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Abstract 9 

Attempts to understand and control the formation of levoglucosan, as a key bio-oil 10 

compound and an important intermediate chemical, during biomass pyrolysis have recently 11 

generated a large number of experimental and computational studies. Whilst promising 12 

mechanisms have been put forward to explain levoglucosan formation, there has yet to be 13 

clarity on the factors that inhibit the stoichiometric yields from cellulose, and, current available 14 

mechanisms adopt model compounds of short chain oligosaccharide structures rather than 15 

cellulose polymer. In this work, kinetic models describing cellulose (with Degree of 16 

Polymerisation DP of 2048) decomposition and levoglucosan formation have been constructed. 17 

It was found that temperature and residence time co-ordinately influenced the yield of 18 

levoglucosan, i.e. maximum yield can be reached within 80 seconds at 600 oC, however, around 19 

10 minutes is required at 550 oC. Anhydro-oligosaccharides greater than DP8 will be generated 20 

and then consumed in 60 seconds with pyrolysis temperatures of 500 oC and over. The results 21 
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also showed that the current available concerted initiation and depropagation reactions are 22 

insufficient to explain the experimentally observed high rates of cellulose depolymerisation 23 

and levoglucosan formation, other key factors such as side reactions have to be considered. 24 

Additionally, it was found that the rate of levoglucosan generation is independent of the initial 25 

cellulose chain length, which is a finding that will facilitate future studies in the area of 26 

bioenergy and biomass decomposition. 27 
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1. Introduction 30 

Biomass is a renewable energy resource that can be derived from agricultural and 31 

forestry sources, including by-products of the timber industry, agricultural crops, and animal 32 

manures. An additional source includes a considerable proportion of municipal solid waste. 33 

The high natural abundance and potential for carbon neutrality that biomass utilization affords 34 

makes it both environmentally and economically important [1–5]. It has been reported that 35 

bioenergy provided about 5% of total primary energy use in the United States in 2018 [6]. Of 36 

that 5%, about 51% was from solid biofuels, 41% was from liquid fuels, and the remainder was 37 

from biogases and municipal waste. As of 2019, 11 % of UK’s electricity is provided from 38 

biomass as described by the Renewable Energy Association (REA) [7]. According to the same 39 

REA report, bioenergy provides 96% of non-domestic renewable heat (including biomass 40 

boilers and biomethane) and contributes 7.4% of the country’s total energy needs. 41 

Levoglucosan (LG), one of the primary products of biomass pyrolysis [8–10], has 42 

attracted significant research interest due, in part, to its potential use in the production of 43 

monomeric sugars which can subsequently be utilized to produce biofuels such as ethanol and 44 

butanol. Other potential uses of LG include the manufacturing of biodegradable polymers, 45 



surfactants, and pharmaceuticals compounds, amongst other products [11]. Much effort has 46 

been dedicated to understand the mechanisms for LG formation during biomass pyrolysis, or 47 

essentially cellulose pyrolysis. In the reaction models of Broido et al. [12,13] and Shafizadeh 48 

et al. [14], cellulose pyrolysis is considered as a sequence of multistep reactions wherein 49 

cellulose will first decompose to form a reactive intermediate that they named ‘active 50 

cellulose’. This active intermediate may then decompose to form volatiles and char. The work 51 

of Lédé et al. [15] showed that ‘active cellulose’ consists of a transient liquid compound 52 

composed primarily of short chain anhydro-oligosaccharides, including small amounts of LG 53 

and cellobiosan. 54 

Whilst LG is one key product from cellulose pyrolysis, its yield varies significantly 55 

with different operating conditions including temperature, heating rates and reactor type. Shen 56 

and Gu [16] obtained 62.2% LG in quartz tube reactor at a temperature of 530 oC. Increasing 57 

the residence time reduced this yield to 53.1%, whilst increasing the reaction temperature to 58 

630 oC at the shorter residence time reduced the yield to 51.1%. Patwardhan et al. [17] achieved 59 

yields of 58.8% at 500 oC using a single shot micropyrolyser whilst Lindstrom et al. [18] 60 

reported LG yields of 54.4% using a CPD-Quench micropyrolyser at the same temperature. 61 

