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Abstract

Pyrolysis presents a promising approach to harness the bioenergy potential of biomass
and promote waste valorisation within a circular economy framework. This study offers
a detailed analysis of the thermal characteristics, reaction kinetics, and thermodynamic
behaviour of two common waste biomasses in Nigeria, sawdust (SD) and sugarcane
bagasse (SB), to assess their bioenergy potential using Thermogravimetric Analysis and the
Coats-Redfern integral method. Proximate analyses revealed a high volatile matter content
(over 82%) in both feedstocks. The pyrolysis parameters indicated a higher comprehensive
pyrolysis (3.486 × 10−6, %3/◦C3) and pyrolysis stability (1002.04%/C2) indices for SD,
confirming its superior overall thermal reactivity. In contrast, SB demonstrated a superior
devolatilisation index (5.0621 × 10−7%/C3) and a lower stability index (869.27%/C2),
signifying an intense, concentrated eruption of volatile matter over a narrow temperature
window. A multi-stage, segmented approach produced more accurate results than the
general single-step model. The diffusion-based D6 model was most suitable for describing
the drying and devolatilisation of SD, while the reaction-order R2 model best explained
the devolatilisation process of SB. The thermodynamic analysis revealed that formation of
the activated complexes for both SD and SB across all stages is strictly non-spontaneous
and endothermic, with SD encountering a higher thermal barrier (∆H = 57.57 kJ/mol) than
SB (∆H = 37.03 kJ/mol) during the process. These findings indicate that SD possesses
properties favourable for fast pyrolysis processes aimed at bio-oil production, whereas SB
exhibits characteristics that make it a promising feedstock for biochar-orientated pyrolysis.
Further studies involving product yield and quality analyses are recommended to validate
these potential applications. These findings provide essential information for designing
effective, locally adapted bioenergy systems in Sub-Saharan Africa.

Keywords: coats-redfern method; pyrolysis; reaction mechanism; sawdust; sugarcane
bagasse; thermogravimetric analysis

1. Introduction
Nigeria’s growing sugar and wood industries produce substantial quantities of bagasse

and sawdust. Nigeria generates approximately 1.8 million tonne of sawdust annually, along-
side about 5.2 million tonne of other wood waste [1]. At the same time, limited operational
sugar processing mills and restricted local capacity to utilise bagasse have consequently led
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to large volumes of bagasse being either discarded or burnt inefficiently, leading to environ-
mental concerns and missed opportunities for energy recovery [2]. These wastes are often
poorly managed, leading to environmental issues [2–4]. Typically, sugarcane processing
industries in Nigeria utilise sugarcane bagasse for on-site energy generation. However,
substantial volumes of bagasse remain underutilised and are therefore dumped into the
environment, creating significant waste management and environmental challenges. The
sawdust is usually burnt in the open air at industrial sites or disposed of into water bodies
by industries located close to rivers, with adverse consequences for humans, animals, and
the environment. This emphasises the need for sustainable and innovative methods of
waste management. Waste-to-biofuel conversion is a promising technology that aligns
with Nigeria’s biotechnology initiatives, which aim to achieve a zero-waste economy and
develop waste-prevention industries [5].

Thermochemical methods, such as gasification and pyrolysis, provide an eco-friendly
approach to biomass valorisation by converting waste into high-value chemicals and bio-
fuels [6–8]. These techniques support a circular bioeconomy and decrease the need for
traditional waste disposal [9–11]. To understand these thermal conversions, Thermogravi-
metric Analysis (TGA) is used to examine degradation stages and reaction kinetics [12,13].
Researchers utilise both model-free and model-fitting approaches to describe biomass
pyrolysis kinetics [14–16]. Model-free methods, including Friedman, Flynn-Wall-Ozawa
(FWO), Kissinger-Akahira-Sunose (KAS), and Starink, do not assume a specific reaction
mechanism, making them flexible across varying heating rates and temperatures [17,18].
However, they require extensive experimental data and computational effort. In contrast,
model-fitting methods such as Coats-Redfern [19–21], Distributed Activation Energy Model
(DAEM) [22–24], Arrhenius-based models [25,26], Kennedy-Clark [21], and Criado master
plot [21,27,28] describe reaction behaviour using predefined kinetic mechanisms.

The Coats-Redfern model-fitting method was employed in this study due to its sim-
plicity, reliability, and effectiveness under non-isothermal conditions typical of biomass
pyrolysis [29]. By linearising the Arrhenius equation, the method enables efficient esti-
mation of key kinetic parameters, including activation energy and the pre-exponential
factor, using relatively few experimental data points [20,29]. Its practicality and proven
applicability make it a widely used approach for evaluating the pyrolysis behaviour of
different biomass feedstocks [19,30,31].

Grasping the thermodynamic and kinetic behaviour of biomass is vital for indus-
trial scaling, as these factors dictate energy needs, reaction mechanisms, and product
yields [32–34]. Key variables, including reaction order (n), activation energy (Ea), and the
pre-exponential factor (A), are essential for designing efficient reactors and operational
strategies [15,35,36]. Furthermore, these data enable precise control of temperature and resi-
dence time to maximise product quality and accurate energy forecasting to improve overall
efficiency [37–39]. Thermodynamic indicators such as Gibbs free energy (∆G), enthalpy
(∆H), and entropy (∆S) are vital for analysing heat transfer and energy dynamics during
pyrolysis [40–42]. This information is essential for predicting product stability and yields,
which assists in optimising the process and designing energy-efficient systems [27,43,44].
Furthermore, thermodynamic assessments help determine the viability of different biomass
feedstocks and establish the best processing conditions [45,46]. A holistic understand-
ing of biomass valorisation relies on the interplay between thermodynamic and kinetic
data [47,48]. Integrating these factors allows for the creation of predictive models, better
reactor performance, and more accurate economic evaluations, all of which are necessary
for the commercial success of pyrolysis technologies [49,50]. Ultimately, accurately defining
these parameters supports the development of sustainable conversion methods that foster
a circular economy and reduce fossil fuel dependency [51–53].
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A critical review of the literature reveals that most studies on Nigerian waste
biomasses, including sawdust (SD) and sugarcane bagasse (SB), focused mainly on analyses
of proximate, ultimate, and calorific values [54]. Several case studies, such as those by
Akinrinola, et al. [55], evaluated five local energy crops using proximate, ultimate, and
ash-fusion analyses, contrasting them with biomass from the United Kingdom. Similarly,
Olivia and Oti Wilberforce [56] characterised ten indigenous biomass types, comparing
their elemental and proximate compositions, calorific values, and morphological profiles
with those of coal. Other studies include Balogun, et al. [57], who analysed the combustion
properties and elemental composition of araba and sorghum husks, and Efetobor, et al. [58],
who utilised structural and thermal analyses to assess the potential of elephant grass as
a feedstock for bio-oil. Notably, these studies characterised Nigerian biomasses for their
bioenergy potentials using elemental properties and energy contents. However, there is
a notable dearth of data on kinetic behaviour and the thermodynamic triplet: Gibbs free
energy (∆G), enthalpy (∆H), and entropy (∆S), which are essential for rational reactor
design, scale-up, and energy efficiency. This information is critical, as biomass properties
are highly location-specific, influenced by regional factors such as climate, soil composition,
and agricultural practices. Consequently, data derived from other regions, such as South
American biomass [59,60] or Asian feedstocks [15,61], may not be applicable to the West
African scenario, particularly in Nigeria. Without such localised information, it is difficult
to accurately predict reaction spontaneity, thermal equilibrium, energy requirements, resi-
dence time, and ultimately the yield and quality of pyrolysis products, thereby limiting the
development of efficient waste-to-energy systems [62,63].

