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Abstract 
 

The increasing significance of biomass in attaining ultimate sustainability in a multitude of 

vectors demands a deeper understanding of its underlying components. The pyrolytic 

breakdown of cellulose, a major biomass component, has been a subject of intense research 

since the 1950s, and despite significant research carried out and published thus far, the kinetics 

of cellulose degradation remains a source of debate. Herein, this work investigates the pyrolytic 

degradation of cellulose using Advanced Kinetics and Technology Solutions (AKTS) software. 

Kinetic parameters were computed using three methods, Friedman’s differential iso-

conversional, FWO and ASTM-E698. The results indicate Ea values of 40-181, 68-166, and 

152.1 kJ/mol, using Friedman’s, FWO and ASTM-E698 methods, respectively. Based on the 

results obtained via Friedman’s differential iso-conversional method, predictions under 

isothermal, non-isothermal and stepwise heating profiles are presented. The predictions 

revealed that rapid degradation takes place up to 80% conversion, and a temperature of 350-

400°C is required to efficiently achieve this, while temperatures of 650°C and higher are 

needed to efficiently achieve a 100% conversion in less than 2 hours. 
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1.0 Introduction 
 
Cellulose, an abundant biopolymer, is one of the major components of biomass, along with 

hemicellulose and lignin. As a natural polymer, cellulose is renewable, environmentally 

benign, low-cost, non–toxic, biodegradable, and biocompatible. Because of its hydrophilicity 

(ability to make hydrogen bonding), acid-insolubility, biocompatibility and biodegradability, 

microcrystalline cellulose as a type of cellulose has a wide range of applications in food, 

medicines, cosmetics, and other sectors [1]. Among cellulosic derivative products, cellulose 

acetate membranes have been widely utilised as nanofiltration, ultrafiltration and reverse 

osmosis membranes for water purification or dialysis treatment [2]. Other cellulose derivatives, 

such as cellulose ester and cellulose ether, have also been produced and marketed; the former 

is the most economically important, with several uses in the fibre, plastics, coatings, film and 

pharmaceutical sectors [3]. Different forms of pure cellulose (microcrystalline, low 

crystallinity or powdered) as well as its derivatives are used as excipients in the pharmaceutical 

industry in coat tablets, to control and/or sustain drug release, and improve powder mixture 

compressibility [4]. 

 

 Cellulose typically consists of repeated β-D-glucopyranose units with 3-hydroxyl 

groups/anhydroglucose units, providing cellulose molecules with a high degree of 

functionality. Plants are currently the primary source of cellulose, which is found in plant cell 

walls; for instance, microcrystalline cellulose is extracted from cotton and woody cellulosic 

materials utilising dilute mineral acids (dil. HCl or dil. H2SO4).    

 The increasing significance of biomass in attaining ultimate sustainability in a multitude of 

vectors demands a deeper understanding of its underlying components. The pyrolytic 

breakdown of cellulose, in particular, has been a subject of intense research since the 1950s, 

and despite significant research carried out and published thus far, the kinetics of cellulose 
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degradation remains a source of debate [5,6]. Kinetic analysis facilitates the determination of 

the main parameters that describe the behaviour of the material being investigated under certain 

thermal conditions, namely apparent activation energy (Ea), rate of reaction and pre-

exponential factor (k0). The literature reports two main approaches in computing kinetic 

parameters, model-fitting and model-free methods[6-8]. Various kinetic studies on the 

pyrolytic conversion of cellulose have been carried out using these two methods[6]. It is worth 

noting that the international confederation for thermal analysis and calorimetry (ICTAC) 

kinetics committee has criticised model-fitting methods due to various computational 

drawbacks[8]. Model-free methods, on the other hand, provide a more robust computational 

platform for kinetic parameter determination. However, if mishandled may also lead to 

unreliable results[9]. The literature reports numerous model-free methods; however, the most 

prominent methods reported include Friedman’s differential iso-conversional approach, the 

integral iso-conversional methods of Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-

Sunrose (KAS) and the model-free non-isoconversional method ASTM-E698[6-8,10-12].  

