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Abstract 

The primary/initial thermal degradation pathways for the thermal degradation of cellulose are 

via intermolecular transglycosylation reactions within the glucose monomers of cellulose and 

via β-elimination (acid catalysed, heterolytic, ring-opening) reactions. Using the model-free 

isoconversional approach, the apparent activation energy of pure cellulose and cellulose that 5 

have been infused with acids (H3PO4, H3BO3) and alkalis (Ba(OH)2, Ca(OH)2) can be found. 

We find that acids influence the thermal degradation by promoting the β-elimination pathway 

leading to more cellulose degrading via that route at the expense of transglycosylation. This 

manifests itself as an increase in the apparent activation energy of the overall cellulose 

pyrolysis. On the other hand, alkalis have a suppressing effect on the acid-catalysed β-10 

elimination pathway which then allows more cellulose to degrade via transglycosylation. This 

seems to lower the apparent activation energy. Overall, we can see that the magnitude of the 

apparent activation energies are ordered as Ea,acid-cellulose > Ea,pure-cellulose > Ea,alkali-cellulose. 
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1. Introduction 

The main components of biomass are cellulose, hemicelluloses and lignin. In fact, 

cellulose is the most common form, making up half of the organic carbon on the planet. 

Hence, the cellulosic content of various biomass sources such as agricultural waste, 

municipal solid waste and microalgae plays an important role in the development of a 5 

sustainable feedstock for the production of renewable fuels and chemicals.  

In their study of cellulose pyrolysis in the presence of flame retardants, Byrne et al. [1] 

observed that anhydrosaccharides were important intermediates in the degradation process. 

Following Madorsky et al. [2], Byrne and co-workers proposed that there were two main 

reaction routes. The first route involved intramolecular rearrangements that yielded 10 

anhydrosaccharides whilst the other route involved the formation of carbonium ions that 

decompose irreversibly (fragmentation). Based on the observations of two competing 

pathways for cellulose pyrolysis, Mamleev et al. [3] proposed a cellulose thermochemical 

conversion/pyrolysis scheme where the initial thermal degradation pathway is via 

intermolecular transglycosylation reactions within the glucose monomers of cellulose [3, 4]. 15 

Anhydrosaccharides (e.g. levoglucosan, levoglucosenone) are the primary products of this 

pathway. Alternatively, formation of liquid tar from cellulose can also occur via β-

elimination. Under this mechanism, volatile acids (e.g. carboxylic acids) formed from the 

initial cellulose decomposition are able to attack the remaining cellulose as Bronsted acids 

thus catalysing heterolytic (ring-opening) reactions. 20 

In addition to the hypothesised role of volatile acids in cellulose pyrolysis chemistry, it 

has also been known that acid or alkali content has a significant impact on the yields and 

product composition as shown by Budarin et al. [5] and Hassan et al. [6]. The levoglucosan 

yields of acid and alkaline treated biomass compared with untreated biomass are shown in 

Table 1. Although some of the results shown in Table 1 were conflicting, there seems to be 25 

some evidence that supports the hypothesis which suggests that acid catalysis would activate 

β-elimination whilst the presence of alkalis could suppress β-elimination and promote 

transglycosylation. 

Mamleev et al. [7, 8] had also indicated that the acid-catalysed (β-elimination) pathway 

had a higher activation energy (Ea ≈ 250 kJ/mol) compared with the transglycosylation 30 

pathway (Ea ≈ 200 kJ/mol) during cellulose pyrolysis. These activation energy values were 

similar to those obtained by Capart et al. [9] in their study of pure cellulose decomposition 
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kinetics. Therefore, it follows that during thermal degradation, the apparent activation energy 

of acid infused cellulose should be closer to 250 kJ/mol (i.e. β-elimination dominated) whilst 

the apparent activation energy of alkali infused cellulose should be closer to 200 kJ/mol (i.e. 35 

transglycosylation dominated). In other words, the apparent thermal degradation activation 

energy of cellulose could be directly influenced to either increase or decrease by the presence 

of acids or alkalis within cellulose. Hence, the order of apparent activation energies should 

be: Ea,acid-cellulose > Ea,pure-cellulose > Ea,alkali-cellulose. 

This kinetics based approach would be useful in gaining further insights into the effects 40 

of acidic and alkaline additives. We would then be able to obtain further evidence with 

regards to the preference of either the β-elimination or transglycosylation pathways in the 

presence of acid and alkaline species. Consequently, the dominant pathway 

(transglycosylation or β-elimination) will result in a greater fraction of cellulose being 

thermally degraded via that route. 45 

 

2. Experimental Section 

Cellulose samples were prepared with different acid (H3PO4, H3BO3) and alkali 

(Ba(OH)2, Ca(OH)2) loadings by stirring microcrystalline cellulose (Avicel from Sigma-

Aldrich) with the required acid (2, 3, 5wt%) or  alkali (0.1, 0.5, 1wt%) solution at ca. 25°C 

for 30 minutes. The slurry was then filtered and dried overnight at 60°C. Thermogravimetric 50 

analyses were carried out with a TA Instruments SDT 2960 Simultaneous DSC-TGA. The 

system consists of a bifilar-wound furnace and a furnace tube enclosing two beams with 

platinum sensors at their ends where the sample and reference pans sit. Alumina pans with a 

volume of 90µl were used. For each test, the sample pan was loaded with 6 ± 0.05 mg of 

pure/treated cellulose sample and the reference pan was left empty. Nitrogen (flowrate = 200 55 

ml/min) was used to purge the furnace tube throughout the test.  