In addition, many studies have employed simplified single-step (typically first-order re-
action mechanism) kinetic modelling methods to describe biomass pyrolysis, thereby oversim-
plifying its inherently multi-component nature. This approach overlooks the multi-component
nature of lignocellulosic materials, which comprise hemicellulose, cellulose, and lignin, each
decomposing through distinct mechanisms. Hence, this study adopted a multi-stage kinetic
modelling approach to better capture the reaction pathways across different temperature
regimes and provide comprehensive, localised kinetic and thermodynamic data for Nigeria-
derived biomass residues. Additionally, the catalytic influence of mineral and ash content of
SD and SB on their pyrolysis was considered to enable more accurate modelling and support
the transition from laboratory-scale studies to industrial biorefinery applications.

Thus, this study provides the first location-specific kinetic and thermodynamic data
for SD and SB residues from Nigeria, using the Coats–Redfern model to assess their suit-
ability for bioenergy production. It also compares their pyrolysis behaviour with each other
and with commonly reported biomasses. To achieve this, the specific objectives include:
(1) physicochemical characterisation of the biomass samples to determine their fuel proper-
ties, (2) thermal degradation profiling of the biomass samples to investigate their weight
loss characteristics across a temperature range from ambient temperature to 900 ◦C using
TGA/DTG curves, (3) estimation of kinetic data, including the activation energy (Ea) and
pre-exponential factor (A) for each biomass type by applying the Coats-Redfern integral
method, (4) identification of the most appropriate solid-state reaction models that govern
the pyrolysis process by statistically evaluating the correlation coefficients (R2) of various
mechanism functions, and (5) derivation of thermodynamic data, including changes in
enthalpy (∆H), Gibbs-free energy (∆G), and entropy change (∆S), to assess the energy
requirements and spontaneity of the pyrolysis reaction.

The novelty of this study lies in its integrated, location-specific evaluation of the
pyrolysis behaviour of two abundant Nigerian waste biomasses (sawdust and sugarcane
bagasse). While previous studies on Nigerian biomass largely focused on proximate and
ultimate analyses, calorific values, combustion characteristics, and general fuel properties,
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detailed investigations of their pyrolysis kinetics, thermodynamic parameters, and reac-
tion mechanisms remain limited. This study bridges this knowledge gap by combining
comprehensive physicochemical characterisation [proximate, ultimate, FTIR, SEM, and
XRF analyses] with thermogravimetric analysis and a multi-stage Coats–Redfern kinetic
approach to determine the activation energy, pre-exponential factor, reaction mechanism,
and thermodynamic triplet (∆H, ∆G, and ∆S). Unlike conventional single-step kinetic
analyses, the segmented multi-stage modelling adopted in this work provides a more
realistic representation of the distinct decomposition stages of lignocellulosic biomass. The
resulting location-specific kinetic and thermodynamic dataset provides valuable design
parameters for the development and optimisation of pyrolysis reactors and bioenergy
systems utilising Nigerian biomass resources, thereby contributing to the advancement of
sustainable waste-to-energy technologies in Sub-Saharan Africa.

2. Materials and Methods
2.1. Materials Collection, Preparation and Characterisation

The study utilised two types of waste biomass: sugarcane bagasse (SB) and sawdust
(SD). Dry SB was sourced from farms in Auchi that produce and process industrial cane,
while dry SD was collected from a sawmill in Benin City, both within Edo State, Nigeria,
during the dry season. Mixed wood waste from Nigerian sawmills and wood industries
primarily consists of sawdust, offcuts, and bark from various wood species, often dumped
together in an open heap. For this study, sawdust was collected and used for ease of
processing. These wastes are usually dumped in a heap outside the processing facilities.

To ensure experimental consistency, the bagasse was pulverised using a hammer
mill and sieved using a Glenammer test sieve (200 mm diameter, 30 µm mesh), while
the sawdust was also sieved to the same uniform particle size (Figure 1a,b). They were
thereafter kept in sealed ziplock bags to prevent moisture from entering prior to analysis.

Figure 1. Waste biomass samples (a) sawdust and (b) sugarcane bagasse.

The proximate properties of the biomass samples were evaluated using a thermo-
gravimetric analyser (NETZSCH-STA449F5, NETZSCH, Wittelsbacherstrase, Germany,) in
accordance with ASTM E1131-08. The elemental composition of the samples was evaluated
using an Exeter Analytical Organic Elemental Analyser (Model EA1110) in accordance
with ASTM D5373-02. Generally, the experiments were replicated three times. The results
from the proximate and elemental composition analyses of the biomass samples are shown
in Table 1.
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Table 1. Proximate and elemental composition analyses of the biomass samples on a dry ash-
free basis.

Biomass
Proximate Analysis (wt. %) Elemental Analysis (wt. %)

MC VM Ash * FC C H N S * O

SB 3.58 ± 0.25 82.27 ± 0.21 3.31 ± 0.18 10.84 ± 0.20 46.59 ± 0.15 6.52 ± 0.09 3.51 ± 0.25 - 43.38 ± 0.30
SD 4.24 ± 0.15 84.78 ± 0.12 4.45 ± 0.10 6.53 ± 0.12 45.84 ± 0.22 5.87 ± 0.10 3.73 ± 0.22 - 44.56 ± 0.28

* O% = 100 − (N + C + H + S)%; * FC% = 100 − (MC + VM + ASH)%.

The ash composition of the samples was determined using X-ray fluorescence (XRF)
spectroscopy (Rigaku RIX-3000, Rigaku Corporation. Akishima, Tokyo, Japan). The results
from the ash composition analyses are presented in Table 2.

Table 2. Ash composition analysis for the biomass samples.

Biomass K2O MgO CaO Fe2O3 Al2O3 Cr2O3 SiO2 P2O5 SO3 TiO2 Cl ZnO

SB 44.16 0.50 20.40 7.05 0.55 2.36 6.62 1.85 2.50 2.23 9.02 0.87
SD 4.97 0.57 9.01 20.66 2.65 4.11 6.85 1.50 4.93 40.25 1.98 1.13

The morphologies of the biomass samples were analysed using scanning electron
microscopy (SEM) with a Tescan Vega 3 microscope(Tescan, Brno, Czech Republic). The
biomass samples were mounted on aluminium stubs using sticky carbon tape, coated
with a thin layer of gold, and thereafter vacuum-dried and scanned at an acceleration
voltage of 20 kV. The surface functional groups of the samples were analysed by Fourier
transform infrared (FTIR) spectroscopy on a ThermoFisher Scientific iS50 FTIR spectrometer
(ThermoFisher Scientific, Maddison, WI, USA.), with scans from 4000 to 400 cm−1 at a
resolution of 4 cm−1 and a scanning speed of 2 mm/s. The briquettes were ground to a
fine powder before FTIR analysis.

2.2. Thermogravimetric Analysis

To evaluate the thermal degradation behaviour of the two biomass samples, a thermo-
gravimetric analyser (NETZSCH-STA449F5) (Figure 2) was used to analyse their thermo-
chemical conversion at a single heating rate of 20 ◦C/min in an inert nitrogen atmosphere,
flowing at 40 mL/min. A previous study indicated that at this heating rate, the degradation
of the biomass materials occurs in a shorter time; however, the data quality remains high
with few outliers [13]. About 12 ± 0.5 mg of biomass was weighed and heated from
ambient temperature to 900 ◦C under the specified conditions. The data obtained were
used to generate TG and DTG curves for all samples.

