to FSAAW, which
shows hemicellulose degradation from 150°C to 300°C, cellulose from 300°C to 400°C, and lignin from
400°C to 800°C. Similarly, El, Tarek, and Mohamed (2024) analyzed the thermal behavior of various
biomasses and found that increasing the heating rate led to a shift of DTG peaks to higher temperatures
due to thermal laga phenomenon also observed in FSAAW, especially at 50 °C/min. Additionally, Li et al.
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Figure 2. (a) TGA and (b) DTG curves of the three samples at different heating rates.
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(Lei et al. 2023) emphasized that higher heating rates result in broader decomposition stages and increased
char yield, findings that are mirrored in FSAAW results. In all three comparative studies, the DTG peak
temperatures for cellulose ranged from 360°C to 370°C, closely matching the FSAAW peak at ~ 365°C.
These consistent patterns in thermal degradation stages, heating rate effects, and char yield affirm the
reliability of FSAAW’s pyrolytic profile and support its suitability as a promising feedstock for bioenergy
applications. Overall, these findings highlight the intricate relationship between heating rate and thermal
behavior in biomass fibers like FSAAW, underscoring the need for careful consideration of heating rates in
kinetic and thermodynamic analyses.

Kinetic analysis

The thermogravimetric analysis (TGA) of FSSAW fiber reveals a typical three-stage thermal degradation
pathway common to lignocellulosic materials. As shown in Figure (a), the first stage, occurring below
approximately 120°C, involves moisture evaporation, resulting in a minor mass loss. This is followed by the
primary pyrolytic decomposition phase, between roughly 200°C and 400°C, during which hemicellulose and
cellulose undergo significant thermal degradation, leading to the release of volatile matter and the greatest
weight reduction. The third and final stage, extending from 400°C to 800°C (Kumar et al. 2021), is attributed
to the gradual and complex breakdown of lignin, culminating in the formation of a stable char residue.
A comparison of decomposition profiles at heating rates of 10 °C/min and 20 °C/min shows that as the
heating rate increases, the decomposition curves shift toward higher temperatures (Gurukarthik Babu et al.
2019). This thermal shift, caused by reduced reaction time and thermal lag, highlights the kinetic compen-
sation effect. Additionally, a slightly greater char yield at 20 °C/min suggests that higher heating rates inhibit
complete volatilization, favoring residue formation (Selvan et al. 2022).

Further insights into the thermal behavior are illustrated in Figure 3a,b, which presents the variations of
the degree of conversion (a) and its derivative (da/dT) as functions of temperature (T) at heating rates of 30,
40, and 50 °C/min. The figure shows a clear trend where, for a given a, the temperature T increases with
heating rate P, indicating that the thermal breakdown process is delayed by greater heating rates.
Interestingly, the influence of increasing T and  on da/dT tends to balance out, although the temperature
according to the highest value of da/dT shifts progressively higher with increasing . Table 5 provides
a quantitative summary of these trends, showing the maximum do/dT values, the average do/dT for the
whole pyrolysis range, as well as the temperatures at which these maxima occur. The Coats-Redfern (CR)
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Figure 3. Variation of a and da/dT with temperature (T).

Table 5. Maximum and average da/dT, and corresponding T.

B (°C/min) Maximum da/dT(T~")/T (°C) Average da/dT(T™")
30 3.8 10™ 3/340.50 1.15% 1073
40 3.6 % 107 3/350.30 1.10% 1073

50 3.4x 10 3/360.20 1.05x 1073
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Table 6. Results calculation InA and E of method CR based on data thermogravimetric at 30, 40, and 50 °C/min.

30°C /min 40°C/min 50°C /min

No E(K)/mol) InA R? E(KJ/mol) InA R? E(KJ)/mol) InA R?

