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ABSTRACT 

 

Biomass pyrolysis is an important technology for biomass utilization as it is capable 

in converting the bulky biomass into high-energy-density bio-oil and biochar for 

enabling transport. However, the quality of bio-oil from conventional fast pyrolysis 

is poor and must be improved for wide adaption in existing infrastructures, requiring 

advances in the science of pyrolysis mechanism. Reaction intermediates are known 

to be formed during the pyrolysis of biomass model compounds (e.g., cellulose, 

xylan and lignin). Therefore, this thesis aims to understand the fundamental 

mechanism of biomass pyrolysis using cellulose as model compound, focusing on 

the formation and characteristics of reaction intermediates from cellulose pyrolysis 

under various conditions. 

First of all, this study reports the presence of both sugar and anhydro-sugar 

oligomers of a wide range of degrees of polymerization of 1−10 in water-soluble 

intermediates, which were recovered from solid residues of cellulose slow pyrolysis 

at low temperatures ranging from 100 to 350 °C and a holding time of 30 min. These 

sugar and anhydro-sugar oligomers appear to be important precursors of volatiles 

formation during cellulose pyrolysis depending on pyrolysis temperature. It is 

important to note that even at very low pyrolysis temperatures (e.g., 100 °C), sugar 

oligomers are found in the water-soluble products. As the breakage of glycosidic 

bonds within cellulose chains are unlikely to take place under such low temperature 

conditions, the results suggest that such sugar oligomers are likely to be produced 

from the short glucose chain segments that are hinged with crystalline cellulose via 

weak bonds (e.g., hydrogen bonds) in amorphous portions of microcrystalline 

cellulose. As pyrolysis temperature increases, a wide range of anhydro-sugar 

oligomers start to appear while the sugar oligomers start to decrease. At temperatures 

<270 °C, water-soluble intermediates are dominantly (>78% based on total carbon) 

contributed by sugar and anhydro-sugar oligomers but such contributions 

significantly decrease as pyrolysis temperature increases to 300 °C. At pyrolysis 

temperatures > 325 °C, all sugar-derived products completely disappear, 

accompanied by significant weight loss of cellulose, apparently via the evaporation 
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of levoglucosan and decomposition of anhydro-sugar oligomers to more volatile 

compounds. Such results along with those from the pyrolysis of sugar model 

compounds further suggest that the production of anhydro-sugar oligomers are more 

likely due to the homolytic or heterolytic cleavage of glycosidic bonds of crystalline 

or amorphous cellulose within microcrystalline cellulose, rather than direct 

dehydration of sugar oligomers products within the intermediate phase.  

Secondly, significant differences in the pyrolysis behaviours between amorphous and 

crystalline cellulose have been clearly evidenced to demonstrate the critical role of 

hydrogen bonding networks during cellulose pyrolysis. The strong hydrogen bonding 

networks in crystalline cellulose seem to preserve the sugar ring structure during 

pyrolysis, while amorphous cellulose is more prone to thermal decomposition and 

easier to release volatiles. Direct evidences were also provided to prove that sugar 

oligomers in water-soluble intermediates are indeed produced from the short glucose 

chain segments in amorphous cellulose. The weak hydrogen bonding networks in 

amorphous cellulose make the liberation of short glucose chain segments as pyrolysis 

intermediates at a temperature as low as 150 °C. Compared to those from crystalline 

cellulose, the water-soluble intermediates from amorphous cellulose contain more 

sugar oligomers and anhydro-sugar oligomers with a much wider range of degrees of 

polymerization (DP), e.g., 1-14 and 1-16 for sugar oligomers and anhydro-sugar 

oligomers, respectively. Post-hydrolysis results, together with the yields of 

quantifiable sugar and anhydro-sugar oligomers, further suggest that water-soluble 

intermediates from amorphous cellulose pyrolysis at low temperatures (<270 °C) are 

mainly contributed by high-DP sugar and anhydro-sugar oligomers and partially 

decomposed sugar-ring-containing oligomers, i.e., PDSRCOs. While low-DP 

anhydro-sugar oligomers and PDSRCOs are the main products of water-soluble 

intermediates from crystalline cellulose pyrolysis. At higher temperatures (>300 °C), 

non-sugar products dominantly contribute to the water-soluble intermediates from 

amorphous cellulose, likely due to the decomposition of instable sugar oligomers in 

the intermediate phase. 

Thirdly, this study employed an amorphous cellulose sample to study the evolution 

of water-soluble and water-insoluble portions in the solid products during pyrolysis 

at low temperatures. Because of the weak hydrogen bonding networks in amorphous 
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cellulose, substantial water-soluble portion was generated as reaction intermediates. 

The yield of water-soluble portion initially increases to a maximum then decrease as 

weight loss further increases. Depending on pyrolysis temperature and holding time, 

the yield of water-soluble portion can be as high as ~29% (on a carbon basis). The 

level-off behavior of water-insoluble portion indicates that part of water-soluble 

portion is converted back into water-insoluble portion via re-polymerization. Higher 

temperature promotes the formation of water-soluble portion due to the rapid 

breaking of hydrogen bonds in water-insoluble portion. The evolution of water-

soluble and water-insoluble portions leads to the formation of no-sugar structure. 

High temperature results in the formation of more non-sugar structure in the water-

soluble portion, but less non-sugar structure in the water-insoluble portion. Due to 

the structure changes in water-insoluble portion, the selectivities of high-DP 

anhydro-sugar oligomers in water-soluble portion reduce as pyrolysis proceeds. 

Higher temperature promotes the formation of anhydro-sugar oligomers, but reduces 

the selectivities of low-DP anhydro-sugar oligomers. 

Fourthly, this study investigates the formation and characteristics of reaction 

intermediates from fast pyrolysis of NaCl-loaded and MgCl2-loaded celluloses (75-

106 µm) at 150−400 °C. The loading of MgCl2 lowers the onset temperature of 

cellulose pyrolysis. At low temperatures (e.g., 150 °C), the loading of MgCl2 

increases the yield of water-soluble intermediates and significantly enhances the 

formation of sugar and anhydro-sugars oligomers. However, the effect of NaCl 

loading is minimal under the similar conditions. The results suggest that the loading 

of MgCl2 catalyzes the cleavages of both hydrogen bonds and glycosidic bonds 

during cellulose pyrolysis at low temperatures. At increased temperatures (250 °C 

and above), both the loading of NaCl and the loading of MgCl2 greatly enhance the 

destruction of sugar ring structures within the pyrolysed cellulose. The conversion of 

water-insoluble solid into water-soluble intermediates, which are important 

precursors for volatile formation, is reduced significantly, leading to an increase in 

char yield.  

Fifthly, the study report the effect of MgCl2 loading on the evolution of reaction 

intermediates during cellulose fast pyrolysis at 325 º C. The loading of salts 
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significantly impacts the reaction pathways of cellulose pyrolysis and enhances the 

cross-linking of hydroxyl groups to release water even during the heating-up stage, 

as a result of the weakened hydrogen bonding networks during both the wet 

impregnation and the heating processes. Such a highly cross-linked cellulose strongly 

affects the evolution of reaction intermediates during the subsequent isothermal 

pyrolysis, i.e., producing the water-soluble intermediates rich in cross-linked 

structures. The appearance of slats may catalyse the interactions between the water-

soluble and water-insoluble portions in pyrolysed cellulose, depending on their 

distribution. The results indicate that the water-insoluble cations have a little effect 

on the pyrolysis of sugar structures in the water-insoluble portion, which still 

proceeds in a similar way as that of raw cellulose, i.e., dominantly via 

depolymerization. Whereas the water-insoluble cations have a strong catalytic effect 

on the pyrolysis of non-sugar structures in the water-insoluble portion into more 

condensed structures, leading to a high char yield from the pyrolysis of the 

impregnated celluloses. 

Overall, the present research provides some new insights into the pyrolysis 

mechanism of cellulose as a model compound of biomass, focusing more on the 

formation and characterisation of the reaction intermediates as important precursors 

of volatiles produced from cellulose pyrolysis under various conditions. The 

cellulose properties, pyrolysis conditions, and the alkali and alkaline earth metal 

species are found to significantly affect the formation and characteristics of reaction 

intermediates from cellulose pyrolysis. 
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CHAPTER 1 INTRODUCTION 

 

 

1.1 BACKGROUND AND MOTIVE 

Since the industrial revolution got into full swing in the 19
th

 century, the increased 

consumption of fossil fuels (e.g., coal, oil and natural gas) leads to the emission of 

greenhouse gases (GHGs) into the atmosphere. The unprecedented levels of GHGs in 

earth’s atmosphere are disrupting the normal patterns of glaciations, which appears 

to be the fundamental cause of global warming. As results of the adverse 

environmental impacts and limited reserve of fossil fuels, alternative renewable 

sources of energy become increasingly important. Particularly, bio-fuel can be a 

direct substitution for liquid transport fuels from petroleum source.  

The application and consumption of bio-fuel date back for a long history. The usage 

of sugarcane to produce bio-ethanol has been established since 6000BC [1]. 

Systematic studies of such renewable energy have been conducted since the 

beginning of last century. The first generation of bio-fuel used food as the feedstock, 

such as sugarcane ethanol in Brazil, corn ethanol in US, Oilseed rape bio-diesel in 

Germany, and palm oil bio-diesel in Malaysia [2, 3]. Such raw materials, however, 

have serious influences on the human food chain as well as the global food market. 

Therefore, recent studies regarding bio-fuels concentrate more on the application of 

lignocellulose biomass [4-7].  

Biomass is produced via photosynthesis: plants growth captures solar energy and 

carbon dioxide, and converts them into solid phase biomass. Although the 

combustion of bio-fuel does lead to the emission of carbon dioxide, the utilization of 

biomass can be close to carbon neutral during its lifecycle, depending on the 

production system. However, biomass suffers from several disadvantages in fuel 

characteristics including high moisture content, low energy density and poor grind 

ability. Therefore, pyrolysis is an attractive technology to convert biomass into high-
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energy-density fuels (biochar and bio-oil) for enabling economic transport. However, 

the utilization of bio-oil is suffering from several drawbacks, including aging [8-10], 

high acidity [8], coking [11], low heating value [8], and high viscosity [12-14]. 

Developing efficient pyrolysis process and fundamental understanding of its reaction 

mechanism are, therefore, essential to produce high quality bio-fuel.  

Biomass contains cellulose, hemicellulose and lignin. The content of cellulose is 

generally the highest in woody biomass. It has been long reported that cellulose 

pyrolysis experiences an intermediate stage that generates “active cellulose” or 

“dehydrated cellulose” [15]. Kinetic models also have high accuracy if such an 

intermediates stage is considered [16, 17]. Recent research suggested that at least 

part of the solid residue after cellulose pyrolysis became water-soluble [18]. 

However, the thermal behaviours of such intermediates are largely unknown. 

Biomass also contain a small portion of inherent inorganic specifies, such as alkali 

and alkaline metallic species (AAEM). Such inorganic species significantly influence 

the pyrolysis behavior of biomass hence the production of bio-oil [19]. It is known 

that the nature of these inorganic species alter the properties of pyrolysis products 

[20, 21]. Unfortunately, a detailed mechanism regarding the effects of AAEM on the 

formation of intermediates is still largely to be explored. Therefore, a fundamental 

study is important to achieve a better understanding of pyrolysis in order to optimize 

the application of biomass utilisation. 

1.2 SCOPE AND OBJECTIVES 

The main purpose of this study is to fundamentally investigate cellulose pyrolysis 

mechanism via understanding its reaction intermediates. The detailed objectives of 

the present study are:  

 To characterise the formation of water-soluble intermediates via cellulose 

pyrolysis at different temperatures. 

 To discover the significant effects of hydrogen bonding network on the thermal 

behaviors of water-soluble intermediates.  

 To investigate the evolution of intermediates generated at different holding times 

and temperatures so as to develop a new reaction model for cellulose pyrolysis. 
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 To characterise the reaction intermediates produced from the pyrolysis of salt-

loaded cellulose samples. 

 To understand the effect of various AAEM species on cellulose pyrolysis 

mechanism.  

1.3 THESIS OUTLINE 

This thesis has a total of nine chapters as outlined below, with the thesis structure 

schematically illustrated in the thesis map (Figure 1-1). 

Chapter 2 reviews the existing understandings of biomass and cellulose pyrolysis 

in the open literature to determine the current research gaps; thus corresponds to 

one of the objectives in this current thesis; 

Chapter 3 presents the methodology employed to achieve the research objectives, 

along with explanations of the experimental instruments used; 

Chapter 4 characterises the water-soluble intermediates from slow pyrolysis of 

cellulose at low temperatures; 

Chapter 5 compares the differences between the water-soluble intermediates 

obtained from amorphous and crystalline cellulose during slow pyrolysis;  

Chapter 6 reveals the evolution of both water-soluble and water-insoluble 

intermediates sampled during fast pyrolysis of amorphous cellulose; 

Chapter 7 investigates the formation and characteristics of reaction intermediates 

from fast pyrolysis of NaCl-loaded and MgCl2-loaded celluloses at different 

temperatures; 

Chapter 8 reveals the evolution of reaction intermediates from fast pyrolysis of 

different inorganic salt-loaded celluloses; and 

Chapter 9 concludes the present study and highlights several recommendations on 

specific areas/aspects for future research. 
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Chapter 1 Introduction

· Establish need for research.

· Define overall aims and scope.

· Thesis structure.

Chapter 2 Literature Review

· Status of current knowledge in literature.

· Identify gaps.

· Specific objectives.

Chapter 3 Methodology and Experimental 

Techniques 

· Cellulose samples.

· Experimental apparatus.

· Instrumental/analytical tools.

Chapter 4 Characterization of 

Water-soluble Intermediates

· Develop a systematic analytical 

method.

· Characterize the water-soluble 

intermediates

· Understand the effect of 

temperature.

Chapter 5 Amorphous and 

Crystalline Cellulose Pyrolysis

· Characterise the water-soluble 

intermediates from amorphous 

and crystalline cellulose.

· Identify the optimal condition.

Chapter 6 Evolution of Water-

Soluble and Water-Insoluble 

Intermediates

· Characterize the water-soluble 

intermediates from amorphous 

fast pyrolysis. 

· Demonstrate the evolution of 

water non-soluble reaction 

intermediates.

Chapter 7 Characterization 

Reaction Intermediates from  Fast 

Pyrolysis of Salt-loaded Celluloses

· Characterize the reaction 

intermediates from different 

inorganic salts-loaded cellulose.

· Effect of temperature.

Chapter 8 Evolution of Reaction 

Intermediates from Fast Pyrolysis 

of MgCl2-loaded Cellulose 

· Demonstrate the evolution of 

reaction intermediates at a 

function of time.

· Discover the effect of salt on the 

mechanism of cellulose pyrolysis

Chapter 9 Conclusions & 

Recommendations 

Understand the impact of 

hydrogen bonding
Identify the water-soluble 

intermediates 

Develop a model for cellulose 

pyrolysis
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            Figure 1-1: Thesis map



                 CHAPTER 2 

Cellulose Pyrolysis Intermediates       

  

 

5 

 

 

 

CHAPTER 2 LITERATURE REVIEW 

 

 

 

2.1 INTRODUCTION 

Biomass pyrolysis is a thermal process in an oxygen deprived environment, resulting 

in many useful products. The application of pyrolysis technology has been employed 

since the era of Neanderthal [22]. In 1958, the principal of pyrolysis was further 

utilized to produce synthesis gas at Bell Laboratories in USA [23]. The research in 

1980s showed that biomass fast pyrolysis demonstrated great potential in the 

production of bio-oil, which can be used as an alternative renewable energy resource. 

Since then, there has been significant research of biomass fast pyrolysis [8, 10, 13]. 

However, in these modern days, the commercialization of such renewable energy is 

still suffering from serial drawbacks, such as low energy values and high density [12, 

14]. Undeniably, the fundamental understanding of biomass pyrolysis is of 

significance to the development of advanced biomass conversion technology. This 

thesis aims to provide some new insights into the pyrolysis mechanism using 

cellulose as a model compound of lignocellulosic biomass. On top of that, this 

research also focuses on the formation and characterization of the reaction 

intermediates, which are important precursors of volatiles and bio-oil produced 

during cellulose pyrolysis. Before revealing the outcomes of this study, this chapter 

summarizes and highlights the research progresses regarding pyrolysis from open 

literature in order to identify the current research gaps.  

Since this study focus on the fundamental of cellulose pyrolysis, this chapter 

reviewed and summarized the chemical reactions and proposed cellulose pyrolysis 

mechanisms, key factors affecting the behaviour of pyrolysis, and the up-to-date 

understanding of cellulose pyrolysis intermediates. Chapter 2 will first provide an 

overview on the properties of biomass, followed by an introduction of bio-fuel 

generated by pyrolysis as well as their utilization. A detailed outline of chemical 
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reactions occurring during cellulose pyrolysis will then be presented. This chapter 

also introduces the pyrolysis mechanism for levoglucosan, the main product during 

cellulose fast pyrolysis. Key factors (such as raw material properties, temperature, 

heating rate, and the existence of inorganic metals) that influenced the reaction 

mechanism as well as pyrolysis products are discussed in the following section. The 

pyrolysis reaction models proposed by different research groups are to be introduced 

next. A brief summary on the recent understanding of cellulose pyrolysis 

intermediates will then be reported. Finally, key research gaps are identified, which 

allowed the scope of the present study to be established. 

