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 Cellulose is a key constituent of biomass and an important material for 
sustainable energy and fire-safe applications. Despite extensive studies on 
cellulose pyrolysis, the dominant degradation mechanism under strictly 
isothermal conditions remains insufficiently clarified. In this work, the thermal 
degradation kinetics of cellulose were systematically investigated using 
isothermal thermogravimetric analysis (TGA) within a narrow temperature 
range of 580–610 K. Both model-fitting and iso-conversional (model-free) 
approaches were employed to determine kinetic parameters and identify the 
governing reaction mechanism. The results demonstrate that cellulose 
degradation is predominantly governed by geometric contraction mechanisms, 
specifically contracting area and contracting volume models, indicating that the 
reaction rate is controlled by progressive reduction of the reactive interface. 
Power-law behavior with exponents of 1/2 and 1/3 was observed at the early 
stages of conversion, while nucleation and diffusion models showed limited 
applicability. The apparent activation energy was determined to be in the range 
of 1.75–2.79 × 10⁸ J·kmol-1, indicating a relatively low energy barrier for 
cellulose decomposition under isothermal conditions. The novelty of this study 
lies in the combination of strictly isothermal analysis, narrow temperature 
control, and comprehensive comparison of solid-state kinetic models, enabling 
clear identification of the dominant degradation mechanism. A predictive kinetic 
equation for cellulose degradation was developed, providing useful insights for 
reactor design, biomass conversion, and flame-retardant material development. 
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1. Introduction  

Understanding the thermal degradation pathways of cellulose is essential for advancing its use in renewable energy 

and materials science. As a primary component of biomass, cellulose serves as a potential fuel source, and its 

decomposition behavior directly impacts combustion efficiency and product formation [1, 2]. Additionally, the 

thermal stability and flame-retardant characteristics of cellulosic materials are vital for mitigating fire risks and 

reducing emissions of harmful compounds during processes like waste incineration or resource recovery from 

lignocellulosic waste [3, 4]. 

These materials also play a vital role in optimizing incineration processes and minimizing energy production from 

fossil fuels, along with the pollution that accompanies it. Additionally, cellulose is recognized as an innovative 

polymer derived from renewable resources. The thermal degradation process is pivotal as it influences the rate at 

which various products from cellulosic materials are generated, which is essential for the aforementioned 

applications. 

Isothermal analysis methods provide distinct advantages for studying decomposition kinetics. First, conducting 

measurements at constant temperature allows for the direct derivation of reaction rates, making it easier to identify 

shifts in reaction mechanisms or order. Second, the rate constants can often be obtained from straightforward 

analytical solutions, simplifying parameter estimation. Finally, once thermal equilibrium is achieved, the sample 

temperature becomes uniform, eliminating the internal temperature gradients that can complicate the interpretation 

of dynamic (non-isothermal) TGA data [5]. 

Given that the processing temperatures for thermoplastics frequently surpass 400 K, the thermal stability of cellulose 

emerges as a crucial determinant in its efficacy as a reinforcement material [6]. Numerous studies have been 

conducted to ascertain the thermal characteristics of cellulose, including its glass transition temperatures and the 

melting points of cellulose esters [7, 8, 9]. Research by Huang and Li [10] focused on the thermal stability of cellulose, 

while Jandura et al. [9] and Huang [11] delved into the kinetics of thermal degradation of cellulose. Additionally, 

Dahiya et al. [12] proposed a comparable methodology for determining the degradation kinetics of cellulose. 

Therefore, a detailed investigation into the specific degradation mechanism of cellulose and the accurate 

determination of its kinetic parameters is necessary. This study applies established solid-state reaction analysis 

techniques to achieve this goal. The primary objective is to elucidate the thermal degradation mechanism of cellulose 

and obtain the corresponding kinetic parameters within the 580–610 K temperature range. Special care was taken in 

the experimental design to minimize potential diffusion limitations, ensuring the observed kinetics reflect the intrinsic 

chemical process.  