Figure 2. Setup for the thermogravimetric analysis. (a) NETZSCH = STA449 F5 TGA, (b) computer monitor.
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2.3. Analysis of Pyrolysis Performance

The efficiency of a pyrolysis process can be evaluated using various parameters,
including the initial and final decomposition temperatures, Ti and Tf, respectively; peak
temperature (Tp); maximum decomposition rate (dw/dT)max; average decomposition rate
(dw/dT)av, comprehensive pyrolysis index (CPi), devolatilisation index (Di), pyrolysis
stability index (Pi) and the overall mean reactivity (MRo) [64]. The initial decomposition
temperature (Ti) was determined using the intersection method by extrapolating the onset
of the partial peak associated with hemicellulose decomposition.

2.3.1. Comprehensive Pyrolysis Index

The comprehensive pyrolysis index (CPi) is an essential indicator of the overall per-
formance of the pyrolysis process, and it offers an inkling for achieving higher efficiency
and yield [65,66]. An increase in the CPi signifies a more efficient process characterised
by rapid degradation and significant weight loss, leaving little residual waste [67,68]. It is
determined using Equation (1) [69].

CPi =
−(dw/dT)max ×−(dw/dT)av × w f

Ti × Tp,max × ∆T1/2
(1)

where ∆T1/2 is the temperature difference at the middle of the curve with the highest peak;
wf is the difference between the initial and final weights of the biomass sample; and Tp,max

is the maximum temperature.

2.3.2. Devolatilisation Index

The deoxygenation index (Di) describes the effectiveness of the release of volatile
matter (VM) from the biomass during pyrolysis [62]. A high Di value shows rapid de-
volatilisation, which is essential for maximum outputs [24]. As a result, the Di is a crucial
parameter for optimising pyrolysis, especially when the aim is to produce specific fractions
in optimal amounts, e.g., bio-oil or biochar. It was calculated using Equation (2) [69].

Di =
(dw/dT)max

Ti × Tp,max × ∆T1/2
(2)

2.3.3. Pyrolysis Stability Index

The pyrolysis stability index (Pi) is used to quantify the predictability of a material to
decompose over time and temperature [64]. An increase in Pi implies a more predictable
process, which is critical in scaling an industry; reliable yields and the ability to manage and
optimise the system are guaranteed [70]. The operators can generate a more consistent, high-
quality product by helping minimise fluctuations in the process; thus, the Pi is one of the
most critical metrics to create strong and commercially viable pyrolysis operations [65,71].
Equation (3) [64] was used to compute the Pi.

Pi =
−(dw/dT)max

Ti × Tp,max
× 8.586 × 107 (3)

2.3.4. Mean Reactivity

One of the most basic measures to determine the reaction behaviour of biomass during
pyrolysis is the Mean Reactivity (MR) [72]. By computing the Overall Mean Reactivity
(MRo), the sum of the MR values for all peaks in the DTG curves, researchers can estimate
the decomposition rate and temperature [72]. High MRo values indicate a highly reactive
substance that dissolves readily at low temperatures [64]. This quality especially helps
maximise throughput and efficiency, as reactive feedstocks are readily converted into
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products. Additionally, high reactivity permits lower operating temperatures, which can
greatly reduce energy requirements and enhance overall process operation [69]. It was
determined using Equation (4) [69].

MRo = 100 ∑
(dw/dT)max

Tp
(4)

2.4. Kinetic Modelling

Kinetic modelling plays an important role in understanding the thermal decomposition
behaviour of biomass during pyrolysis. In this study, the Coats-Redfern integral method
was employed to determine the kinetic parameters from the TGA data. According to
Vyazovkin and Muravyev [73], single-heating-rate methods such as the Coats-Redfern
model present some challenges in the analysis of kinetic triplets for complex biomass
systems. Nevertheless, the method remains useful for preliminary comparative analyses
under identical conditions and was adopted in this study for practical reasons. First,
the estimated kinetic parameters are adequate for comparing biomass behaviour under
the same experimental conditions. Second, multi-heating-rate methods are time- and
resource-intensive, requiring advanced equipment and expertise. Third, single-heating-rate
experiments better reflect the constant-heating conditions commonly applied in practical
pyrolysis systems, thereby improving the applicability of the results. Therefore, despite
its limitations, the Coats-Redfern method remains a practical and reliable approach when
interpreted carefully [20,21,74–76].

The rate constant of the reaction (k) is dependent on the absolute temperature (T), and
the method is described by the Arrhenius equation [77].

k(T) = Ae−
Ea
RT (5)

T indicates the temperature (K), A signifies the pre-exponential factor (min−1), Ea

indicates the activation energy (kJ/mol), and R is the universal gas constant (0.008314
kJ/mol K). The rate of reaction between solid and gas is delineated by Equation (6) [77]:

dx
dt

= k(T)·g(x) (6)

dx/dt represents the rate of decomposition, which is linearly dependent on the rate constant.
x represents the biomass weight loss ratio during pyrolysis, t signifies the time for the
pyrolysis, and g(x) is the differential form of the reaction model, which depends on the
reaction mechanism. The weight loss ratio (x) can be obtained from thermogravimetric
analysis data, as follows [78]:

x =
mo − mt

mo − m f
(7)

m0, mt, and mf are the initial, instantaneous, and residual mass of samples during the
pyrolysis process, respectively.

Combining Equations (5) and (6) at the heating rate (β = dT/dt) and rearranging gives
Equation (8):

dx
dT

=
A
β

e−
Ea
RT × g(x) (8)

The integral expression of g(x) is presented in Equation (9).

f (x) =
∫ x

0

dx
g(x)

=
A
β

∫ T

To
e
−

Ea
RT dT (9)

https://doi.org/10.3390/biomass6050075

https://doi.org/10.3390/biomass6050075


Biomass 2026, 6, 75 8 of 27

A = preexponential factor in per minute, Ea = activation energy in kJ/mol, k(T) = rate
constant, R = universal gas constant, T = the reaction temperature (K), x = conversion rate
and g(x) = kinetic model, f (x) = the integral form of the kinetic model.

Kinetic parameters, like the activation energy and the preexponential factors, can be
estimated by integrating Equation (9) and applying a mathematical approximation for the
exponential term. For the Coats-Redfern method, after approximation and rearrangement,
the solution is expressed as Equation (10) [78]:

ln
f (x)
T2 = ln

AR
βEa

− Ea

RT
(10)

Straight lines can be fitted to the plots of ln[f(x)/T2] against 1/T, and the activation
energy (Ea) is estimated from the slope (−Ea/R) of the plots, while the pre-exponential
factor (A) is determined from the intercept ln [AR/βEa] of the plots.

In this study, to increase the accuracy and completeness of the kinetic analysis, eight
different reaction mechanism functions [f (x)] were utilised. These functions represent
various kinetic models, including those based on reaction order, diffusion control, and
contracting spheres, and are detailed in Table 3.

Table 3. Reaction models commonly used to assess the biomass degradation mechanism [79,80].