2.2 LIGNOCELLULOSE BIOMASS 

2.2.1 The structure and configuration of biomass  

Lignocellulose biomass is in a fringed micelle structure that contains both crystalline 

and amorphous portions [24]. The cell wall of a typical biomass composes lignified 

middle lamella (ML), primary wall (P), three layers of the secondary wall (S1, S2 

and S3) and a lumen which is an open channel in the centre (see Figure 2-1). The 

primary wall consists of cellulose, hemicelluloses, pectins, and proteins, contributing 

1-4% by weight of the woody biomass [25]; whereas the tripled-layers secondary cell 

wall is formed by parallel microfibril, embedded in lignin and hemicelluloses [25, 

26]. The S2 layer, which is the middle layer of the secondary cell wall, carries about 

80-85 wt% of the total cellulose in biomass fibre [25].  

 

Figure 2-1: The structure of biomass fibre: (a) scanning electron micrograph of fibre; 

(b)  schematic representation of macrofibril; and (c) microfibril of natural plant 

(adapted from [25]) 
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Compared to fossil materials, lignocellulose biomass contains relatively greater 

amount of oxygen-containing organic polymers [1]. As shown in Figure 2-2, there 

are three basic structural components available in biomass, namely cellulose 

(CH1.67O0.83), hemicellulose (CH1.64O0.78) and lignin (C10H11O3.5) [13]. The 

macromolecular substances in biomass are made up of ~40-50wt% cellulose, 25-

35wt% hemicellulose and 16-25wt% lignin [13]; whereas the low-molecular-

substances contributes 4~10wt% of dry biomass (see Figure 2-2).  

A small amount of inorganic matters, such as Na, K, Ca, Mg and Cl can also be 

found in biomass. Recent research on biomass leaching using semi-continuous 

system concluded that all Cl could be leached out by water at room condition and 

over 80% of Na and K in biomass were water soluble [27]. In contrast, majority of 

Mg and Ca were reported to be water-insoluble as they were highly bonded within 

biomass structure [27]. Both K and Na were likely to be precipitated in the form of 

salts, such as KCl, KOH and NaCl [28]; while a proportion of calcium existed as 

crystallized calcium oxalate (Ca(COO
-
)2) in biomass [29]. Although Si, Al, P,  S and 

Fe were also found in biomass, their contents were relatively low [30]. 

 

Figure 2-2: Main Components in biomass (adapted from [1, 13]) 

 

Plant Biomass Materials 

Structural compounds 

(Macromolecular substances) 
Low-molecular-weight 
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Organic matter Inorganic matter 
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Cellulose Hemicelluloses Extractives Ash 
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2.2.2 Cellulose  

Cellulose is the only uniform organic component in biomass [31]. It is a linear 

polymer of D-glucopyranose units linked together by β-1, 4-glycosidic bonds (Figure 

2-3). Since it is a linear polymer with a uniform unit, the molecular weight of 

cellulose can be characterized by the number of repeating units, which is also known 

as the degree of polymerization (DP). The DP of cellulose is generally around 5000-

10000 and does vary according to the sources of biomass [13]. 

The molecular structure of cellulose contains two oxygen atoms attached to C1, two 

hydroxyl substituents attached to C3 and C2, one oxygen atom attached to C4, and a 

hydroxymethyl group attached to C5. In cellulose molecules, oxygen atoms 

contribute to the formation of hydroxyl groups (O2, O3 and O5), the formation of 

ring structure (O5), as well as the configuration of glycosidic bond (O1). The two 

terminal endings of cellulose chain are chemically different as one end has a D-

glucopyranose unit where the anomeric carbon atom is involved in a glycosidic 

linkage; whilst the other end has a D-glucopyranose unit where the anomeric carbon 

atom is free. The equilibrium of the cyclic hemiacetal function contributes to 

reducing properties at one terminal end; whereas the alcoholic hydroxyl nature of  

the hydroxyl group at C4 of the cellulose chain contributes to the non-reducing 

characteristics [31].  

 

Figure 2-3: Cellulose atomic structure model (adapted from [31]) 

The hydroxyl groups in the cellulose molecules are aggregated by both 

intramolecular and intermolecular hydrogen bonds, which are responsible for both 

the chemical and physical behaviour of cellulose. The intramolecular hydrogen 

bonds stiffen the single chain to a certain degree, while the intermolecular hydrogen 

bonds are responsible for the formation of supermolecular structure [31]. In 

        Non-reducing end      Cellubiose unit                      Reducing end 
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microcrystalline cellulose, the network of highly packed hydrogen bonding forms 

crystalline portion. Due to its crystalline structure and large DP, microcrystalline 

cellulose is insoluble in water and common organic solvents. The amorphous portion 

consists of a relatively low amount of hydrogen bonding. Therefore, those cellulose 

chains in the amorphous portions are only partially packed by inter-hydrogen bonds 

through the hydroxyl groups at C2, C3, and C6 [32]. Hence, the accessibility of 

amorphous is much higher than crystalline cellulose.  

 

Figure 2-4: Interconversion of polymorphs of cellulose (adapted from [33]) 

Six crystalline lattices polymorphs are reported in literature (I, II, IIII, IIIII, IVI and 

IVII). Figure 2-4 illustrates the interconversion among different crystalline lattices. 

Cellulose I, which exists in almost all native celluloses, has chains of parallel 

configuration. It is a composite of two crystalline allomorphs, Iα (rich in algal and 

bacterial celluloses) and Iβ (rich in higher plants and tunicates). Cellulose II is found 

to be more thermodynamically stable as compared to cellulose I [34]. Cellulose I can 

be converted into cellulose II via either regeneration or mercerization of celluloses; 

however this process is irreversible due to much stronger hydrogen bonding in 

Cellulose II [35]. The swelling of cellulose I with amines and cellulose II with liquid 

ammonia can result in the formation of cellulose IIII and IIIII, respectively.  

Furthermore, cellulose IVI, and IVII can be generated via annealing of cellulose IIII 

and IIIII in glycerol solution.  
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2.2.3 Hemicellulose 

Hemicellulose, also known as polyose, is the second major component in biomass. It 

is a mixture of various polymerized monosaccharides, including xylans, mannans, B-

glucans with mixed linkages and xyoglucans [36]. Figure 2-5 illustrates some typical 

components in hemicellulose, which consists of galactose, manose, xylose, arabinose, 

and glucuronic acid. Its structure consist of short side branches that attach along the 

main polymeric chain [13]. The DP of hemicellulose is only ~150; therefore its 

molecular weight is much lower than cellulose [13].  

 

Figure 2-5: Main components of hemicellulose (adapted from [13]) 

 

Figure 2-6: Lignin monolignols (adapted from [40]) 

2.2.4 Lignin 

Lignin, the third major component of woody biomass, is an amorphous cross-linked 

resin [37]. It is a three-dimensional structure comprises of an irregular array of 

variously bonded “hydroxyl-” and “methoxy-” substituted phenylpropane units [38]. 

Four different types of lignin-carbohydrate complexes have been reported in the open 

literature: (1) galactoglucomannan-lignin-pectin complex, (2) glucan-lignin complex, 

(3) glucomannan-lignin-xylan complex, and (4) xylan-lignin-glucomannan complex 

[39]. Figure 2-6 illustrates the structure of lignin monolignols. In woody biomass, 

Glucose       Galactose                       Manose 

Xilose      Arabinose             Glucuronic acid 

1. R1=R2=H 
2. R1=OCH3; R2=H 
3. R1=R2=OCH3 
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lignin is bonded with cellulose and hemicelluloses via benzyl ether, benzyl ester, 

glycosidic, and acetal type bonds, which results in lignin-carbohydrate complexes 

[40]. It is necessary to break such inter linkage to access further reaction.  

2.3 BIOMASS PYROLYSIS 

The use of biomass to generate energy has a very long history. Upon heat treatment 

during pyrolysis, the different thermal properties of the major components in 

biomass (cellulose, hemicellulose and lignin) result in a series of complex reactions 

[5]. Unlike fossil oil, bio-oil is renewable and carbon neutral; thus it is relatively 

more environmentally friendly. Therefore, the application of bio-oil via pyrolysis is 

gaining popularity in this modern world, where extensive research had been carried 

out in this area in displacing fossil fuels with bio-oil. The following section will 

provide an overall view of the bio-oil production via biomass pyrolysis as well as 

their applications. 

2.3.1 Pyrolysis 

Pyrolysis is a thermal decomposition process of biomass occurring in the absence of 

oxygen. The products of biomass pyrolysis consist of bio-char, bio-oil and gases. 

Depending on the heating rate, pyrolysis technologies can be classified into two 

groups: conventional pyrolysis and rapid heating pyrolysis. 

Conventional pyrolysis is also called slow pyrolysis, which is described as the 

pyrolysis reaction under low heating rate condition, where in some cases the heating 

rate can be below 10 K/min. Such process is mainly utilized for charcoal production. 

During slow heating, biomass is gradually heated up to desired temperature with 

volatiles residence time lasted as long as 30 min [6]. During the slow pyrolysis, the 

biomass is slowly devolatilized and the secondary reactions in vapour phase are 

enhanced.  

On the contrary, the reaction temperature and the heating rate of rapid heating 

pyrolysis (fast pyrolysis) are much higher than that of conventional pyrolysis. In 

some cases, the temperature and heating rate for fast pyrolysis can be as high as 650 

o
C and 10000 K/s, respectively [13]. Due to the rapid heating and short resident time, 

the secondary reactions are limited; thus favoured the bio-oil production. Notably, 

the production of char is considerably less during fast pyrolysis [6]. Since the rapid 
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heating pyrolysis results in higher liquid yield, such technology had a great potential 

in the production of bio-oil [13].  

2.3.2 Bio-oil and its application  

The yield of bio-oil from biomass is generally in the range of 72-80%, depending on 

the properties of feedstock [13]. Proximate analysis of bio-oil results in a formula of 

CH1.9O0.7 [13]. The compounds in bio-oil have been classified into five categories [4, 

13]: (1) hydroxyaldehydes, (2) hydroxyketones, (3) sugars and anhydrosuagrs, (4) 

carboxylic acids, and (5) phenolic compounds. In comparison to common fossil fuel, 

the energy density of bio-oil is 50% lower due to its high oxygen content (35-

40wt%), the presence of water (15-30 wt%), and high density [41, 42]. Therefore, 

further investigation on optimizing the energy production of bio-oil appears to be the 

key area of future research.  
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Figure 2-7: The application of bio-oil (adapted from [43]) 

Figure 2-7 summarises the applications of bio-oil. Bio-oil has long been seen as one 

of the most promising replacements for fossil fuels because of its potential as an 

energy source for heat and electricity generation [44]. A number of tests on a wide 
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range of bio-oils were conducted using an 8 Mwth nominal capacity furnace operated 

at 4 Mwth output [42]. Unfortunately, although the combustion of bio-oil could be 

optimized by minor modifications on boiler design, the quality of bio-oil still 

remained to be the major concern that posed limitation of its application range.  

Table 2-1: Chemicals from biomass bio-oil by fast pyrolysis (adapted from [45]) 

Chemical Minimum wt.% Maximum wt.% 

Levoglucosan 2.9 30.5 

Hydroxyacetaldehyde 2.5 17.5 

Acetic acid 6.5 17 

Formic acid 1 9 

Acetaldehyde 0.5 8.5 

Furfuryl alcohol 0.7 5.5 

1-hydroxy-2-propanone 1.5 5.3 

Catechol 0.5 5 

Methanol 1.2 4.5 

Methyl glyoxal 0.6 4 

Ethanol 0.5 3.5 

Cellobiosan 0.4 3.3 

1, 6-anhydroglucofuranose 0.7 3.2 

Furfural 1.5 3 

Fructose 0.7 2.9 

Glyoxal 0.6 2.8 

Formaldehyde 0.4 2.4 

4-methyl-2, 6-dimetoxyphenol 0.5 2.3 

Phenol 0.2 2.1 

Propionic acid 0.3 2 

Acetone 0.4 2 

Methylcyclopentene-ol-one 0.3 1.9 

Methyl formate 0.2 1.9 

Hydroquinone 0.3 1.9 

Acetol 0.2 1.7 

2-cyclopenten-1-one 0.3 1.5 

Syringaldehyde 0.1 1.5 

1-hydroxy-2-butanone 0.3 1.3 

3-ethylphenol 0.2 1.3 

Guaiacol 0.2 1.1 

 

Bio-oil can be also utilized for the production of synthesis gas [46-48]. Panigrahi et 

al. employed an Inconel tubular fixe-bed down-flow microreactor to investigate the 

generation of synthesis gas using bio-oil with different gas mixtures at 800 
o
C under 

atmospheric pressure condition [48]. Their results showed: (1) the composition of 
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gas production consisted of 16-36 mol% synthesis gas, 19-27 mol% CH4, and 21-31 

mol% C2H4; and (2) heating values range was between 1300 and 1700 Btu/SCF.  

Besides, bio-oil can also be a source of various chemicals production (see Table 2-1). 

As a portion of bio-oil is water soluble, certain carbohydrate derived compounds can 

be easily recovered by water extraction. Such compounds include low-molecular-

weight aldehydes, which are effective meat browning agents, as well as phenolic 

compounds that provide smoky flavours [42].  The water-insoluble portion (~25-30 

wt% of the whole bio-oil) has also demonstrated potential in replacing phenol in 

phenol-formaldehyde resins [49, 50].     

Furthermore, pyrolysis technology can be applied as an environmental friendly waste 

treatment technology in particular industries. For example, wood processing 

industries are showing high interest in exploring environmentally friendly and low-

cost method to dispose their waste [13]. In this case, pyrolysis offers a wider scope 

for recovering products from agricultural wastes.  

2.3.3 Bio-char and its application  

Beside bio-oil, bio-char is another valuable product. 41 Mt of char were produced 

annually for heat and industrial purposes: majority of it is located in developing 

countries (40 Mt in 2002), with Africa being the highest producer (21 Mt), followed 

by South America (14 Mt) and Asia (4 Mt) [51]. Figure 2-8 summarises the 

applications of bio-chars via different process and feedstock. The quantity and 

quality of bio-char are dependent on the availability feedstock and the treatment 

process. Generally, char generated from fast heating pyrolysis can be utilized as 

activated carbon; while slow pyrolysis mainly aims to produce char for fuel and soil 

amendment. The soil amendment appears to be, by far, the most attractive 

application of bio-char. It acts as a soil conditioner that is capable of improving soil 

physical and biological properties [51, 52].   
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Figure 2-8: Bio-char and other products via different thermal processes and their applications (adapted from [52]) 

Feedstocks               Process                        Product    Uses and applications 

Biomass energy 
crops (corn, 
cereals, wood 
pellets, palm oil, 
oilseed rape) 

Bioenergy residues 
“cake” 

Agricultural waste 
(wheat straw, 
hazelnut and 
peanut shells, 
waste wood, etc.) 

Compost (green 
waste) 

Manure/animal 
waste (chicken) 

Kitchen waste 
plastic, food, etc 

Sewage sludge 

Fast pyrolysis 
(anhydrous) 

Slow pyrolysis 
(low temp. 450-550 
oC, O2-free, some-

times steam ) 

Slow pyrolysis 
(high temp. 600-900 

oC, O2-free) 

Gasification 
(high temp., fast 
heating rate, O2 

present) 

Fermentation 
anaerobic digestion 
and mechanical bio-

treatment 

Carbonization 
(‘brown’ at 300 oC, 
‘black’ at 380 oC) 

Synthesis gas 
Bio-oil liquid 
Biochar solid 

Syngas 

Biochar 

Activated 
biochar 

Combustible 
ethane, 

methane 

Char 

Ethanol 

Methane and 
sludge 

Charcoal 

-Heat 
-Fuel (combusted to generate electricity 
or converted to syngas) 
-High value bio-chemicals used as food 
additives or pharmaceuticals  
-Soil conditioners/fertilizers 

-Soil amendment (neutral/alkaline pH, 
porosity retains water, cation exchange 
capacity; robust benefits to plant growth 
compared to high-temp char) 
 

-Extreme porosity and surface area 
-water filtration and adsorption of 
contaminants (gas, liquid, or solid) 
 
-Fuel (low yield, high reactivity) 
-Contamination of some feedstocks  
(e.g., metal and plastic in kitchen waste) 
may preclude use of sludge/char in soil 

-Fuel (for electricity or cooking) 
-Bi-products (wood spirits, wood tar) 
-Substitute for coal-derived coke in 
metal smelting 
 



                 CHAPTER 2 

Cellulose Pyrolysis Intermediates       

  

 

16 

In addition, the application of bio-char to soil is also able to decrease the emissions 

of GHGs. It was reported that up to 50% reduction in the emissions of nitrous oxide 

was noted when bio-char was applied to soybean and up to 80% in grass stands [51]. 