Several scholars have carried out the kinetic study of pyrolytic decomposition of cellulose 

using model-free methods. Capart et al. studied the thermal degradation of microgranular 

cellulose using Kissinger (also known as ASTM-E698) and Friedman’s differential iso-

conversional methods. The activation energy reported was 200 and ~136-203 kJ/mol using 

Kissinger and Friedman’s models, respectively[13]. Sanchez-Jimenez et al. investigated 

commercial microcrystalline cellulose using Friedman’s method and obtained an Ea value of 

approximately 190-192 kJ/mol throughout the conversion process, which declines to 119 

kJ/mol towards the end of the reaction at  (α = 0.9)[14]. Hu et al. carried out the investigation 

using the FWO method and reported an average Ea value of 233 kJ/mol [15]. Dahiya et al. 

studied cellulose kinetics during pyrolysis using Friedman’s, FWO and the modified Coats-

Redfern methods obtaining Ea ranges of ~157-252,  159-168, and 157-166 kJ/mol between α 
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= 0.2-0.8, respectively[16]. Arora et al. reported Ea ranges of ~70-224, 133-175, and 132-175 

kJ/mol using Friedman’s, FWO and modified Coats-Redfern methods, respectively[17]. It is 

evident that the results reported in the literature are inconsistent. This may be due to various 

reasons, the type of cellulose and mass of sample used, as well as the heating rates and 

temperature range employed during experimentation[6]. 

With improvements in technology, kinetic modelling may now be done with extremely 

complex tools which facilitate advanced data optimisation options, computational precision, 

and the creation of reliable predictions. Herein, this work is the first to investigate the pyrolytic 

degradation of cellulose using Advanced Kinetics and Technology Solutions (AKTS) software. 

This advanced analytical software employs traditional thermo-analytical data to precisely 

compute the kinetic triplet using various model-free methods. Based on the highly robust 

kinetic results, the software is able to construct highly reliable predictions under various 

thermal profiles. AKTS has been successfully employed in many kinetic studies and is 

recognised as a reliable tool in conducting kinetic analysis [10,12,18-22]. The objective of this 

study is to present a holistic physicochemical investigation on cellulose and carry out a highly 

reliable kinetic study that strictly follows the ICTAC recommendations and, for the first time, 

report cellulose degradation predictions during pyrolysis under isothermal, non-isothermal and 

stepwise heating regimes. 

2.0 Materials and methods 
 
2.1 Materials and characterisation techniques 
 
The cellulose material (microcrystalline) was purchased from Sigma Aldrich. The sample was 

used in powder form, with no further processing, for characterisation and kinetic modelling 

purposes. Furthermore, the sample was characterised using XRD, FTIR, TEM and XPS 

analyses, while elemental composition was determined using ultimate analysis. The 

supplementary material contains more information on the characterisation techniques.  
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2.2 Thermokinetic modelling and prediction methods 
 
Kinetic modelling is typically used to better understand the thermal decomposition of various 

materials to obtain useful information about the reactions and the mechanisms involved. 

Various approaches discussed in the literature can be utilised in assessing the kinetic 

parameters, namely model-fitting and model-free methods. According to the ICTAC 

committee, model-free methods offer a higher degree of reliability and are prioritised for 

kinetic analysis compared to the model-fitting approach. Since the mechanisms behind 

cellulose degradation are complex, the model-free, differential iso-conversional technique, 

commonly known as the Friedman method, should be employed [23]. This is due to the 

advantages of not requiring any previous knowledge of the provided reaction mechanism, as 

well as the ability to evaluate the kinetic triplet across multiple conversion stages [10,24].  

The theory behind the differential iso-conversional approach is detailed below: 

As indicated in Equation 1 below, the rate of thermal degradation of a particular sample may 

be characterised in terms of the extent of conversion progress (𝛼𝛼) and temperature (T).  

   𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘(𝑇𝑇)𝑓𝑓(𝛼𝛼)       Equation 1 

The degraded mass portion of cellulose is represented as in equation 2:  

𝛼𝛼 = 𝑚𝑚𝑖𝑖−𝑚𝑚𝑎𝑎
𝑚𝑚𝑖𝑖−𝑚𝑚𝑓𝑓

        Equation 2 

where the initial, actual and final masses are mi, mu and mf, respectively. 

In addition, the Arrhenius equation (Equation 3) defines the temperature-dependent function 

in terms of activation energy and pre-exponential factor: 

𝑘𝑘(𝑇𝑇) = 𝑘𝑘o.e (-Ea/RT)       Equation 3 

where the rate constant is k, temperature is T in Kelvin, pre-exponential constant is ko, 

activation energy is Ea and finally, the gas constant is R. 