Recent studies have significantly advanced the understanding of cellulose thermal degradation through improved 

kinetic modeling, advanced data processing techniques, and coupling of experimental and numerical approaches. Li 

et al. [13] employed iso-conversional and distributed activation energy models to analyze cellulose pyrolysis under 

inert atmospheres, emphasizing the influence of temperature programs on apparent activation energy distributions. 

Similarly, Wang et al. [14] investigated the effect of particle size and crystallinity on cellulose degradation kinetics, 

reporting that surface-controlled mechanisms become dominant for finely divided cellulose samples. Zhao et al. [15] 

applied combined TGA–FTIR techniques to elucidate the evolution of gaseous products during cellulose 

decomposition, highlighting the importance of reaction interfaces in controlling degradation rates. Moreover, 

Martínez et al. [16] compared isothermal and non-isothermal kinetic analyses and concluded that isothermal methods 
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provide more reliable mechanistic interpretations when diffusion limitations are minimized. A recent review by Kim 

and Park [17] summarized advances in biomass kinetic modeling and emphasized the growing need for mechanism-

oriented studies rather than sole reliance on activation energy estimation. Despite these advances, the dominant solid-

state mechanism governing cellulose degradation under strictly isothermal conditions remains insufficiently 

addressed, particularly within narrow temperature ranges relevant to industrial processing. The present study directly 

addresses this gap. 

Although the thermal degradation of cellulose has been extensively studied, most existing investigations rely on 

non-isothermal thermogravimetric analysis, wide temperature ranges, or distributed activation energy models. Under 

such conditions, overlapping reactions, internal temperature gradients, and diffusion effects may obscure the intrinsic 

degradation mechanism. Furthermore, many studies focus primarily on determining activation energy values rather 

than identifying the dominant solid-state reaction mechanism governing cellulose decomposition. 

In particular, strictly isothermal kinetic analyses conducted within a narrow temperature window are scarce, despite 

their importance for isolating chemical reaction control from heat and mass transfer limitations. The lack of consensus 

regarding whether cellulose degradation is governed by nucleation, diffusion, reaction-order, or geometrical 

contraction mechanisms highlights the need for a systematic and controlled mechanistic investigation. The novelty 

of the present work is threefold: (i) it employs strictly isothermal TGA experiments within a narrow temperature 

range (580–610 K), minimizing thermal gradients and diffusion limitations; (ii) it performs a comprehensive 

comparison of multiple solid-state kinetic models, including power-law, nucleation, diffusion, and geometric 

contraction models, under identical experimental conditions; and (iii) it demonstrates that geometric contraction 

mechanisms dominate cellulose degradation, enabling the development of a reliable predictive kinetic equation 

suitable for energy conversion and material design applications. 

2. Experiments 

The cellulose powder under investigation was sourced from CDH, India, exhibiting a precise size distribution within 

the micron range, with an average particle size of 150 µm. The Argon gas utilized in the experiments was procured from 

Air-product Company, characterized by its exceptional purity of 99.999%, thereby reducing the potential influence of 

gas phase impurities on the reaction outcomes. 

For this research, a Thermogravimetric Analysis (TGA) system was developed. A tube furnace rated at 3 kW, featuring 

a heating zone of 40 cm and capable of reaching temperatures up to 1400 K, was constructed. Within this furnace, a 

vertical ceramic tube with outer and inner diameters of 50 mm and 34 mm, respectively, was installed to serve as the 

reactor. The crucible, which contained a sample weighing 10 mg, was suspended using a nickel-chrome wire connected 

to a digital balance (A&D-GF300, with an accuracy of 1 mg) to facilitate precise measurement of the sample's weight 

within the system. The fluctuations in weight of the crucible's contents were continuously monitored and recorded by a 

computer linked to the digital balance. 