The application of biomass pyrolysis undeniably showed promising prospects as an 

alternative renewable energy source. Therefore, a need to understand the underlying 

mechanism of pyrolysis is raised. However, biofuels utilization nowadays is still 

limited by the variation of raw material properties, which in term hindered the 

fundamental understanding of biomass pyrolysis. Thus, model compounds such as 

cellulose, hemicellulose and lignin had been widely employed for the study of 

biomass pyrolysis [53-56].  

2.4 CELLULOSE PYROLYSIS FUNDAMENTAL  

Cellulose is often employed as a model compound to study biomass. The usage of 

cellulose is due to two reasons: (1) the content of cellulose is generally the highest in 

woody biomass; and (2) cellulose appears to be the only uniform component in 

lignocellulosic biomass. A number of studies have investigated pyrolysis reactions 

and mechanism. A detailed overview of the chemistry and mechanism are given in 

the following section. 

2.4.1 Chemistry and reactions in cellulose pyrolysis 

2.4.1.1 Depolymerisation and transglycosylation 

During pyrolysis, the dry cellulose solid passes through depolymerisation- a process 

to cut off its degree of polymerization (DP). The depolymerisation process is a 

cleavage of 1, 4-glycosidic bond through a homolytic or heterolytic process to 

generate relatively stable but smaller molecule components [57]. This reaction 

appears prior to the emission of volatiles [58]. Cellulose with an initial DP of 800 

was studied at 202 and 230
 o

C [59]. The results indicates the DP of raw cellulose 

reduced to 300 after 100 hours and 10 hours holding time at 202 and 230 
o
C, 

respectively; however, additional holding did not influence the DP values. 

Furthermore, studies on the cellulose with initial DP of 2650 at 225 
o
C demonstrated 

a reduction of DP to ~375, with a weight loss of less than 1% ; whilst, further 

decreased of DP from 375 to 350 resulted in ~5.7% weight loss [58]. Similar 

observations were also found by Basch and Lewin, who further suggested that the 

weight loss was proportional to the square root of DP [53].     
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Transglycosylation, which was proposed for the generation of anhydro-sugars, is a 

special type of depolymerisation [60-62]. This process (see Figure 2-9) requires 

participation of a free hydroxyl group to break the 1, 4-glycosidic bond [57]. A 

glycosyl group is transferred onto a receptor to form a different type of glycosidic 

linkage. An anhydro-unit is then formed hence the production of levoglucosan. 

Besides anhydro-sugars, randomly linked oligosaccharides may be also formed via 

intra-molecular transglycosylation [63]. 

 

Figure 2-9: Cellulose chain cleave (adapted from [62]) 

2.4.1.2 Dehydration and cross-linking reaction 

The early research on cellulose in isothermal conditions showed a considerable 

emission of volatiles/weight loss only occurred after ~250 
o
C [64, 65]. Dehydration 

was reported to be the major reaction contributing to the weight reduction at such 

low temperature [66]. Depending on the location of the hydroxyl and hydrogen group 

participating, the mechanisms of dehydration can be summarized into two pathways: 

intra-ring and inter-ring dehydration. The study on the formation of C=C at 250 
o
C 

by using IR demonstrated that the total number of double bond formation did not 

account for the amount of water lost, which indicated that the inter-ring dehydration 

was dominant at low temperatures [67].  

Ether bridges between adjacent chains are formed via inter-ring dehydration, 

resulting in a cross-linked structure [68]. The cross linkage is constructed by two 
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different chemical bonds: hydrogen and covalent bonds. As hydrogen bonding is 

gradually broken during pyrolysis, covalent bonds appear to be the major form of 

chemical bonds in the cross linkage structure [69]. The formation of cross-linked 

structure stabilizes cellulose and enhances char yield [70, 71]. The covalent bonds 

produced via dehydration are mainly contributed by ether and ester bridges [69] (see 

Figure 2-10). Ether bridges are generated via the inter-chain dehydration between 

hydroxyl groups on adjacent chains. Similarly, the cross-linking is also able to form 

within ester bridge by the reaction between carboxyl and hydroxyl group.  

 

Figure 2-10: Cross linkage on cellulose chains (adapted from [69]) 

The interaction between cellulose chains and pyrolysis primary products may also 

result in a cross-linked structure. Results in open literature suggested that the –OH 

group from cellulose chains was able to react with the –COOH group [72-74]. The 

study of cellulose and formaldehyde mixture (one of the pyrolysis product) at 275 
o
C  

also demonstrated a higher degree of cross-linking compared to raw cellulose [75]. 

Meyer, Muller and Zollinger suggested that there were two steps involved in the 

interaction between cellulose and pyrolysis products. According to their study, 

hemiacetal was first formatted between cellulose chain and formaldehyde, followed 

by dehydration process between the newly formed hemicetal and cellulose [76]. 

Also, recent research demonstrated  that cross-linking reactions preceded with the 

depolymerisation and only occurred below 360 
o
C [77].   
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2.4.1.3 Decarboxylation and decarbonylation  

Besides water, carbon dioxide and carbon monoxide are also produced during 

pyrolysis via decarboxylation and decarbonylation, respectively. Shafizadeh and 

Bradbury compared the thermal behaviour of cellulose in air and N2 and found out 

that the weight loss under isothermal conditions in air is much faster than that in N2 

(see Figure 2-11) [15]. The weight loss difference between air and N2 continuous 

reduced along with time, and a nil difference was noted at temperature above ~310 

o
C. The results reflected two different reaction pathways existed in cellulose 

pyrolysis. Based the above results, Shafizadeh suggested that the pathway occurred 

at a lower temperature involved a reduction of DP, generation of free radicals, 

elimination of water, formation of carbonyl, carbonxyl and hydroperoxide groups, 

evolution of carbon monoxide and carbon dioxide, and lastly the formation of char. 

However, at higher temperature, approximately 300 
o
C, cellulose decomposed to a 

tarry pyrolyzate containing levoglucosan, other anhydrogulcose compounds, 

randomly linked oligosaccharides, and glucose decomposition products [66].   

 

Figure 2-11: First order plots for the cellulose char. Plots at 310 and 320 
o
C for air 

and nitrogen are similar. (adapted from [15]) 
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2.4.1.4 Charring and fusion reaction 

Char was once been considered as the product of cellulose carbonization. However, 

recent research in cellulose pyrolysis suggested that fast pyrolysis was capable of 

generating volatiles without the formation of char [78], and the char yield can be 

enhanced by a longer volatiles residence time [79, 80]. Studies using levoglucosan 

also discovered a portion of carbonized char after pyrolysis [15, 81, 82]. Therefore, 

those studies concluded that at least a portion of char does yield from the secondary 

reaction of cellulose pyrolysis.  

The nature of char is dependent on pyrolysis temperature. Table 2-2 listed the 

elemental analysis results of the cellulose char produced from 325 to 500 
o
C (5 min 

holding time). Sekiguchi, Frye and Shafizadeh summarized the char properties 

generated at different temperatures: (1) from 325 to 350 
o
C, cellulose char contained 

C=C and C=O groups; while hydroxyl and glycosidic group were absent; (2) at 400 

o
C the glycosyl groups were absent completely with an increasing number of 

aromatic and paraffinic groups; and (3) from 400-500 
o
C, the char formation was 

found to be highly aromatic (88%) [83].  

Table 2-2: Elemental analysis for cellulose char from 325 to 500 
o
C (adapted from 

[83, 84]) 

Material 
CPT 

(
o
C) 

Char yield 

(wt%) 

Composition (wt%) Formula 

(ref to C6) C H O 

Cellulose 

No treatment 

325 

350 

400 

450 

500 

- 

63.3 

33.3 

16.7 

10.5 

8.7 

42.8 6.5 5.07 C6H11O5.3 

47.9 6.0 46.1 C6H9O4.3 

61.3 4.8 33.9 C6H5.6O2.5 

73.5 4.6 21.9 C6H4.5O1.3 

78.8 4.3 16.9 C6H3.9O1.0 

80.4 3.6 16.1 C6H3.2O0.9 
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Figure 2-12: Chemical pathways for the direct conversion of cellulose molecules (adapted from [85]) 
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Figure 2-13: Chemical pathways for the secondary decomposition of levoglucosan (adapted from [85]) 
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2.4.1.5 Volatiles and ring open reactions  

Low molecule components, such as glycolaldehyde, can be  produced via cellulose 

monomer decomposition/ring scission [86]. The ring opening reactions have 

significant effects on the formation of volatiles. Such reactions can be activated 

directly on both cellulose molecules (see Figure 2-12) and pyrolysis products (see 

Figure 2-13) [85]. Pathways 3, 4, 8 and 9 illustrate the possible ring cleavage 

reactions. The subsequent decomposition may produce either a four-carbon (pathway 

3, 8 and 4) or five-carbon fragment (pathway 9). Pathway 5 and 10 show the ring 

opening reactions with no fragment. The pathway 5 indicates the cleavage of the ring 

glycosidic bond and the formation of double bond on C4 and C5. The pathway 10 is 

simply a ring cleavage to form hexose chain structure. The location of bonds scission 

determines the final products generated through pyrolysis ring opening reactions. For 

instance, scission at C1/C5 generates single-carbon-atom-contain components such 

as CO2 and formic acid; scission at C2/C4 is more likely to produce glycoldehyde; 

and scission at C3 may result in acetol formation.  

2.4.1.5 The formation and decomposition of levoglucosan 

Levoglucosan is the major product from cellulose pyrolysis. Its isomers, anhydro-D-

mannose (AM) and 1, 6-anhydro-glucofuranose (1, 6-AGF) are formed via 

rearrangement during pyrolysis. However, since the energy requires for secondary 

cracking is relatively low, the amount of AM and 1,6-AGF in pyrolysis products are 

generally small [87]. The formation and decomposition of levoglucosan appear to be 

important pathways during cellulose pyrolysis. The formation of levoglucosan was 

reported to be independent on polysaccharide linkage orientation [88].  Two 

proposed mechanisms were implied to explain the formation [59]: (1) subsequent 

dehydration after total depolymerisation of carbohydrates, and (2) via initial partial 

depolymerisation. If levoglucosan is formed via subsequent dehydration of 

carbohydrates, the pyrolysis of glucose oligomers would produce equal or higher 

yields of levoglucosan; yet, pyrolysis of a wide range of carbohydrates practically 

shows that this is not the case. For instance, cellulose was found to generate the 

highest amount of levoglucosan via various carbohydrates pyrolysis at ~420 
o
C (see 

Table 2-2) [89]. Results indicated that only ~30% of ring units in carbohydrates were 

dehydrated into levoglucosan. Therefore, it is reasonable to believe that majority of 
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levoglucosan is produced directly from the shortened cellulose chain during 

depolymerisation (see section 2.3.1.1).  

Table 2-3: Levoglucosan yield from different carbohydrates via 420 
o
C pyrolysis 

(adapted from [89]) 

Compound Yield of levoglucosan (%) 

Amylose 28.8 

Amylopectin 24.7 

Cellulose 38.5 

Cellobiose 22.7 

Glucose 19.8 

Maltose 29.4 

Trehalose 23.7 

Lactose 27.2 

Melibiose 22.2 

Sucrose 18.2 

Raffinose 17.0 

 

 

Figure 2-14: Proposed pyrolystic reaction pathways of levoglucosan (adapted from 

[90]) 

Levoglucosan has been widely utilized to study the secondary reaction during 

pyrolysis due to its highest yield during pyrolysis [15, 81, 82]. Since the boiling point 

of levoglucosan is ~300 
o
C, levoglucosan is likely to vaporize at pyrolysis 

temperature above 300
 o

C [91]. Hosoya, Kawamoto and Saka proposed that the 
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reactivity of levoglucosan might vary among different phases [90]. They suggested 

that levoglucosan in vapour phase was more likely to be converted into CO and CO2; 

whilst in solid/ liquid phase, char and low molecular weight products, such as 

furfural, 5-HMF, glycolaldehyde, hydroxyacetone, acetic acid and formic acid, were 

the major products (see Figure 2-14). 

Besides ring opening reactions (see section 2.3.1.5), dehydrations and isomerizations 

also occur during the pyrolysis of levoglucosan, resulting in the formation of 

anhydro-monosaccharides, such as DGP (1, 4: 3, 6-dianhydro-b-D-glucopyranose), 

LGO (levoglucosenone) and AGF (1, 6-anhydro-b-D-glucofuranose) [92]. A 

mechanism to experiment the chemistry proposed by Lin et al. is shown in Figure 2-

15. 

  

Figure 2-15: Cellulose pyrolysis mechanism (adapted from [92]) 
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2.4.2 Factors influencing pyrolysis 

The mechanism and kinetics of pyrolysis reactions are influenced by several 

variables. These variables include the properties of raw material properties, 

temperature, pressure, type of reactor utilized, heating rate, as well as the appearance 

of inorganic components. The effects of these factors on pyrolysis are summaries in 

the following paragraphs.      

2.4.2.1 Raw material properties 

The nature of cellulose, such as the source of cellulose, crystallinity, degree of 

polymerization (DP), and orientation, alters the properties of pyrolysis products. For 

instance, the source of cellulose influences the production of levoglucosan: 60-63% 

from native cotton, 36-37% from mercerized cotton, and 4-5% from viscose rayon 

[53]. It is widely accepted that low DP and crystallinity cellulose are less thermal 

stable [53, 58, 93]. Basch and Lewin suggested that a reduction of DP to ~200 is a 

precursor to the formation of levoglucosan [53]. Crystallinity is an important factor 

to determine the thermal stability of cellulose. A study conducted by Wong et al. also 

demonstrated that the formation of larger furanic compounds, such as 5-HMF and 

furfural were enhanced by lower crystallinity structure [94]. In addition, the stability 

of cellulose is further compromised by increasing its orientation [70]. Bacon and 

Tang reported that the length of shrinkage during pyrolysis decreased with cellulose 

molecular orientation increased; thus influenced the pyrolysis products significantly 

[95].  

2.4.2.2 Reactor Configuration  

Reviews from open literature suggested that several reactor systems, such as 

horizontal tube, fixed-bed, fluidised-bed, drop-tube/fixed-bed and microwave 

reactor, have been utilized to carry out pyrolysis. The objectives of various systems 

are listed in Table 2-4.  

Generally, the horizontal tube is very similar to fixed-bed reactor. Both of them are 

designed for slow-heating process; while drop-tube/fixed-bed and fluidised-bed 

reactors are much suitable for fast-heating pyrolysis. The differences are mainly 

heat-transfer and heating rate. The fast pyrolysis undergoes endothermic reactions 

marginally, where a minimal heat fluxes of 50 W/cm
2
 is required [96]. In 
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conventional fluidized bed system, a ~2.5 MJ heat/1kg biomass is required to 

achieve a 62% bio-oil yield [13]. 

Table 2-4: Reactor types and objectives 

Reactor Systems Objectives Examples 

Fixed-bed 

reactor 

Utilized for pyrolysis at slow-heating rate. [78, 97] 

Drop-tube/fixed-

bed reactor 

 

a) Fast pyrolysis with continuous sample 

feeding. 

b) Fast pyrolysis of particles under ‘feed with 

one pulse’. 

c) Steam Gasification. 

 

[98, 99] 

Fluidised bed 

reactor 

 

Similar objectives with drop-tube/fixed-bed 

reactor but it is available for large size particle 

(mm-size) 

 

[100, 101] 

Circulating 

fluidized bed 

 

a) Fast pyrolysis. 

b) Favourable heat and mass transfer 

condition 

c) Recycle pyrolysis gases as the fluidizing 

gas.  

 

[102, 103] 

Ablative reactor 

 

a) Fast pyrolysis. 

b) Continuous system. 

 

[104] 

Rotating cone 

reactor 

 

a) Large biomass loading rate. 

b) No carrier gases. 

 

[105] 

Microwave 

reactor 

a) Both fast and slow pyrolysis.  

b) High quality products.  

[106-108] 
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The circulating fluidized bed system was designed based on the shallow fluidized 

bed technology to achieve short residence times (<1 sec) and optimal liquid yields 

[109]. This reactor employs sand as the fluidized bed and recycles the pyrolysis 

product gases as the fluidizing gas. An excellent mass transfer and heating transfer 

can be achieved by using such system [109]. 

Continuous ablative reactor heats biomass by ablation on a hot surface and the 

resident time is controlled by the carrier gas. This type of reactor was used for bio-oil 

production. For example, BBC organization in Canada used ablative reactor to 

process 1.3 mm size wood at 470-540 
o
C (residence time =0.88 sec), which yield 54% 

liquid product [110].  

Compared to circulating fluidized bed and continuous ablative reactors, a rotating 

cone reactor does not require any carrier gas. In a rotating cone system, biomass 

particles are transported spirally upwards along the hot cone wall. The pyrolysis 

reaction takes place during the transportation. The final solid residue (e.g., char and 

ash) is obtained from the top of the cone. This reactor has a very high solid transport 

capacity of up to 3 kg/s solids [110]. The product via rotating cone reactor at 1s 

residence time under 600
 o

C are: 60 wt% liquid, 25 wt% gases and 12 wt% char 

[110].  