M-1 35.58 9.58 0.984 40.05 11.10 0.982 4451 8.21 0.980
M-2 4255 11.95 0.991 46.14 13.16 0.990 51.18 10.29 0.989
M-3 57.27 16.94 0.990 58.62 17.40 0.995 64.98 48.49 0.992
M-4 68.60 20.79 0.983 68.00 20.59 0.994 75.44 4836 0.988
M-5 94.55 29.60 0.964 89.14 27.77 0.985 99.14 13.63 0.971
M-6 124.12 39.65 0.948 113.05 35.89 0.973 125.95 9.44 0.953
M-10 50.95 14.80 0.978 58.42 1733 0.976 64.62 38.93 0.974
M-11 10.25 0.98 0.937 1277 1.83 0.942 1473 141 0.940
M-15 47.15 13.51 0.992 50.08 14.50 0.993 55.53 20.87 0.992
M-16 28.07 7.03 0.991 30.04 7.70 0.992 33.62 5.00 0.990
M-17 1853 3.79 0.988 20.02 429 0.989 22.66 2.59 0.988
M-18 8.99 0.55 0.978 10.00 0.89 0.980 11.70 1.08 0.979
M-19 422 -1.06 0.943 498 -0.80 0.952 6.23 0.52 0.957
M-20 104.39 32.95 0.994 110.22 34.93 0.995 121.26 12.75 0.993
M-21 161.63 5238 0.994 17035 5535 0.995 186.99 8.62 0.994
M-22 218.87 71.82 0.994 230.49 75.77 0.995 252.73 7.46 0.994
M-24 30.60 7.89 0.973 35.59 9.58 0.971 39.68 6.55 0.986
M-25 3827 10.49 0.988 4242 11.90 0.986 47.10 9.14 0.985
M-26 41.09 1145 0.991 44.88 12.74 0.989 49.79 9.99 0.988
M-27 71.30 21.71 0.980 81.24 25.08 0.979 89.56 32.80 0.976
M-28 14.09 2.28 0.977 16.18 2.99 0.975 18.45 1.84 0.974
M-29 80.81 24.94 0.988 89.82 28.00 0.986 98.86 2453 0.984
M-30 92.28 28.83 0.993 99.80 31.39 0.991 109.79 22,54 0.990
M-31 84.61 26.23 0.990 93.13 29.12 0.988 102.48 31.05 0.987
M-32 117.61 37.44 0.992 121.40 38.72 0.996 133.64 1343 0.994
M-33 62.42 18.69 0.974 72.32 22.06 0.972 80.08 51.33 0.968
M-34 65.27 19.66 0.976 75.19 23.03 0.974 83.12 94.46 0.971
M-35 54.24 15.92 0.965 64.03 19.24 0.963 71.26 20.30 0.958
M-36 15.50 2.76 0.983 17.41 3.41 0.981 19.79 1.99 0.980