An inert gas stream, specifically Argon, was utilized to safeguard the balance and eliminate the air content within the 

system. A gas flow meter was employed to accurately measure the volumetric flow rate of this Argon gas. The exhaust 

gases from the system were directed through a bubbler, which ensured the maintenance of positive pressure within the 

system. This partial positive pressure serves to mitigate the risk of air ingress in the event of a leak, thereby reducing 

the potential for explosion. As the system temperature approached the target of approximately 600 K, the Argon stream 

effectively purged the air from both the ceramic system and the associated tubes. Once the target temperature was 
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stabilized, a flow rate of 100 ml/min was introduced from the top of the system, following precise measurement by the 

volumetric flow meter. The exhaust gases were expelled from the bottom of the system and passed through a bubbler to 

maintain the positive pressure. Additionally, the weight variation of the concentrate within the crucible was monitored 

by a computer linked to a digital scale, recording data at one-second intervals. 

The following assumptions were adopted to ensure reliable kinetic analysis: 

• The sample temperature was assumed to be uniform after an initial stabilization period of 10–15 min at the target 

isothermal temperature. 

• The cellulose particles were sufficiently small (average size ≈150 μm) to neglect internal heat and mass transfer 

limitations. 

• The degradation process was assumed to be dominated by a single overall reaction mechanism within the studied 

conversion range. 

• The argon atmosphere (99.999% purity) ensured inert conditions, preventing oxidative degradation. 

• Particle geometry was assumed to remain constant during degradation for the purpose of applying geometric 

contraction models. 

The extent of conversion, x, was calculated using the standard relation: 

𝑥𝑥 = 𝑚𝑚0−𝑚𝑚𝑚𝑚
𝑚𝑚0−𝑚𝑚𝑚𝑚

                                                                                                                                                                    (1) 

Where m0, mt, and mf represent the initial, instantaneous, and final sample masses, respectively. 

Each experiment was repeated at least twice to confirm reproducibility, and deviations in mass measurements were 

within the balance accuracy (±1 mg). 

 

3. Mechanisms 

The kinetic analysis of cellulose thermal degradation in this work is based on the fundamental rate equation for solid-

state reactions. For an isothermal process, the extent of conversion, ‘x’, as a function of time, ‘t’, can be described by: 

  𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑘𝑘(𝑥𝑥)                                                                                                                                                                 (2) 

or its differential form:   

 𝑔𝑔(𝑥𝑥) = 𝑘𝑘𝑘𝑘                                                                                                                                                                    (3) 

Here, g(x) and f(x) represent the integral and differential forms of the reaction model, respectively. The rate constant, 

‘k’, is temperature-dependent and follows the Arrhenius law: 𝑘𝑘0 exp �−𝐸𝐸
𝑅𝑅𝑅𝑅
�, where E is the apparent activation energy 

and R is the universal gas constant. The function g(x) can manifest in various forms, several of which are illustrated in 

Table 1 [18, 19, 20]. A prevalent approach to analyzing mechanisms of such phenomena involves fitting experimental 

data, specifically the conversion over time at a constant temperature, to established models, followed by an assessment 

of this fit through the correlation coefficient (R2) [21]. 
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The activation energy for degradation can be determined using the Model Free method, which is dependent on the solid 

conversion rate. By substituting the Arrhenius equation for k into equation (1) and rearranging it into a logarithmic 

format, we arrive at the essential equation governing the Model Free method under isothermal conditions [19, 22]: 

−𝐿𝐿𝐿𝐿(𝑡𝑡𝑡𝑡) = 𝐿𝐿𝐿𝐿 � 𝑘𝑘0
𝑔𝑔(𝑥𝑥)

� − 𝐸𝐸𝐸𝐸
𝑅𝑅𝑅𝑅

                                                                                                                                            (4) 

4. Results and Discussions 

Figures 1 to 6 demonstrate how the models presented in Table 1 correspond with the experimental data on cellulose 

degradation under different temperature conditions. Table 1 presents the various solid-state reaction models used to 

interpret the thermal degradation of cellulose. The models include power-law, Avrami-Erofe’ev, geometric contraction, 

diffusion, and reaction-order models, with their corresponding mean correlation coefficients (R² values) averaged over 

all investigated temperatures. These R² values are critical as they reflect the degree of fit between the experimental data 

and the theoretical models. It should be noted that the R² values reported in Figures 1–6 correspond to temperature-

specific fittings, whereas Table 1 presents mean R² values averaged over the entire investigated temperature range. 