Reaction Model Reaction Mechanism Code g(x) f (x)

Order-based 1st order R1 1 − x − ln(1 − x)
2nd order R2 (1 − x)2 (1 − x)−1 − 1
3rd order R3 (1 − x)3 1/2[(1 − x)−2 − 1]

Diffusion-based 1-D diffusion
(Parabolic Rule) D4 (2x)−1 x2

2-D diffusion
(Valensi equation) D5 [− ln(1 − x)]−1 (1 − x) ln(1 − x) + x

3-D diffusion
(Ginstling-Brounshtein) D6 3/2[(1 − x)1/3 − 1]

−1
1 − 2/3x − (1 − x)2/3

Contracting
sphere-based Contracting sphere area C7 2(1 − x)1/2 1 − (1 − x)1/2

Contracting sphere volume C8 3(1 − x)2/3 1 − (1 − x)1/3

2.5. Activation Thermodynamic Analysis

The activation thermodynamic triplets: change in enthalpy (∆H*), change in Gibbs
free energy (∆G*), and change in entropy (∆S*), provide insight into the kinetics (speed) of
the thermal decomposition reaction. Analysing these parameters enables optimisation of
pyrolysis conditions to enhance energy efficiency, improve overall process performance,
and increase product yield. The calculations utilise fundamental constants, including the
Boltzmann constant (KB = 1.381 × 10−23 J/K), Planck’s constant (h = 6.626 × 10−34 J·s), the
gas constant (R = 8.314 J/mol·K), and the DTG peak temperatures (Tp in Kelvin) of each
reaction stage [66,81–83].

In pyrolysis studies, ∆H* represents the energy needed to commence biomass thermal
degradation. It was calculated using Equation (11).

∆H∗ = Ea − RTp (11)

where R = universal gas constant, Tp = peak temperature of each stage, and Ea = activation energy.
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A change in Gibbs free energy (∆G*) indicates the total amount of reversible work a
system can perform under the operating conditions. It was estimated using Equation (12).

∆G∗ = Ea + RTp ln(
kBTp

hA
) (12)

Entropy change (∆S*) measures the level of order or randomness within the system as
the pyrolysis proceeds, and its value was calculated following Equation (13).

∆S∗ =
∆H − ∆G

Tp
(13)

2.6. Multi-Stage Segmented and Generic Single-Step Methods

This section evaluates two kinetic modelling methods for biomass pyrolysis: the
generic single-stage and the multi-stage segmented methods. The segmented method
provides a granular perspective by assigning unique kinetic parameters to individual
temperature intervals, whereas the single-stage model treats the whole process as a uniform
reaction having consistent properties throughout the heating span [84].

Multi-Stage Segmented Approach

The multi-stage segmented model considers the distinct phases of the pyrolysis pro-
cess, delineated by specific temperature spans, as individual single-step reactions with their
own kinetic constants [85,86]. This technique accounts for the shift in dominant reaction
pathways throughout the process, enabling a better accurate depiction of the decomposition
process within each interval [87]. To establish comprehensive kinetic data over the entire
temperature span, results from each segment were combined by deploying the weighted
average approach:

i. Contribution from each stage

The weight loss (wi) for each stage was determined by the stage’s relative contribution
to the overall weight loss, as defined in Equation (14).

wi =
∆xi

∆xtotal
(14)

ii. Compute the total activation energy (Ea,total)

The total activation energy was calculated using Equation (15).

Ea,total =
n

∑
i=1

wiEa, i (15)

where Ea,i = activation energy for each stage.

iii. Total preexponential factor (Atotal)

The total preexponential factor was calculated using a logarithmic average as shown
in Equation (16).

Atotal = exp

(
n

∑
i=1

wi ln Ai

)
(16)

where Ai = pre-exponential factor for each stage.
The multi-stage segmented method is based on the weighted average of the activation

energies (Ea,i) across various temperature intervals, rather than a simple average. This
guarantees that the influences of segments that have lost the most weight have a corre-
sponding higher impact on the overall kinetic values [88]. On the other hand, the generic
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single-stage approach treats the entire pyrolysis process as a single, holistic reaction. It
simplifies the kinetic analysis by assuming a single dominant pathway with a universal
activation energy (Ea,u) and a pre-exponential factor (Au). This simplified representation
is especially useful with large-scale usage or at the preliminary design stages, where a
simplified model is more cost-effective [89,90].

3. Results
3.1. Thermal Analysis

Figures 3 and 4, respectively, were the results of thermal decomposition of the biomass
studied (sawdust and sugarcane bagasse) using thermogravimetric analysis (TGA) and
derivative thermogravimetry (DTG). Table 4 shows key parameters of the analysis.

Figure 3. TGA profiles indicating weight loss on the studied samples during thermal decomposi-
tion. me, md, and mc denote the weight loss during drying, devolatilisation, and char formation,
respectively, while mr denotes the residual weight.

Table 4. Key parameters during the pyrolysis stages of the biomass samples.

Feedstock Decomposition Stages
Initial
Temp
(◦C)

Final
Temp
(◦C)

Peak
Temp
(◦C)

Weight
Loss (%)

( dw
dT )max

(%/◦C)
( dw

dT )mean
(%/◦C)

Fractional
Weight

(wi)

Sawdust
Stage 1: drying 25 166 57 6.38 −0.07 −0.03 0.082

Stage 2: devolatilisation 166 451 351 66.12 −0.68 −0.28 0.791
Stage 3: char formation 451 900 - 10.14 −0.04 −0.01 0.128

Sugarcane
bagasse

Stage 1: drying 25 168 76 4.23 −0.05 −0.02 0.056

Stage 2: devolatilisation 168 450 227, 287,
341 63.53

−0.31,
−0.53,
−0.58

−0.12,
−0.20,
−0.22

0.852

Stage 3: char formation 450 900 - 8.10 −0.02 −0.005 0.092
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Figure 4. DTG profiles indicating the decomposition rate for the studied samples. (P1–P2): peaks at
stage 1, (P3–P7): peaks at stage 2, T1: lower temperature at the middle of the peak decomposition
rate, T2: upper temperature at the middle of the peak decomposition rate.

3.1.1. Drying

The provided DTG curves for sawdust and sugarcane bagasse reveal valuable insights
into the behaviour of both biomasses during thermal decomposition. The process of
decomposition can be broken down into various key stages, each of which is related to the
main components: moisture, hemicellulose, cellulose, and lignin. This first, low-weight-loss
peak, at about 76 ◦C for sugarcane bagasse and 57 ◦C for sawdust, is largely due to the loss
of inherent and surface moisture and of lighter volatile compounds in the biomass. This is
the dehydration phase, and it was found that the dehydration occurred between 25 and
168 ◦C for sugarcane bagasse and between 25 and 166 ◦C for sawdust.

3.1.2. Devolatilisation Stage

This is the most active stage, during which the main components of biomass (hemi-
cellulose and cellulose) decompose, releasing volatiles. For the sugarcane bagasse, there
are two prominent peaks in the DTG plot between 200 and 350 ◦C. The initial minor peak
observed between 200 and 250 ◦C is likely due to the thermal decomposition of hemicellu-
lose, which typically occurs between 200 and 300 ◦C [15,91,92]. This is the stage at which
hemicellulosic components are broken down into volatile compounds, resulting in a sharp
negative peak in the DTG curve. The peak at higher temperatures, 300–350 ◦C, suggests the
breakdown of cellulose, which occurs in this temperature range [15,93]. This is associated
with the depolymerisation of cellulose chains and the release of volatiles. This peak is
higher and sharper than the hemicellulose peak because cellulose has a more ordered,
crystalline structure, which facilitates faster, more uniform decomposition over a specific
temperature range [94]. In the case of sawdust, the steep downward curve at around
350 ◦C is an indication of an important decomposition stage, which is characteristic of
lignocellulosic biomass, reflecting the decomposition of hemicellulose and cellulose [95–97].
The steepness of this peak indicates a fairly homogeneous process of decomposition of
these components.
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Additionally, the magnitude of the peaks in the DTG curve indicates the relative
abundance and thermal stability of these components. The higher intensity of the cellulose
degradation peak suggests a significant cellulose content in the biomass sample, aligning
with compositional analyses reported in recent literature [98]. The SB curve is shifted
to the left compared to SD, indicating that sugarcane bagasse begins decomposing at
lower temperatures than sawdust. SD exhibits higher peak magnitude, indicating more
intense devolatilisation processes, whereas SB’s peaks are slightly shifted and less intense,
suggesting differences in composition or thermal stability.