In addition, a microwave reactor has been used for both high and low temperature 

pyrolysis. The sample is placed in the centre of the microwave guide instead of a 

quartz reactor. According to the studies carried out by Fernandez’s research group 

regarding biomass microwave pyrolysis, the yield of char, oil and gases generated at 

500 
o
C were noted to be 30.21%, 7.90% and 65.28% by weight of feedstock, 

respectively ; and fluctuated to be 22.70%, 8.58% and 68.72% at 1000 
o
C [106-108]. 

The formation syngas was remarkably enhanced with a reduction in the oxygen 

content in char and oil as compared to conventional pyrolysis. Moreover, the 

utilization of microwave in low temperature pyrolysis (less than 350 
o
C) is also 

available through open literature [111-113].  A temperature of 180 
o
C is proposed as 

a key turning point in the microwave degradation of cellulose [111]. Recent 

investigations pointed out that microwave pyrolysis is capable of achieving high-

quality solid (low oxygen content), liquid (low oxygen content and water content), 
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and gases (low energy input and high syngas concentration fuels with relatively low 

cost) [31].     

2.4.2.3 Heating rate 

The heating time and its intensity have detrimental effects on the rate and extent of 

pyrolytic reactions. Unfortunately, the actual temperature and heating rates within 

the reactant particles are hardly to be determined [18]; therefore, the variation of 

external heating rate and temperature are used instead. Demirbas used beech trunk 

barks as raw material to study the effects of heating rate and temperature on the 

production of bio-oil [13]. The optimal condition was reported to be 477 
o
C and 100 

K/s, where the production of bio-oil yield increased along with heating rate. 

However, increased in either temperature or heating rate yielded negative effect on 

char production [13].    

In addition, heating rate has found to alter the cellulose reaction mechanism 

significantly. Generally, the activation energy of cellulose pyrolysis reduces when 

heating rate increases [114]. According to Bilbao, Arauz and Millera, the reaction 

constant k of cellulose pyrolysis decreased along with heating rate for a given 

temperature [115]. However, recent research outcome reported by Lin et al. showed 

that the intrinsic kinetics of cellulose pyrolysis does not relate to the heating rate 

[92]. They believed that it was the relatively large thermal-lag from fast heating that 

led to kinetic derivations.   

Furthermore, heating rate also affects char yield. The amount of char recovered from 

slow heating pyrolysis is more than that from fast pyrolysis. Comparing to rapid 

chemical bond cleavage and evaporation at fast pyrolysis condition, slow pyrolysis at 

low temperatures (below 300 
o
C) allows more time to form more thermally stable 

cross-linking structure, which stabilizes the solid residue [116].   

Heating rate also has significant effects on the product properties. Besides resulting 

in a higher char formation, Brunner and Roberts also reported that a low heating rate 

enhanced microspore volume, surface area, and the density of char in the expense of  

the O/C ratio [117]. The quantity and quality of bio-oil were also affected by heating 

rate [7, 118]. Those research outputs indicated that heating rate inevitably plays an 

important role in pyrolysis.     
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2.4.2.4 Temperature and pressure 

Another key factor influencing cellulose pyrolysis mechanism is temperature. Tang 

and Bacon classified cellulose pyrolysis mechanism based on four different 

temperature zones: (1) physical desorption of water (25-150
 o

C); (2) dehydration 

from the cellulose unit (150-240
 o

C); (3) thermal cleavage of the glycosidic linkage 

and scission of other C-O bonds and some C-C bonds via a free radical reaction 

(240-400
 o
C); and (4) aromatization (400 

o
C and above) [64].  

Pressure has a profound impact on the pyrolysis of biomass. William and Michael 

reported that high pressure and low flow rate decreased the heat of pyrolysis and thus 

promoted the char formation [79, 80]. Their studies proposed that the char was not 

produced through primary reaction.  

2.4.2.5 Inorganic metals 

Since raw biomass contains a small portion of inorganic species, studies on different 

inorganic salt-loaded celluloses are often conducted to investigate the effects of 

AAEM on the biomass pyrolysis reaction. The impacts of mineral metals on the 

biomass pyrolysis are due to their ionic nature, concentration, Lewis acidity/basicity 

and/or ability to form complexes that stabilize specific reaction intermediates [119]. 

Although the effects of minerals on cellulose pyrolysis are yet to be discovered, there 

is no doubt that even a small trace of inorganic additives loaded into cellulose 

structure would significantly alter the cellulose pyrolysis mechanism and the nature 

of products formed [84]. According to Halpern and Patai, the following conclusions 

were made [59]: 

· Sodium carbonate, acetate and oxalate enhanced the production of water, 

acids and CO2 with a decreased in anhydrosugar formation. 

· The dehydration reaction mainly occurred within the ring structures rather 

than between the hydroxyl groups (see section 2.4.1.2). 

· Hydrogen chloride was released from NaCl-loaded cellulose rather than NaCl 

alone, indicating a reaction between cellulose and NaCl.   
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Table 2-5: Summaries of some research works on the pyrolysis of salt-loaded 

celluloses 

 Effects 

Na
+ The yield of glycolaldehyde and formic acid was maximized at a 

loading of 0.006 mmolers NaCl/g of cellulose [119]. 

NaCl lowered the combustion temperature of the aromatic 

components of char by ~40
 o

C and significantly increases its rate 

[84]. 

Tar average molecular weight and yield reduced significantly [120]. 

K
+ KCl lowered the average apparent first-order activation energy up to 

50kJ/mol [121]. 

Reduce levoglucosan  yield followed the order of 

KCl>K2SO4>KHCO3 [122]. 

Reduced tar average molecular weight and yield  significantly [120]. 

KCl had minor effect on char yield but dramatically favoured the 

yields of CO, CO2, water and CH3OH [123].   

Ni
+
 NiCl slightly increased the degradation temperature (~10-20 

o
C) [21].  

Zn
2+ ZnCl2 favoured the secondary degradation of anhydro-sugars [124].  

ZnCl2 enhanced C-O and C-C heterolytic scissions [21]. 

Ca
2+

 CaCl2 favoured 2-fur-aldehyde, 5-hydroxymethylfurfural and 

levoglucosenone [119].   

Mg
2+ MgCl2 suppressed the formation of glycolaldehyde but favoured 2-

fur-aldehyde, 5-hydroxymethylfurfural and levoglucosenone [119].   

MgCl2 dramatically enhanced the dehydration reaction [125]. 

(NH4)2HPO4 Accelerated the decomposition reactions and lowers the rate of 

oxidation of aromatic component and the corresponding heat release 

[84]. 
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Table 2-5 summaries the catalytic effects of different salts on pyrolysis. Piskorz et al. 

reported that the degradation of cellulose in the presence of inorganic metals 

followed two different pathways: (1) cellulose in the absence of minerals was 

degraded into levoglucosan via depolymerisation; and (2) cellulose with the presence 

of minerals was cracked and formed low molecular weight compounds, such as 

glycolaldehyde, via ring opening reactions [126]. A study carried out by Kawamoto, 

Yamamoto, and Saka concluded that the addition of inorganic chlorides dramatically 

affected the levoglucosan pyrolysis mechanism [20]. Their results showed that at 250 

o
C, where raw levoglucosan was still stable, decomposition reactions in various salt-

loaded levoglucosan were significantly enhanced. Besides, they also reported that the 

catalytic activities of the inorganic chlorides on the re-polymerization reactions of 

levoglucosan were in the order of MgCl2> CaCl2> NaCl, KCl> LiCl. 

Studies on different chloride-load (MgCl2, CaCl2, NaCl, and KCl) cellulose pyrolysis 

suggested that the presence of AAEM was able to reduce the decomposition 

temperature of cellulose. The initial weight loss temperatures of chloride-loaded 

celluloses were in the order of MgCl2<CaCl2<KCl<NaCl [127]. In addition to the 

reaction temperature, minerals can influence the pyrolysis products. For example, the 

presence of AAEM chlorides promotes the formation of primary char [20]. Besides, 

the production of anhydro-sugars is also suppressed by the addition of AAEM, and it 

is reported that the reduction in levoglucosan followed the trend of 

Raw>K>Na>Ca>Mg [119]. 

2.4.3 Cellulose pyrolysis model 

The cellulose pyrolysis kinetics model has been studied since last century. Although 

the chemistry and reactions are exceedingly complex, the overall process is simply a 

pseudo zero-order following by a first-order reaction [65, 78, 128, 129]. The 

following section will present and explain various cellulose pyrolysis models, 

followed by an assessment of different models. 

2.4.3.1 Broido-Nelson (BN) model 

Broido and Nelson utilized heat pre-treated cellulose (230-275 
o
C) to study pyrolysis. 

Results demonstrated that the char yield increased from 13% (raw cellulose) to 27% 

[97]. Broido-Nelson (BN) model was proposed base on their study (see Figure 2-16). 
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The BN model illustrates two parallel but comparative reaction pathways. However, 

the raw sample (100 mg of shredded cellulose, and 7 cm ×3 cm sheets) utilized for 

the experiment were wrapped several layer deep around a glass rod, which incurred 

the char formation from solid-vapour interaction [130]. 

 

Figure 2-16: Brodio and Nelson model (adapted from [97]) 

2.4.3.2 Bradbury-Shafizadeh (BS) model 

Bradbury and Shafizadeh (BS) model was proposed after BN model. This model was 

developed according to the kinetics study over the temperature range of 259-341 
o
C 

[15]. Similar to BN model, BS model also apply two parallel first order reactions, 

which generate volatiles and char and gases separately. The difference between the 

two models is that BS model introduced an intermediate step that generated the 

“active cellulose” (see Figure 2-17). At the temperature between 259 to 295
 o

C, 

Bradbury and Shafizadeh believed the “active cellulose” was first formed via 

depolymerisation with an activation energy of 24.28 kJ/mol [15]. The active 

cellulose then went through two competitive first order reactions, which produced 

char (activation energy 153.1 kJ/mol) and gases (activation energy 197.9 kJ/mol) 

independently. A TGA study conducted by Antal and Varhegyi attained the 

activation energy as 238 kJ/mol (char) and 148 kJ/mol (volatiles), respectively [131]. 

 

Figure 2-17: Bradbury and Shafizadeh model (adapted from [15]) 

Cellulose Char +low molecular weight volatiles

Volatile tars
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Active 
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2.4.3.3 Modified Kilzer-Brodio model  

Kilzer and Broido [16] classified the process of cellulose pyrolysis into three steps: at 

~220 
o
C, cellulose went through an endothermic dehydration to form 

anhydrocellulose; starting at 280 
o
C, the process was more endothermic, which 

yielded levoglucosan; the final process was an exothermic decomposition of the 

anhydrocellulose. Based on their study, a modified KB model was proposed by 

Agrawal [132].    

 

Figure 2-18: Agrawal’s Modified Kilzer-Broido model (adapted from [132]) 

2.4.3.4 Three-reaction model 

Kilzer and Broido model assumed that the formations of char and gas were in 

parallel. Remarked by Agrawal, the Three-reaction model, which assumed the 

formation of char, gas, and tar were in parallel, was proposed (see Figure 2-19) [133]. 

This model presumes that tar is generated via glycosidic bonds cleavages; gases and 

char are formed from the ring open reaction via 1, 5 acetal bonds (C-O); and there is 

no correlation between the formation of char and gases.  

 

Figure 2-19: Agrawal model (adapted from [133]) 
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2.4.3.5 Varhegyi et al. model 

The Varhegyi et al. model (see Figure 2-20) was set up by using a TAG at heating 

rate of 40 K/min [131, 134]. The model considers the influences of water vapour on 

the pyrolysis reaction kinetics and simplifies the overall reactions into two different 

pathways: with and without the auto-catalysed by moisture. During the reaction, 

water was suggested to hydrolyse the unreacted cellulose and its pyrolysis products. 

Varhegyi et al. questioned the existence of “active cellulose” in BS model. They 

proclaimed that the pyrolysis intermediates was either preceded at an immeasurably 

high rate at condition of interests or it did not exist. 

Cellulose Cellulose Char +H2O+gases

Char +volatiles +H2O +gases

H2O H2O

 

Figure 2-20: Varhegyi et al. model (adapted from [134]) 

2.4.3.6 Diebold model 

Diebold included the active cellulose in his model (Figure 2-21). Diebold model 

considered the subsequent reactions of intermediates in a much more specified 

manner. This model presented the formation of secondary products via 

decomposition of intermediates, forming secondary gas, and the re-polymerization of 

primary vapors that formed secondary tar. A similar model was proposed by Wooten 

and colleagues via slow heating pyrolysis [135]. Results indicated that reaction 

intermediate was an ephemeral component and disappeared rapidly at 325 
o
C. Their 

study also showed a precursor-product relationship between intermediates and the 

aliphatic and aromatic constituents of the char [135].   

Cellulose Active Cellulose

Secondary Gas

Primary vapors Secondary Tar

Char +H2OChar +H2O  

 

Figure 2-21: Diebold model (adapted from [136]) 
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2.4.3.7 Assessment of various kinetic models 

The analysis [16, 17] and review [40] of various kinetic models have concluded:  

1. The pyrolysis of cellulose in dynamic conditions could be presented as a first-

order kinetic model. However, cellulose pyrolysis certainly did not 

decompose by a single reaction [16, 17]. 

 

2. The formation of char is incurred by vapour-solid interactions [40, 130]. 

 

3. The cellulose pyrolysis in isothermal conditions, which involved an auto-

accelerated reaction [17]. 

 

4. Varhegyi et al. model had many advantages: (1) it explained the effects of 

heating rate; (2) it limited the vapour-solid interactions; and (3) it considered 

the formation of intermediates [16, 17].    

 

5. Models which incorporated the presence of intermediate have better accuracy 

[16, 17]. However, little understanding towards the intermediates was 

available.  

2.5 CURRENT RESEARCH ON CELLULOSE PYROLYSIS 

INTERMEDIATES  

2.5.1 Evidence of the existence of cellulose pyrolysis intermediates  

Mass, crystallinity and DP of cellulose decrease steadily during pyrolysis. The 

reduction in mass is closely corresponded to a decrease in the DP as a whole.  

However, the notable DP reduction was evident even without appreciable mass loss 

[116, 137]. This is supported by a study conducted by Shafizadeh and Bradbury, 

which determined the thermal behaviour of cellulose within the temperature range 

from 150 to 190 
o
C; where no significant mass loss was observed. Their results 

demonstrated a reduction of the average DP from 2530 to 150 even at temperature 

below 200 
o
C.  An intermediate stage, also known as the active cellulose or anhydro-

cellulose, was then proposed, followed by the development of the well-known BS 

model (see section 2.4.3.2). 
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A phase change phenomenon during cellulose thermal reaction is another critical 

observation for the existence of intermediates state of pyrolysis. Nordin et al. 

designed a rapid heating (0.1 ms heating time) and cooling (liquid nitrogen) 

technique to study the melting of cellulose [138]. By investigating the crystallinity 

and SEM (Scanning Electron Micrographs) of cellulose reaction products, the 

authors proclaimed that the reduction of crystallinity (65% to 35%) was driven by the 

melting of cellulose based on the assumption that the thermal reaction was unlikely 

to occur during experimental condition. Although their assumption may be still 

questionable, their work successfully discovered a phase change during cellulose 

thermal reaction.  

Recently, the intermediate of pyrolysis was finally discovered and characterised by 

Lédé and his colleagues [139]. By applying rapid heating method (the mean heat flux 

densities > 10
7 

Wm
-2

), they observed the formation of liquid phase species during 

pyrolysis. These products condensed into solid phase after cooling and were soluble 

in water. Since they were water soluble, they were no longer cellulose. The 

subsequent research demonstrated an equilibrium between the formation of 

intermediates and their decomposition [140]. Moreover, a fast heating study carried 

out by Piskorz et al. within the temperature range of 850 to 1200 
o
C (retention 35-75 

ms) discovered 44 wt% of intermediates generated during the pyrolysis [141]. They 

also identified the presence of DP1-7 anhydrosaccharides within the intermediates. 

2.5.2 Property and chemistry of intermediates  

The properties of intermediates are affected by the reaction temperature, retention 

time, and mass transfer efficiencies [142]. To date, the understanding of cellulose 

pyrolysis intermediates is still remains unclear. A review paper from Lédé 

summarizes the latest understanding of cellulose pyrolysis intermediates [18]. The 

proposed conjectures are listed below: 

1. Intermediates were more likely to be formed between the range of 520-750 

K. 

 

2. Intermediates were likely to survive at low temperatures. It might appear as 

a high viscosity type material instead of liquid phase in mild condition. 
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3. Liquid phase intermediates were more likely to be formed via fast heating. 

It might contain different DP oligomers.  

 

4. The char formation could be affected by the intermediates. 

 

5. The phase change phenomenon might not be a physically cellulose melting 

process, but a chemical reaction resulting in the formation of low 

molecular weight liquid phase intermediates. 