The thermal degradation was studied under non-isothermal conditions. The furnace 

temperature profile was programmed as follows: 

i. linear increase at 5°C/min from ambient to 50°C: initial temperature ramp for sample 

drying  60 

ii. isothermal at 50°C for 30 minutes: to ensure stability of sample prior to actual thermal 

analysis  
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iii. linear increase at various rates (2, 3, 4, 5 and 6°C/min) from 50°C to 650°C: non-

isothermal thermal analysis region 

iv. isothermal at 650°C for 10 minutes: end of thermal analysis.   65 

Weight and temperature measurements were recorded from the DSC-TGA’s micro-

balance (sensitivity of 0.1µg) and thermocouple (ΔT sensitivity of 0.001°C) connected to the 

beams and processed via TA Universal Analysis software. The SDT 2960 was calibrated 

using three reference materials namely Tin (m.p. = 231.9 °C), Lead (m.p. = 327.5 °C) and 

Zinc (m.p. = 419.5 °C). 70 

 

3. Kinetic Models for Cellulose Pyrolysis 

The kinetics work found in the literature focussed mainly on obtaining the yields of the 

three main pyrolysis products namely char, tar and gas. In those studies, the lumped 

parameter approach to get the kinetic parameters, the char, tar and gas yields needed to be 

measured instantaneously (differential approach) [10, 11] or at the end of each experimental 75 

run (integral approach) [12-15]. The experimental data was then used to get the best-fitted 

kinetic parameters via a variety of non-linear regression methods/algorithms. This approach 

is however unsatisfactory if the compound(s) of interest are intermediates (e.g. levoglucosan, 

levoglucosenone) that are extremely difficult to isolate and measure temporally thus making 

the typical kinetic approach unsuitable.  80 

Apart from the lumped parameter approach, kinetic parameters could be obtained via 

isothermal/non-isothermal thermogravimetric analysis (TGA). This evaluation of kinetic 

parameters by thermogravimetry can be conducted via model-free isoconversional method or 

via model-fitting. 

 

3.1 Model-Free Isoconversional Method 85 

This method requires the thermal decomposition to be carried out over a series of 

different heating rates. One of the biggest advantages of the isoconversional method is that 

the apparent activation energy could be determined without the need for a reaction model to 

be assumed or defined [16]. In addition, it is able to show the changes in activation energy as 

the reaction progresses. 90 
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The kinetics of cellulose thermal degradation or pyrolysis based on a single reaction, 

can be expressed in terms of mass conversion α by: 

𝑑α
𝑑𝑡

= 𝑘(𝑇)𝑓(𝛼) (1) 

Where 𝑓(𝛼)  is the reaction model and α is the conversion. The most common reaction model 

used is f(α)=1-α (order one) although more recent literature have reported good fits using 

Nuclei-growth models (e.g. Avrami-Erofeev, Prout-Tompkins) [9, 17]. The temperature 95 

dependant rate constant, k, obeys the Arrhenius law: k=A exp(-Ea/RT). For the apparent 

activation energy Ea, a large variety of values were reported in literature which ranged from 

(100 to 250 kJ/mol) [7, 9, 17-20] with the higher values being more reliable according to 

Varhegyi et al. [21]. 

The conversion α is typically defined as: 100 

𝛼 =
𝑊0 −𝑊𝑡

𝑊0 −𝑊𝑓
 (2) 

Where W0, Wt and Wf are the sample weights initially, at time t and at the end of the 

experiment, respectively. 

Several approaches have been developed for isoconversional methods which can be 

used for both isothermal and non-isothermal experimental data sets [22-27]. Of these, 

commonly used methods include the Flynn-Wall-Ozawa isoconversional method [28, 29] and 105 

the Friedman method [30, 31]. 

In the Friedman method, Equation (1) is rearranged to give:  

ln �
dα
dt
�
i

= ln𝐴 + ln[𝑓(𝛼)] −
𝐸𝛼
𝑅𝑇𝛼,𝑖

 (3) 

 

The activation energy Eα can therefore be evaluated by performing a series of 

thermogravimetric experiments at different heating rates. For a specific conversion α, the 110 

corresponding (dα/dt) and temperature Tα,i can be obtained at the respective heating rates. A 

plot of ln �dα
dt
�  against the reciprocal temperature should yield a straight line whose slope 

�𝐸𝑎
𝑅
� will provide the activation energy at that value of α. Repeating this procedure over a 
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range of α values will generate a profile of the variation of activation energy as the reaction 

progresses. 115 

  

3.2 Model-fitting Method 

The kinetic approach carried out by Capart et al. [9] is highly relevant in this study. 