method was used to determine the activation energy (Ea) and pre-exponential factor (InA) in order to better
examine the dynamics of FSSAW fiber pyrolysis. Table 6 displays the obtained correlation coefficients (R?),
InA, and Ea for a variety of reaction models at varying heating rates. This information is useful for modeling
and refining thermal conversion processes employing FSSAW fibers. Table 6 lists the correlation coefficients
(R?), activation energy (Ea), and pre-exponential factor (InA) derived from the Coats-Redfern (CR)
approach for a range of reaction models (M1-M36) at three distinct heating rates: °C/min at 30, 40, and
50 (Alves et al. 2019). The kinetic parameters exhibit significant variation depending on the model and
heating rate, reflecting the complexity of the pyrolytic decomposition of FSSAW fiber. Among the models,
M22 consistently yields the highest activation energy across all heating rates, with Ea values rising from
218.87 kJ/mol at 30 °C/min to 252.73 k]/mol at 50 °C/min, indicating a highly energy-demanding reaction
pathway, similar findings were reported by C. Chen (2020), who used the Coats - Redfern approach to
analyze Dunaliella salina pyrolysis and observed Ea values between 180 and 260 kJ/mol, depending on the
additive used, indicating a comparable energy demand for decomposition under thermal conditions. In
contrast, models such as M19 and M18 show very low Ea values (as low as 4.22 kJ/mol for M19 at 30 °C/
min), suggesting these may represent early-stage or surface-limited reactions. A general trend of increasing
activation energy with increasing heating rate is observed for most models, consistent with the kinetic
compensation effect. This is also accompanied by variations in the InA values, with several models (notably
M22, M21, M6, and M30) showing exceptionally high pre-exponential factors, indicative of complex
reaction mechanisms involving multiple steps or transition states showing in Figure 4. The correlation
coefficients (R*) remain above 0.94 for nearly all models, affirming the robustness of the CR method in
fitting the experimental TGA data. However, models such as M15, M16, and M3 exhibit particularly high R®
values (20.992), suggesting they provide the best fit for the pyrolytic kinetics of FSSAW fiber (Loy et al.
2018). The kinetic data also confirm that the choice of model has a significant impact on calculated
parameters, emphasizing the importance of selecting appropriate reaction mechanisms for accurate inter-
pretation of thermal degradation behavior, In addition, the application of Criado’s master plot in the
present work confirmed a sigmoidal reaction mechanism (M16), dominated by nucleation and growth,
particularly in the 0.15 < a < 0.55 range. This agrees with the work of Agnihotri and Kumar (2024), who
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used Criado’s method to study soybean stalk pyrolysis and identified similar reaction pathways governed by
progressive nucleation, highlighting the multistep nature of biomass degradation. These findings provide
critical insight for optimizing pyrolysis conditions and reactor design for bioenergy applications involving
FSSAW fiber. The integral method’s fitting curves for determining the kinetic parameters of biomass
pyrolysis based on various diffusion and reaction order models are displayed in Figure 5. The kinetic
data reveal that all reaction mechanism models exhibit a consistent trend: the apparent activation energy
(Ea) tends to increase as the heating rate (HR) rises from 30°C to 50°C/min. This observation highlights the
influence of HR on pyrolysis kinetics. Notably, the pre-exponential factor (InA) generally shows
a decreasing tendency with increasing HR, suggesting a reduction in the frequency of molecular collisions
or transition state formation at elevated heating rates. This inverse relationship higher Ea with lower InA
follows a typical kinetic compensation effect. The rise at a higher Ea HRs can be attributed to thermal lag
and the reduced time for heat transfer, which delays the reaction onset and demands more energy for
decomposition. Conversely, the drop in InA implies that while it takes more energy. to initiate the reaction,
the molecular events leading to the transition state become less frequent. Additionally, the correlation
coefficient (R?) serves as an indicator of model fidelity. In some cases, R* values decrease with increasing
HR, indicating that certain models may not capture the kinetics accurately under faster heating conditions.
These results highlight how crucial it is to choose the right models. and understanding thermal lag effects in
kinetic studies of FSSAW fiber pyrolysis (Klinger et al. 2018).
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Figure 4. Relationship between correlation coefficient (R?) and activation energy (Ea) at heating rates of (a) 30 °C/min, (b) 40
°C/min, and 50 °C/min.
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Figure 6 illustrates the activation energy (Ea) profiles for the pyrolysis of FSSAW fiber at heating rates of
30°C, 40°C, and 50°C/min, as determined using the reaction mechanism (RM) model. The lowest energy
barrier required to start the thermal breakdown of biomass and release volatile chemicals is known as the
activation energy (Gourier et al. 2014, Klinger et al., 2018). In other words, Ea reflects the energy required to
trigger the chemical reactions during pyrolysis. Noticeable variations were observed in the Ea profiles across
different conversion levels, indicating the complex nature of FSSAW decomposition. Typically, reactions
with higher Ea require higher temperatures and longer durations to complete thermal breakdown (Hameed
et al. 2018). A notable rise in Ea was noted for all heating rates at a conversion threshold of a = 0.6, while
only slight changes were noted at lower conversions (a < 0.3), highlighting the strong dependence of Ea on
the extent of conversion. This variation suggests that the structural properties of FSSAW and the multistep
nature of its thermal degradation influence the reaction pathway. A pronounced change in Ea with
increasing conversion may reflect sequential or parallel reaction mechanisms, while a relatively stable Ea
would indicate a simpler, single-step degradation process. The observed increase in Ea greater conversion
rates could be linked to with secondary reactions such as char formation, crosslinking, and polycondensa-
tion, which require greater energy input. These findings emphasize the complexity of FSSAW fiber pyrolysis
and the role of conversion-dependent kinetics in determining the thermal behavior of lignocellulosic
materials (Sharifzadeh et al. 2019). Furthermore, the observed kinetic compensation effect, where increased
heating rates raised Ea while InA decreased was consistent with studies on high-ash sewage sludge pyrolysis
by S. Raza et al. (2019). They also noted a direct linear correlation between Ea and InA using the Coats -
Redfern method, confirming the kinetic compensation phenomenon during thermal decomposition. The
activation energy (Ea) and the pre-exponential factor (InA), also referred to as the kinetic compensation
effect (KCE), are known to correlate. This relationship can be described using the linear equation:

InA =a+bE (12)

In this equation, a and b are constants determined from a specific set of experimental kinetic data.
Specifically, a = InK_iso and b = 1/(RT_iso), where T_ K_iso is the associated rate constant, and iso stands
for the artificial isokinetic temperature. Figure 7 shows how InA and Ea have a linear relationship values
obtained using the Coats — Redfern (CR) method, as reported in Table 7. Table 8 further summarizes key
KCE parameters including a, b, the correlation coefficient (R?), K_iso,and T_iso (R. Chen et al. 2019). These
insights are crucial for understanding the kinetic behavior of FSSAW fiber during pyrolysis and for selecting
the most appropriate decomposition model.

Thermodynamics parameter analysis

The thermodynamic analysis of FSSAW fiber pyrolysis shown in Figure 8 offers a comprehensive view of the
energy dynamics and reaction pathways that occur during biomass decomposition under varying heating rates.
The observed highest enthalpy (AH) value of 249.65 kJ/mol at 50°C/min for Model 22 indicates that the process
becomes more energy-demanding at higher temperatures. This is expected, as increased temperatures facilitate
the breakdown of complex biomass structures but also require greater energy to overcome the activation energy
barriers of chemical bonds (R. Chen et al. 2019). The highest Gibbs free energy (AG) value of 390.81 kJ/mol for
Model 22 at 50°C/min further highlights the non-spontaneous nature of the pyrolysis reaction. As the
temperature increases, the system requires more external energy to drive the reaction, demonstrating that
pyrolysis is not a naturally occurring process but one that needs thermal input to proceed effectively
(Ozyuguran, Akturk, and Yaman 2018b). The most negative entropy (AS) value of —0.31 kJ/mol-K for Model
13 at 30°C/min suggests that the transition state during pyrolysis is highly ordered compared to the initial
biomass. This indicates that the molecular rearrangements occurring in the decomposition process result in
a more structured and less disordered state, which is characteristic of solid-phase reactions (Ma et al. 2022). The
negative values for entropy across all models reinforce the idea that pyrolysis is a process of molecular
organization, with biomass undergoing significant structural changes that reduce its randomness. Overall,
these results emphasize the complex interplay between enthalpy, Gibbs free energy, and entropy during FSSAW
fiber pyrolysis. The process requires substantial external energy input, especially at higher temperatures, to
overcome the reaction’s lack of spontaneity. The negative entropy values highlight that the reaction leads to
more ordered products, reflecting the typical nature of solid-phase decomposition (Pal et al. 2021). These
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Figure 5. Fitting curves using the integral method to estimate the kinetic parameters of biomass pyrolysis with different
diffusion and reaction order models.

findings not only provide valuable insights into the energetics of biomass pyrolysis but also serve as crucial
information for optimizing the conditions under which pyrolysis can be most efficiently used for bioenergy
production (Petrovi¢ et al. 2023). By understanding these thermodynamic parameters, we can fine-tune the
heating rates and other variables to achieve better conversion yields while minimizing energy consumption.

Kinetic comparison of criado’s master plot on pyrolysis of FSSAW and coats-redfern