Kwon et al. [19] reported LG yields as high as 70% from lab-scale pyrolysis at reduced 62 

pressure, but as low as 20% from laser-induced cellulose pyrolysis within a nitrogen 63 

environment [20], which was blamed on the generation of an inhibiting aerosol caused by the 64 

small heating are of the laser that allowed for product condensation. Dobele et al. [21] also 65 

reported a low yield of 20.4% LG from the pyrolysis of cellulose on a microgram-scale 66 

although the reason for this relatively small yield is unclear. The wide ranging yields suggests 67 

that temperature and reaction conditions play a critical role in controlling the rate of formation 68 

of LG and the competition between LG forming reactions and the generation of alternative 69 

cellulose pyrolysis products. 70 



Computational modelling studies have also played a key role in elucidating the 71 

formation mechanisms of LG from cellulose. Our previous work [22,23] investigated the 72 

homolytic cleavage of cellobiose into two glucosyl radicals, as well as the heterolytic fission 73 

routes to produce two pairs of corresponding ionic monosaccharides. The significant barrier 74 

heights for the heterolytic routes ruled them out as primary pathways for the cleavage of 75 

cellobiose, whilst the homolytic cleavage pathways were more reasonable. Following 76 

dissociation of the glycosidic bonds at either end of a cellulose monomer, a glucopyranose 77 

biradical can then undergo rearrangements and C-O bond formation to yield LG. Mayes and 78 

Broadbelt [24] reported a concerted method for the simultaneous depolymerisation of cellulose 79 

and formation of LG. In the first step, termed ‘concerted initiation’, this ‘chain-end’ mechanism 80 

liberates a glucose molecule from the reducing end (RE) of a cellulose chain and produces an 81 

LG chain-end. A subsequent ‘concerted depropagation’ reaction will liberate this LG molecule 82 

and produce another LG chain-end, which will, in-turn, be cleaved from the cellulose polymer. 83 

When considering the non-reducing end (NRE) of the cellulose, the initiation and 84 

depropagation reactions become a single step LG forming reaction. A comparison study 85 

performed in our previous work [25] confirmed that the concerted mechanism is more facile 86 

than either the hydrolytic-glucose intermediate route or the homolytic pathway and agreed 87 

closely to experimental measurements of the energetics of LG formation. 88 

Vinu and Broadbelt [26] considered four variants of the concerted reaction in their 89 

mechanistic model of carbohydrate pyrolysis. These consisted of a mid-chain initiation, the 90 

aforementioned depropagation, an NRE initiation, and the end chain concerted initiation. The 91 

authors also propose that hydrolysis plays a dominant role in cellulose depolymerisation and 92 

that considerable yields of glucose should be formed as a result, however, glucose has not been 93 

identified as a major intermediate during cellulose pyrolysis [27,28]. Furthermore, the water is 94 

posited to be derived through cellulose dehydration reactions, however, the calculated reaction 95 



barriers for cellulose dehydration range from 63.2 – 99.1 kcal mol-1 and appear too high for the 96 

generation of water in significant quantities [29]. For a single cellulose chain, one instance of 97 

the concerted initiation will convert a glucose chain-end into an LG chain-end, from which no 98 

more concerted initiations may take place. No other proposed reactions lead to the reformation 99 

of a glucose chain-end and so the role of the concerted initiation in cellulose conversion must 100 

be minimal. Discarding this reaction allows for the depolymerisation of cellulose to be 101 

considered as a competition of the three remaining reactions. A mid-chain initiation will split 102 

a cellulose polymer into two separate chains, producing an LG-type RE and also an NRE. Each 103 

type of chain-end can then undergo its respective depropagation reaction to produce a molecule 104 

of LG and an equivalent chain-end. 105 

The previously proposed mechanisms for LG formation are generally limited to dimers 106 

and trimers of cellulose and anhydrocellulose, however the experimental works of Lindstrom 107 

et al. [18] and of Proano-Aviles [30] show clearly that the generation of LG is dictated by a 108 

balance of mid-chain cracking and chain-end LG generating reactions, highlighting the 109 

importance of considering cellulose polymers rather than short chain oligosaccharide 110 

structures. Additional kinetic investigation on depolymerisation and LG formation from 111 

cellulose polymer is yet to be reported. Such information is clearly necessary for advancement 112 

of LG formation technologies. In this paper we will firstly investigate the cellulose polymer 113 

degradation pathways, beginning from a cellulose chain with a DP of 2048, which will be done 114 

by exploring the kinetics of cellulose mid-chain depolymerisation reactions, chain-end LG 115 

formation reactions, and LG ring-opening and dehydration mechanisms. Secondly, based on 116 

the obtained cellulose degradation pathways, the optimum operating conditions (e.g. 117 

temperature. Reaction time, cellulose chain length) to maximise the LG yield will be explored. 118 