Minor discrepancies between individual figure values and Table 1 arise from this averaging procedure. This distinction 

has been clarified to avoid misinterpretation of model performance. The values of k, derived from fitting each model to 

the experimental data, along with their corresponding R2 values, are illustrated in the Figures provided. Furthermore, 

the calculated k values in relation to temperature are depicted on the right side of these Figures (1-6), accompanied by 

the fitted curves based on the Arrhenius equation, which are instrumental in determining the activation energy (E) for 

the respective models. Models deemed less significant exhibit lower mean R2 values in relation to the determination of 

k and E. Table 1 offers a comparative analysis of the mean R2 values of the fitted models, where values approaching 1 

signify a higher degree of model acceptability for the observed phenomenon. It is important to highlight that the 

nucleation and growth model incorporates an additional variable compared to the other models, specifically n, which 

represents the extent of progress in the solid conversion process. Consequently, this dependency is first established (as 

shown in the left section of Figure 3), and subsequently, the modal value of this variable is utilized to derive k, as 

illustrated in the central section of the same Figure. 

Table 1. The common models for understanding the processes involved in the degradation of cellulose. 

R2mean g(X) f(X) Model Number 
 Nucleation models 

0.928 3
2X  

1
2

2
3

X −  
Power law 

1 

0.775 1
2X  

1
22X  2 

0.705 1
3X  

2
33X  3 

0.661 1
4X  

3
44X  4 

0.848 ( )
2
3ln 1 X− −    ( ) ( )

1
33 1 ln 1

2
X X− − −    

Avrami-Erofe’ev 
5 

0.915 ( )
1
2ln 1 X− −    ( ) ( )

1
22 1 ln 1X X− − −    6 

0.882 ( )
1
3ln 1 X− −    ( ) ( )

2
33 1 ln 1X X− − −    7 

0.821 ( )
1
4ln 1 X− −    ( ) ( )

3
44 1 ln 1X X− − −    8 
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0.917 ( )
1

ln 1 nX− −    ( ) ( )
11

1 ln 1 nn X X
−

− − −    
Nucleation and growth 

9 

 Geometrical contraction models 

0.955 ( )
1
21 1 X− −  ( )

1
22 1 X−  Contracting area 10 

0.957 ( )
1
31 1 X− −  ( )

2
33 1 X−  Contracting volume 11 

 Diffusion models 

0.933 2X  ( ) 12X −
 1D diffusion 12 

0.928 ( ) ( )1 ln 1X X X− − +  ( ) 1
ln 1 X

−
− −    2D diffusion 13 

0.777 ( )
1
3

2
1 1 X − − 

 ( ) ( )
2 1
3 3

13 1 1 1
2

X X
−

 − − − 
 3D diffusion 14 

0.91 ( )
2
321 1

3
X X− − −  ( )

1
3

13 1 1
2

X
−− − − 

 Ginstling-Brounshtein 15 

 Reaction-order models 
0.889 X  1  Zero-order 16 
0.562 ( )ln 1 X− −  ( )1 X−  First-order 17 

-0.292 ( ) 11 1X −− −  ( )21 X−  Second-order 18 

-0.292 ( ) 21 1 1
2

X − − −   ( )31 X−  Third-order 19 

Mean correlation coefficients (R²) averaged over all investigated temperatures. 

The geometric contraction models, specifically contracting area and volume, exhibit the highest mean R² values (0.955 

and 0.957, respectively), indicating a superior fit. This suggests that the geometric contraction models are the most 

appropriate for describing the degradation kinetics of cellulose under the studied conditions. Models such as the power 

law and diffusion models also demonstrate relatively high R² values, showing their effectiveness at different stages or 

aspects of the reaction. The observed high correlation for geometric contraction models supports the hypothesis that the 

reaction is predominantly surface-controlled, with cellulose particles exhibiting behavior akin to shrinking geometries 

like cylinders or spheres. This insight can be vital for optimizing industrial processes involving cellulose thermal 

degradation. 

The experimental data can be interpreted using multiple solid-state reaction models. Based on the comparison of mean 

R² values in Table 1, the thermal degradation of cellulose in this study is best described by geometric contraction models. 