Recent studies corroborate these observations. For instance, Bahú, et al. [91] and
Najafi, et al. [15] reported similar DTG profiles for sugarcane bagasse, with peaks at approx-
imately 220 ◦C and 340 ◦C corresponding to the degradation of hemicellulose and cellulose,
respectively. Likewise, El-Naggar, et al. [93] observed comparable thermal degradation
behaviour in sugarcane bagasse, emphasising the multi-stage nature of biomass pyrolysis.
Guida, et al. [95] studied the thermal degradation of sawdust at different heating rates
and reported major decomposition peaks around 300 to 340 ◦C, attributed primarily to
hemicellulose and cellulose. Similarly, Mishra and Mohanty [96] observed a comparable
DTG profile for sawdust, emphasising the dominant degradation within 300–350 ◦C, with
a broad lignin degradation phase extending beyond 500 ◦C.

3.1.3. Char Formation Stage

This phase occurs between 450 and 900 ◦C. It is the gradual decomposition of lignin,
which is extremely complex and thermally stable, that leads to the formation of a carbona-
ceous residue (char). There is no sharp peak in this phase since lignin decomposes more
slowly over a broad temperature range than the other components [98–100]. The fact that
the curves converged to a zero weight-loss rate indicates the stabilisation of the remaining
char and ash.

3.2. FTIR Spectroscopy Results

Figure 5 presents the FTIR spectra of sawdust (SD) and sugarcane bagasse (SB), which
are typical of lignocellulosic biomass mainly composed of cellulose, hemicellulose, and
lignin [98,101]. Although the chemical fingerprints of the two samples are almost identical,
the absorption intensity (deeper transmittance dips) of the SB spectrum is much greater
than that of the SD spectrum, suggesting a higher concentration of functional groups.

The significant peaks in Figure 5 reflect the chemical environments delineated in the
preceding paragraphs [98,101,102]. The broad, strong band at 3600–3200 cm−1 is attributed
to the stretching vibrations of the hydroxyl (O-H) groups. They occur in the cellulose
and hemicellulose chains, as well as in the phenolic groups of lignin and absorbed water.
The broadness shows that there is a lot of hydrogen bonding. The steep peak at around
2910 cm−1 is due to the C-H stretching of aliphatic groups (CH2 and CH3) in cellulose and
hemicellulose. The C=O stretching of acetyl and ester groups, typical of hemicellulose, is
responsible for the peak around 1700 cm−1. The region near 1600 cm−1 corresponds to
aromatic C=C skeletal vibrations from the lignin component. The band between 1200 and
1000 cm−1 is the most intense region of the spectrum, often referred to as the carbohydrate
region. The steep peak at about 1030 cm−1 is suggestive of a C-O stretching vibration,
characteristic of carbohydrates such as cellulose and hemicellulose.
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Figure 5. FTIR spectra of the studied biomass samples: sawdust (SD) and sugarcane bagasse (SB).

Figure 5 shows that the peaks are almost identical for both biomass samples, sug-
gesting they are chemically similar. The two studied biomasses can be used as viable
feedstocks for bioenergy applications, as they have the same structural polymers. The
peaks of sugarcane bagasse (SB) are much lower than those of sawdust (SD), particularly at
1030 and 3300 cm−1. This indicates that, for the same sample thickness or concentration,
SB has a higher density of functional groups, probably due to a higher relative content of
cellulose and hemicellulose than in sawdust.

3.3. Analysis of SEM Micrographs of the Biomass Samples

Figure 6 shows the SEM micrographs of the studied biomass (sawdust and sugarcane
bagasse) at a magnification of 1.00 kx. The SEM micrographs provide detailed insights into
their surface morphology, which plays a crucial role in their behaviour during pyrolysis.

In Figure 6, the sawdust (SD) micrograph shows highly organised, elongated, and
relatively smooth fibre bundles, with a loose arrangement, displaying clean fractures and
separated, thin microfibrils. During pyrolysis, heat travels through the thick cell walls,
which directly influence how heat and mass transfer occur during thermal decomposition.
The smooth, open fibrous channels in SD allow the even transfer of heat, leading to easy
escape of volatiles during devolatilisation, resulting in lower char yield [103,104]. The
sugarcane bagasse (SB) micrograph reveals a highly porous and packed structure. This
dense and clustered matrix traps heavy volatile fragments inside the compact structure,
promoting secondary char-forming re-polymerisation reactions, which is likely responsible
for the higher char yield observed in SB [105].

Notably, while the FTIR spectra confirm that both biomass materials have the neces-
sary chemical precursors (cellulose, hemicellulose, and lignin) for bioenergy applications,
the SEM micrographs show that the dense packing in SB structurally supports the carbon
skeleton as it carbonises through the char formation stage, preventing the complete break-
down and volatilisation experienced by the loose fibres of SD. This indicates that sawdust
will be physically superior for processes requiring rapid heat transfer, such as fast pyrolysis,
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while sugarcane bagasse will be better suited to slow pyrolysis or carbonisation, where
high-quality biochar is the desired end-product.

Figure 6. SEM micrographs of the studied biomass: (a) sawdust and (b) sugarcane bagasse.

3.4. Pyrolysis Parameters

Pyrolysis metrics offer essential perspectives on how different biomass types break
down under heat [64]. Vital indices, specifically overall mean reactivity (MRo), the compre-
hensive pyrolysis index (CPi), the devolatilisation index (Di), and the pyrolysis stability
index (Pi), have been calculated and are summarised in Table 5. A thorough understanding
of these properties is vital for refining pyrolysis operations and enhancing biomass-to-
bioenergy and biochar conversion.

Table 5. Pyrolysis parameters for the studied biomass samples.

Parameters Sawdust (SD) Sugarcane Bagasse (SB)

Initial devolatilisation temperature (Ti, ◦C) 166 168
Peak temperature (Tp, ◦C) 351 341
Final devolatilisation temperature (Tf, ◦C) 451 450
Weight loss during the entire pyrolysis process (%) 82.64 75.86
Residual weight (mr, %) 17.36 24.15
-(dw/dT)max (%/◦C) 0.68 0.58
-(dw/dT)mean (%/◦C) 0.28 0.22
Initial temperature at the midpoint of
maximum combustion rate (T1, ◦C) 298 331

Final temperature at the midpoint of
maximum combustion rate (T2, ◦C) 392 351

Midpoint temperature range (∆T1/2, ◦C) 94 20
Mean reactivity during stage 1 (%/◦C) 0.1228 0.0658
Mean reactivity during stage 2 (%/◦C) 0.1937 0.1701
Mean reactivity during stage 3 (%/◦C) 0.0059 0.0029
Overall mean reactivity (%/◦C) 0.3224 0.2388
Pyrolysis stability index (%/◦C2) 1002.0389 869.2711
Devolatilisation index (10−7, %/◦C3) 1.2416 5.0621
Comprehensive pyrolysis index (10−6, %3/◦C3) 3.4885 3.4583

The mean reactivity (MR) data for the various stages provide insights into how rapidly
biomass materials lose mass as a function of temperature. Sawdust (SD) exhibits higher
mean reactivity in all the stages, indicating faster decomposition rates across the three
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stages. However, the highest mean reactivity was observed during stage 2 for both biomass
materials, signifying that stage 2 is the most active stage during their pyrolysis. SD
exhibits a higher overall mean reactivity, likely stemming from its elevated volatile content,
accelerated breakdown speeds, a highly reactive lignocellulosic framework, and high metal
oxide (Fe2O3) content, which synergistically accelerated its thermal decomposition during
pyrolysis [87,106–108]. This indicates that SD decomposes more readily under pyrolysis
conditions, aligning with its DTG curve, which shows broader peaks, suggesting a more
uniform, slower devolatilisation process, yet with a higher total reactivity index.