2. Methodology 119 



Density functional theory (DFT) calculations were employed to calculate the 120 

geometries and energies of all pathways in this study. The M06-2X functional [31] was used 121 

in conjunction with the def2-TZVP [32] basis set in all reactions considered in the kinetic 122 

model. The D3 dispersion correction [33] with zero damping factor was used throughout. All 123 

ground state structures were confirmed to have zero imaginary frequencies and all transition 124 

states were confirmed to have exactly one imaginary frequency. The correctness of all 125 

transition state structures were confirmed through visual assessment of the imaginary 126 

frequency mode and intrinsic reaction coordinates analysis. Gaussian 16, Rev C.01 [34]  was 127 

used for all calculations with an integration grid size of 99,590 points. 128 

The Eyring equation (Equation 1) was used to derive the temperature dependent rate 129 

constant for each elementary reaction using the Gibb’s free energy of activation obtained from 130 

the DFT calculations at temperatures in 50 oC increments from 400 oC to 800 oC.  131 

𝑘 =
𝑘𝐵𝑇

ℎ
𝑒−∆𝐺

∗/(𝑅𝑇)                                         Equation 1 132 

where ΔG* is the Gibbs free energy of activation, kB is the Boltzmann constant (1.381E10-23 J 133 

K-1), T is the temperature (K), h is the Planck constant (6.626E10-34 J∙s) and R is the gas 134 

constant (8.314 J K-1 mol-1). This data was supplied to an in-house kinetic model in order to 135 

calculate the time dependent concentrations of species of interest using an ordinary differential 136 

equation (ODE). An ODE of order n is an equation of the form: F(x, y, y’, …, yn) = 0 where 137 

here y is a function of x, y’=dy/dx is the first derivative with respect to x and yn = dny/dxn  is 138 

the n derivative with respect to x. A simple example if A → B with a rate constant k, 139 

considering the reaction is irreversible dA/dt would be equal to -k[CA], where CA is the 140 

concentration of A, and dB/dt = -k[CB], where CB is the concentration of B. At t = 0 we have 141 

considered that the concentration of A is equal to 1 and the concentration of B is equal 0. This 142 

equation has been applied to all the pathways using the rate constant of each of the steps. 143 



A cellulose chain with DP of 2048 was chosen as the starting point, which is a reasonably close 144 

to the DP value of 1871 for cellulose reported by Lindstrom et al. [18].  145 

3. Results and Discussion 146 

3.1 Overview of the reactions considered in this work  147 

The main reactions involved in the process of converting cellulose to levoglucosan will 148 

be investigated in this section, this will serve as the foundation to the following sections on 149 

exploring the products (e.g. anhydro-oligosaccharides, cellotriosan, cellobiosan, LG) yields. 150 

The reactions include four concerted cellulose depolymerisation reactions and six LG 151 

decomposition reactions. The Gibbs free energy of activation and the rate constant for each 152 

reaction were calculated at a temperature range of 400-800˚C in this work, which are lacking 153 

information in the literature.   154 

3.1.1 Four concerted cellulose depolymerisation reactions 155 

The four concerted depolymerisation reactions involved in the cellulose decomposition 156 

process are outlined in Figure 1. The Gibbs free energy of activation and rate constants for 157 

these four reactions under temperatures of 400-800 oC are shown in Table 1. 158 



 159 

Figure 1. The four concerted depolymerisation reactions from cellulose polymer considered in 160 

this work. 161 

The mid-chain initiation reaction involves the cleavage of the central glycosidic linkage 162 

of cellotetraose to generate cellobiosan and cellobiose, representing the newly generated LG-163 

type RE and glucose-type NRE, respectively. This reaction provides the kinetic values for all 164 

non-chain-end cleavage reactions of celluloses larger than DP = 3. A validation study regarding 165 

the selection of cellotetraose is provided in section S1 of the supplementary information. The 166 

Gibbs free energy of activation for the mid-chain initiation reaction at 25 oC is 50.4 kcal mol-167 