In these models, reaction initiation (nucleation) is assumed to occur rapidly at the particle surface. The subsequent 

reaction front then progresses inwards towards the particle core, with the reaction rate controlled by this moving 

interface. The contracting area model typically applies to geometries like cylinders, where the interface area decreases 

in two dimensions, while the contracting volume model is more representative of spheres or cubes, where the reaction 

front recedes in three dimensions [23]. Given that the cellulose particles utilized in this study lack defined and regular 

geometries, the R2
mean values calculated for both models are comparable. 
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Figure 1. The alignment of the power law models with experimental data at different temperatures, along with fitted 

curves for the rate constant (k), follows the principles of the Arrhenius equation. 

 

Figure 2. The alignment of the Avrami Erofe’ev models with experimental data at different temperatures, along with 

fitted curves for the rate constant (k), follows the principles of the Arrhenius equation. 
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Figure 3. The alignment of nucleation and growth models with experimental data at different temperatures, along with 

fitted curves for the rate constant (k), follows the principles of the Arrhenius equation. 

 

Figure 4. The alignment of geometric contraction models with experimental data at different temperatures, along with 

fitted curves for the rate constant (k), follows the principles of the Arrhenius equation. 
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Figure 5. The alignment of diffusion models with experimental data at different temperatures, along with fitted curves 

for the rate constant (k), follows the principles of the Arrhenius equation. 

 

Figure 6. The alignment of reaction-order models with experimental data at different temperatures, along with fitted 

curves for the rate constant (k), follows the principles of the Arrhenius equation. 

A comparative inspection of Figures 1 to 6 further elucidates the mechanistic evolution of cellulose degradation across 

the conversion range. The power-law models (Figure 1) exhibit good agreement with experimental data primarily at the 

initial stages of conversion, indicating that early degradation is influenced by surface-initiated reactions where the 

reaction rate scales with fractional conversion. However, their predictive capability diminishes as conversion progresses, 

reflecting their inability to capture evolving particle geometry. 

The Avrami–Erofe’ev and nucleation-and-growth models (Figures 2 and 3) show reasonable fits over limited conversion 

intervals, particularly toward intermediate and final stages, suggesting localized nucleation effects associated with 

structural rearrangement or secondary decomposition of residual cellulose. Nonetheless, the additional fitting parameter 

required for these models introduces uncertainty and reduces their robustness when compared to simpler geometric 

formulations. 
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In contrast, the geometrical contraction models presented in Figure 4 provide consistently high-quality fits throughout 

the majority of the degradation process. This behavior confirms that cellulose decomposition proceeds via a shrinking-

core-type mechanism, where rapid nucleation at the particle surface is followed by inward propagation of the reaction 

interface. The comparable performance of contracting area and contracting volume models reflects the irregular 

morphology of the cellulose particles, which cannot be idealized as perfectly spherical or cylindrical. 

Diffusion-controlled models (Figure 5) display acceptable fits only in limited conversion domains, indicating that 

internal mass transfer resistance does not govern the overall reaction rate under the selected experimental conditions. 

Finally, reaction-order models (Figure 6) fail to reproduce the experimental trends adequately, reinforcing the 

conclusion that cellulose degradation is a heterogeneous, interface-controlled process rather than a homogeneous kinetic 

reaction. 

According to the Geometrical Contraction models, nucleation takes place rapidly on the surface of the crystal. The 

advancement of the reaction interface towards the crystal's center is governed by the degradation rate. The optimal 

model for the contracting area indicates that solid particles tend to adopt cylindrical forms rather than spherical or cubical 

ones [24]. Various mathematical models can be formulated based on these observations. If one considers a solid particle 

to be either spherical, cubical, or cylindrical (as illustrated in Figure 4), it can be derived from models representing a 

contracting cylinder (for contracting area) or a contracting sphere/cube (for contracting volume). 

The solid material exhibits heterogeneity, and the high R2 values observed in several models, including power law, 

Avrami-Erofe’ev, contracting, and diffusion, suggest that various models are effective at different stages of the reaction. 