Capart et al.[9] have shown that cellulose thermal degradation proceeds via two pathways 

similar to the β-elimination and transglycosylation reaction pathways. The reactions 

pathways were modelled after the Prout-Tompkins nuclei-growth model and can be generally 120 

expressed as follows: 

𝑑𝑥𝑖
𝑑𝑡

=  −𝑘𝑖𝑥𝑖
𝑛𝑖(1 − 𝑞𝑥𝑖)𝑚𝑖 (4) 

Where the unreacted fraction 𝑥 = (1 − α), α = mass conversion, initiation parameter q = 

0.99 for nucleation models, n = 0.5 or 1 for Prout-Tompkins model, m = acceleration 

parameter and 𝑘 = A𝑒𝑥𝑝 �−E
RT
�. Subsequently, Equation (4) can be specifically re-written as 

shown in Equation (5) and Equation (6) for the two cellulose thermal degradation pathways. 125 

(Reaction 1, Transglycosylation) with n1 =1, Prout-Tompkins: 

𝑑𝑥1
𝑑𝑡

= −𝑘1𝑥1(1 − 0.99𝑥1)𝑚1 (5) 

(Reaction 2, β-elimination) with m2 =1 to ensure an induction time for generating volatiles 

from this pathway which is generally thought as the cracking route: 

𝑑𝑥2
𝑑𝑡

= −𝑘2𝑥2
𝑛2(1 − 0.99𝑥2) 

(6) 

 

Where: x1 and x2 are the cellulose fractions involved in Reactions 1 and 2 respectively and 130 

 𝑥1 =  𝑓1 × 𝑥 and 𝑥2 =  𝑓2 × 𝑥, where f1 and f2 are the fractions of the raw cellulose involved 

in Reactions 1 and 2 respectively. 



8 
 

Alternatively, the Prout-Tompkins model as expressed in Equation (5) will reduce to a 

first-order model when the acceleration parameter m1 = 0 as shown in Equation (7). This 

greatly reduces the number of parameters that need to be fitted to just four (i.e. A1, E1, A2, E2)   135 

𝑑𝑥1
𝑑𝑡

= −𝑘1𝑥1 (7) 

Similarly, Equation (6) can also be reduced to a first order expression: 

𝑑𝑥2
𝑑𝑡

= −𝑘2𝑥2 (8) 

The unknown parameters namely A1, E1, m1, f1, A2, E2, n2 and f2 were evaluated by 

solving the ordinary differential equations (ODEs); equations (5) to (8) in MATLAB along 

with a genetic algorithm (GA) [32] as the optimiser for fitting the model parameters to the 

experimental results. The use of the genetic algorithm improves the likelihood of obtaining an 140 

optimum global solution to the model-fitting. This is in contrast to local optimisers than can 

get trapped at local minima thus providing only locally optimised solutions. 

 

3.3 Kinetic Analysis of Acid/Alkali Infused Cellulose 

To study the effects of acids and alkalis on cellulose thermal degradation, we will use 

both methods (model-free and model-fitting) in two stages as follows: 145 

i. Stage 1: model-free, isoconversional method to evaluate apparent activation energy. 

ii. Stage 2: model-fitting method to evaluate cellulose fraction thermally degraded by 

dominant pathway (transglycosylation or β-elimination). 

In the first stage, the model-free, isoconversional approach was selected because the 

activation energy evaluated would otherwise be affected by variations being force-fitted or 150 

hidden within the reaction model parameters. Out of the several isoconversional methods 

available, the Friedman method was selected for use due to its utility and recommendations in 

recent publications [33, 34]. 

In the second stage, the models (nucleation and first-order) as described by equation (5) to (8) 

are known in literature. The models were then used to study the effects of acid and alkali 155 
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additives on the hypothesised pathways (i.e. transglycosylation and β-elimination) based on 

the non-isothermal TGA data that have been obtained. 

 

4. Results and Discussion 

Thermal analysis using the DSC-TGA was first carried out on pure, untreated 

microcrystalline cellulose samples at the various heating rates. This was done to compare our 160 

results with literature values and verify the compatibility of our instrument and techniques. 