1. As the temperature increases, a small rise in the activation free energy (as shown in Table 1) 168 

for mid-chain initiation is observed, meaning that the increasing of rate constants at higher 169 

temperatures are slightly diminished.  170 

Table 1. Gibbs free energy of activation and rate constants for the four concerted 171 

depolymerisation reactions at 50 oC increments from 400 oC to 800 oC. 172 



 
Mid-chain 

initiation 
RE-depropagation 

NRE-

depropagation 

Cellobiosan 

cleavage 

Temperature 

(oC) 

ΔGact
*

 

Rate 

Constant† 

ΔGact
* 

Rate 

Constant† 

ΔGact
* 

Rate 

Constant† 

ΔGact
* 

Rate 

Constant† 

400 52.1 1.73E10-4 55.9 1.03E10-5 53.8 4.96E10-5 57.7 2.59E10-6 

450 52.3 2.42E10-3 55.9 1.90E10-4 53.8 8.50E10-4 57.7 5.50E10-5 

500 52.4 2.41E10-2 56.0 2.40E10-3 53.8 1.01E10-2 57.7 7.89E10-4 

550 52.6 1.81E10-1 56.1 2.24E10-2 53.8 8.90E10-2 57.8 7.74E10-3 

600 52.8 1.09E100 56.1 1.62E10-1 53.8 6.11E10-1 57.8 6.21E10-2 

650 53.0 5.35E100 56.2 9.73E10-1 53.9 3.41E100 57.8 3.99E10-1 

700 53.2 2.24E101 56.3 4.60E100 53.9 1.60E101 57.8 2.12E100 

750 53.5 8.16E101 56.4 1.92E101 53.9 6.43E101 57.9 9.15E100 

800 53.7 2.64E102 56.5 7.04E101 54.0 2.28E102 57.9 3.62E101 

*The unit for Gibbs free energy of activation, ΔGact, is kcal/mol. †The unit for all rate constants is s-1. 

      

The RE-depropagation consists of the cleavage of the RE glycosidic linkage of 173 

cellotriosan to yield cellobiosan and LG, and is representative of all RE-chain end cleavage 174 

reactions. For the RE-depropagation, cellotriosan is selected as the model compound. The RE-175 

depropagation reaction has a free energy of activation of 55.5 kcal mol-1 at 25 oC, which is 176 

notably larger than the mid-chain initiation reaction, highlighting the importance of obtaining 177 

separate kinetic data for chain-end and mid-chain reactions. The temperature dependant rate 178 

constants for this reaction, given in Table 1, are over a factor of 10 lower than for the mid-179 

chain cleavage at 400 oC and close to a factor of 4 slower at 800 oC. It is clear from this that 180 

mid-chain initiation reactions will occur at significantly more frequently than RE-181 

depropagation reactions, particularly when considering the vastly greater number of mid-chain 182 

bonds compared to chain-ends in the early stages of the reaction.  183 

The NRE-depropagation reaction involves cleavage of the RE linkage to yield LG and 184 

cellobiose, representing the generated NRE environment. Cellotriose was chosen over 185 



cellotriosan due to the presence of the anhydro-glucose residue in the latter which, for any 186 

anhydrosugar with a DP greater than 3, would not be in close proximity to the cleaved linkage. 187 

The Gibbs free energy barrier height for this reaction is 53.8 kcal mol-1 which is 1.7 kcal mol-188 

1 lower than the RE-depropagation at the same temperature, 25 oC, suggesting that NRE-189 

depropagation may be the dominant LG forming reaction. Whilst the difference in free energy 190 

barriers for the two depropagation reactions is relatively small, it adds further support to the 191 

notion that each cleavage reaction must be considered separately. The rate data given in Table 192 

1 shows that the NRE-depropagation is almost a factor of 5 faster than the RE-depropagation 193 

at 400 oC. Whilst this is reduced to a factor of 3 at 800 oC, the NRE-depropagation is still the 194 

dominant LG forming reaction at higher temperatures.  195 

The cleavage of cellobiosan to form two LG is also modelled explicitly as neither of 196 

the depropagation reactions would accurately represent the cellobiosan environment. The 197 

structures of all reactants, transition states and products are provided in section S2 of the 198 

supplementary information. From the temperature dependant values given in Table 1, we 199 

observe that the Gibbs free energy of activation for cellobiosan cleavage is around 4.0 kcal 200 

mol-1 higher than for NRE-depropagation and at least 1.5 kcal mol-1 larger than RE-201 

depropagation. Accordingly, the rate constants for LG formation from cellobiosan are slower 202 