 

Notably, the lack of high evidence systematic studies resulting in inconclusive 

understandings on the cellulose pyrolysis intermediates. However, it is suggestive 

that such reaction intermediates is the key factor that influenced the quantity and 

quality of pyrolysis products. Therefore, it is important to study the reaction 

intermediate so as to optimize the pyrolysis process. 

2.6 CONCLUSIONS AND RESEARCH GAPS  

Biofuel, a sustainable and renewable energy source in place of fossil fuels can be 

obtained via lignocellulosic biomass pyrolysis. However, the quality of products, 

such as bio-oil, suffers from several drawbacks. The key challenge is, therefore, to 

develop pyrolysis technologies, which are capable of generating high quality 

products. Unfortunately, the fundamental understanding of biomass pyrolysis is still 

not completely developed. One of the major problems is related to pyrolysis reaction 

intermediates, which is also known as active cellulose. Sparkled debates over the 

existence of this intermediate have been lighted over the last 20 years [131, 143]. 

Although recent research studies discovered that a part of solid residue became water 

soluble after cellulose pyrolysis [139] (since it is water soluble, it is no longer 

cellulose); yet no systematic study on the intermediates has been carried out. 

However, it is beyond any doubt that the study on cellulose pyrolysis intermediates 

benefits the development of biomass pyrolysis mechanism, including: 

· Achieving a fundamental understanding on the formation and characteristics 

of cellulose pyrolysis intermediates under different reaction temperatures. 

The method and analytical technique to extract and characterise reaction 
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intermediates are the majority of this study. Then, the extracted 

intermediates from cellulose pyrolysis at various reaction temperatures have 

to be characterised to facilitate the understanding of the intermediate from 

pyrolysis reactions. 

· Understanding different pyrolysis behaviours of amorphous and crystalline 

cellulose. As amorphous and crystalline celluloses both exist in 

microcrystalline cellulose, the formation and characteristics of reaction 

intermediates from the pyrolysis of amorphous and crystalline celluloses 

have to be clearly understood.     

· Revealing the evolution of cellulose pyrolysis intermediates to development 

of a new pyrolysis mechanism.  The pyrolysis reaction intermediates are 

short-life components, decomposing rapidly at high temperature and long 

holding time. Therefore, it is important to understand the evolution of 

reaction intermediates during pyrolysis. 

· Understanding the influence of AAEM on the formation and decomposition 

of cellulose pyrolysis intermediates. The appearance of various inorganic 

species affects the pyrolysis reaction significantly. The intermediates 

generating from the pyrolysis of cellulose with different additives (such as 

NaCl and KCl) are studied to discover their catalytic effects. 

· Collecting sufficient reaction kinetic data on the decomposition of model 

compounds and lignocellulosic biomass pyrolysis under various conditions. 

· Developing mathematical models for the formation and decomposition of 

reaction intermediates.  

2.7 RESEARCH OBJECTIVES 

To address the research gaps identified in the above section, this thesis focuses on a 

systematic investigation on the formation and characterization of reaction 

intermediates produced from cellulose pyrolysis under different conditions. The main 

objectives of this thesis are listed as following: 
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· To characterise the water-soluble intermediates produced during cellulose 

pyrolysis at low temperatures, and discover the temperature effect on the 

formation and decomposition of intermediates. 

 

· To identify the effect of hydrogen bonding on the formation of intermediates, 

and understand the differences in the pyrolytic behaviours of amorphous and 

crystalline portions within microcrystalline cellulose.  

 

· To investigate the evolution of reaction intermediates during cellulose 

pyrolysis, and develop a new pyrolysis reaction model. 

 

· To characterise and investigate the evolution of reaction intermediates 

generated via pyrolysis of various salt-loaded celluloses, and discover the 

effect of salts on the cellulose pyrolysis mechanism.  
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CHAPTER 3 METHODOLOGY AND EXPERIMENTAL 

TECHNIQUES 

 

 

 

3.1 INTRODUCTION 

This chapter details the overall research methodology applied to achieve the 

objectives outlined in Chapter 2 besides highlighting the experimental and analytical 

techniques used. An overview of the research methodology for the present study, 

along with the general methodology in achieving each objective (see section 2.7), is 

presented here. The detail procedures will be listed accordingly in each chapter that 

follow. 

3.2 METHODOLOGY 

Cellulose sample preparation, such as sieving, washing, drying, grinding and loading 

with various inorganic species, was carried out initially. Cellulose pyrolysis was 

performed under different process conditions, corresponded to those in practical 

processes by using two different reactor systems, namely a fixed-bed reactor and a 

drop-tube/fixed-bed reactor. The pyrolysed samples were analyzed using a range of 

analytical tools such as XRD (X-ray Diffraction), Elemental Analysis and FTIR 

(Fourier Transform Infrared Spectroscopy). The water-soluble intermediates within 

the char products were extracted by deionized water at room condition. The liquid 

samples were characterised using TOC (Total Organic Carbon) and IC (Ion 

Chromatography).  

In this study, experiments and analysis were repeated to ensure that the results 

obtained were reproducible. Figure 3-1 illustrates the overall methodology applied to 

achieve the objectives mentioned in Chapter 2. Detail description is given as follows.   
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Figure 3-1: Research methodology 
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3.2.1 Characterization of intermediates from pyrolysis of cellulose 

In this study, raw cellulose was pyrolysed in a fixed-bed reactor at various 

temperatures. Char was characterised for its functional groups and crystallinity via 

FTIR and XRD, respectively. The intermediates produced at various temperatures 

were extracted at room temperature by using Deionized water. Water-soluble 

intermediates were quantified by TOC and the oligomers in the liquid sample were 

identified by HPAEC-PAD. Post hydrolysis analysis on both liquid intermediate and 

pyrolysed cellulose samples were then conducted to study the ring unit 

decomposition. Through this study, the existence of intermediates was addressed and 

a summary that concluded the application of new analytical method in conducting 

the whole research was detailed in this thesis. 

3.2.2 Different in water-soluble intermediates generating from amorphous and 

crystalline cellulose 

The effect of hydrogen bonding during pyrolysis was investigated by carrying out the 

pyrolysis of amorphous and crystalline cellulose at same conditions. Amorphous and 

crystalline cellulose were prepared by ball milling, followed by hot-compressed-

water (HCW). The sample was loaded into a fixed-bed reaction and heated slowly up 

to desired temperatures. Once the desired temperature was obtained, the reaction was 

held under isothermal condition for 30 minutes. Pyrolysed samples, along with their 

water-soluble intermediates at the same temperatures, were analysed and compared.  

3.2.3 Evolution of water-soluble and water-insoluble portions from fast 

pyrolysis of amorphous cellulose 

To evaluate the thermal behaviour of water-soluble intermediates, fast heating 

pyrolysis of amorphous cellulose was carried out. The reactor was preheated to 

desired temperature. Amorphous cellulose was then loaded into the reactor in one 

pulse. In contrast to slow heating pyrolysis, the process was properly designed to 

avoid the subsequent reactions during the heat up period. The pyrolysed amorphous 

cellulose at 250 and 300
 o

C was analysed. In addition, the water-soluble as well as 

water-insoluble portions from the pyrolysed solid residue, which produced via 

different holding times, were investigated separately.   
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3.2.4 Characteristic of water-soluble intermediates yielded from fast pyrolysis of 

NaCl-loaded and MgCl2-loaded cellulose  

The objective for this study was to understand the effects of inorganic salts on the 

behaviour of cellulose pyrolysis intermediates at different temperatures. Raw 

cellulose was mixed with MgCl2 and NaCl separately according to wet impregnate 

method. The concentration of cation was controlled to be ~0.025 mole cation/mole 

glucose unit so that the final result was comparable. Fast heating pyrolysis at 

different temperatures (150, 200, 250, 300. 325, 350 and 400 
o
C) was conducted. The 

water-soluble intermediates generated via various temperatures were extracted, 

analysed and compared.   

3.2.5 The effects of salts loading on the evolution of reaction intermediates 

during cellulose fast pyrolysis  

The study employed Raw and MgCl2-loaded celluloses to investigate the effects of 

salts loading on the cellulose pyrolysis mechanism. Salt-loaded samples were 

prepared according to wet impregnate method and the concentrations of cations were 

controlled to be ~0.025 mole cation/mole glucose unit. The pyrolysed celluloses 

were produced at 325
 o

C using pulse feed. The water-soluble as well as water-

insoluble portions in the pyrolysed solid residue at different holding times and 

temperatures were analysed. 

3.3 EXPERIMENTAL  

3.3.1 Raw material  

Cellulose (Avicel PH-101, DP: ~250) was purchased from Sigma-Aldrich. The 

sample size fraction was controlled to be 75-106 μm via sieving. Based on Segal’s 

method [144], the crystallinity index of the raw sample was ~80.
 
The cellulose was 

pre-treated by Deionized water washing to remove any water-soluble compounds 

that may have pre-existed in the sample. To purify cellulose, the raw cellulose was 

placed in a tubular reactor, which was sandwiched by 0.5 µm standard steel filters on 

both sizes. Deionized water was continuously pumped into this reactor system at 

room condition. As shown in Figure 3-2, those pre-existed water-soluble compounds 

were completely removed after ~20 min washing. The washed cellulose was then 

dried in 40 
o
C oven.

 
Dried cellulose, so called “raw cellulose”, was used for pyrolysis 
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experiments. A series of sugar and anhydro-sugar standards of DPs up to 5, as well 

as other high purity reagents, were purchased for water-soluble intermediate analysis. 

 

Figure 3-2: The purification of raw cellulose (flowrate: 10 ml/min)  

 

3.3.2 Preparation of amorphous, crystalline and salt-loaded celluloses 

Besides raw cellulose, three different celluloses (amorphous, crystalline, various 

AAEM chloride-loaded cellulose) were employed for pyrolysis experiment to 

achieve different objectives. In Chapter 5, amorphous and crystalline celluloses were 

utilized to study the effect of hydrogen bonding on the generation of water-soluble 

intermediates. In Chapter 6, the water-soluble intermediates generated from 

pyrolysed amorphous cellulose were extracted and evaluated. Various pre-treatments 

were carried out to obtain amorphous and crystalline celluloses. Amorphous 

cellulose was prepared via extensive ball milling of raw cellulose. A laboratory ball 

mill (Retsch Mixer Mill MM400) was employed. ~2 g of raw cellulose was gradually 

charged into the grinding cell with a 15 mm ball and the process was operated at a 15 

Hz grinding frequency for 7 hours. The amorphous cellulose samples were further 

subjected to XRD analysis (see Figure 3-3). This stage is important in making sure 

that the crystalline structure in raw cellulose was destroyed by ball milling so as to 

produce the amorphous cellulose sample.  
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Figure 3-3: X-ray diffraction analysis for raw samples 

It should be noted that raw cellulose contents a small amount of short chain 

oligomers that connect to the main cellulose chain by weak hydrogen bonds [145]. 

Therefore, it was predictable that the part of short chain oligomers would be released 

during ball milling. The cellulose samples at different ball milling times were 

extracted by deionized water and analysed by IC. As shown in Figure 3-4, a small 

amount of oligomers is indeed released by ball milling. TOC analysis shows the 

maximal amount of water-soluble carbon generated via ball milling is 0.8-2.1%. It 

was reported that water washing would convert ball milled cellulose into cellulose II 

[146]. XRD analysis on the 7 hour ball-milled cellulose also indicated that 

recrystallization occurred during water washing (see Figure 3-3). Slow pyrolysis 

experiments of water-washed amorphous cellulose were then conducted to ensure the 

above statement. In comparison to raw amorphous cellulose, the amount of water-

soluble intermediates from water-washed amorphous cellulose significantly reduced, 

and large DP anhydro-sugars were absent. Therefore, it can conclude that the crystal 

structure of cellulose also impact pyrolysis mechanism. Since water-washed 

amorphous has completed different pyrolytic behavior, the study in Chapters 5 and 6 

employed raw amorphous to study the effect of hydrogen bonding network. The 

initial amount of water-soluble carbon generating via ball milling was considered 

during calculations.      
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Figure 3-4: Short chains oligomers extracted from ball milling cellulose at different 

ball milling times 

Crystalline cellulose was prepared by using low temperature hot-compressed water 

extraction [147]. ~2 g of raw cellulose was loaded into in a semi-continuous reactor, 

which was sandwiched by two stainless steel gasket filters. Deionized water flowed 

through the reactor at a flow rate of 10 ml/min. The reactor cell was then rapidly 

heated to ~190
 o
C in a gold image furnace. A back pressure regulator was employed 

to control the pressure of the reactor system at ~10 MPa. After a holding of ~4 hours, 

the reactor cell was cooled down immediately, followed by water washing at room 

temperature for an hour. After that, the cellulose was collected and air-dried at 40 
o
C 

in an oven.  

In Chapters 7 and 8, different salt-loaded cellulose samples were prepared through 

wet impregnation method. Approximately, ~0.4 g dry cellulose was mixed with 

different chloride solutions, such as NaCl and MgCl2. The mixed slurry was well 

stirred and then dried in an oven at 110 °C overnight. The concentrations of cation 

were controlled to be ~0.025mole of salt/mole of glucose unit.       

3.3.3 Reactor Systems 

According to the objectives and the nature of task performed, a fixed-bed reactor and 

a drop-tube/fixed-bed reactor systems (see Figure 3-5) were utilized in this study. All 

reactors were made up of quartz with internal diameter ~30 mm. High purity argon 

(purity>99.99%) was used to remove the oxygen in the reactor. The principles are 



                 CHAPTER 3 

Cellulose Pyrolysis Intermediates       

  

 

48 

explained as follow; while the other details of the procedures will be provided in the 

next chapters accordingly.  

A fixed-bed reactor (section 3.3.3.1) was utilized to carry out for raw, amorphous 

and crystalline cellulose slow pyrolysis. Results were shown in Chapter 4 and 5. A 

drop-tube/fixed-bed reactor (section 3.3.3.2) was employed to achieve fast heating 

pyrolysis on raw, amorphous and AAEM load cellulose. Results were demonstrated 

in Chapters 6, 7 and 8.  

3.3.3.1 A sample feeding system 

A sample feeding system was designed for one-shot pulse feeding (see Figure 3-5 

left). The system included a modified sample holder and a ball valve at bottom. The 

cellulose sample was feed into the sample holder, with a stream of argon (purity: 

>99.99%, flow rate: 1.1 L/min) flowing through for degasing cellulose sample, the 

tubing lines and the reactor system. During fast pyrolysis experiment, the degassing 

tube lines were close to create a ~30 kPa pressure to push the sample into the reactor 

in one shot. The cellulose particle residence time was estimated to be blow ~0.1 sec. 

The weights of the sample feeder before and after experiments were recorded, 

considering the moisture contents of the samples.  

3.3.3.2 A fixed-bed reactor 

A fixed-bed reactor system (see Figure 3-5 right) was used to perform slow heating 

pyrolysis. The system included a quartz reactor that was housed in an electrical 

furnace. During slow pyrolysis experiment, the sample was first placed on the quartz 

frit, which was in the isothermal zone of the furnace. A thermocouple was mounted 

near the frit to measure the sample temperature. After purged with argon, the reactor 

was heated from ambient temperature to a desired pyrolysis temperature at 10 K/min 

with a further desired holding period (30 min). The temperatures in the reactor 

system were calibrated, and Figure 3-6 presents the temperature profile at various 

locations along the fixed-bed reactor (for 300 
o
C). Once the pyrolysis experiment 

completed, the reactor was lifted out of the furnace immediately and cooled with 

argon continuously flowing through the reactor. The weight loss during pyrolysis in 

an experiment was determined by the difference in the weight of the reactor before 
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and after the experiment, considering the moisture contents of the feed and solid 

residue after pyrolysis. 
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Figure 3-5: The sample feeding and fixed-bed reactor or the drop-tube/fixed-bed 

reactor systems 

 

Figure 3-6: Gas temperature profile at different location of reaction holding in a 

furnace (desired temperature =300 
o
C, set temperature =316

 o
C, argon flowrate= 2 

L/min) 

3.3.3.3 A drop-tube/fixed-bed reactor 

The drop-tube/fixed-bed reactor (Figure 3-5) was used for fast pyrolysis under pulse 
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remove the oxygen during the entire experiment. The reactor was pre-heated in the 

furnace until the desired pyrolysis temperature was reached. Sample was then feed 

into the reactor in one pulse. The weights of the reactor before and after experiment 

were recorded. The char yield was determined as follow:  

            
                 

                                                      
     

3.3.4 Extraction of water-soluble intermediates 

Water-soluble intermediates were extracted from pyrolysed sample by Deionized 

water washing at room condition. Briefly, ~20 mg of sample was loaded into ~21ml 

deionized water. A syringe filter (0.45µm, PVDF) was then used to filter the mixture. 