The devolatilisation index measures the extent of volatile release during pyrolysis;
higher values indicate more intense devolatilisation.SB exhibits a significantly higher
devolatilization index (5.0621 × 10−7%/◦C3), indicating it releases more volatiles more
rapidly. Interestingly, SB shows a significantly higher Di value despite lower overall reactiv-
ity, likely due to its highly porous structure and specific hemicellulose types that allow for
a sudden, high-volume release of light volatiles early in the heating process [106,108,109].
In addition, SB contains a significant amount of K2O, a potent catalyst that lowers the
thermal decomposition temperature of cellulose and hemicellulose [110,111], contributing
to SB’s higher devolatilisation index. Conversely, SD exhibited a lower devolatilization
value compared to SB, probably due to its smooth, parallel fibrous microstructure, which
allows heat to distribute evenly, causing components to break down sequentially rather
than all at once [104].

The pyrolysis stability index reflects the material’s resistance to rapid decomposition;
higher values generally denote better pyrolysis performance rather than resistance in a
restrictive sense [112], indicating greater stability. It measures the intensity of the mass loss
rate relative to the peak temperature. SD exhibits a higher stability index (1002.04%/◦C2) than
SB (869.27%/◦C2), indicating it is more thermally stable and decomposes more gradually. This
suggests that SD releases volatiles more effectively once the ignition temperature is reached
and maintains thermal integrity over a broader temperature range [64]. Hence, SD’s DTG
curve peaks are broader, indicating gradual devolatilisation. Conversely, SB shows a lower
pyrolysis stability index, which may be attributed to its higher devolatilisation index.

The comprehensive pyrolysis index combines aspects of reactivity, stability, and
devolatilization to provide an overall measure of pyrolysis behaviour. Because SD
(3.4885 × 10−6, %3/◦C3) has a slightly higher comprehensive pyrolysis index than SB
(3.4583 × 10−6, %3/◦C3), it is marginally more reactive overall, though both materials
are highly competitive. The slight edge in SD’s index means it possesses better thermal
volatility and ignition characteristics under pyrolytic conditions.

In summary, sugarcane bagasse (SB) exhibits higher devolatilization, indicating rapid
volatile release. However, its dense and packed granular matrix traps these rapidly re-
leased volatiles internally, resulting in a higher final char yield. In contrast, sawdust (SD)
shows higher stability and broader decomposition peaks, confirming its superior overall
thermal reactivity and sequential, highly stable, and predictable mass loss, making it an
ideal candidate for high-yield bio-oil production. These differences highlight the distinct
pyrolysis behaviours and potential applications of the studied biomass, influenced by their
thermal properties and specific compositions.

3.5. Kinetic Analysis

Model fitting is a fundamental tool for analysing pyrolysis data. It enables the eval-
uation of biomass kinetic parameters and emphasises their differences. By applying ex-
perimental data to several reaction models, crucial parameters were identified, shedding
light on the thermal decomposition of the investigated biomass samples. The multi-stage
approach, including stages 1 (dehydration; 25 ◦C to Ti), 2 (devolatilisation; Ti to Tf), and
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3 (char-formation; Tf to 900 ◦C), and the single-stage approach (25 to 900 ◦C) were consid-
ered. To determine the reaction model best suited for each stage (multi-stage approach)
and across the entire temperature range (single-stage approach) of the biomass pyrolysis
process, the Coats-Redfern method was applied to thermogravimetric analysis data, and
the goodness-of-fit of the various reaction models was evaluated. To evaluate how well
the different reaction models aligned with the data, the coefficient of determination (R2)
was calculated at every pyrolysis stage, and residual analysis was performed to minimise
errors between predicted and experimental values. The obtained results from each model
are summarised in Table 6.

Table 6. Kinetic parameters for the studied biomass.

Decomposition
Stages/Reaction Models

Ea
(kJ/mol) A (min−1) R2 Ea

(kJ/mol) A (min−1) R2

Sawdust Sugarcane Bagasse

Drying stage: (25 ◦C to Ti)
R1 12.0563 0.3051 0.6547 22.9019 14.2667 0.7927
R2 12.3809 0.3473 0.6619 23.1160 1.9708 × 108 0.7757
R3 12.5593 0.3911 0.6690 23.3320 17.2683 0.7987
D4 29.8525 6.9271 0.7537 51.3309 6.741 × 103 0.8312
D5 30.0157 3.7253 0.7551 51.4718 3.576 × 103 0.8319
D6 30.0706 0.8484 0.7556 51.5190 8.10 × 102 0.8322
C7 11.9326 0.1435 0.6511 22.79019 6.8022 0.7912
C8 11.9738 0.0976 0.6523 22.8309 4.6079 0.7917

Devolatilisation stage:
(Ti to Tf)

R1 40.8936 4.85 × 102 0.9659 28.7589 55.3914 0.9365
R2 59.9387 5.194 × 104 0.9600 45.2313 4.966 × 103 0.9831
R3 83.5396 1.438 × 107 0.9411 65.9541 1.133 × 106 0.9775
D4 64.3582 1.994 × 104 0.9546 44.4504 6.03 × 102 0.8573
D5 71.9119 6.284 × 104 0.9634 50.4739 1.568 × 103 0.8941
D6 75.0613 2.982 × 104 0.9663 53.0715 7.00 × 102 0.9078
C7 33.3823 36.1076 0.9564 22.4767 4.5520 0.8725
C8 35.7362 43.9925 0.9608 24.4249 5.3574 0.8974

Char formation stage:
(Tf) to 900 ◦C

R1 3.4695 0.0445 0.8833 3.0818 0.0476 0.7263
R2 23.0714 25.2984 0.8116 38.8038 7.45 × 102 0.7179
R3 57.7232 3.022 × 105 0.8617 1.03 × 102 2.576 × 108 0.7391
D4 11.2907 0.1178 0.9774 12.3144 0.1551 0.9779
D5 8.5311 0.0549 0.9779 9.3832 0.0789 0.9856
D6 6.1574 0.0084 0.9412 7.0417 0.0129 0.9754
C7 9.8527 0.0740 0.9596 10.0389 0.0884 0.9689
C8 7.9345 0.0379 0.9288 7.0444 0.0346 0.9575

Total (based on
multistage) 62.8999 1.225 × 103 42.2705 1.046 × 103

Full range temperature
(25 ◦C to 900 ◦C); based
on global single-stage

approach
R1 13.9657 0.7173 0.8829 17.9492 2.4021 0.9076
R2 23.0938 21.4873 0.9151 29.3732 1.53 × 102 0.9626
R3 34.7299 1.277 × 103 0.8743 45.8162 4.261 × 104 0.8796
D4 26.2386 2.3045 0.8723 31.6096 7.9858 0.8321
D5 28.9202 3.0716 0.8940 35.4489 15.4512 0.8760
D6 30.0670 1.0339 0.9026 36.6644 5.3536 0.8887
C7 10.7991 0.1001 0.8024 14.2314 0.2829 0.8029
C8 11.7473 0.0986 0.8337 14.9772 0.2579 0.8344

Ti = initial devolatilization temperature, Tf = final devolatilization temperature.