Analysis of the data points in relation to the fitted lines (as illustrated in Figures 1-6) indicates that the power law model 

is particularly effective at the onset of the reaction. In contrast, geometrical models, which account for the influence of 

surface area, play a significant role throughout the majority of the reaction duration. Meanwhile, the Avrami-Erofe’ev 

and nucleation models are primarily influential towards the conclusion of the reaction period. However, it is noteworthy 

that the reaction order models did not align well with the experimental data. 

The volume contraction mechanism associated with this degradation phenomenon suggests a value of E=1.795×108 

J/kmol (refer to Figure 4), which aligns closely with the values derived from alternative models (as illustrated in Figures 

1 to 6) and demonstrates an acceptable R2 mean as presented in Table 1. 
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Figure 7. The assessment of activation energy associated with the degradation of cellulose through a model-free 

approach. 

Figure 7 illustrates the relationship between activation energy and the extent of degradation progression, as determined 

by the model-free approach. This figure reveals that the average activation energies obtained are remarkably similar to 

the values calculated using the established models presented in Table 1. The analysis of activation energy (Ea) as a 

function of the extent of conversion (α), derived from the model-free (iso-conversional) method and presented in Figure 

7, provides critical insights into the homogeneity of the degradation mechanism. The near-constant Ea profile observed 

across the primary conversion range (approximately α=0.1 to α=0.8) strongly suggests that the thermal decomposition 

of cellulose proceeds predominantly via a single, rate-limiting reaction mechanism. This finding robustly corroborates 

the results from the model-fitting approach, which identified the geometric contraction models as providing the best 

statistical fit. The consistency in Ea confirms that the rate-controlling step, the receding reaction interface, remains 

dominant throughout the bulk of the thermal process, validating the proposed reliance on interfacial area reduction. The 

subtle, slight increase in Ea observed toward the very final stages of conversion (α>0.9) may signal a minor shift in the 

controlling kinetics, likely reflecting the decomposition of thermally stable intermediate products or the degradation of 

highly crystalline cellulose fractions, which typically involve marginally higher energy barriers. The discrepancies 

observed in the calculated activation energy at varying degrees of degradation can be attributed to the inherent 

complexity of the phenomenon under investigation, as well as the tolerances present within the experimental setup. 

Minor fluctuations in this value are primarily due to the tolerances of the experimental system, while significant 

variations suggest alterations in the underlying degradation mechanisms [18, 19]. 
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The activation energy for cellulose degradation determined here (1.75–2.79 × 10⁸ J·kmol-1) shows relatively low 

variability, suggesting a consistent decomposition pathway under the studied conditions. Comparing this with other 

biomass constituents highlights distinct behavioral differences. Hemicellulose typically exhibits activation energies in 

a lower range (e.g., 1.32–1.86 × 108 J·kmol-1) but often with greater data scatter. Lignin is known for its highly variable 

reported activation energies (e.g., 6.2–2.71 × 108 J·kmol-1), reflecting its heterogeneous and complex aromatic structure, 

which leads to diverse decomposition pathways. Such variations across studies can also arise from differences in 

biomass sources, sample preparation, and kinetic analysis methods [25, 26].  

The activation energy range obtained in this study (1.75–2.79 × 108 J·kmol-1) is consistent with values reported in the 

literature for cellulose degradation under inert conditions. For example, Dahiya et al. [12] reported activation energies 

between 1.6 and 2.5 × 108 J·kmol-1 using combined isothermal and non-isothermal analyses. More recently, Li et al. 

[13] reported values in the range of 1.8–2.6 × 108 J·kmol-1 using advanced iso-conversional methods. 

In addition, Martínez et al. [16] demonstrated that isothermal kinetic analyses tend to yield narrower activation energy 

distributions compared to non-isothermal methods, supporting the relatively low variability observed in the present 

study. The dominance of surface-controlled mechanisms reported here is also consistent with recent findings 

emphasizing the role of reaction interface reduction in cellulose pyrolysis [14, 15]. These agreements confirm that the 

experimental data and kinetic interpretations presented in this work are both reliable and representative of intrinsic 

cellulose degradation behavior. 