The activation energy for pure cellulose using Friedman’s isoconversional method was then 

calculated and found to be 203 ± 13 kJ/mol (at 95% confidence limit). This was very close to 

the values obtained by Capart et al. [9] which obtained activation energies of 203 kJ/mol 

(isothermal mode) and 200 kJ/mol (non-isothermal mode). 165 

 

4.1 Conversion Rate Profiles of Cellulose Degradation 

Similar experiments and analysis were then carried out for cellulose samples that were 

infused with acids (H3PO4, H3BO3) and alkalis (Ba(OH)2, Ca(OH)2). An analysis of the 

cellulose degradation rates as expressed by (dα/dt) against the progress of the reaction 

indicated by conversion α is useful in determining the presence of multiple reactions. It will 170 

also help us in determining the starting and ending points of the main thermal degradation 

reaction(s). The typical conversion profiles of the acid and alkali infused cellulose are shown 

in Figures 1 to 4. 

Based on these profiles, a few observations can be made. Firstly, for the two acids, it 

can be seen that the main thermal degradation reaction terminates when the conversion α = 175 

0.4. It is likely that a second reaction is occurring when 0.4 < α < 0.8.  On the other hand, for 

the alkalis, the thermal degradation profiles were consistently smooth suggesting that there 

was a single primary reaction throughout conversion levels from α = 0 to α = 0.7. Hence, for 

the evaluation of activation energy, with respect to the initial transglycosylation and β-

elimination pathways, we will only consider the values of 0 < α < 0.4 for the acid infused 180 

cellulose while for the alkalis, we will evaluate in the region 0 < α < 0.7. 
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4.2 Effect of Acids on Activation Energy 

We can see in Figure 5 that the activation energy for H3PO4 is clustered closely 

around the 250 kJ/mol level. Meanwhile, in Figure 6, the activation energy scatter for H3BO3 

infused cellulose seems to be more widely distributed although most seem to still cluster 185 

close to the 250 kJ/mol level. The mean values are seen to range from ca. 310 kJ/mol to as 

low as ca. 220 kJ/mol. The mean values of activation energies for all the acid treated samples 

were calculated and are presented in Table 2. 

The activation energy values were tested using a one-sample t-test. The null hypothesis was 

set as the mean activation energy Ea = 250 kJ/mol whilst the alternative hypothesis was set as 190 

the activation energy Ea ≠ 250 kJ/mol. At a significance level of 0.05, four five out of the six 

samples analysed had have means that were are not significantly different from an activation 

energy level Ea = 250 kJ/mol. Meanwhile, the remaining samples had means Ea = 240 kJ/mol 

andis 255 kJ/mol (at 0.05 significance level). A complementary t-test was also conducted and 

it shows that all the samples means are significantly higher than the activation energy Ea = 195 

200 kJ/mol (at 0.05 significance level). This shift of the activation energy to ca. 250 kJ/mol is 

close to the expected activation energy of 250 kJ/mol for the β-elimination pathway.  

4.3 Effect of Alkalis on Activation Energy 

Similar to the analysis done for the acid samples, the activation energies for alkalis 

(Ba(OH)2, Ca(OH)2) were calculated using Friedman’s method and presented as 200 

isoconversion plots in Figure 7 and Figure 8 respectively. 

In contrast to the acid infused cellulose plots which cluster mainly at the 250 kJ/mol 

level, the alkali infused samples show clustering at or just below the 200 kJ/mol level. 

Overall, the plots are seen to more consistent than the acid infused cellulose plots which is to 

be expected due to the smoother conversion rate plots shown in Figure 3 and Figure 4. 205 

When the respective mean activation energies were calculated (see Table 2), it can be 

seen that the values are significantly less than the values obtained for the acid treated 

cellulose samples. In fact, they seem to be consistently below the 200 kJ/mol level as was 

initially expected for transglycosylation reaction. This is confirmed by the statistics obtained 

for the t-test. However, it can be clearly seen that all the activation energies for alkali infused 210 

cellulose were significantly lower than those for acids. This shift of the activation energy to 
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ca.180 kJ/mol is lower than the expected activation energy of 200 kJ/mol for the 

transglycosylation pathway. This could be partially due to potential secondary effects of the 

alkali cations. It does however provide evidence that the β-elimination pathway is 

suppressed. 215 

 

4.4. Dominant Pathway for Pure Cellulose Degradation 

Model-fitting was carried out using MATLAB based on the ODEs expressed in 

equations (5) to (8) at different heating rates. The model parameters used initially were as 

stipulated in Capart et al. [9] with m1=0.481, f1=0.75, A1=1.94x1015 1/s, E1=202.65 kJ/mol, 

n2=22, f2=0.163, A2=1.63x1020 1/s and E2=255 kJ/mol . The results of the simulated cellulose 220 

thermal degradation using Capart’s model are shown in Figure 9. As can be seen in the plots, 

the Capart model does not seem to fit the experimental cellulose thermal degradation data 

that we have obtained. However, qualitatively, the overall shape of Capart’s model curves is 

consistent with the experiment data. 