than for LG formation from either chain-end reaction. Clearly, any kinetic model that assumes 203 

that the rate constants for the cleavage of cellobiosan are equivalent to all cellulose cleavage 204 

reactions will obtain a much slower rate of LG formation than predicted by the present kinetic 205 

data. 206 

The free energy barriers for the initiation and depropagation reactions given in Table 1 207 

agree very well with the results from Mayes and Broadbelt [24], who obtained a free energy 208 

barrier height of 54.4 kcal mol-1 for the cleavage of methyl-cellobiose and 56.6 kcal mol-1 for 209 

the splitting of methyl-cellobiosan, both at 500oC. Our early comparison study [25] observed 210 



lower free energy barriers of 46.1 kcal mol-1 and 43.7 kcal mol-1, for cellobiose cleavage and 211 

cellobiosan cleavage, respectively. Zhang et al. [35] also obtained a low barrier for cellobiose 212 

cleavage, reporting an enthalpy of activation of 48.4 kcal mol-1. These lower energy barriers 213 

suggested that additional glucosyl units have a significant impact on the bond cleavage energy 214 

requirements. 215 

3.1.2 Levoglucosan decomposition reactions 216 

The degradation of LG via numerous reaction pathways has been reported previously 217 

[36,37], however, only the more facile reactions are considered in this work. Typically, LG 218 

ring opening is proposed to occur via three mechanisms [36,37], two involving C-O bond 219 

fission and one C-C bond breaking pathway. Two of these reactions are predicted to have 220 

energy barriers sufficiently large as to render their influence on the degradation of LG 221 

negligible at moderate pyrolysis temperatures. The C-O breaking reaction shown in Figure 2 222 

is predicted to be several orders of magnitude quicker than the alternative ring opening 223 

reactions and is therefore the only one considered in this study. Following the ring opening 224 

step, one of two retro-aldol reactions, shown in Figure 2, will occur rapidly, inhibiting the 225 

reformation of LG from the open ring species. 226 

 227 



Figure 2. LG ring opening through C-O breaking and two subsequent retro-aldol reactions 228 

used in the kinetic model. 229 

There are six potential mechanisms for the dehydration of LG, four of which are 230 

included in this work as shown in Figure 3. The two excluded pathways have been shown to 231 

exhibit significantly higher energy barriers [36,37] due to the generation of a double bond 232 

involving one of the bridgehead carbons, thus inducing significant strain within the system.  233 

 234 

Figure 3. Four dehydration reactions of LG included in the kinetic model. 235 

The Gibbs free energy of activation for the LG C-O breaking reaction at 25 oC is 69.4 236 

kcal mol-1 and the temperature dependent rate constants are given in Table 2. The Gibbs free 237 

energy of the ring-opening is largely independent of the reaction temperature. The free energy 238 

of activation for retro-aldol 1 at 25 oC is 34.4 kcal mol-1 and for the retro-aldol 2 it is 36.7 kcal 239 

mol-1. The temperature dependent rate constants of both reactions are given in Table 2. The 240 

relatively low reaction barrier heights for both retro-aldol reactions leads to large rate constants 241 

and a rapid consumption of the open-ring intermediate compound. In our earlier work [36], we 242 

calculated the enthalpy barrier for LG C-O breaking to be 62.9 kcal mol-1, at the same level to 243 

the value in the current work. A recent work from Guo et al. [37] gave a barrier height for this 244 



reaction of just 54 kcal mol-1, however, considerable differences in their computational 245 

approach are likely account for this significant variation. 246 

 247 

Table 2. Gibbs free energy of activation and rate constant for LG C-O breaking and two retro-248 

aldol reactions at 50 oC increments from 400 oC to 800 oC. 249 

 LG C-O breaking Retro-aldol 1 Retro-aldol 2 

Temperature 

(oC) 
ΔGact

*
 Rate Constant† ΔGact

* Rate Constant† ΔGact
* 

Rate 

Constant† 

400 69.4 4.13E10-10 35.7 3.60E101 36.7 1.71E101 

450 69.4 1.60E10-8 35.9 2.13E102 36.9 1.06E102 

500 69.4 3.89E10-7 36.1 1.01E103 37.1 5.25E102 

550 69.4 6.44E10-6 36.4 3.72E103 37.3 2.14E103 

600 69.5 7.32E10-5 36.6 1.26E104 37.5 7.48E103 

650 69.5 6.77E10-4 36.8 3.73E104 37.7 2.29E104 

700 69.5 5.00E10-3 37.0 9.95E104 37.9 6.25E104 

750 69.5 3.04E10-2 37.2 2.41E105 38.2 1.48E105 

800 69.6 1.57E10-1 37.5 5.16E105 38.4 3.38E105 

*The unit for Gibbs free energy of activation, ΔGact, is kcal/mol. †The unit for all rate constants is s-1. 