Several solid-state reaction models and Criado’s master plot technique were used to examine the thermal
degradation mechanism of FSAAW fibers (Khawam and Flanagan 2006), all of which exhibited high
correlation coefficients (R* > 0.99) across the three studied heating rates. This method compares theoretical
and experimental plots of the reduced conversion function g (a)/g(0.5) versus the degree of conversion (a),
with experimental values derived from the DTG curves. Figure 9 shows the master curve plots g(a)/g(0.5) vs
a for several mechanistic models using Criado’s technique Among the tested models, the sigmoidal rate law,
corresponding to Model M-16 (random nucleation and subsequent growth), showed the closest alignment
with experimental data particularly within the conversion range of a = 0.15 to 0.55. This agreement suggests
that the early stages of FSAAW pyrolysis are likely dominated by the formation of active centers followed by
their expansion through the fiber matrix. However, beyond a = 0.55, significant deviations were observed,
implying that a single-step reaction mechanism like that of Model M-16 becomes insufficient to accurately
describe the decomposition process. This deviation indicates the emergence of more complex, multi-step
pathways potentially involving diffusion, fragmentation, or secondary char-forming reactions. While
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Criado’s method is powerful due to its simplicity and direct use of experimental data, it does not yield
precise values for activation energy (Ea) or the kinetic triplet (Ea, A, f(a)), limiting its utility for quantitative
kinetic modeling (Ozyuguran, Akturk, and Yaman 2018a). Despite this limitation, the results obtained
through Criado’s master plot were consistent with those derived from the Coats — Redfern (CR) method,
reinforcing the identification of an Advanced Reaction Model (ARN) and its Extended Geometrical Model
(EGM) as suitable descriptors of FSAAW pyrolysis (Zikhali et al. 2023). These models point to radial
diffusion in cylindrical particles as the rate-controlling step during the later stages of degradation. Such
behavior supports the hypothesis of an expanding reaction front and highlights the necessity of
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Table 7. Thermodynamic parameters of FSSAW..

Heating rate (°C/m) 30 40 50

Model No. AH kJ/mol  AG kJ/mol  AS kJ/mol. K AH kJ/mol AG kJ/mol AS kJ/mol. K AH kJ/mol AG kJ/mol AS kJ/mol. K
M-1 32.03 185.63 -0.25 36.98 178.20 —0.238 4143 182.10 -0.24
M-2 39.35 191.55 —-0.25 43,07 183.28 —-0.236 48.10 187.63 -0.23
M-3 54.81 200.10 -0.24 55.55 190.02 —-0.227 61.90 193.55 -0.22
M-4 66.70 203.12 -0.23 64.93 189.15 —0.210 72.36 204.03 -0.22
M-5 93.95 241.32 -0.24 86.07 222.82 —0.230 96.06 234.16 -0.23
M-6 125.00 274.90 —-0.25 109.98 249.01 -0.234 122.87 262.83 -0.24
M-7 14.18 173.24 -0.26 21.27 166.68 —0.245 24.53 169.59 -0.24
M-8 5.32 168.45 -0.26 12.77 161.17 —0.250 15.59 163.54 -0.25
M-9 —0.80 167.49 -0.27 6.45 158.01 —0.255 8.99 159.78 -0.25
M-10 48.17 196.67 -0.24 55.35 190.36 —0.228 61.54 194.31 -0.22
M-11 543 168.62 -0.26 9.70 159.60 —-0.252 11.65 161.27 -0.25
M-12 -1.68 167.79 -0.27 2.09 157.22 —0.261 3.34 157.93 —0.26
M-13 —-5.24 184.29 -0.31 -1.71 160.68 -0.273 -0.82 159.55 -0.27
M-14 - - -

M-15 4418 193.19 -0.24 47.01 184.30 —-0.231 52.45 188.38 -0.23
M-16 2415 179.65 -0.25 26.97 170.54 —0.242 30.54 173.73 —0.24
M-17 14.13 173.11 -0.26 16.95 163.75 —0.247 19.58 166.11 -0.25
M-18 411 168.00 -0.27 6.93 158.21 —-0.254 8.62 159.60 —-0.25
M-19 —0.90 167.55 -0.27 1.91 157.16 -0.261 3.15 157.84 -0.26
M-20 104.28 250.91 -0.24 107.15 24447 —0.231 118.18 256.62 -0.23
M-21 164.38 312.51 -0.25 167.28 306.94 —0.235 183.91 324.34 -0.24
M-22 224.49 371.38 —-0.25 227.42 367.91 —-0.237 249.65 390.81 -0.24
M-23 - - -