We then freed the constraints on Capart’s model parameters and allowed MATLAB to 225 

optimise the parameters using the in-built genetic algorithm. The fitted model parameters 

obtained from this optimisation process are n1=1.0, m1=6.6x10-5, n2=1.0, m2=0.02. These 

values practically collapse the nuclei-growth model into a first-order reaction model as 

described by equation (7) and equation (8). We then proceeded with fitting the experimental 

data with this first-order model and obtained good fits as shown in Figure 10. The Arrhenius 230 

parameters for the first-order model are: A1=1.5x1015 s-1, E1=203 kJ/mol, A2=2.0x1019 1/s, 

E2=257 kJ/mol. Based on this first-order model, the amount of intermediates generated from 

transglycosylation and β-elimination was found. The final level of these intermediates gives 

an indication of the fraction of cellulose that degraded along each of the pathway.  

The activation energies obtained are generally consistent with the expected values for 235 

the two pathways. We are also able to observe that the fraction of cellulose thermally 

degraded via transglycosylation is greater than that via β-elimination as evidenced by f1 and f2 

values respectively. The fraction of cellulose that underwent thermal degradation via 

transglycosylation pathway varies from 0.42 to 0.67 with the fraction increasing with 

increasing heating rates. The pathway degradation ratio (PDR) f1:f2 ranged from 1:1 to 3.5:1. 240 
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This provides an indication that transglycosylation is the dominant pathway for pure cellulose 

thermal degradation/pyrolysis especially at higher heating rates. 

Increasing the heating rates of fast pyrolysis has been shown by many workers 

including recently by Hoekstra et al. [35]  to increase bio-oil yields. In addition, it has been 

reported in literature that anhydrosaccharides especially levoglucosan is a major component 245 

of fast pyrolysis bio-oils [36-38]. These observations suggest that heating rates can affect the 

pathway through which cellulose degrades. Based on the TGA fits that we have obtained, the 

predominance of the transglycosylation pathway is likely the reason why more levoglucosan 

is produced at higher heating rates.  This preference for transglycosylation rather than β-

elimination could be explained by the presence or lack thereof of volatile organic acids which 250 

are secondary products of cellulose pyrolysis. It was observed that the yields of levoglucosan 

can also be increased when cellulose is pyrolysed under vaccum [39]. Here, the organic acids 

are volatilised to a greater degree under vacuum thereby decreasing their ability to catalyse 

the β-elimination route.  

A similar argument can be proposed for the heating rates in that at lower heating rates, 255 

cellulose is kept within lower temperature regions for a longer period of time than at high 

heating rates. This in turn allows the volatile organic acids to remain within the cellulose 

sample for longer periods and catalyse the β-elimination pathway. These acids could also 

contribute to increased char levels seen at lower heating rates. 

The first-order model that was successfully used for pure cellulose was then applied 260 

to the acid (H3PO4 and H3BO3) and alkali (Ba(OH)2 and Ca(OH)2) infused cellulose samples. 

 

4.5. Dominant Pathway for Acid Infused Cellulose Degradation 

The comparison plots of the first-order simulation results and experimental TGA data 

for 2 wt% H3PO4 infused cellulose degradation are shown in Figure 11 while the detailed 

kinetic results from all the H3PO4 infused cellulose are listed in Table 3.   265 

From a qualitative point of view, the first-order model seems to be able to provide an 

adequate fit for the experimental results. The fit is better in the initial stages compared to the 

latter stages of thermal degradation as seen from the deviation when the fraction of unreacted 

cellulose x is less than 0.6 (i.e. conversion α > 0.4). The experimental data points indicated a 
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decrease in degradation rate towards the end. This could be explained by the dα/dt plots 270 

shown in Figures 1 and 2 which showed that the primary degradation rate curves ended 

around those points. What we can therefore say is that the transglycosylation and β-

elimination pathways were the dominant reactions in the early part of cellulose degradation 

which is then followed by other secondary reactions (e.g. cracking to other lighter organics). 

This was shown by Mamleev et al. [7] in that it was observed that the relationship between 275 

activation energy and conversion α had “two pronounced plateaus” that corresponded with an 

initial primary degradation pathway that is then followed by secondary reactions that became 

dominant. These observations also find support in the recent work by Vinu and Broadbelt 

[40], their quantum chemistry calculations and modelling were able to give reasonable 

predictions of levoglucosan but significant deviations from experimental results were 280 

observed when predicting the yields of light organics such as formic acid and glycoaldehyde. 

They have attributed this to secondary reactions not considered by their model. 