When equations 1 and 3 are combined, the equation for cellulose pyrolysis may be written as 

Equation 4 below.:  
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘o.e (-Ea/RT)𝑓𝑓(𝛼𝛼)       Equation 4 

The sample is exposed to several constant linear heating rates that are designated as β in the 

non-isothermal isoconversional technique. Furthermore, it correlates to the temperature 

difference per unit time, as indicated in Equation 5 below: 

𝛽𝛽 =  𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

         Equation 5 

The heating rate 𝛽𝛽 in Equation 5 can then be applied to Equation 4 as shown below in Equation 6: 

dα
dT

=  𝑘𝑘o
β

.e (-Ea/RT) f (α)       Equation 6 

Finally, by substituting β using Equation 5 in Equation 6 and then applying the natural 

logarithm on both sides of Equation 6, the equation for Friedman’s method is devised, allowing 

for the computation of Ea and ko at different stages of reaction progress α  

𝐿𝐿𝐿𝐿 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

  = - 𝐸𝐸𝑎𝑎
𝑅𝑅𝑑𝑑

 + 𝐿𝐿𝐿𝐿[𝑘𝑘𝑘𝑘f(α)]                                                                    Equation 7 

In addition to the differential iso-conversional method, various non-isothermal non-

isoconversional (ASTM-E698) and isoconversional (FWO) methods, as presented below, are 

discussed in the literature and will be used for comparison purposes in this study. 

ASTM-E698 method: This approach is more suited to describing single-step reactions, as 

presented in equation 8: 

β𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 = ko exp (- 𝐸𝐸𝑎𝑎
𝑅𝑅𝑑𝑑

 ) (1 −  𝛼𝛼)                                                                      Equation 8 

Flynn-Wall-Ozawa (FWO) method: This approach suggests utilising the integral iso-

conversional analysis method to calculate changes in apparent activation energy in terms of 

distinct linear thermogravimetric curves; hence, it is quantitatively appropriate for multiple-

step processes. The Ea may be determined by plotting the natural logarithm of heating rates (ln 

β) against 1000/T, yielding a linear relationship at different heating rates for a given conversion 

stage α, as shown in Equation 9. 

lnβ = ln ( 𝑘𝑘𝑜𝑜.𝐸𝐸𝑎𝑎
𝑅𝑅.𝑔𝑔(𝑑𝑑)

) − 5.331 − 1.052 𝐸𝐸𝑎𝑎
𝑅𝑅.𝑑𝑑

                                                    Equation 9    
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where g(α) is constant at a given value of reaction progress (α). 

In order to evaluate the kinetic parameters of cellulose pyrolysis, TGA experiments [25-28], 

using a Mettler Toledo Pyris TGA/DSC1, were carried out under an inert atmosphere (nitrogen 

flow was set at 40 cm3/min), using five heating rates of 0.5, 1, 2, 4 and 8°C/min, allowing for 

a heating rate ratio of 16. It is worth noting that the TGA experiments were carried out in 

accordance with the ICTAC’s guidelines for acquiring experimental thermal analysis data for 

kinetic calculations. This was done to provide accurate kinetic analysis results and excellent 

data resolution. Using the differential isoconversional approach, AKTS was used to calculate 

the kinetic triplet for cellulose pyrolysis. The software was also used to compare the activation 

energies determined using integral isoconversional (FWO) and non-isoconversional (ASTM 

E-698) methods. 

The TGA values were then imported into AKTS software, and the DTG output was assessed 

using the program’s derivation tool. After that, a horizontal baseline was built on each of the 

DTG signals to appropriately cover the sections of the DTG signals that varied from the flat 

baseline, showing pyrolysis and mass loss in each of the samples. 

Assuming each DTG signal and corresponding created a baseline to be indicated by D(t) and 

B(t), respectively, the reaction rate and reaction progress can be calculated as shown below: 

The reaction rate (RR): 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= (𝐷𝐷(𝑑𝑑)−𝐵𝐵(𝑑𝑑))

∫ �𝐷𝐷(𝑑𝑑)−𝐵𝐵(𝑑𝑑)�𝑑𝑑𝑑𝑑
𝑡𝑡𝑓𝑓𝑖𝑖𝑓𝑓𝑎𝑎𝑓𝑓
𝑡𝑡𝑖𝑖𝑓𝑓𝑖𝑖𝑡𝑡𝑖𝑖𝑎𝑎𝑓𝑓

          Equation 10 

Reaction progress (α): 