 250 

The Gibbs free energy of activation for the dehydration reactions at 25 oC range from 251 

65.7 kcal mol-1 for dehydration 3 to 71.8 kcal mol-1 for dehydration 2 at 25 oC and the 252 

temperature dependent rate constants for all four reactions are given in Table 3. It shows that 253 

the LG dehydration 3 is the most energetic preferred dehydration pathway and its energy barrier 254 

is lower than the C-O breaking step as shown in Table 2. These results agree well with previous 255 



ranges in energy barriers for these four dehydration reactions of 63.6 – 68.6 kcal mol-1 in our 256 

earlier study [36] and 62 – 65 kcal mol-1 for Guo et al. [37]. 257 

Table 3. Gibbs free energy of activation and rate constant for the four LG dehydration 258 

reactions at 50 oC increments from 400 oC to 800 oC. 259 

 LG dehydration 1 LG dehydration 2 LG dehydration 3 LG dehydration 4 

Temperature 

(oC) 

ΔGact
*

 

Rate 

Constant† 

ΔGact
* 

Rate 

Constant† 

ΔGact
* 

Rate 

Constant† 

ΔGact
* 

Rate 

Constant† 

400 69.4 4.13E10-10 71.6 7.97E10-11 65.9 5.65E10-9 67.8 1.36E10-9 

450 69.4 1.60E10-8 71.6 3.46E10-9 65.9 1.83E10-7 67.8 4.88E10-8 

500 69.4 3.89E10-7 71.5 9.91E10-8 65.9 3.79E10-6 67.8 1.10E10-6 

550 69.4 6.44E10-6 71.5 1.78E10-6 65.9 5.47E10-5 67.8 1.71E10-5 

600 69.5 7.32E10-5 71.5 2.31E10-5 65.9 5.83E10-4 67.9 1.84E10-4 

650 69.5 6.77E10-4 71.4 2.40E10-4 66.0 4.56E10-3 67.9 1.62E10-3 

700 69.5 5.00E10-3 71.4 1.87E10-3 66.0 3.06E10-2 67.9 1.14E10-2 

750 69.5 3.04E10-2 71.3 1.26E10-2 66.0 1.70E10-1 67.9 6.69E10-2 

800 69.6 1.57E10-1 71.3 6.75E10-2 66.0 8.10E10-1 67.9 3.32E10-1 

*The unit for Gibbs free energy of activation, ΔGact, is kcal/mol. †The unit for all rate constants is s-1. 

 260 

3.2 Cellulose Depolymerisation 261 

3.2.1 General description of the cellulose depolymerisation process 262 

Due to the significantly greater number of sites in a DP = 2048 cellulose for mid-chain 263 

initiation over the chain-end depropagation reactions, mid-chain depolymerisation is the 264 

dominant reaction in the early stages of cellulose pyrolysis. Owing to this, and in order to 265 

further simplify the kinetic model, mid-chain initiation is the only reaction that is considered 266 

until the average DP of the cellulose is reduced to 16, after which all concerted reactions are 267 

considered in parallel. An abbreviated form of the reaction network is shown in Figure 4. 268 



A DP = 16 anhydrocellulose can undergo one of the two chain-end reactions, an NRE-269 

depropagation or an RE-depropagation, both of which give rise to LG and a DP = 15 270 

anhydrocellulose. Alternatively, there are 13 glycosidic linkages which may participate in mid-271 

chain initiation reactions. Each of these reactions produces two further anhydrocellulose 272 

fragments and are all considered kinetically equivalent. The resulting anhydrocellulose 273 

fragments can all engage in further chain-end and mid-chain cleavages while DP > 3. 274 

Cellotriosan (DP = 3) is unable to undergo mid-chain cleavage but may produce LG and 275 

cellobiosan (DP = 2) through either an RE-depropagation or an NRE-depropagation. 276 