To ensure the kinetic parameters precisely represented the biomass’s thermal be-
haviour, the model exhibiting the highest R2 and lowest residuals was chosen for each
stage [64]. This selection process provided a clearer understanding of the specific kinetics
involved in each phase of decomposition. At each stage and across the entire temperature
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span, distinct linear-fitting patterns were observed; for example, Figures 7 and 8 compare
the various integral models applied over the full range of 25 ◦C to 900 ◦C.

Figure 7. Linear plots derived from the integral method for determining the kinetic parameters of
sawdust across the entire temperature span (25 ◦C to 900 ◦C).

Figure 8. Linear plots derived from the integral method for determining the kinetic parameters of
sugarcane bagasse across the entire temperature span (25 ◦C to 900 ◦C).
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Best Fit Models for SD and SB

Table 6 presents the kinetics of the thermal decomposition of both sawdust (SD) and
sugarcane bagasse (SB) under the multi-stage and global single-stage (full-temperature range)
approaches. Evaluating kinetic data across discrete decomposition stages and temperature
intervals offers a better comprehension of biomass pyrolysis. The multi-stage process com-
prises drying (stage 1: 25 ◦C to Ti), devolatilization (stage 2: Ti to Tf), the active pyrolysis
stage, and char formation (stage 3: Tf to 900 ◦C), each governed by distinct kinetic behaviours.
The overall temperature span (25 to 900 ◦C) analysis treats these stages as a single unit and
presents a holistic overview of the thermal decomposition of the biomass materials. The
variation in activation energy (Ea), pre-exponential factor (A), and correlation coefficient (R2)
across stages confirms that biomass decomposition is mechanistically heterogeneous, and
model selection must be stage-specific for meaningful interpretation.

In the drying stage, both biomasses exhibit relatively low activation energies, indi-
cating that this phase primarily involves moisture removal rather than chemical bond
breaking. Sawdust shows lower Ea values (~12–30 kJ/mol) compared to sugarcane bagasse
(~23–51 kJ/mol), indicating that water is weakly bound in sawdust. This difference can
be attributed to the more fibrous and heterogeneous structure of bagasse, which enhances
moisture retention through hydrogen bonding and capillary effects [113,114]. The diffusion-
based model D6 provides the best fit for both biomasses at this stage, as reflected in their
higher R2 values (0.7556 for SD and 0.8322 for SB), indicating that internal moisture trans-
port plays a dominant role during drying. This observation is consistent with studies
showing that biomass drying is predominantly moisture-transfer-limited and controlled
by internal diffusion and mass transfer processes within the porous structure, rather than
by chemical reaction kinetics [115]. Nevertheless, the relatively low R2 values (~0.65–0.83)
suggest limited model reliability in this region. This deviation is expected, as drying be-
haviour is governed by combined heat and mass transfer phenomena, including diffusion,
convection, and structural effects such as porosity and capillarity, which are not adequately
captured by simplified kinetic or single-mechanism models [116]. The wide variation in A
value, especially for SB, reflects the kinetic compensation effect, where increases in Ea are
offset by higher frequency factors.

The devolatilization stage represents the main decomposition region and is charac-
terised by a sharp increase in the activation energy for both biomasses, indicating that this
stage is predominantly governed by the chemical breakdown of lignocellulosic components.
This behaviour is consistent with established pyrolysis mechanisms, where thermal degra-
dation proceeds through the cracking of functional groups within cellulose, hemicellulose,
and lignin structures [117]. Sawdust consistently exhibits higher activation energy values
(~33–84 kJ/mol) compared to sugarcane bagasse (~22–66 kJ/mol), reflecting its greater
thermal resistance. This can be attributed to the higher lignin content and more ordered
cellulose structure of woody biomass, as lignin decomposition occurs over a broader tem-
perature range and requires greater energy due to its complex aromatic network [117].
This is further supported by the fact that biomass pyrolysis is governed by the combined
contributions of its structural components, reinforcing the notion that devolatilization is
a chemically controlled stage dominated by bond-breaking reactions [118]. In contrast,
bagasse, with higher hemicellulose content and lower structural rigidity, decomposes more
readily. The R2 values in this stage are the highest (~0.94–0.98), showing that devolatiliza-
tion is the most kinetically well-defined region. The reaction-order model R2 (for sugarcane
bagasse) and diffusion model D6 (for sawdust) provide strong fits based on their R2 val-
ues (0.9831 for SB and 0.9663 for SD), indicating that both chemical reaction and volatile
diffusion contribute to the mechanism. The observed increase in pre-exponential factors
underscores the complexity of concurrent reactions during active pyrolysis, consistent
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with the multi-step nature of biomass degradation, which involves competing and parallel
mechanisms [119].

In the char formation stage, the kinetic behaviour shifts significantly, with lower
activation energies for diffusion and contraction models and very high R2 values (up
to ~0.99), indicating excellent model fits [120]. This confirms that the process becomes
diffusion-controlled, governed by slow structural rearrangements, carbonisation, and
limited reactive sites within the residual. The diffusion model D5 best describes this stage
for both biomasses, whereas reaction-order models perform poorly, especially for bagasse,
due to the heterogeneous, transport-limited nature of char decomposition. The relatively
low A values also support the slow kinetics of this stage.

When comparing multi-stage and global single-stage approaches, the multi-stage
method yields higher, more realistic activation energies (62.9 kJ/mol for sawdust and
42.3 kJ/mol for bagasse), whereas the global approach yields lower values that do not
capture individual reaction stages (Table 6). This confirms that multistage kinetic modelling
is more suitable for accurately describing biomass pyrolysis and aligns with literature
recommendations for reactor design and process modelling [117,118].

3.6. Activation Thermodynamic Parameters

Changes in enthalpy (∆H*), Gibbs free energy (∆G*), and entropy (∆S*) were calculated
for both sawdust and sugarcane bagasse across specific temperature intervals, utilising
data from the kinetic analysis. Due to the passive carbonisation dynamics and the absence
of a distinct DTG peak within stage 3 (450–900 ◦C), the midpoint temperature of 675 ◦C was
adopted as the representative reaction temperature for the calculation of thermodynamic
parameters (∆H*, ∆G*, and ∆S*) for this stage. This approach effectively represents the
average thermal state of the continuous, steady-state degradation phase while preventing
the mathematical skewing of Gibbs free energy calculations that would otherwise occur by
utilising boundary extremes [63,104].

The results are summarised in Table 7. These metrics offer a deeper understanding of
the biomass’s energy demands and its thermal stability during pyrolysis [66].

Table 7. Thermodynamic data for sawdust and sugarcane bagasse.