𝛼𝛼(𝑡𝑡) =
∫ �𝐷𝐷(𝑑𝑑)−𝐵𝐵(𝑑𝑑)�𝑑𝑑𝑑𝑑𝑡𝑡
𝑡𝑡𝑖𝑖𝑓𝑓𝑖𝑖𝑡𝑡𝑖𝑖𝑎𝑎𝑓𝑓

∫ �𝐷𝐷(𝑑𝑑)−𝐵𝐵(𝑑𝑑)�𝑑𝑑𝑑𝑑
𝑡𝑡𝑓𝑓𝑖𝑖𝑓𝑓𝑎𝑎𝑓𝑓
𝑡𝑡𝑖𝑖𝑓𝑓𝑖𝑖𝑡𝑡𝑖𝑖𝑎𝑎𝑓𝑓

            Equation 11 

After establishing baselines for all heating rates, a baseline optimisation exercise was run using 

100 iterations to guarantee the R2 value was as near to 1 as possible. Furthermore, the 
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optimisation would guarantee that the mass loss figures given for each heating rate were 

constant and did not have substantial variations owing to manual baseline formation. The data 

was then used to create a simulation, which was found to be a good match with some slight 

variations, most likely owing to instrument constraints. Following that, 100 iterations were 

performed to the simulated computations in order to guarantee precision and reproducibility. 

It is worth noting that AKTS generates high-resolution results covering 10,000 data points, 

which ensures model robustness. Finally, thermal predictions were made using AKTS, based 

on isothermal, non-isothermal, and stepwise heating configurations. 

In this particular study, global lumped kinetic models were used in which cellulose pyrolysis 

is explained in sequences. However, there are other models, i.e., intrinsic reaction rate models, 

that consider the concentration of the reactants and products, which is considered as one of the 

elementary reaction models [29,30]. Due to the nature of microcrystalline cellulose pyrolysis 

and the lack of a dedicated reaction mechanism, we have opted to employ the differential 

isoconversional method, as it allows the computation of the kinetic triplet without requiring a 

defined reaction mechanism.  

3.0 Results and discussion 
 

3.1 Characterisation results 

The XRD pattern of the microcrystalline cellulose is shown in Figure 1a, with diffractions at 

2θ of 15.1º (101 plane), 22.8º (002) and 34.75º (004) corresponding to cellulose type I, where 

the diffraction lines that peak at 18.05 and 22.8º correspond to the amorphous and crystalline 

cellulose phases, respectively. The crystallinity index of the microcrystalline cellulose was 

determined using Eq.12, which is built on the greatest intensity obtained from the crystalline 

cellulose and the minimum point obtained from the amorphous cellulose phase [31].  

%𝑪𝑪𝑪𝑪𝑪𝑪 = (𝑪𝑪𝟎𝟎𝟎𝟎𝟎𝟎−𝑪𝑪𝒂𝒂𝒂𝒂)
𝑪𝑪𝟎𝟎𝟎𝟎𝟎𝟎

× 𝟏𝟏𝟎𝟎𝟎𝟎                                      (Eq. 12) 
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where I002 and Iam are the maximum intensity point of the crystalline peak at 2θ = 22.6° and the minimum 

intensity point of the amorphous peak at 2θ = 18.05°  

 

 
Figure 1: (a) XRD, (b) FTIR, and (c-f) TEM images of cellulose microcrystalline material. 
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 It is not surprising that the crystallinity of cellulose herein is high at 83.3%, as the sample is 

in a microcrystalline phase. This is in line with the results of Herrera et al., reporting a %CRI 

of 85% for microcrystalline cellulose [32]. The variation in cellulose crystallinity results 

reported in the literature is attributed to the actual method used in analysis and the inherent 

characteristics of the material. Thygesen et al. reported  %CRI  in the range of  67-71% [33].  

The FTIR of the microcrystalline cellulose material in the range of 500-4000 cm-1 is shown in 

Figure 1b. The characteristic bands of cellulose, C-H stretching (2890 cm-1) and C-O stretching 

(range of 1050-1150 cm-1) are observed in Figure 1b, which are attributed to the bonding in the 

polysaccharide aromatic rings [34]. The absorption bands observed at 1060 and 1380 cm-1 are 

attributed to the C-O-C bond in the pyranose ring in the cellulose structure and microcrystalline 

cellulose presence, respectively. Finally, the glycosidic bonding between the sugar components 

within the cellulose is represented by the absorption band at 900 cm-1 [35]. The hydrophilicity 

of the microcrystalline cellulose was confirmed by the O − H stretching broad absorption band 

at approximately 3400 cm− 1. 