5. Conclusions 

In this study, the thermal degradation behavior of cellulose was systematically examined under strictly isothermal 

conditions using thermogravimetric analysis, with the aim of identifying the intrinsic degradation mechanism and 

establishing reliable kinetic parameters. Unlike many previous studies that rely on non‑isothermal heating programs and 

broad temperature ranges, the present investigation employed a narrow temperature window (580–610 K), allowing the 

degradation process to be analyzed with minimal interference from heat and mass transfer limitations. 

The kinetic evaluation demonstrated that cellulose degradation under the investigated conditions is best described by 

geometric contraction mechanisms, indicating that the reaction rate is controlled by the progressive reduction of the 

reactive interface as degradation proceeds inward from the particle surface. This finding confirms that cellulose 

decomposition is fundamentally a heterogeneous, surface‑controlled process, rather than one governed by homogeneous 

reaction order kinetics or bulk diffusion phenomena. The observed transition in model applicability across the 

conversion range further reflects the structural heterogeneity of cellulose, where surface‑initiated reactions dominate 

early stages and interface‑controlled behavior persists through most of the degradation process. 

The apparent activation energy obtained from both model‑fitting and model‑free analyses exhibited a relatively narrow 

range (1.75–2.79 × 108 J·kmol-1), supporting the presence of a single dominant rate‑limiting mechanism over the 

majority of conversion. The close agreement between these two independent approaches strengthens the reliability of 

the derived kinetic parameters and confirms that the isothermal experimental design effectively captures intrinsic 
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chemical kinetics. Moreover, the activation energy values are consistent with recent literature reports for cellulose 

degradation under inert atmospheres, further validating the experimental methodology and analytical framework. 

A key outcome of this study is the development of a predictive kinetic expression capable of describing cellulose 

degradation under controlled isothermal conditions. This kinetic formulation provides a practical basis for modeling 

cellulose behavior in applications such as biomass pyrolysis, energy conversion systems, fire‑retardant material design, 

and thermal stability assessment of cellulose‑based composites. By emphasizing mechanism identification rather than 

sole reliance on activation energy estimation, this work contributes to a more physically meaningful understanding of 

cellulose thermal decomposition. Ultimately, an equation was derived to forecast the progression of cellulose 

degradation: 

1 − (1 − 𝑋𝑋)
1
3 = 1.017 × 1012 𝑒𝑒

−1.795×108

𝑅𝑅𝑅𝑅 𝑡𝑡                                                                                                                       (5)                                                                                               

Future studies should extend this mechanistic approach to different cellulose sources, particle morphologies, and 

chemically modified systems, as well as to multicomponent lignocellulosic materials. Such investigations will further 

enhance the predictive capability of kinetic models and support the optimization of sustainable biomass‑based 

technologies.  
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Nomenclature 

Symbols Abbreviation 
T  Absolute temperature (K) TGA Thermogravimetric analysis 
t  Time (s or min) TGA–FTIR Combined thermogravimetric analysis–Fourier 

transform infrared spectroscopy 
α  Degree of conversion (fractional mass 

loss) 
K Kelvin (unit of absolute temperature) 

α0  Initial conversion degree J·kmol-1 Joule per kilomole (unit of molar activation energy) 
αf  Final conversion degree   
k  Rate constant (s-1)   
k0 or 
A  

Pre-exponential factor (frequency 
factor) (s-1) 

  

Ea  Apparent activation energy (J·mol-1 or 
J·kmol-1) 

  

R  Universal gas constant (J·mol-1K-1 or 
J·kmol-1·K-1 (consistent with Ea)) 

  

dα/dt  Reaction rate (conversion rate) (s-1)   
m, 
m0, 
mt, 

Sample mass, initial mass, mass at 
time t (g or mg) 

  

β  Heating rate (for non-isothermal 
experiments, if used) (K·min-1 or K·s-

1) 

  

n  Reaction order / power-law exponent   
f(α)  Differential conversion function in 

kinetic model 
  

g(α)  Integral conversion function in kinetic 
model 
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