The extracted liquid sample was immediately analyzed by TOC, HPAEC-PAD and 

post hydrolysis. The solid residue was washed again, and the liquid sample was 

analyzed by IC to ensure all room condition water-soluble components had been 

extracted. Water-insoluble portion was dried and studied by FT-IR, XRD, post 

hydrolysis and elemental analysis. It must be noted that the syringe filter contained a 

portion of AAEM. Therefore, the study in Chapters 7 and 8 properly employed the 

hardened ashless filter papers (Waterman 541).  

3.3.5 Post hydrolysis 

A post hydrolysis method was employed to determine the total neutral glucose 

content  [148]. ~20 mg of solid sample was first hydrolysed by sulfuric acid (72%) at 

30 °C for 1 hour, followed by treatment in an autoclave for another 1 hour at 121 °C 

with the acid concentration adjusted to 4%. The sample was then neutralized and 

analysed by HPAEC-PAD, using an isocratic method (see section 3.4.2). The 

degradation of glucose during the post hydrolysis was also correct by testing glucose 

standards at different concentrations. 

3.4 INSTRUMENTS AND ANALYTICAL TECHNIQUES 

3.4.1 Total Organic Carbon (TOC) Analysis 

The carbon concentrations of liquid samples were identified by a total organic carbon 

(TOC) analyser (Shimadzu TOC-VCPH). The liquid sample was injected via an auto-

sampler to the combustion tube, filled with catalyst. The temperature was maintained 
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to be ~680 
o
C. The carbon in the liquid sample was immediately oxidised to carbon 

dioxide. The moisture was removed and the gases mixture then entered the non-

dispersive infrared detector (NDIR), detecting the carbon dioxide. The signal was 

converted to a peak profile and the peak mean area was calculated. A calibration is 

required for the analyser. Figure 3-7 presents an example of calibration curve. The 

analyser utilized the wet oxidation reagent (peroxodisulfuric acid) as well as a 

combination of UV radiation to enhance oxidation performance.  The high sensitive 

non-dispersive infrared detector achieves the ultrahigh sensitivity measurement with 

a detection limit of 0.5 µg/L.  

 

Figure 3-7: TOC calibration curve 

3.4.2 Organic Species Analysis  

The organic components in liquid sample were identified by a High-Performance 

Anion Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-

PAD). A Dionex ICS-3000 ion chromatography (IC) system was employed for this 

study. This system measures the electrical current generated by their oxidation at the 

surface of a gold electrode in order to detect carbohydrates. The surface of the 

electrode is clean by the products of oxidation reaction between measurements. A 

repeating sequence of three potentials that was proposed by Rocklin and Pohl is 

utilized for the pulsed Amperometric detection [149]. As shown in Figure 3-8, the 

potential (E1) is firstly measured according to the current from carbohydrate 

oxidation. The second potential (E2), which cleans the products from the 

carbohydrate oxidation, is a more positive potential [149]. The third potential (E3) 

reduces the gold oxide on the electrode surface back to gold, thus permitting 

detection during the next cycle [149].   
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Figure 3-8: Triple potential program applied to the gold working electrode for the 

detection of carbohydrates (adapted from [149, 150] ) 

Both isocratic and gradient methods were carried out for this study. The gradient 

method utilized CarboPac PA200 analytical (3×250 mm) and guard columns (3×50 

mm). The method consisted of eluting 20-225 mM NaOAc over 30 min. CarboPac 

PA20 analytical (3×15mm) and guard columns (3×30 mm) were used for isocratic 

analysis. The method consisted of eluting 50 mM NaOH. The flowrates of both 

gradient and isocratic analytical methods were set to be 0.5 ml/min. The primary 

liquid product from cellulose hydrolysis at 230 
o
C was utilized as a standard for 

carbohydrates that DP was larger than 5 (see Figure 3-9).  

Due to the lack of standards, quantitative analysis only could be conducted for 

oligomers with DPs up to 5. Glucose oligomers, including glucose (C1), cellobiose 

(C2), cellotriose (C3), cellotetraose (C4), and cellopentaose (C5), and anhydro-

oligomers, including levoglucosan (AC1), cellobiosan (AC2), cellotriosan (AC3), 

cellotetraosan (AC4) and cellopentaosan (AC5), were purchased from Sigma-Aldrich 

to the identify their concentrations in water-soluble intermediates (Figure 3-10). 

Their retention times follow the order of AC < AC2 < AC3 < C1 < AC4 < AC5 < C2 

< C3 < C4 < C5. The calibration curves were built up based on their peak heights 

from IC analysis (see Figure 3-11).  
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Figure 3-9: Gradient IC chromatogram of standard from cellulose hydrolysis at 230 

o
C hot-compressed water 

 

Figure 3-10: Isocratic IC chromatogram of standards of C1-5 and AC1-5 with 

concentration of 5 ppm 
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Figure 3-11: Calibration curves for C1-C5 and AnC1-AnC2 standard by HPAEC-

PAD using isocratic method 

3.4.3 Inorganic Species Analysis 

In Chapters 7 and 8, various inorganic metal chlorides were added into raw cellulose 

to study their catalytic effects. After reaction, the inorganic species left in the 

pyrolysed cellulose were classified into two categories: water-insoluble and water-

soluble cations. The water-soluble cations was quantified by a ICS-3000 IC system, 

which was equipped with a suppressed conductivity detection and CG12A analytical 

and guard columns.  

The calibration curves of cations (e.g., Na and Mg) were built up based on peak area 

(see Figure 3-13). The water-insoluble inorganic species were analysed by a ashing 

method. The water-insoluble sample (~10-20 mg) was loaded in a Pt crucible and 

was burned in air, following a specifically designed heating program (see Figure 3-

12). The ash sample was then mixed with acid (~72% HNO3). After 24 hour, the 

excessive acid in the mixture was evaporated in a fume cardboard. After evaporation, 

the residue was dissolved in a 20 mM methanesulfonic acid (MSA) solution, and the 

liquid sample was then injected to the IC.  
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Figure 3-12: Temperature program of ashing  
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Figure 3-13: IC chromatography of inorganic specials analysis: (a) identification of 

different inorganic specials; and (b) calibration curve for Na, K, Mg, and Ca 

3.4.3 X-ray Diffraction (XRD) Analysis 

XRD analysis was used to evaluate the variation of crystal structure during pyrolysis. 

A Bruker AXS D8 Advance X-ray diffraction meter using Cu Kα radiation was 

employed for X-ray diffraction patterns identification. It was measured at 10
o
 to 30

o
 

in a 2θ range. 
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3.4.4 Fourier Transform Infrared Spectroscopy (FTIR) 

The functional group analysis was carried out by using a Perkin Elmer Spectrum 100 

ATR-FTIR. Samples were firstly air-dried at 40°C in an oven for 24 hours. Each 

testing utilized a comparable amount of sample. A constant force of 80 N was 

applied on the sample during the analysis. Scanning was carried out at a resolution of 

2 cm
-1

. Basic data was normalized by ATR correction, baseline correction, and 

automatic data smoothing. 

3.4.5 Thermogravimetric analysis (TGA) 

Some slow heating pyrolysis experiments were conducted by using a METTLER 

TGA analyser to study the decomposition of sugar oligomers during pyrolysis. For 

each experiment, ~3 mg sample (e.g., glucose and cellobiose) was loaded in a 

crucible. The sample was then heated to the desired temperature (150 – 250 °C) in 

argon at a heating rate of 10 K/min with a further holding of 30 min at pyrolysis 

temperature. After pyrolysis, the residue was mixed with deionized water to dissolve 

any water soluble compounds. The mixture was then filtered and injected into IC for 

quantification of water-soluble sugar compounds in the sample. 

3.4.6 Elemental analysis (EA) 

The solid residues before and after extracting the water-soluble portion, were 

collected and analyzed. The elemental analysis of solid samples was conducted by a 

PerkinElmer elemental analyser (2400 Series II CHNS/O). 

3.4.7 Oligomers selectivity analysis 

Due to the lack of standards, oligomer with DP>6 could not be quantified. However, 

the study of their selectivity can be evaluated via their peak heights [151].   

   
   
 
      
      

 

The selectivity analysis evaluates the ratio of peak heights of a certain component 

(Hi) to the total carbon content in the sample (Ci). As shown in the above equation, 

the peak height of oligomer i in liquid sample 1 is Hi1 given by IC and its total 

carbon content is C1 given by TOC. Si1/Si2, therefore, represents the selectivity ratio 

of oligomer in liquid 1 to its in liquid 2. The equation assumes that the peak height of 
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oligomer i is in a linear relationship with its concentration. Therefore, it is necessary 

to dilute the sample to a reasonable amount.  

3.5 SUMMARY 

Microcrystalline cellulose was utilized to study the pyrolysis intermediates. The size 

fraction of raw cellulose was controlled to be 75~106 µm. Different structure of 

cellulose samples were obtained via ball milling and HCW to studying the 

mechanisms of cellulose pyrolysis. Various salts were loaded into raw cellulose 

sample to understand their catalytic effects on pyrolysis.     

Two systems, including a fixed-bed and a drop tube/fixed bed reactor, were 

employed to achieve slow heating and fast heating pyrolysis, respectively. The solid 

residues obtained via various conditions pyrolysis were washed with Deionized 

water to extract the water-soluble intermediates. 

Analytical or instrumental analyses were carried out on the cellulose and liquid 

intermediates. Those instruments included TOC analyser for total carbon analysis, 

HPLC-PAD for oligomers analysis, FTIR for functional groups identification, XRD 

for crystalline structure analysis, TGA for study the decomposition of sugar 

oligomers, etc.  
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CHAPTER 4 CHARACTERISATION OF WATER-

SOLUBLE INTERMEDIATES FROM CELLULOSE 

SLOW PYROLYSIS 

 

 

 

4.1 INTRODUCTION 

It has been widely reported that cellulose experiences an initiation stage of 

transformation before any measurable mass loss during pyrolysis [18, 143, 152, 153]. 

At this initial stage, cellulose rapidly decomposes into some intermediate polymers 

with a reduced average degree of polymerization (DP). Such low-DP intermediates 

are the so-called “active cellulose” in the well-known Broido−Shafizadeh (BS) 

model [143, 154]. The rupture of cellulose molecules to form active cellulose is 

believed to occur at the crystalline-amorphous boundaries [58]. In the BS model, it is 

proposed that the active cellulose gives rise to two competitive first order global 

reactions: one produces condensable volatiles and the other produces char and gas 

fractions [58]. 

The intermediates (e.g., active cellulose) from cellulose pyrolysis gained significant 

attention in the 1990s. Vladars-Usas [155] has clearly evidenced that 

depolymerisation of cellulose occurs through a soluble molten state, in which 

levoglucosan, cellobiosan, and anhydro-oligosaccharides can be found. Boutin et al. 

found that radiant flash pyrolysis of cellulose proceeds through a yellowish short 

lifetime (a few tens of ms) intermediate phase, which is liquid at reaction 

temperature but becomes solid after rapid cooling [139]. Those intermediates are 

reported to be soluble in water [139], suggesting these are no longer cellulose but at 

least partially-degraded cellulose. Piskorz et al further found that up to 44% of a 

water-soluble fraction can be obtained from recovered solid residues after flash 

pyrolysis of cellulose in a drop tube reactor [141]. Levoglucosan and anhydro-
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saccharides (DPs<7) can be identified, while substantial oligomers with higher DPs 

appeared to also be produced but could not be identified due to the limitation of their 

HPLC system. The formation of intermediate liquid compounds (ILC) was further 

investigated using radiant flash pyrolysis by Lédé’s group [140, 156]. High-DP (<7) 

anhydro-sugars were found to be present in both ILC and the trapped vapors with a 

great majority, while cellobiosan and levoglucosan are of minor importance [156]. 

The presence of such intermediates, which is usually evidenced during flash 

pyrolysis, was later also found to form during slow pyrolysis at low temperatures 

[135]. Recently, Dauenhauer et al. provided convincing proof of an intermediate 

liquid phase formed during cellulose pyrolysis by high speed photography. However, 

no information was reported on the chemical compositions of intermediates during 

cellulose pyrolysis.  

There was only one report [135] on the intermediates from cellulose slow pyrolysis 

and little information is given on the compositional analysis of such intermediates. 

This is largely due to the difficulty for characterising the intermediates from 

cellulose slow pyrolysis. The main reason is that these intermediates would have 

experienced substantial evaporation and/or decomposition under slow heating 

pyrolysis conditions. Therefore, only small quantities of intermediates can be 

recovered from the solid residue, requiring a highly sensitive instrument for analysis. 

Additionally, due to the limitations of conventional analytical systems (e.g., HPLC 

[141]), it is still unknown if sugar and/or anhydro-sugars of high DPs (>7) are 

present in these intermediates. 

Therefore, this chapter aims to spark new insights on the characteristics of water-

soluble reaction intermediates during cellulose pyrolysis at a slow heating rate (10 K 

min
-1

) using this advanced technique. In this study, cellulose pyrolysis experiments 

were carried out at low temperatures (100–350 °C) with a holding time of 30 mins. 

4.2 WEIGHT LOSS AND STRUCTURE CHANGE OF CELLULOSE 

DURING PYROLYSIS 

Cellulose pyrolysis generally leads to the formation of char, tar and gas, depending 

on the pyrolysis temperature and heating rate [97, 126, 131, 135, 143]. As shown in 

Figure 4-1, the weight loss of cellulose during pyrolysis begins at around 200 °C. A 
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considerable amount of weight loss takes place within a narrow temperature range, 

which is between 270 and 300 °C.  

 

Figure 4-1: Weight loss of cellulose as a function of pyrolysis temperature 

 

Figure 4-2: X-ray diffraction patterns of raw and pyrolysed cellulose samples 

prepared at various pyrolysis temperatures 

The XRD results of raw and pyrolysed cellulose samples are presented for 

comparison in Figure 4-2. Coincident with the substantial weight loss observed in 

Figure 4-1, the peak intensities exhibit significant decrease between 270 and 300 °C. 

The data clearly demonstrate that the crystallinity of pyrolysed cellulose reduces 

significantly as the pyrolysis temperature increases to above 270 °C, which 
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transforms the structure of the pyrolysed cellulose structure to be more amorphous. A 

further increase in the pyrolysis temperature to 325 °C or above leads to the complete 

disappearance of crystalline structure.  

 
Figure 4-3: FT-IR spectra for typical pyrolysed cellulose samples prepared at various 

pyrolysis temperatures 

Figure 4-3 further presents the FT-IR spectra for typical pyrolysed cellulose samples 

prepared at various pyrolysis temperatures. It is clearly seen that for raw cellulose 

and pyrolysed cellulose at the low temperatures (< 270 °C), there is no significant 

change in the FT-IR spectra acquired from the samples before and after pyrolysis. 

The OH groups exist in the broad absorption range within 3600 − 3200 cm
-1

. As the 

pyrolysis temperature further increases to 300 °C, the pyranose structures of 

cellulose are still preserved due to the C–O stretching vibration at 1200 − 1000 cm
-

[157]. In addition, two new peaks appear in the region of 1850 – 1508 cm
-1

. 

Generally, the 1800 − 1700 cm
-1

 region can be attributed to carbonyl structures (C=O) 

in unconjugated ketones and carbonyls, while the 1675 – 1655 cm
-1

 region is due to 

C=O stretching band in conjugated aldehydes and carboxylic acids [30, 158]. Besides, 

possible olefinic C=C stretching bands are in the region of 1680 – 1620 cm
-1 

[30]. 

The appearance of C=O and C=C groups indicates the dehydration of water from the 

hydroxyl groups in the cellulose unit [64]. At a pyrolysis temperature of 350 °C, the 

formation of C=O groups and C=C groups become dominant in the solid residue 

after pyrolysis. Besides, the chars at high temperatures become aromatic due to the 

broad absorption at 1200 – 1000 cm
-1

 for aromatic C–H deformation vibrations [159] 

and 3000 – 2900 cm
-1

 for aromatic C–H stretching vibration [157]. 
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4.3 FORMATION OF WATER SOLUBLE INTERMEDIATES FROM 

CELLULOSE PYROLYSIS  

It is clearly shown in Figure 4-1 that there is only a small weight loss during the 

pyrolysis of cellulose at temperatures lower than 270 °C, suggesting that most of the 

pyrolysis intermediates are still retained in the pyrolysed cellulose. This also 

suggests that such intermediates cannot be released into the vapour phase unless they 

are further decomposed into smaller compounds of low boiling points. To get some 

idea on the formation of intermediates during cellulose pyrolysis at such low 

temperatures, the pyrolysed celluloses were then mixed with water to extract the 

water-soluble intermediates.  