The TEM was used to observe the morphology of the cellulose material, as shown in Figure 1 

c-f, with a spherical-like structure. It has been reported that the morphology and shape structure 

of cellulose vary significantly depending on the precursor and preparation method [36,37]. 

According to previous research, the size and shape of nano cellulose impact their characteristics 

(for example, optical capabilities, stability, and rheology) in aqueous media, which greatly 

influences their use. Cellulose with a spherical or square shape is ideal as a Pickering emulsion 

stabiliser or drug delivery carrier for encapsulation [38,39]. A particle size range from 15.0-

34.6 nm is observed. 

To better understand the surface property of the cellulose material used in this study, XPS 

analysis was performed. Figure 2a depicts the survey spectra of microcrystalline cellulose; 

aside from the typical elements in cellulose, such as carbon (C 1s at 284.7 eV) and oxygen (O 
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1s at 531.6 eV), no other contaminants were found [40]. High-resolution C 1s peaks appeared 

at binding energies of approximately 284.5, 287.1 and 288.5 eV, which are attributed to C=C 

or C-C, C=O and O-C=O bonding, respectively (Figure 2b) [41], while the O 1s spectra showed 

C=O oxygen species, as shown in Figure 2c. The CHNS analysis showed that the wt.% of C, 

H, N and S were 43.68, 6.65, 0.70 and 0.62%, respectively. The results are in line with the 

literature reported on cellulose (microcrystalline type) [42,43].    
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Figure 2: (a) XPS survey spectra, (b) High-resolution C 1s peaks, and (c) High-resolution O 1s peaks of microcrystalline cellulose material. 
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3.2 Kinetic modelling results 

Non-isothermal thermogravimetric analysis was carried out in an inert environment at five 

different heating rates of 0.5, 1, 2, 4, and 8°C/min. It is worth noting that the ratio between the 

slowest and fastest heating rates is 16, meeting the ICTAC recommendations, which necessitate 

at least a ratio of 10-15 between fastest and slowest heating rates for a high level of 

precision[44]. Figure 3 presents the results of the five heating rates, showing mass loss as a 

function of temperature. It can be observed that that the reaction proceeds in three stages. A 

gradual decline can be observed during the initial stage until 270-300°C, and this is usually due 

to dehydration along with the initial decomposition stage. This is followed by a very sharp 

curve, where most of the cellulosic decomposition takes place. Based on the heating rate, this 

second stage occurs between 270-300°C and 310-370°C. Almost 80% mass loss is detected in 

this stage. However, cellulose continues to degrade after 370°C, the third stage, at a very slow 

rate. The results are consistent with cellulose TGA findings reported in the literature[45,46].  
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Figure 3: TGA results for cellulose pyrolysis at heating rates of 0.5, 1, 2, 4 and 8°C/min. 
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290, 300, 312, 325 and 337°C for the 5 heating rates, respectively. Approximately a 14-fold 

increase in reaction rate is observed between the slowest and fastest heating rates.  

 

 

 
Figure 4: (a) reaction progress and (b) reaction rate as a function of temperature at various 
heating rates.  
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Figure 5a presents the apparent activation energy computed via the ASTM-E698 method, 

where the results indicate an Ea value of 152.1 kJ/mol. This method is well suited to single-

step reactions and may be inadequate to describe cellulose decomposition, considering the 

nature of the primary and secondary reactions involved in cellulose decomposition. Figure 5b, 

depicts the results of the FWO method where the natural logarithm of heating rate is plotted 

against inverse temperature. As noted, the results are well-matched, and the trend lines are 

consistent. Figure 5c presents the activation energy for cellulose pyrolysis as the reaction 

advances. As indicated, a sharp increase in Ea is observed during the initial stage of the 

conversion, reaching ~161 kJ/mol at α=0.05. The Ea value remains around this value (161-162 

kJ/mol) between α= 0.05 – 0.7 and then slightly increases to ~ 166 kJ/mol at α= 0.8. 