 The overall goodness of fit for the first-order model as expressed by R2 was greater 

than 0.92 and can be generally thought to be reasonable with the understanding that the 

kinetic parameters obtained to be representative only of the initial part of the thermal 285 

degradation process where the initial cellulose degradation pathways (transglycosylation and 

β–elimination) are dominant. The original Capart model as defined by equations (5) and (6) 

were also used in trials to fit the experimental data with goodness-of-fit values of R2 ranging 

from 0.77 to 0.80. Therefore only the results from the first-order model were used in the 

subsequent pathway analysis. 290 

The results in Table 3 also show that the mean activation energy for 

transglycosylation pathway, E1,ave is 199 kJ/mol whilst for β-elimination, the mean activation 

energy E2,ave is 255 kJ/mol. These values are similar to the activation energy results for pure 

cellulose (literature and current work). More significantly, we note that the fraction of 

cellulose involved in β-elimination (f2) was higher than the fraction for transglycosylation 295 

(f1). The pathway degradation ratio (PDR) f1:f2 ranged from 1:2.5 to 1:5. This is a reversal 

from the results that we obtained for pure cellulose. It is also indicative of the β-elimination 

pathway being dominant during the thermal degradation of H3PO4 infused cellulose.   

Thermal degradation/pyrolysis data of H3BO3 infused cellulose was subjected to the 

same analysis and the model-fitting plots are presented in Figure 12. The fitting of the first-300 
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order model to the experimental results obtained for the various levels of H3BO3 loadings 

yielded the kinetic parameters as listed in Table 3. 

Generally, we obtain similar results for the H3BO3 infused cellulose when comparing 

with the earlier H3PO4 infused cellulose results. For the transglycosylation pathway, the mean 

activation energy, E1,ave is 204 kJ/mol whilst for the β-elimination pathway, E2,ave is 260 305 

kJ/mol. These values are also similar to the activation energy results for pure cellulose. The 

fraction of cellulose showed a trend of favouring β-elimination rather than transglycosylation. 

This is reflected in the PDR (f1:f2) which ranged from 1:0.8 to 1:1.7. Although there also 

seems to be a shift in dominance from transglycosylation to β-elimination, this shift is not as 

large as the one we observe for the H3PO4 loadings. However, we can still see that this is still 310 

indicative of the β-elimination pathway becoming more dominant during the thermal 

degradation of H3BO3 infused cellulose. 

 

4.6 Dominant Pathway for Alkali Infused Cellulose Degradation 

To compare and contrast the results we obtained for the acid infused cellulose, similar 

model fitting and analysis were carried out for the thermal degradation of Ba(OH)2 infused 315 

cellulose. The model-fitting plots are shown in Figure 13 for 0.1 wt% Ba(OH)2 infused 

cellulose. The detailed kinetic results for all the different alkali loadings are shown in Table 

3.   

Generally, the first-order model fitted the Ba(OH)2 experimental value rather well 

(R2>0.94). Fittings were also attempted using the Capart model as described by equations (5) 320 

and (6) but the goodness of fit (R2) obtained were less than 0.93. Therefore, the subsequent 

pathway analysis was conducted based on the first-order model. As with the acid loadings, 

there still seemed to be a deviation towards the later stages of thermal degradation. However, 

this deviation occurred later when the fraction of unreacted cellulose x < 0.2 compared to x < 

0.6 for the acid infused cellulose. The transglycosylation pathway was found to have a mean 325 

activation energy E1,ave= 203 kJ/mol whilst for β-elimination, the mean activation energy 

E2,ave = 260 kJ/mol. These values are close to the literature values and to the ones obtained for 

pure cellulose. The fraction of cellulose involved in transglycosylation (f1) was much higher 

than those obtained for the acid loadings. The PDR (f1:f2) for Ba(OH)2 loadings ranged from 

3:1 to 5.4:1. Overall, these values indicate that transglycosylation is the likely dominant 330 
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pathway, and the values are greater than the PDR (f1:f2) range for pure cellulose. This would 

suggest that the alkalis affect cellulose pyrolysis by neutralising the organic acids produced 

during pyrolysis thus suppressing the β-elimination pathway. 

The model fittings for 0.1 wt% Ca(OH)2 infused cellulose as shown in Figure 14, are 

generally acceptable (R2>0.93) and comparable with those obtained earlier for pure cellulose 335 

and Ba(OH)2. Consequently, the relevant kinetic parameters were found from the model 

fittings and are tabulated in Table 3.  The mean activation energy for transglycosylation was 

200 kJ/mol whilst the mean activation energy for β-elimination was 257 kJ/mol. These values 

are comparable to the ones that have been obtained for pure cellulose, acid infused cellulose 

and Ba(OH)2. In terms of pathway degradation fraction, it is observed that  f1 340 

(transglycosylation) was greater than f2 (β-elimination). This showed that transglycosylation 

was the dominant pathway with the PDR (f1:f2) lying between 2.3:1 and 4.7:1.  

 

5. Conclusion 

Overall we can see that the presence of acids and alkalis have a significant effect on 

the kinetics of cellulose thermal degradation or pyrolysis. Acids are able to raise the apparent 345 

activation energy of cellulose thermal degradation whilst alkalis are able to decrease the 

apparent activation energy. The results show that:  

Ea,acid-cellulose > Ea,pure-cellulose > Ea,alkali-cellulose. 