M-24 26.80 181.79 -0.25 32.52 174.80 —0.240 36.60 178.42 —0.24
M-25 34.86 187.80 -0.25 39.35 180.09 —0.237 44,02 184.15 -0.24
M-26 37.82 190.16 —-0.25 41.81 182.15 —-0.236 46.71 186.39 -0.24
M-27 69.54 202.61 -0.22 78.17 208.54 —-0.220 86.48 220.12 -0.23
M-28 9.47 170.67 -0.26 13.11 161.60 —0.250 15.37 163.64 -0.25
M-29 79.52 218.27 -0.23 86.75 219.65 —0.224 95.78 230.89 -0.23
M-30 91.57 232.80 -0.23 96.73 230.24 —-0.225 106.71 242.25 -0.23
M-31 83.51 216.76 -0.22 90.06 220.97 —-0.221 99.40 233.32 -0.23
M-32 118.16 264.38 -0.24 118.33 255.31 —0.231 130.56 268.73 -0.23
M-33 60.21 208.16 -0.24 69.25 203.45 —0.226 77.00 208.36 -0.22
M-34 63.21 210.06 -0.24 72.12 204.76 -0.224 80.04 208.30 -0.22
M-35 51.62 202.28 —-0.25 60.96 198.41 —-0.232 68.18 204.25 -0.23
M-36 10.95 171.56 -0.26 14.34 162.43 —0.249 16.71 164.58 -0.25

Table 8. Relevant parametric values for the “kinetic compensation effect”.

Heating rate (°C/min) a(min™") 95% Cl for a b (mol/kJ) 95% Cl for b Kiso Tiso (°C) R

30 —3.2345 (~3.8901, —2.5790) 0.3556 (0.3532,0.3580)  0.0212 342567  0.99
40 -1.8963 (-2.6174, —1.1752) 0.3445 (0.3421,03470)  0.1254 352210  0.99
50 —1.5438 (—2.2664, —0.8211) 0.3321 (0.3298,0.3344)  0.1602 364753  0.99
Combination of all heating rates -2.3340 (-2.5759, —2.0921) 0.3412 (0.3397,03426)  0.1143 353482  0.99

incorporating geometrical and transport constraints into the modeling of lignocellulosic biomass pyrolysis.
Ultimately, the integration of both Criado’s and CR methods enhances the reliability of mechanistic
interpretation and underscores the complexity of FSAAW fiber degradation.

Practical implications of FSSAW fiber pyrolysis

Economic efficiency

The pyrolytic conversion of FSSAW fibers demonstrates promising economic viability. Agave americana
stalks are an agricultural byproduct, typically discarded after flowering. This makes the raw material low-
cost and abundantly available, particularly in semi-arid and arid regions where Agave thrives. The simple
extraction process soaking, manual retting, and drying does not require expensive chemical treatments or
high-tech machinery, significantly reducing preprocessing costs. Furthermore, the high volatile matter
content (76.85%) and low ash residue (2.31%) enhance the bio-oil yield, making FSAAW a suitable feed-
stock for fuel-grade pyrolysis products. The elevated higher heating value (HHV = 19.25 M]/kg) supports its
use as an energy-rich biomass. Collectively, these characteristics reduce the cost-per-MJ of energy produced
and may lead to favorable return on investment (ROI) in decentralized bioenergy systems.
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Scalability of the process

The scalability of the pyrolysis process using FSAAW fibers is favorable due to the simplicity of the thermal
decomposition stages and the availability of agave stalks. The thermal behavior observed (distinct decom-
position zones for hemicellulose, cellulose, and lignin) enables modular reactor design, allowing for flexible
scaling from lab-scale batch reactors to continuous pilot or industrial-scale systems. The kinetic analysis,
which includes Coats — Redfern and Criado’s master plots, provides a comprehensive mechanistic under-
standing, allowing the design of process controls and reactor conditions that are adaptable to large-scale
applications. In regions with high Agave cultivation, especially North Africa, Latin America, and the
Mediterranean, biomass aggregation centers can be developed to supply feedstock to centralized or
distributed pyrolysis units, enabling regional bioenergy deployment.

Environmental impact and sustainability

Environmentally, the use of FSAAW fibers as feedstock aligns well with the principles of circular economy and
biowaste valorization. Converting agricultural waste into bioenergy reduces open-field burning or landfilling,
thus cutting down methane and CO2 emissions. The slow decomposition of lignin and high char residue yield
also support biochar production, which can be used as a soil amendment to sequester carbon and improve soil
fertility. Additionally, the absence of toxic additives or pretreatment chemicals during fiber preparation ensures
minimal ecotoxicity. As an added benefit, replacing fossil fuels with FSAAW-derived bio-oil or syngas can
significantly lower lifecycle greenhouse gas (GHG) emissions. However, sustainability should also consider water
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Figure 9. Criado’s master plot of FSSAW at 30, 40, and 50 °C/min.

use during soaking and the energy balance of drying operations. To mitigate this, integrating solar drying or
passive evaporation and anaerobic soaking tanks can reduce the ecological footprint of the process.