Cellobiosan will yield 2 molecules of LG as shown in Figure 1. LG will then undergo a ring 277 

opening/retro-aldol reaction pathway or proceed through one of four dehydration reactions. In 278 

either case, the products are termed ‘Degradation Products’ and consideration of any further 279 

reactions is unnecessary. 280 



 281 

Figure 4. Reaction network from which the kinetic model is constructed. The reactions 282 

involving DP = 256-64 and DP = 12-4 are not shown but are included explicitly in the kinetic 283 

model. 284 

3.2.2 Molar amounts and mass profiles of anhydrocellulose depolymerisation from DP = 2048 285 

to LG 286 



Figure 5 shows both the molar amounts (decomposing from 1mol of cellulose DP = 287 

2048) and masses (decomposing from 332.06 kg of cellulose DP = 2048) of select 288 

anhydrocellulose chains, with a DP ranging from 2048 down to 1 (LG) at 500 oC, 550 oC and 289 

600oC. These temperatures were selected as the key range based upon the rate constant 290 

calculations.   291 

 292 

 293 

 294 



Figure 5. Time dependent changes in the relative molar amounts and masses of 295 

anhydrocelluloses with lengths from 2048 to 1. 296 

At 500 oC, the degradation of the starting polymer is completed almost instantaneously, 297 

as is the conversion of the DP = 512 intermediate. Chains with DPs in the range of 512 – 64 298 

will disappear within the first 10 seconds of pyrolysis whilst DP = 16-8 chains require between 299 

50-100 seconds to be converted. Cellotetraosan (DP=4) and cellobiosan DP=2 take 300 

considerable longer to be converted, requiring around 400 and 10,000 seconds, respectively. 301 

Accordingly, the maximum amount of LG is not realised until around 10,000 seconds also. At 302 

550 oC, chains as short as DP = 8 are consumed within the first 10 seconds, around a factor of 303 

ten faster than at 500 oC. Even cellotetraosan masses reach zero after around 50 seconds. The 304 

complete conversion of cellobiosan and the point of maximum LG yield are still not reached 305 

until around 1000 seconds, far longer than would be expected of typical pyrolysis regimes. At 306 

600 oC, anhydrocellulose chains greater than DP = 12 are lost in under 1 second and even 307 

cellotetraosan should be entirely converted well within the first ten seconds. The complete 308 

consumption of cellobiosan and the maximum formation of LG require over 100 seconds, even 309 

at this elevated temperature. 310 

3.3 Levoglucosan formation 311 

3.3.1 Influence of temperature and reaction time  312 

The rapidly depolymerising cellulose leads to the generation of large numbers of chain-313 

ends as active sites, these active sites are precursors for the generation of LG. For the initial 314 

cellulose chain, the number of active sites is 2. As shown in Figure 6, the relative number of 315 

active sites reaches a maximum within a few seconds at 600 oC, before diminishing as LG is 316 

formed. This reduction in active sites would correlate to a disappearance of the ‘active 317 

cellulose’ intermediate. The maximum number of active sites appears around 10 seconds at 318 



550 oC and the conversion to LG occurs over 600 seconds. At 500 oC, the process is 319 

significantly slower and a large number of unconverted chain-ends are still present after 600 320 

seconds. 321 

 322 

 323 

Figure 6 Time dependent changes in the number of active-sites present relative to the initial 324 

cellulose polymer over 600 seconds. 325 

Figure 7 gives the relative yields of LG over time, as well as the theoretical maximum 326 

LG yield. The values for 650 oC have been included to highlight more clearly the effect of 327 

temperature on LG degradation. At 600 oC and 650 oC, a maximum LG yield is reached very 328 

rapidly, whilst at 550 oC, around 10 minutes are needed to reach maximum yield. At 500 oC, 329 

the formation rate of LG is considerably slower, requiring much longer than typical pyrolysis 330 

times.  331 



 332 

Figure 7. Time dependent changes in the molar amount of levoglucosan over 10000 seconds. 333 

 334 

3.3.2 Influence of cellulose chain length 335 

One important observation from the kinetic modelling is that the yield of LG over time 336 

is largely unaffected by the initial anhydrocellulose chain length. As shown in Figure 8, the 337 

time required to reach maximum LG yield at 600 oC is the same for all four initial chain lengths. 338 