 

Figure 4-4: Yield of water-soluble intermediates on a carbon basis at various 

pyrolysis temperatures 

The water-soluble intermediates recovered from pyrolysed cellulose were first 

analysed by TOC to check if they contain any organic compounds. Based on the 

carbon concentration of water-soluble intermediates, the yield of water-soluble 

intermediates was then calculated as the dissolved carbon normalized by the total 

carbon in raw cellulose, with the results presented in Figure 4-4. Indeed, the data in 

Figure 4-4 demonstrate the presence of organic compounds in the water-soluble 

intermediates recovered from pyrolysed cellulose. The data also show that the yield 

of water-soluble intermediates increases with pyrolysis temperature at low 

temperature ranges (< 270 °C), reaching a maximum value of ~3% at 270 °C. As the 

pyrolysis temperature increase further to above 270 °C, there is a significant 
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reduction in the yield of water-soluble intermediates during pyrolysis. It is interesting 

to point out that the temperature at which the significant reduction in the yield of 

water-soluble intermediates takes place coincides with the temperatures at which 

cellulose experiences significant weight loss during pyrolysis. The results suggest 

that such water-soluble products are likely to be part of the pyrolysis reaction 

intermediates as important precursors for volatiles formation during pyrolysis. While 

the exact mechanisms are unknown, the reduction in the yields of such water-soluble 

intermediates may be due to the decomposition of these large compounds into more 

volatile compounds which can be readily released into gaseous phase (e.g., 

levoglucosan, hydroxyacetaldehyde), and/or due to the recombination of these 

intermediates into water-insoluble products in the solid phase. For example, as 

estimated by Suuberg et al [160], levoglucosan has a boiling point of ~260 °C. 

Therefore, it is likely that the evaporation of levoglucosan may be largely responsible 

for the reduction of water-soluble intermediates at 300 °C. As the water-soluble 

intermediates are instable and can be evaporated and/or decomposed [139], the yield 

of water-soluble intermediates during pyrolysis is always low at such high 

temperatures. At 350 °C, those water-soluble intermediates are hardly detected.   

It is also noted that the amount of water-soluble intermediates in solid residue from 

slow pyrolysis conditions in this study is relatively small compared to those under 

flash pyrolysis reported previously [141]. This is expected because the formation and 

survival of these water-soluble intermediates during pyrolysis are not favoured at 

slow heating rates. A long holding time (30 mins in this study, compared to <75 ms 

in flash pyrolysis [141]) would also favour further reactions that convert these 

intermediates into water-insoluble products in char and/or decompose these 

intermediates into smaller compounds as part of volatiles.  Nevertheless, the results 

reported in Figure 4-4 clearly confirm that cellulose pyrolysis does proceed through 

an intermediate phase, even at low temperature and low heating rate conditions. 
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4.4 CHARACTERISATION OF WATER-SOLUBLE INTERMEDIATES 

FROM CELLULOSE PYROLYSIS 

4.4.1 Identification of oligomers in water-soluble intermediates  

 

Figure 4-5 Comparison of water-soluble samples from pyrolysed cellulose at 170 and 

250 °C, with the liquid sample from cellulose hydrolysis at 230 °C as a standard 

The water-soluble intermediates of pyrolysed cellulose were further characterised 

using HPAEC-PAD to identify the organic oligomers in the intermediates. Figure 4-5 

presents the chromatographs of liquid samples prepared by water washing of the 

solid residues from cellulose pyrolysis at 170 and 250 °C, together with the liquid 

sample from cellulose hydrolysis as a standard for sugar oligomers. It is interesting 

to note that many peaks can be detected by HPAEC-PAD, leading to at least two 

important findings. One is the existence of anhydro-sugar oligomers in the water-

soluble intermediates, as confirmed by the anhydro-sugar standards with DPs of 1−5. 

The other is that the water-soluble intermediates may also contain a large amount of 

glucose oligomers with various DPs, depending on pyrolysis temperature. For 

example, the water-soluble intermediates from pyrolysed cellulose at 170 °C clearly 

contain the glucose oligomers with DPs of 1−10.  
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Figure 4-6: Effect of pyrolysis temperature on the composition of water-soluble 

samples from pyrolysed cellulose at 100 − 350 °C. (a) 100 − 270 °C; (b) 270 − 

350 °C. C1-10: glucose oligomers with DPs of 1 − 10; AC1-10: anhydro-glucose 

oligomers with DPs of 1 – 10 

The presence of glucose oligomers is not expected in the water-soluble intermediates 

and were not reported previously because it is widely accepted that cellulose 

pyrolysis generally produces anhydro-sugars (e.g., levoglucosan, cellobiosan) [18]. 

To gain further understanding on this important aspect, the effect of pyrolysis 

temperature on the compositions of water-soluble intermediates of pyrolysed 

cellulose was further investigated.  As shown in Figure 4-6, a wide range of sugar 

and anhydro-sugar oligomers are present in the water-soluble intermediates 
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recovered from the solid residues of cellulose pyrolysis at various temperatures. This 

indicates that cellulose pyrolysis randomly produces sugar and anhydro-sugar 

oligomers as reaction intermediates, which will further decompose to tar, char, and 

gas. The production of sugar oligomers with DPs of 1−10 increases with pyrolysis 

temperature from 100 to 190 °C, and then decreases with further increase in 

pyrolysis temperature. On the contrary, the anhydro-sugar oligomers with DPs of 

1−10 keep increasing from 150 to 270 °C as show in Figure 4-6a, but further increase 

in the temperature will also lead to their reduction in the pyrolysed cellulose (see 

Figure 4-6b). It is important to note that while the sugar oligomers appear and also 

decompose at a lower temperature than anhydro-sugar oligomers and the reduction of 

sugar oligomers also coincide with the simultaneous increase of anhydro-sugar 

oligomers, there is no sufficient direct evidence to support that anhydro-sugar 

oligomers were converted from sugar oligomers (e.g., by dehydration).  Furthermore,  

anhydro-sugars are more stable than the sugars [161]. Yet, the data clearly show that 

most of the high-DP anhydro-sugars disappear at temperatures higher than 300 °C. 

Only a small amount of levoglucosan and cellobiosan exists in the water-soluble 

intermediates from pyrolysed cellulose at 300 °C. Due to their high boiling points 

[18], the high-DP anhydro-sugars would be difficult to evaporate into the vapor 

phase. As a result, their disappearances are more likely due to their decomposition 

into other more volatile compounds. The results also suggest that higher-DP 

anhydro-sugars are more susceptible to decomposition than lower-DP anhydro-

sugars at the same temperature. This is consistent with the previous report that 

cellobiosan is less stable than levoglucosan [162].  

The interesting data in Figure 4-6 provide some important knowledge on the 

composition of intermediates in the solid phase. Particularly, the formation of 

glucose oligomers during pyrolysis of cellulose at low temperatures were not 

reported previously because glucose oligomers are generally considered to be 

products of cellulose hydrolysis, e.g., in hot compressed water [145, 151, 163, 164]. 

While the exact mechanism is unknown at present, there are at least two possibilities 

that may be responsible for the formation of glucose oligomers during cellulose 

pyrolysis. One possibility is that the glucose oligomers are produced via the breaking 

of hydrogen bonding in amorphous portions of cellulose. It is known that the 

microcrystalline cellulose contains both amorphous and crystalline portions [145]. 
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There are some short glucose chain segments hinged with crystalline cellulose via 

weak bonds (e.g., hydrogen bonds) in amorphous portions of microcrystalline 

cellulose [145]. These weak bonds can be easily broken during thermal processing to 

release the short glucose chain segments as glucose oligomers. This is demonstrated 

by the hydrolysis of cellulose in hot compressed water, producing glucose oligomers 

with DPs of 4-13 at temperatures as low as 100 °C [145]. This possibility is 

supported by the data in Figure 4-6a that show no glucose was formed during 

cellulose pyrolysis at 100 °C, clearly indicating that the glucose oligomers are not 

produced from the breaking of glycosidic bonds in cellulose. The disappearance of 

glucose oligomers at high pyrolysis temperatures (>190 °C) suggest that those 

glucose oligomers may further decompose to anhydro-sugars or some other small 

compounds. Another possibility is that the anhydro-sugar and sugar oligomers may 

be produced via thermal cleavage of glycosidic bonds [161], which deploymerizes a 

long cellulose chain into one chain with a levoglucosan end and another chain with a 

non-reducing end. Several mechanisms have been postulated to explain the thermal 

cleavage of glycosidic bonds during cellulose pyrolysis, including homolytic (free 

radical) [165, 166], heterolytic (ionic) [161, 166-168], and concerted 

mechanisms[169, 170] but no consensus has been reached yet. Further efforts are 

required to isolate those two possibilities to understand the formation mechanism of 

those sugar and anhydro-sugar oligomers as intermediates of cellulose pyrolysis. 

4.4.2 Post hydrolysis of water-soluble intermediates 

The pyrolysed cellulose and water-soluble intermediates samples were also subjected 

to post-hydrolysis to measure the total neutral sugar yield on a carbon basis. As 

shown in Figure 4-7, the sugar yields by post-hydrolysis of both pyrolysed cellulose 

and water-soluble intermediates at 150 °C are close to 100%, indicating little 

degradation reactions occurs at low temperatures (<150 °C). As pyrolysis 

temperature increases, both sugar yields start to decrease. Substantial reductions in 

sugar yields are evident when the pyrolysis temperature increases to 300 °C or above. 

At a given pyrolysis temperature, the sugar yield for pyrolysed cellulose is always 

higher than that for water-soluble intermediates, indicating that there are more 

degraded products in water-soluble intermediates. For example, at 270 °C, the sugar 

yield for pyrolysed cellulose is ~87% in comparison to ~78% for water-soluble 
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intermediates. Even at 300 °C, there is still ~44% of the sugar compounds remaining 

in the pyrolysed cellulose. However, at 325 °C, there is little sugar compounds left in 

the pyrolysed cellulose. This is consistent with the FT-IR results (see Figure 4-3) of 

no sugar functional groups being observed for the solid residue after cellulose 

pyrolysis at 325 and 350 °C. Analysis of the water-soluble intermediate samples at 

325 and 350 °C (see Figure 4-6b) also confirmed the absence of sugar compounds. 

Therefore, at these temperatures, there must be significant non-sugar compounds 

existing in the water-soluble intermediates of cellulose pyrolysis. Such non-sugar 

compounds contain no sugar rings so no glucose can be produced during post-

hydrolysis. Those non-sugar compounds could be the sugar-derived fragments [171, 

172] or the oligomers with cross-linked structures [68]. It is clear that the 

contribution of these non-sugar compounds to the water-soluble intermediates 

increases with pyrolysis temperature. It should also be noted that there is a 

substantial increase of non-sugar compounds in the water-soluble intermediates at 

temperatures >300 °C, at which extensive cleavage of the hydrogen bonding 

structure takes place as shown in Figure 4-2.  

 

Figure 4-7: Sugar yields by post hydrolysis of pyrolysed cellulose and water-soluble 

intermediate samples at various pyrolysis temperatures 
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4.4.3 Selectivity of small compounds in water-soluble intermediates  

The water-soluble intermediates were also analysed to quantify the low-DP sugar and 

anhydro-sugar oligomers (i.e., with DPs of 1−5) by HPAEC-PAD. The yields of low-

DP anhydro-sugars on a basis of raw cellulose are shown in Figure 4-8a. It was 

found that the yield of levoglucosan reaches a maximum at 270 °C. A further 

increase in the pyrolysis temperature results in a reduction in the levoglucosan yield, 

most likely due to its evaporation (levoglucosan has a boiling point of ~260 °C [160]) 

as part of volatiles. This also coincides with the substantial reduction in the yield of 

water-soluble intermediates (see Figure 4-4). However, it is interesting to note that 

the yields of other anhydro-sugars (e.g., cellobiosan, cellotriosan, cellotetraosan and 

cellopentaosan) also reach maxima at 270 °C. The reductions in the yields of those 

larger-DP anhydro-sugars do not seem to result from evaporation as these larger-DP 

anhydro-sugars are known to have much higher boiling points (e.g., ~581 for 

cellobiosan and 792 °C for cellotriosan [173]). Such reductions are more likely to 

result from reactions (e.g., decomposition) that produce other products (e.g., more 

volatile compounds). Figure 4-8b further presents the selectivities of those anhydro-

sugars (on a carbon basis) in water-soluble intermediates. The results show that 

levoglucosan has the highest selectivity among of all the anhydro-sugar compounds, 

but the presence of levoglucosan is only evident at pyrolysis temperatures higher 

than 170 °C. The selectivity of levoglucosan increases with pyrolysis temperature 

and reaches the highest value of ~30% at 300 °C. For other anhydro-sugars, 

cellobiosan has the highest selectivity of ~7.6% at 250 °C while cellotriosan has the 

highest selectivity of ~4.1% at 230 °C. It should be noted that levoglucosan has the 

highest selectivity at 300 °C rather than 270 °C at which its yield reaches the highest, 

suggesting that at 300 °C, the decompositions of higher-DP anhydro-sugars are faster 

than the evaporation of levoglucosan. 

The yields of low-DP sugar oligomers and their selectivities in the water-soluble 

intermediates are also shown in Figure 4-8c and 4-8d. Compared to those of 

anhydro-sugar oligomers, the yields of sugar oligomers are much lower, thus leading 

to their lower selectivities in the water-soluble intermediates. The yields of low-DP 

sugar oligomers all achieve the maxima at 190 °C. A further increase in the pyrolysis 
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temperature leads to their rapid decomposition, resulting in the reductions in both 

yields and selectivities of these low-DP sugar oligomers.  

 
Figure 4-8: Yields and selectivities of quantifiable sugar and anhydro-sugar 

oligomers in the water-soluble intermediates at various pyrolysis temperatures: (a) 

Yield of anhydro-sugar oligomers; (b) selectivity of anhydro-sugar oligomers; (c) 

yield of sugar oligomers; and (d) selectivity of sugar oligomers. 

Further analysis was then carried out to work out the contribution of those 

quantifiable sugar and anhydro-sugar oligomers to the total hydrolysable sugars in 

the water-soluble intermediates. Generally, there are three types of oligomers which 

contribute to glucose formation during post-hydrolysis of a solution: a) sugar 

oligomers of various DPs including glucose; b) anhydro-sugar oligomers of various 

DPs including levoglucosan; and c) other oligomers which contain glucose unit(s) 

but with one or more glucose rings partially decomposed (hereafter denoted as 

partially-decomposed sugar-ring-containing oligomers, i.e., SRCOs). While SRCOs 

are neither sugar oligomers nor anhydro-sugar oligomers, these compounds would 

 

150 200 250 300 350
0.0

0.2

0.4

0.6

0.8

150 200 250 300 350
0

10

20

30

40

150 200 250 300 350
0.00

0.01

0.02

0.03

0.04

0.05

150 200 250 300 350
0

1

2

3

4

5
 Levoglucosan (AC1)

 Cellobiosan (AC2)

 Cellotriosan (AC3)

 Cellotetraosan (AC4)

 Cellopentaosan (AC5)

 

(b)

 Levoglucosan (AC1)

 Cellobiosan (AC2)

 Cellotriosan (AC3)

 Cellotetraosan (AC4)

 Cellopentaosan (AC5)

 

 

Y
ie

ld
 o

f 
A

n
h

y
d

ro
-S

u
g

a
rs

 (
C

%
) (a)

 

 

S
e
le

c
ti

v
it

y
 o

f 
A

n
h

y
d

ro
-S

u
g

a
rs

 (
C

%
)

Pyrolysis Temperature (
o
C)

 Glucose (C1)

 Cellobiose (C2)

 Cellotriose (C3)

 Cellotetraose (C4)

 Cellopentaose (C5)

Pyrolysis Temperature (
o
C) Pyrolysis Temperature (

o
C)

(d)

 Glucose (C1)

 Cellobiose (C2)

 Cellotriose (C3)

 Cellotetraose (C4)

 Cellopentaose (C5)

 

 

Y
ie

ld
 o

f 
S

u
g

a
rs

 (
C

%
)

(c)

 

 
S

e
le

c
ti

v
it

y
 o

f 
S

u
g

a
rs

 (
C

%
)

Pyrolysis Temperature (
o
C)



                 CHAPTER 4 

Cellulose Pyrolysis Intermediates       

  

 

71 

contribute to glucose formation during post-hydrolysis. Figure 4-9 presents the data 

on the contribution of various types of oligomers to the total hydrolysable sugars in 

the water-soluble intermediates. Since only sugar and anhydro-sugar oligomers with 

DPs of 1-5 can be quantified, the category “others” in Figure 4-9 includes not only 

the contributions from sugar oligomers and anhydro-sugar oligomers with DPs>5 but 

also those from the SRCOs. As shown in Figure 4-9, the contribution of sugar and 

anhydro-sugar oligomers with DPs of 1−5 increases from ~7% at 150 °C to ~41% at 

300 °C. However, at low temperatures (<300 °C), such contributions are only a 

fraction of the total hydrolysable sugar yields obtained from the post-hydrolysis of 

the solutions. Therefore, the remaining sugar (i.e., the category “others” in Figure 4-9) 

must be due to the contributions from unquantified sugar oligomers with DPs>5, 

anhydro-sugar oligomers with DPs>5 and SRCOs in the water-soluble intermediates. 