The apparent activation energy of cellulose degradation obtained via the 

isoconversional method is based on describing the conversion as a single step, single pathway 350 

degradation. However, as hypothesised, this degradation actually comprise of two main 

competitive reactions (i.e. transglycosylation and β-elimination). When this is taken into 

consideration, we can see that the activation energies of the two pathways were found to be 

on average 202 kJ/mol (transglycosylation) and 258 kJ/mol (β-elimination) for the various 

acids and alkalis infused cellulose. These activation energy values are consistent with the 355 

findings of Mamleev et al.[3].  

Instead of activation energy shifts, we can now see that the acidic/alkaline additives 

manifest their influence via changes in the fraction of cellulose degraded via the two 

pathways. Acids influence the thermal degradation by promoting the β-elimination pathway 
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which leads to more cellulose degrading via that route at the expense of transglycosylation. 360 

This had manifested itself earlier as an increase in the apparent activation energy. On the 

other hand, alkalis have a suppressing effect on the acid-catalysed β-elimination pathway 

which then allows more cellulose to degrade via transglycosylation. This was seen as a 

lowering of the apparent activation energy found via the isoconversional method. 

In terms of modelling acid/alkali infused cellulose thermal degradation, we see that 365 

there was a greater deviation between the first-order model prediction and the experimental 

TGA results towards the later stages. It is likely that secondary reactions instead of 

transglycosylation or β-elimination are dominant in these regions. There is therefore a need to 

further elucidate the reaction network in detail beyond the initial transglycosylation and β-

elimination pathways. Concurrently, we would also need to identify and study all the reaction 370 

intermediates and their interactions with H+ and OH- ions in order to develop a better overall 

model for cellulose pyrolysis. 

The findings thus far naturally lead to the idea that we might be able to selectively 

increase the yields of anhydrosaccharides which are only formed via the transglycosylation 

pathway. This could be achieved by controlling or manipulating the acidity/alkalinity of the 375 

environment in which cellulose thermally degrades or pyrolyses. Although the use of alkalis 

show the possibility of increasing anhydrosaccharide yields, the presence of alkali cations 

seem to have a negative effect on the overall yields. Therefore process schemes that could 

remove H+ ions without the need to introduce cations might prove to be more beneficial and 

should be studied.   380 
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Nomenclature 

α  conversion 

A  Arrhenius pre-exponent factor, 1/s 

A1  Arrhenius pre-exponent factor (transglycosylation), 1/s 

A2  Arrhenius pre-exponent factor (β-elimination), 1/s 

E1  activation energy (transglycosylation) , kJ/mol  

E1,ave  mean activation energy (transglycosylation) , kJ/mol  

E2  activation energy (β-elimination) , kJ/mol  

E2,ave  mean activation energy (β-elimination) , kJ/mol  

Ea  apparent activation energy 

Eα  activation energy at a specific conversion α 

f(α)  reaction model 

f1   fraction of the raw cellulose involved in Reaction 1 (transglycosylation)  

f2  fraction of the raw cellulose involved in Reaction 2 (β-elimination) 

k  Arrhenius rate constant, 1/s 

m  acceleration parameter for Prout-Tompkins model 

m.p.   melting point 

n   exponent parameter for Prout-Tompkins model 

q   initiation parameter  

R  gas constant, J/K mol 

T  temperature, Kelvin (K) 

W0  sample weight at time=0 

Wf  sample weight at the end 

Wt  sample weight at time=t 

x  unreacted fraction 
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Table 1: Comparison of the effects of acids and alkalis on biomass pyrolysis yields. 

 Budarin et al. Hassan et al. 

additives H2SO4 HCl NH3 H3PO4 H2SO4 NaOH Ca(OH)2 NH4OH 

levoglucosan  26%  27%  66%  54%  61%  49%  72%  41% 

 

 

Table1



 

 

 

Table 2: Average activation energy of cellulose with the various acid and alkaline additives 

 2 wt% H3PO4 3 wt% H3PO4 5 wt% H3PO4 

Ea(kJ/mol) 249 ± 9 247 ± 12 239 ± 6 

 2 wt% H3BO3 3 wt% H3BO3 5 wt% H3BO3 

Ea(kJ/mol) 252 ± 26 258 ± 26 268 ± 15 

 0.1 wt% Ba(OH)2 0.5 wt% Ba(OH)2 1 wt% Ba(OH)2 

Ea(kJ/mol) 181 ± 5 178 ± 3 184 ± 2 

 0.1wt% Ca(OH)2 0.5wt% Ca(OH)2 1 wt% Ca(OH)2 

Ea(kJ/mol) 183 ± 5 198 ± 2 194 ± 6 

 

 

 

Table2



 

 

 

Table 3: Fitted model parameters obtained for first-order thermal degradation model – H3PO4, 