Practical recommendations

To advance this research, future studies should apply model-free isoconversional methods such as Flynn - Wall -
Ozawa or Vyazovkin to validate activation energies across varying conversion levels. Pilot-scale pyrolysis trials
are essential to evaluate the practical performance of FSSAW under dynamic operating conditions. Additionally,
exploring catalyst-assisted pyrolysis could help reduce activation energy and enhance biofuel yields. Advanced
analyses using coupled techniques like TGA-FTIR or TGA-GC-MS would offer insights into reaction inter-
mediates and gaseous products, improving the understanding and control of decomposition pathways. From an
application standpoint, the FSSAW fiber’s high volatile content (76.85%), low ash (2.31%), and significant HHV
(19.25 MJ/kg) make it a strong candidate for fast pyrolysis or gasification processes. Its composition is well-suited
for producing bio-oil and biochar, supporting renewable energy systems, soil carbon sequestration, and circular
bioeconomy strategies. Moreover, insights into its kinetic and thermodynamic behaviors enable more accurate
reactor design, better process control, and scalable bioenergy solutions.
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Conclusion

This study comprehensively investigated the pyrolysis behavior and kinetic characteristics of FSAAW (Flower
Stalk of Agave Americana Waste) fibers to evaluate their potential for bioenergy production. The thermal
degradation process was characterized under varying heating rates (30°C, 40°C, and 50°C/min), and key
kinetic and thermodynamic parameters were quantified using the Coats — Redfern method alongside mechan-
istic analysis.

The main findings are summarized as follows:

e FSAAW fibers exhibit a multi-stage pyrolytic degradation corresponding to their chemical composi-
tion, with cellulose, hemicellulose, and lignin decomposing distinctly across the temperature range of
approximately 200-800°C.

e Increasing the heating rate from 30°C to 50°C/min shifted the degradation temperatures higher,
consistent with a thermal lag effect.

e The activation energy (Ea) was found to increase with heating rate, ranging from 218.87 kJ/mol at
30 °C/min to 252.73 kJ/mol at 50 °C/min (Model M22), indicating that greater energy is required for
decomposition at faster heating.

e The kinetic compensation effect (KCE) was confirmed by a strong linear correlation (R* =0.99)
between InA and Ea, reflecting the interplay between activation energy and molecular collision
frequency.

e Thermodynamic analysis revealed the pyrolysis reaction to be non-spontaneous, with a maximum
Gibbs free energy change (AG) of 390.81 kJ/mol, and an enthalpy change (AH) peaking at 249.65 kJ/
mol, while the negative entropy change (AS) of —0.31 kJ/mol-K suggested the formation of more
ordered products during decomposition.

e Mechanistic evaluation using Criado’s master plot identified a sigmoidal rate law (Model M16)
governing early-stage pyrolysis (a=0.15-0.55), with radial diffusion controlling the later stages,
indicating increasingly complex, multi-step reaction pathways.

These insights into FSAAW fiber pyrolysis kinetics and thermodynamics provide a foundation for optimizing
pyrolysis conditions to maximize bioenergy yield and efficiency. Future studies should focus on refining
operational parameters and exploring reactor designs to harness the full bioenergy potential of FSAAW fibers.
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Nomenclature and abbreviation

TGA Thermogravimetric analysis

FTIR Fourier Transform Infrared

PEFS Perkin Elmer Frontier Spectroscopy

f(a) Function of reaction mechanism (differential form)
g(a) Function of reaction mechanism (integral form)
B Heating rate

Ea Activation energy

h Planck constant (6.626 x 10%%)

KB Boltzmann constant (1.381 x 10%3)

R Universal gas constant (8.314)

A Pre-exponential factor

AH Enthalpy change

AG Gibbs free energy change

as Entropy change

T Temperature

Tp Peak temperature

Degree of conversion
Dimensionless activation parameter: Ea/(R-T)

W, Initial sample weight

We Weight at time t

wf Final sample weight

M Kinetic model

ARN Assumed Random Nucleation

EGM Ensuing Growth Model
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