Furthermore, a decline is noted until an Ea value of 68 kJ/mol is reached towards the end of the 

conversion. The results obtained are highly consistent with the FWO results reported by Dahiya 

et al. of 159-168 kJ/mol between  α=0.2 - 0.8[16]. Although we have already mentioned the 

inadequacy of the ASTM-E698 method, it is still worth noting that the Ea value obtained is 

similar to the average value observed during most of the conversion process via FWO.  
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Figure 5: (a) apparent activation energy (Ea) results via ASTM-E698 method, and (b,c) 
kinetic results obtained via FWO method. 
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The results computed via Friedman’s differential iso-conversional method are depicted in 

Figure 6a, plotting the natural logarithm of reaction rate against inverse temperature and Figure 

6b, presenting the apparent activation energy (Ea) and pre-exponential factor (k0) as the 

conversion advances. A sharp rise is observed initially reaching an Ea value of ~187 kJ/mol at 

α=0.014, decreasing to 157 kJ/mol at   α=0.2. The Ea then exhibits a very slow rise over the 

course of the reaction from α=0.2 - 0.75, where an increase from 157 to 168 kJ/mol is noted. 

A sudden spike is noted between α=0.75 and 0.77, with Ea reaching 181 kJ/mol and then starts 

to decrease, reaching ~40 kJ/mol towards the end of the conversion. The results are very 

comparable to those obtained via FWO, especially between α=0.2 - 0.75. Table 1 presents the 

Ea findings obtained in this study as well as the ones reported in the literature. As previously 

suggested, the differences observed can be due to various reasons, which include inherent 

characteristics of the type of cellulose used, differences in sample weight utilised for 

experimentation, the choice of different heating rates and different temperature ranges. 

However, following the ICTAC’s recommendation and using a highly sophisticated tool, the 

results presented for this specific cellulose sample are robust and can be used for constructing 

reliable degradation predictions under various heating regimes. 
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Table1:  Kinetic results for cellulose pyrolysis obtained in this study using Friedman’s and FWO methods compared to the literature. 

kJ/mol Correlation kJ/mol Correlation kJ/mol Correlation kJ/mol Correlation kJ/mol Correlation kJ/mol Correlation kJ/mol Correlation kJ/mol Correlation
5 166.78 0.9992 161.27 0.9989 - - - - - - - - - - - -

10 161.59 0.9998 162.81 0.9995 - - - - 191 +/- 6 0.997 200 - 148.1 - 167.8 -
15 158.68 0.9999 162.5 0.9997 - - - - - - - - 168.5 - 162.5 -
20 157.42 0.9999 162.02 0.9998 159.8 0.9783 158.9 0.9964 192 +/- 4 0.998 199 - 179.1 - 161.3 -
25 157.43 0.9999 161.6 0.9998 - - - - - - - - 156.8 - 160.9 -
30 156.95 0.9999 161.27 0.9998 169.8 0.9985 162.7 0.9995 192 +/- 4 0.999 202.4 - 152.1 - 158 -
35 157.96 0.9999 161.05 0.9999 - - - - - - - - 148.7 - 157.6 -
40 158.73 0.9999 160.93 0.9999 160.6 0.9479 164 0.9999 192 +/- 4 0.999 199.6 - 134.1 - 156.5 -
45 159.55 0.9999 160.88 0.9999 - - - - - - - - 132.6 - 155.5 -
50 160.52 0.9999 160.93 0.9999 175.6 0.9936 165.2 1 191 +/- 4 0.999 201.9 - 135.5 - 154.3 -
55 161.76 0.9998 161.06 0.9999 - - - - - - - - 139.8 - 152.9 -
60 162.5 0.9997 161.29 0.9999 162.5 0.9993 164.6 1 190 +/- 4 0.999 202.6 - 141.7 - 151.9 -
65 163.45 0.9993 161.6 0.9999 - - - - - - - - 140.8 - 150.8 -
70 163.78 0.9979 162 0.9998 157.2 0.979 164.6 1 190 +/- 4 0.999 192.9 - 140.2 - 150.6 -
75 171.22 0.984 163.08 0.9993 - - - - - - - - 146.6 - 156.3 -
80 164.94 0.92807 166.83 0.9754 251.9 0.9433 168.1 1 190 +/- 4 0.999 136.21 - 147.9 - 149 -
85 113.51 0.7577 126.59 0.7816 - - - - - - - - 100.2 - 134.2 -
90 98.62 0.9118 120.37 0.9345 - - - - 119 +/- 32 0.831 - - 69.7 - 132.8 -
95 54.05 0.9585 91.72 0.9686 - - - - - - - - - - - -
99 41.04 0.9948 67.37 0.9891 - - - - - - - - - - - -