H3BO3, Ba(OH)2, Ca(OH)2 impregnated cellulose 

 Transglycosylation β-Elimination 

 A1 

(1/s) 

E1 

(kJ/mol) 
f1 

A2 

(1/s) 

E2 

(kJ/mol) 
f2 

Cellulose + 2wt% H3PO4 6.68x10
15

 204 0.17 3.30 x10
21

 260 0.53 

Cellulose + 3wt% H3PO4 7.30x10
15

 191 0.09 7.68 x10
21

 244 0.41 

Cellulose + 5wt% H3PO4 6.46x10
15

 203 0.18 5.10 x10
21

 261 0.52 

Cellulose + 2wt% H3BO3 1.46x10
15

 204 0.41 1.10 x10
20

 260 0.36 

Cellulose + 3wt% H3BO3 1.46x10
15

 204 0.37 1.10 x10
20

 260 0.38 

Cellulose + 5wt% H3BO3 1.46x10
15

 203 0.30 2.70 x10
20

 260 0.44 

Cellulose + 0.1wt% Ba(OH)2 1.46x10
15

 208 0.76 1.02 x10
19

 260 0.17 

Cellulose + 0.5wt% Ba(OH)2 3.30x10
14

 201 0.72 1.01 x10
19

 261 0.19 

Cellulose + 1wt% Ba(OH)2 3.30x10
14

 201 0.68 1.01 x10
19

 260 0.20 

Cellulose + 0.1wt% Ca(OH)2 4.00x10
14

 200 0.71 1.07 x10
19

 257 0.23 

Cellulose + 0.5wt% Ca(OH)2 4.93x10
14

 200 0.74 1.07 x10
19

 257 0.18 

Cellulose + 1wt% Ca(OH)2 4.10x10
14

 201 0.64 1.07 x10
19

 257 0.24 

 

 

 

 

 

Table3
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Figure 1: Variation of conversion rate (dα/dt) for cellulose impregnated with 
5wt% H3PO4 at various TGA heating rates (2-6 C/min). 
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Figure 2: Variation of conversion rate  (dα/dt) for cellulose impregnated with 
5wt% H3BO3 at various TGA heating rates (2-6 C/min). 
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Figure 3: Variation of conversion rate  (dα/dt) for cellulose impregnated with 
1wt% Ba(OH)2 at various TGA heating rates (2-6 C/min) 
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Figure 4: Variation of conversion rate (dα/dt) for cellulose impregnated with 
1wt% Ca(OH)2 at various TGA heating rates (2-6 C/min) 
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Figure 5: Variation of activation energy with conversion for cellulose 
degradation with various wt% H3PO4 added 
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Figure 6: Variation of activation energy with conversion for cellulose 
degradation with various wt% H3BO3 added 
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degradation with various wt% Ba(OH)2 added 
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Figure 8: Variation of activation energy with conversion for cellulose 
degradation with various wt% Ca(OH)2 added 

Figure8



time (min)

80 90 100 110 130 140 150 160 170 180

u
n

re
a

ct
e

d
 c

e
llu

lo
se

 fr
a

ct
io

n
 x

0.0

0.2

0.4

0.6

0.8

1.0

1.2
TGA-2oC/min

TGA-4oC/min

TGA-5oC/min

TGA-6oC/min

Capart-2oC/min

Capart-4oC/min

Capart-5oC/min

Capart-6oC/min

R2=0.90

R2=0.91

R2=0.92
R2=0.91

Figure 9: Comparison of Capart’s model fit for pure cellulose degradation at 
varying heating rates. 
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Figure 10: Comparison of first-order model fit for pure cellulose degradation 
at varying heating rates. 
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Figure 11: First-order reaction model fit of cellulose (with 2 wt% H3PO4) 
thermal degradation at various TGA heating rates (2-6 C/min). 
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Figure 12: First-order reaction model fit of cellulose (with 2 wt% H3BO3) 
thermal degradation at various TGA heating rates (2-6 C/min). 

Figure12



time (min)

50 100 150 200 250 300 350

un
re

ac
te

d 
ce

llu
lo

se
 f

ra
ct

io
n 

x

0.0

0.2

0.4

0.6

0.8

1.0

1.2

TGA-2

C/min

TGA-3

C/min

TGA-4

C/min

TGA-5

C/min

TGA-6

C/min

1
st

Order-2

C/min

1
st

Order-3

C/min

1
st

Order-4
o
C/min

1
st

Order-5

C/min

1
st

Order-6

C/min

R2=0.95

R2=0.95

R2=0.95

R2=0.94

R2=0.94

Figure 13: First-order reaction model fit of cellulose (with 0.1 wt% Ba(OH)2) 
thermal degradation at various TGA heating rates (2-6 C/min). 
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Figure 14: First-order reaction model fit of cellulose (with 0.1 wt% Ca(OH)2) 
thermal degradation at various TGA heating rates (2-6 C/min). 
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