The crossing point of the 550 oC and 600 oC are also identical for all four starting chain lengths, 339 

as is the final LG mass after 300 seconds at 500 oC, showing that it is not a temperature specific 340 

phenomenon.  341 



 342 

Figure 8. Levoglucosan yields from anhydrocelluloses of initial DPs = 2048, 512, 12 and 8. 343 

One key benefit of this finding is the potential simplification of cellulose pyrolysis 344 

models, where inclusion of polymer lengths is not required, leading to a considerable reduction 345 

in the number of explicitly included reactions taking place. This should also mean that the 346 

maximum detectable oligo-saccharides at each pyrolysis temperature should also be unrelated 347 

to the initial polymer length, with the obvious caveat that the initial length is larger than the 348 

expected maximum DP. Whether these assumptions hold true under experimental conditions, 349 

where multiple physiochemical variables can play a role, remains to be seen.   350 

3.3.3 Comparing with experiment and recommendations 351 

The energy barriers for cellulose decomposition reported in this work are in good 352 

agreement with the modelling results presented previously in the literature [22–24,35–37], as 353 



shown from the detailed discussion in section 3.1. The kinetic model of cellulose 354 

depolymerisation and levoglucosan formation put forward in this work can therefore be 355 

considered representative of the established cellulose pyrolysis reaction schemes (concerted 356 

mechanisms).  357 

However, the time-dependent mass profiles presented herein, that are derived directly 358 

from well-accepted mechanisms proposed before [24–26], show clear deviations from 359 

experimental observations. In detail, the time taken for the cellulose depolymerisation process 360 

that derived from concerned mechanism is much longer than that obtained from experiment. It 361 

has been shown through experimental pyrolysis that the conversion of cellulose to LG is 362 

accomplished in under 10 seconds, even at a temperature of 500 oC, and that oligomers of 363 

cellulose larger than DP = 6 will disappear after only 3 seconds [18]. The results in this work 364 

that derived from the concerned mechanism showed that maximum conversion of cellulose to 365 

LG is not completed until around 5000 seconds at the same temperature. Furthermore, the 366 

presence of oligomers larger than DP = 16 for over 10 seconds in our kinetic analysis shows 367 

that the depolymerisation reactions are occurring much slower than is observed experimentally. 368 

This discrepancy in reaction time (or reaction rates) suggests that the four concerted 369 

depolymerisation reactions alone cannot account for the observed rates of cellulose 370 

depolymerisation and that investigation of alternative parallel depolymerisation reaction 371 

mechanisms is necessary. Additionally, the aforementioned alternative depolymerisation 372 

reactions could also account for the less than stoichiometric yields of LG. The concerted mid-373 

chain initiation reactions considered in this work rapidly depolymerise cellulose chains to 374 

produce large numbers of smaller chains with LG-type chain-ends, from which LG is liberated 375 

through RE-depropagation reactions. As the mid-chain initiation reactions occur faster than 376 

either of the depropagation reactions, the initiation reactions are responsible for generating a 377 

significant percentage of the LG-type chain-ends. If alternative depolymerisation reactions, 378 



that do not generate LG-type chain-ends, were reasonably competitive with the concerted 379 

initiation reactions, the number of LG-type chain ends, and therefore the yield of LG, would 380 

decrease significantly.  381 

In a summary, the discrepancies present indication that alternative reaction pathways 382 

to the concerted mechanisms used herein must play a critical role in facilitating and limiting 383 

LG formation and require further investigation.  384 

 385 

4. Conclusions 386 

In this work, we have presented a kinetic model of the depolymerisation of 387 

anhydrocellulose and the formation of levoglucosan through established concerted 388 

mechanisms. At temperatures of 600 oC and over, the breaking of large anhydrocellulose 389 

polymers proceeds rapidly, eliminating all oligomers with DP > 3 in under 10 seconds. As a 390 

result of this rapid depolymerisation, maximum LG yield is obtained after approximately 80 391 

seconds. At 550 oC, a maximum LG yield is not reached until around 600 seconds. It is also 392 

concluded that the time required to obtain maximum LG is independent of the initial cellulose 393 

polymer length, thus allowing for simplifications in future cellulose pyrolysis models. The 394 

kinetic results from this work agree very well with the published results from the well-accepted 395 

concerted depolymerisation reactions, however, disagree with the experimental findings, this 396 

strong indicated that alternative reaction pathways to the concerted mechanisms used herein 397 

must play a critical role in facilitating and limiting LG formation and require further 398 

investigation. 399 
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