Type:
Heating Rate:
Temperature:

Sample weight:

Arora et al. (2011)

Differential Iso-
Conversional

FWO
Differential Iso-

Conversional
FWO

⍺

 % 

This Study Dhaiya et al. (2008) Sanchez-Jimenez et al. Capart et al. (2004)

Differential Iso-
Conversional

Differential Iso-Conversional
Differential Iso-

Conversional
FWO

Microcrystalline cellulose powder - Sigma AlDrich Cellulose powder - CDH (India) Microcrystalline cellulose - Microcrystalline cellulose Microcrystalline cellulose - Acros Organics (USA)

Ambient - 900°C Ambient - 700°C - Ambient - 700°C Ambient - 700°C
0.5, 1, 2, 4, 8°C/min 2, 5, 10°C/min 1, 2, 5, 10°C/min 1.05, 2.1, 3.2, 6.5, 10.9°C/min 2.5, 5, 10, 20°C/min

20mg 6 - 8 mg 8 - 10 mg 4 - 7 mg 3 - 6 mg
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Figure 6: Kinetic parameters for cellulose pyrolysis using Friedman’s method (a,b). 
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3.3 Thermal predictions of cellulose pyrolysis 
 
Predictions for Isothermal, non-isothermal and step-based heating modes, representing various 

types of reactors, are constructed via AKTS using the results obtained through Friedman’s 

method. The predictions facilitate a better understanding of cellulose behaviour under different 

heating modes. Figure 7 presents cellulose pyrolysis predictions under isothermal conditions. 

The temperature range was set at 250 - 800°C, in increments of 50°C. It can be noted that the 

reaction reaches completion in approximately 35 minutes at 800°C. At lower temperatures, 

completion is achieved within 47 to 246,039 minutes, based on 750 to 250°C, respectively. 

Furthermore, it can be observed that approximately 80% conversion is reached in less than 

0.125 minutes at 450°C and higher temperatures. At such temperatures, rapid decomposition 

occurs almost immediately and then continues gradually until the reaction is complete. At 

400°C rapid decomposition is also observed, and an 80% conversion is achieved within 0.7 

minutes. At 300 and 350°C, 80% conversion is achieved within 107 and 6.56 minutes, 

respectively. For temperatures below this range, conversion is extremely slow. Table 2 presents 

the predicted time taken to reach various conversion stages until the end of the conversion 

process. The values highlighted in red indicate impractical time taken, while values highlighted 

in green indicate time below 2 hours, which is highly recommended from an efficiency point 

of view. The values highlighted in grey indicate practical yet inefficient process timing. The 

results indicate that pyrolysis at 250°C is very inefficient and reaching a complete conversion 

is impractical. A complete conversion can be practically reached, yet inefficiently at a 

temperature range of 450-600°C, while at 650°C and above, practical and efficient results can 

be obtained. To reach a 90% conversion, practical and efficient conversion can be reached at 

450°C in a total processing time of approximately 2 hours. Higher temperatures significantly 

accelerate the conversion process, where a 90% conversion can be achieved between 0.39 – 
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38.7 minutes, based on a temperature range of 500-800°C, where the shorter time is associated 

with the highest processing temperature.     

 
 

 

 

Figure 7: Isothermal predictions for pyrolytic conversion of cellulose at a temperature range 
of 250-800°C.  
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Table2: Time is taken to reach various conversion stages at a temperature range of 250-
800°C, based on isothermal heating. 
 

⍺ % 10 20 30 40 50 60 70 80 90 100 
Temp 
(°C)  minutes 

250 170 245 308 374 445 538 695 3235 197864 246039 

300 7.88 11 13.68 16.42 19.33 22.95 28.88 107.5 17914 29389 

350 0.88 1.1 1.29 1.48 1.68 1.91 2.29 6.58 2532 6250 

400 0.193 0.215 0.235 0.255 0.275 0.298 0.335 0.697 497 1999 

450 0.062 0.065 0.068 0.071 0.074 0.077 0.082 0.125 126 837 

500 0.0249 0.0255 0.026 0.0265 0.027 0.0276 0.0284 0.0352 38.7 418 

550 0.01143 0.011557 0.011676 0.011792 0.011903 0.012024 0.012201 0.013551 13.9 235 