Stage Biomass ∆H* (kJ/mol) ∆G* (kJ/mol) ∆S* (kJ/mol)

1: drying
Sawdust 27.3270 59.6805 −0.098

Sugarcane bagasse 48.5701 58.7305 −0.0291
2: devolatilization

Sawdust 69.8734 80.0525 −0.016
Sugarcane bagasse 40.1265 59.2099 −0.0311

3: char formation
Sawdust 0.6453 123.5474 −0.1293

Sugarcane bagasse 1.5015 121.4727 −0.1266
Total (based on a multi-stage approach)

Sawdust 57.5667 83.9462 −0.03743
Sugarcane bagasse 37.0327 64.9329 −0.0398

Full temperature range (25–900 ◦C)
Sawdust 17.9058 65.6215 −0.0765

Sugarcane bagasse 24.2684 61.1072 −0.0599

In the drying stage, sugarcane bagasse shows a higher ∆H* of 48.57 kJ/mol than
sawdust (27.33 kJ/mol), indicating that more energy is required to remove moisture from
bagasse, likely due to stronger moisture retention within its fibrous structure. This is con-
sistent with the reported drying behaviour of bagasse, where higher moisture content and
internal mass-transfer resistance increase the energy required for moisture removal [114].
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The high positive ∆G* values for both SD and SB indicate that the drying process is non-
spontaneous under standard conditions without external energy input, consistent with the
need for heat. Negative ∆S* values imply a decrease in entropy, indicating increased order
as moisture is removed.

The devolatilization stage is the most thermodynamically demanding, with saw-
dust showing higher ∆H* (69.87 kJ/mol) and ∆G* (80.05 kJ/mol) than sugarcane bagasse
(40.13 kJ/mol and 59.21 kJ/mol), indicating more energy-intensive devolatilization and
greater thermal resistance. This indicates that sawdust possesses a more thermally stable
molecular structure. This aligns with the established relationship between higher activa-
tion energy and increased energy demand during biomass conversion [23,114]. The small
negative ∆S* values again indicate a slight decrease in disorder during volatile release.

In the char formation stage, ∆H* becomes very low (0.65 and 1.50 kJ/mol), ∆G* reaches
its highest values (123.55 kJ/mol and 121.47 kJ/mol), and ∆S* is strongly negative (−0.1293
and −0.1266 kJ/mol·K) for sawdust and bagasse, respectively. This indicates a slightly
endothermic process, but one that is strongly non-spontaneous, associated with the forma-
tion of more ordered and stable carbon structures. The negative entropy change reflects
increasing structural ordering due to polycondensation and the formation of polyaromatic
carbon structures during pyrolysis, as evidenced by the enhancement of aryl carbon and the
development of polycyclic aromatic hydrocarbon units [117]. This also supports the multi-
stage nature of biomass pyrolysis, where char formation represents a later, structurally
reorganised phase [118].

The multi-stage analysis shows that the total energy required to form the activated
complexes during the pyrolysis process is the sum of the energy requirements at each
stage. Sawdust consumes more energy overall (higher ∆H* and ∆G*) than sugarcane
bagasse, consistent with earlier findings. The positive ∆G* indicates that the overall process
remains non-spontaneous and requires external energy input. However, over the entire
temperature range, the overall energy and entropy changes are lower than the multi-stage
total, possibly due to thermal effects at higher temperatures. These findings suggest that,
compared to the single-stage method, the multi-stage method offers a deeper insight into
the thermal requirement to form activated complexes during the pyrolysis of both biomass
types [14,117,118].

Understanding these activation thermodynamic parameters helps optimise processing
conditions. Since the process is thermodynamically endothermic and non-spontaneous,
energy management strategies are essential for efficient biomass utilisation. The differences
among biomass types highlight the importance of selecting feedstock based on energy
requirements and process efficiency.

4. Discussion
The kinetic parameters obtained in this study for Nigerian sawdust (SD) and sugarcane

bagasse (SB) show significant variations from those reported in existing literature focused
on South American and Asian varieties, highlighting differences in local feedstocks. For
example, the activation energy (Ea) for Nigerian SB (42.27 kJ/mol) is significantly smaller
than the Ea values reported for the Brazilian (126–168 kJ/mol) [15,121] and Chinese varieties
(91–104 kJ/mol) [117,121]. Similarly, the Ea for Nigerian SD (62.90 kJ/mol) shows a significant
reduction compared to the literature values for Indian wood waste (148–171 kJ/mol) [96] and
Moroccan wood waste (168 kJ/mol) [95]. While these variations are probably influenced
by a combination of unknown crop cultivars, wood species mixtures, and environmental
conditions, they underscore the necessity of characterising region-specific waste streams for
localised bioenergy applications. Furthermore, the shift from the commonly assumed first-
order reaction (R1) to the more complex diffusion-based (D6) and higher-order (R2) reaction
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models is indicative of specific structural characteristics, such as the highly porous structure
observed in the SEM micrographs, that have evolved under the Nigerian climate. These
results empirically address the research gap: that the engineering of bioenergy production
for Sub-Saharan countries using kinetic data from other countries may overestimate energy
requirements and probably lead to poor reactor design.

5. Conclusions
This study investigated the thermal, kinetic, and thermodynamic properties of sawdust

(SD) and sugarcane bagasse (SB) from Nigeria using thermogravimetric analysis (TGA) and
the Coats-Redfern method to provide a detailed understanding of how these biomasses
behave during pyrolysis. The study shows that although both SD and SB are highly suitable
for bioenergy production, their optimal conversion pathways differ due to their distinct
physicochemical properties. The comprehensive pyrolysis index establishes that both
biomasses are highly reactive and viable thermochemical feedstocks, with SD possessing a
marginal advantage in ease of ignition and total energy conversion. However, their internal
mass-transfer and volatile release mechanisms diverge sharply during active decomposition.
SD functions as a thermally stable, uniform performer; its elevated pyrolysis stability
index (1002.04%/◦C2) and low devolatilization index (1.2416 × 10−7%/C3) verify that
its organised, parallel fibre channels degrade systematically. This behaviour minimises
internal vapour pressure and prevents volatile cracking, leading to a suppressed char yield
(about 17%) and an optimised pathway for primary bio-oil vapour recovery. Conversely,
SB exhibits a high devolatilization index (5.062 × 10−7%/C3) and low stability index
(869.27%/C2), reflecting a sudden, chaotic structural collapse that triggers an explosive
release of volatile matter. Because these rapid bursts are physically restricted by SB’s dense,
irregular granular matrix, the resulting intra-particle vapour retention forces secondary re-
polymerisation and cracking reactions. This fundamentally drives the higher accumulation
of solid residue, culminating in an elevated char yield (about 24%) at 900 ◦C. However,
further studies involving product yield and quality analyses are recommended to validate
these potential applications.

Thermodynamic analysis confirms that the formation of activated complexes by both
biomasses is non-spontaneous and endothermic, highlighting the importance of efficient
energy management for optimal utilisation. The diffusion models D6 and D5 best de-
scribe the drying and char-formation stages, respectively, for both biomasses, while the
reaction-order model R2 and the diffusion model D6 provide robust fits for SB and SD,
respectively. This underlines the multi-mechanistic nature of biomass degradation and
the importance of using stage-specific kinetic models for accurate process modelling. The
kinetic parameters obtained in this study for Nigerian sawdust (SD) and sugarcane bagasse
(SB) show significant variations from existing literature focused on South American and
Asian varieties, highlighting the need for indigenous empirical data.

This study advances the understanding of the thermal conversion of these Nigerian
biomasses by demonstrating that feedstock-specific physicochemical characteristics signifi-
cantly influence pyrolysis behaviour, reaction mechanisms, and energy requirements. The
generated kinetic and thermodynamic parameters provide locally relevant design data for
modelling and optimising pyrolysis reactors, while the multi-stage kinetic analysis highlights
the importance of accounting for the heterogeneous decomposition behaviour of lignocel-
lulosic biomass. These findings support the development of efficient biomass valorisation
strategies and contribute to the broader implementation of sustainable bioenergy technologies
in Nigeria and other Sub-Saharan African countries. Future studies will consider the combined
effect of blending sawdust with sugarcane bagasse during their pyrolysis.
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