600 0.005811 0.005844 0.005875 0.005906 0.005936 0.005967 0.006012 0.006334 5.7 145 

650 0.003198 0.003208 0.003218 0.003227 0.003236 0.003246 0.003259 0.003349 2.58 95 

700 0.001878 0.001882 0.001885 0.001888 0.001892 0.001895 0.001899 0.001928 1.28 65 

750 0.001165 0.001166 0.001167 0.001169 0.00117 0.001171 0.001173 0.001183 0.68 47 

800 0.000756 0.000757 0.000757 0.000758 0.000759 0.000759 0.00076 0.000764 0.39 35 

 
 
 
Figure 8 depicts the prediction results under non-isothermal conditions using 10, 20, 30, 40 

and 50°C/min heating rates. As noted, to reach an 80% conversion at a temperature range of 

380- 410°C is required, based on the range of heating rates used, 10-50°C/min, respectively. 

However, this gap widens towards the end of the conversion process. To reach a complete 

conversion, this is achieved at 964, 1096, 1187, 1258 and 1318°C, within 93, 53, 39, 31 and 

26 minutes at heating rates of 10, 20, 30, 40 and 50°C/min, respectively. The results clearly 

indicate that most cellulose degradation occurs at around 400°C, irrespective of the heating 

rate used. 
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Figure 8: Non-isothermal prediction results for pyrolytic conversion of cellulose-based on 
heating rates of 10, 20, 30, 40 and 50oC/min. 
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conversion. It is worth noting that the holding period of 8 hours is not sufficient to complete 

the reaction, where only 83% conversion is reached. For all other holding temperatures (Figure 

9b-f), the initial rapid degradation phase is observed between minutes 28 and 35, where 

approximately 80% of the conversion is achieved. This stage takes place between 300 and 

372°C, where a maximum reaction rate of 0.005174 1/s is noted at 341°C, ~ 32 minutes after 

reaction initiation, corresponding to ~ 50% conversion. For a temperature of 400°C, the holding 

period of 8 hours is still not yet sufficient, where only 90% of the reaction is completed. A 

complete reaction is achieved at 461, 197, 126, and 102 minutes for temperatures of 500, 600, 

700, and 800°C, respectively.  
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Figure 9: Stepwise prediction results for pyrolytic conversion of cellulose using a temperature 

ramp of 10°C/min and final holding temperature of 300-800°C (a-f). 
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Figure 10a-d presents the stepwise predictions for four scenarios using heating rates of 5, 10, 

20 and 50°C/min for temperature ramping, followed by a holding period of 8 hours at a 

temperature of 500°C. Once again, rapid decomposition is observed during the initial phase, 

up to 80% conversion. The impact of heating rate is clearly noted, where 80% conversion 

occurs between minute 52 – 66, 28 – 35, 14.5 – 18, and 6 – 8, from reaction initiation, using 

heating rates of 5, 10, 20 and 50°C/min, respectively. Additionally, the reaction reaches 

completion within 505, 461, 440 and 426 minutes for the same order of heating rates presented.  

 

  

  

Figure 10: Stepwise prediction results for pyrolytic conversion of cellulose using various 

temperature ramps of 5,10, 20 and 50°C/min and final holding temperature of 500°C (a-d). 
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4.0 Conclusion 

This study carried out an investigation on the kinetic behaviour of microcrystalline cellulose 

during pyrolysis. Firstly, the physicochemical properties of the material were evaluated. 

Furthermore, AKTS was utilised to determine the kinetic parameters and make predictions 

under different thermal settings. Kinetic parameters were computed using three methods, 

Friedman’s differential iso-conversional, FWO and ASTM-E698. The results indicate an Ea 

value of 40-181, 68 -166, and 152.1 kJ/mol, using Friedman’s, FWO and ASTM-E698 

methods, respectively. It is worth noting that the results obtained via Friedman’s and FWO are, 

to a certain extent, consistent with the literature. Isothermal, non-isothermal, and stepwise 

predictions, representing different types of reactors, were generated based on the results 

derived using the differential iso-conversional method. The predictions revealed that rapid 

degradation takes place up to 80% conversion, and a temperature of 350-400°C is required to 

efficiently achieve this, while temperatures of 650°C and higher are needed to efficiently 

achieve a 100% conversion that is in a period under 2 hours. More experimental research is 

required to confirm the findings of this study.   
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