However, the contributions from sugar and anhydro-sugar oligomers with DPs>5 are 

not expected to be significant. For example, for pyrolysed cellulose at 150 °C, the 

sugar yield from post-hydrolysis is ~97% and the contribution of sugar oligomers 

with DPs of 1−5 is only ~7%. Since no anhydro-sugar oligomers were identified at 

150 °C, the category “others” must be due to the contributions from sugar oligomers 

with DPs of 6-10 and SRCOs. As shown in Figure 4-8d, for sugar oligomers with 

DPs of 1−5, the selectivity of each sugar oligomer in the water-soluble intermediate 

is less than 5% on a carbon basis. Therefore, even the sugar oligomers with DPs of 

6−10 contribute to additional 50% of sugars (i.e., with a maximal selectivity of 5% 

for each sugar oligomer), the balance (at least 40%) must be due to the contribution 

from SRCOs. Likewise, at 270 °C, the sugar yield from post-hydrolysis is ~78% 

while the total quantified sugar and anhydro-sugar oligomers with DPs of 1−5 only 

account for ~34% of sugar. The data in Figure 4-8b show that the selectivity of 

anhydro-sugar oligomer decreases with DP and that of cellopentaosan (DP = 5) is 

below 5%. Therefore, at 270 °C, as no high-DP sugar oligomers were identified, 

considering a total contribution of 25% for high-DP anhydro-sugar oligomers (i.e., a 

maximal selectivity of 5% for each anhydro-sugar oligomer with DPs of 6−10), the 

balance (at least 19%) must be due to the contribution of glucose produced from 

SRCOs present in the water-soluble intermediates. Therefore, at pyrolysis 

temperatures of 150−270 °C, the water-soluble intermediates seem to contain a large 

amount of SRCOs which are partially decomposed but still contain glucose units in 
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their structures. The results also suggest that those SRCOs either cannot be detected 

or have very low detection responses, due to the limitations of the analytical system. 

Nevertheless, the existence of SRCOs is plausible to explain why the sugar yield 

from post-hydrolysis is much higher than the total quantifiable sugar and anhydro-

sugar oligomers. Future work is certainly required to identify and quantify those 

SRCOs in the water-soluble intermediates from cellulose pyrolysis. It is also 

interesting to mention that the SRCOs seem to be converted into non-sugar products 

at 300 °C because the contribution of glucose produced from the post-hydrolysis of 

SRCOs is minimal (see Figure 4-9).  

Based on the above discussion, it can be concluded that at pyrolysis temperatures 

<270 °C, the water-soluble intermediates in the pyrolysed cellulose consist of not 

only sugar oligomers and anhydro-sugar oligomers but also some partially-

decomposed SRCOs. While at pyrolysis temperatures > 325 °C, Figure 4-9 clearly 

shows that the water-soluble intermediates in the pyrolysed cellulose are dominantly 

non-sugar compounds. 

 

Figure 4-9: Contribution of small sugar oligomers (C1-C5) and anhydro-sugar 

oligomers (AC1-AC5) to the total hydrolysable sugars in the water-soluble 

intermediates from pyrolysed cellulose prepared at various pyrolysis temperatures. 
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4.5 PYROLYSIS OF MODEL SUGAR COMPOUNDS 

The results presented in this paper demonstrate the presence of sugar and anhydro-

sugar oligomers with a wide range of DPs in the pyrolysed cellulose under slow 

heating conditions, depending on pyrolysis temperature. However, the formation 

mechanism of those sugar and anhydro-sugars is still largely unknown. Some further 

work was then carried out to investigate the pyrolysis of model sugar compounds 

(glucose and cellobiose) in a TGA, in order to verify if anhydro-sugar oligomers can 

be directly produced from sugar oligomers. The maximal pyrolysis temperature used 

was carefully chosen to be lower than the boiling point of levoglucosan, in order to 

minimise the vaporisation of levoglucosan if it is formed. The heating rate and 

holding time were same as those for cellulose pyrolysis. The results of pyrolysis of 

glucose and cellulose are shown in Table 4-1. It was found that glucose is almost 

completely decomposed at 200 °C after holding for 30 min, while cellobiose still 

remains largely intact at the same pyrolysis temperature. When the pyrolysis 

temperature increases to 250 °C, ~84% of cellobiose is decomposed, but cellobiose 

decomposition only produces ~3% of levogluosan after 30 min holding at the 

pyrolysis temperature. Similarly, glucose decomposition only produces ~2% of 

levoglucosan after 30 min holding. The data show that while most of the sugars were 

already converted (at 200 °C for glucose, and at 250 °C for cellobiose), the weight 

loss of reactants were only ~18% for glucose at 200 °C and ~31% for cellobiose at 

250 °C. The data clearly suggest that glucose and cellobiose have different pyrolysis 

mechanisms, which do not favour the formation of anhydro-sugars (e.g., 

levoglucosan) under the conditions. These results are consistent with those reported 

in the previous studies [174-176] and demonstrate that levoglucosan is not the major 

product from pyrolysis of glucose or cellobiose. It is known that levoglucosan is 

much more stable than glucose [177]. For this reason, levoglucosan has the highest 

selectivity among of all the compounds in water-soluble intermediates of cellulose 

pyrolysis, as supported by the data in this study. Therefore, it seems that those 

anhydro-sugar oligomers cannot be directly produced from sugar oligomers by 

dehydration, at least under the conditions of this study. Rather, those anhydro-sugar 

oligomers are more likely to be produced via thermal cleavage of either crystalline or 

amorphous cellulose within microcrystalline cellulose. 
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Table 4-1: Pyrolysis of model sugar compounds in TGA 

Pyrolysis 

temperature (°C) 

Holding 

time (min) 

Conversion 

(wt%) 

Weight loss 

(wt%) 

Levoglucosan 

yield (wt%) 

Glucose 

150 30 1.1% 0.5% Not identified 

170 30 53.4% 5.7% Not identified 

200 30 98.5% 17.9% 2.4% 

Cellobiose 

150 30 0% 0% Not identified 

170 30 0% 0% Not identified 

200 30 0.3% 2.0% Not identified 

250 30 83.9% 30.8% 2.8% 

 

4.6 CONCLUSIONS 

Water-soluble intermediates were found to remain in the solid residue after slow 

pyrolysis of cellulose at low temperatures of 100–350 °C for 30 min. The yield of 

water-soluble intermediates increases first with pyrolysis temperature and has a 

maximal value of ~3% on a carbon basis at 270 °C. Further increase in the pyrolysis 

temperature leads to a significant reduction of water-soluble intermediates as well as 

solid residue during cellulose pyrolysis, indicating that water-soluble intermediates 

are important precursors of volatiles during cellulose pyrolysis. The presence of both 

sugar and anhydro-sugar oligomers with DPs of 1−10 in water-soluble intermediates 

was identified by HPAEC-PAD analysis. Sugar oligomers with a wide range of DPs 

appear at a temperature as low as 100 °C. Their production increases with pyrolysis 

temperature until ~190 °C and then further decreases, while anhydro-sugar oligomers 

with a wide range of DPs appear at ~150 °C and increase with pyrolysis temperature 

until 270 °C. Apart from sugar and anhydro-sugar oligomers, the water-soluble 

intermediates appear to also contain some partially-decomposed sugar-containing 

oligomers, which increase with pyrolysis temperature up to 270 °C then decreases 

drastically at higher temperatures. At 300 °C, the water-soluble intermediates consist 

of dominantly anhydro-sugars with low DPs. At higher pyrolysis temperatures (e.g., 

325 °C), the sugar-containing oligomers completely disappear so that the water-

soluble intermediates contain only non-sugar compounds. It is also noteworthy that 

the sugar oligomers present in the water-soluble intermediates even at low pyrolysis 
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temperatures (e.g., 100 °C) are likely to be produced from the short glucose chain 

segments hinged with crystalline cellulose via weak bonds (e.g., hydrogen bonds) in 

amorphous portions of microcrystalline cellulose. The anhydro-sugar oligomers do 

not seem to be the products of direct dehydration of sugar oligomers within the 

intermediate phase, rather appear to be the products of homolytic or heterolytic 

cleavage of glycosidic bonds of crystalline or amorphous cellulose within 

microcrystalline cellulose.   
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CHAPTER 5 DIFFERENCES IN WATER-SOLUBLE 

INTERDIATES FROM AMORPHOUS AND 

CRYSTLLINE CELLULOSE PYROLYSIS 

 

 

 

5.1 INTRODUCTION 

As discussed in the previous chapter, water-soluble intermediates obtained from the 

cellulose pyrolysis solid residues have been characterized using a high-performance 

anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD). 

It was clearly demonstrated that such intermediates contain sugar oligomers, 

anhydro-sugar oligomers and non-sugars. Further study using TGA indicates that 

those anhydro-sugar oligomers are not produced via dehydration but the cleavage of 

glycosidic bonds.  

The raw cellulose can be of a crystalline nature but may also contains a substantial 

amount of amorphous cellulose [145, 178]. It has been reported that crystalline 

cellulose has well-packed long chains side by side via strong hydrogen bonding 

networks [179] while amorphous cellulose has much weaker hydrogen bonding 

networks and shorter chain length [145, 164, 180]. Such structural differences in 

hydrogen bonding pattern and chain length can be important in determining the 

chemical reaction behaviour of cellulose. For example, a recent study clearly 

demonstrated that under the same conditions, hydrolysis of amorphous and 

crystalline cellulose in hot-compressed water produce hydrolysis products containing 

glucose oligomers of significantly different characteristics [145]. Remarkably, in the 

open literature, little has been reported on the differences in the pyrolysis behaviour 

between amorphous and crystalline cellulose. Particularly, the formation of sugar 

oligomers with various DPs is contradicted to the common perception that the 

primary reactions of cellulose pyrolysis mainly produce anhydro-sugars. As shown in 
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Chapter 4, it was noticed that the amorphous portion of the microcrystalline cellulose 

is responsible for the formation of sugar oligomers, yet no direct evidence was 

available. Therefore, in continuation with the previous chapter, an experimental 

program was carried out to investigate the differences between the pyrolysis of 

amorphous and crystalline cellulose under slow heating conditions. The water-

soluble intermediates were characterised to provide new insights into substantial 

differences in the pyrolysis behaviour of amorphous and crystalline cellulose. These 

results are also of significant importance to understanding the underlying chemical 

reactions of amorphous and crystalline cellulose during pyrolysis. 

All experiments in this chapter were conducted at low temperatures (140-300 
o
C) in 

order to investigate the reaction temperatures where the pyrolysis reactions of 

amorphous and crystalline cellulose commence. Following a systemic sample 

preparation method (see Chapter 3), amorphous and crystalline cellulose were 

obtained using ball milling and subcritical water hydrolysis, respectively. Slow 

pyrolysis experiments with 30 min holding were employed for both amorphous and 

crystalline cellulose. To understand the differences in reaction intermediates, the 

water-soluble intermediates extracted from pyrolysed amorphous and crystalline 

celluloses were compared.   

5.2 DIFFERENCES IN WEIGHT LOSS AND STRUCTURE CHANGE 

Figure 5-1 presents the weight loss data of amorphous and crystalline cellulose 

samples during pyrolysis at different temperatures. Appreciable weight loss for 

amorphous cellulose during pyrolysis begins at ~170 °C (443 K), which is much 

lower than that of crystalline cellulose, i.e., ~230 °C (503 K). The reported 

temperature at which cellulose pyrolysis commences varies with heating rate, 

possibly due to the heat transfer limitation in the cellulose particle. For example, it 

was reported that in a TGA, cellulose pyrolysis commences at~525 K at 1 K min
-1

, 

~550 K at 15 K min
-1

, and ~600 K at 150 K min
-1

[181]. The reported temperatures 

are all higher than those obtained in this study, due to possibly two reasons. One is 

that previous studies used raw crystalline cellulose. The other is that the pyrolysis 

experiments in this study include a further holding period of 30 min. 
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Figure 5-1 : Weight loss of amorphous and crystalline cellulose as a function 

pyrolysis temperature 

The data in Figure 5-1 also show that the weight loss of amorphous cellulose is 

always higher than that of crystalline cellulose at the same pyrolysis temperature. 

Substantial weight losses take place between 250 and 300 °C for amorphous 

cellulose and between 270 and 300 °C, respectively. The weight losses are 

significant for both cellulose samples at 300 °C (~88% and ~65% for amorphous and 

crystalline cellulose samples, respectively). The results demonstrate that amorphous 

cellulose is more prone to decomposition and produces volatiles at a much lower 

temperature than crystalline cellulose. The data also suggests that amorphous 

cellulose pyrolysis has a different reaction pathway in comparison to crystalline 

cellulose. The macromolecular structures of amorphous and crystalline cellulose are 

mainly different in the hydrogen bonding networks, which appear to play an 

important role during cellulose pyrolysis.  

Figure 5-2a presents the FTIR spectra for the raw, amorphous and crystalline 

cellulose samples. It can be seen that the strong hydrogen bonding networks in raw 

cellulose (constituting the crystalline structure) are indeed broken after ball milling. 

This is clearly evident as the absorption ranges of 3230−3310 cm
-1

 (representing 

intermolecular O(3)H…O(5) hydrogen bond [182]) and 3340−3375 cm
-1

 

(representing intramolecular O(3)H…O(5) hydrogen bond [182]) disappear after ball 

milling. Additionally, other function groups representing strong hydrogen bonding 

networks (e.g., ~1278 and ~1375 cm
-1

 for CH bending, ~1315 cm
-1

 for CH2 wagging, 
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~1335 cm
-1

 for −OH in plane bending, ~1420 cm
-1

 for CH2 bending vibration and 

~1112 cm
-1

 for ring asymmetric stretching also disappear in the FTIR spectra of the 

amorphous cellulose [183, 184]. It is also noted that the response of aliphatic C−H 

stretch bands at 3000 – 2800 cm
-1

 in crystalline cellulose appear to be increased after 

the raw cellulose was pretreated by hot-compressed water [116].   

 

Figure 5-2:FTIR spectra of raw, amorphous and crystalline cellulose, along those of 

solid residues from the pyrolysis of amorphous and crystalline cellulose at various 

temperatures: (a)  raw, amorphous and crystalline cellulose; (b) solid residues from 

the pyrolysis of amorphous cellulose; and (c) solid residues from the pyrolysis of 

crystalline cellulose 
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Figures 5-2b and 5-2c further present the FTIR spectra of the solid residues produced 

from the pyrolysis of amorphous and crystalline cellulose, respectively. For 

amorphous cellulose at 270 °C and above, there is a clear reduction in –OH group 

(3200−3600 cm
-1

). It is also evident for the appearance of new peaks at ~1735 cm
-1

 

(known for C=O stretching [116]) and ~1620 cm
-1

 (known for unsaturated C=C 

stretching [116]), indicating that the dehydration of the cellulose has occurred. It is 

interesting to see that dehydration of amorphous cellulose started at a lower 

temperature (~270 °C) than that of crystalline cellulose, which appear to only 

commence at around 300 °C. Additionally, the absorption patterns at 1200 – 1400 

cm
-1

 were largely destroyed for amorphous cellulose during pyrolysis at 300°C, 

suggesting that the sugar ring structure of cellulose were largely damaged under the 

condition. This is in contrast to those for crystalline cellulose which the FTIR spectra 

clearly show the presence of abundant sugar structures in crystalline cellulose after 

pyrolysis at 300°C. Again, such differences observed in macromolecular structures 

of solid residues produced from the pyrolysis of amorphous and crystalline cellulose 

samples suggest that the hydrogen bonding networks within cellulose play an 

important role in reactions during pyrolysis. The presence of strong hydrogen 

bonding networks appears to make the sugar ring structures within cellulose to be 

more resistant to dehydration reactions.  

5.3 DIFFERENCE IN YIELD OF WATER-SOLUBLE INTERMEDIATES  

The liquid samples of water-soluble intermediates were obtained via extraction of the 

solid residues after pyrolysis by deionised water at room temperature. Figure 5-3 

presents the yield of water-soluble intermediates (expressed as the percentage of total 

carbon in cellulose) from the pyrolysis of both amorphous and crystalline cellulose 

samples at different pyrolysis temperatures. Clearly, pyrolysis of amorphous and 

crystalline cellulose exhibit substantial differences in the yield of water-soluble 

intermediates, with several important observations. First, water-soluble intermediates 

can be formed from the pyrolysis of amorphous cellulose at a temperature as low as 

150 °C, at which no apparent weight loss was observed. However, for crystalline 

cellulose, the formation of water-soluble intermediates commences at 170 °C. 

Second, at any pyrolysis temperature, the yield of water-soluble intermediates from 

amorphous cellulose pyrolysis is considerably higher than that from crystalline 
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cellulose. Third, in both cases, the yield of water-soluble intermediates increases 

with pyrolysis temperature, reaches a maximum then decreases with a further 

increase in pyrolysis temperature. The maximum yield for amorphous cellulose is 

~30% (on a carbon basis) at ~250 °C, while that for crystalline cellulose is only ~3% 

at ~270 °C (see Figure 5-3b), which are similar to the previously reported value for 

the raw cellulose (~3% at 270 °C) in Chapter 4. The substantially high yield of 

water-soluble intermediates in the solid residue from the pyrolysis of amorphous 

cellulose clearly suggests that amorphous cellulose follows different mechanism to 

form intermediates during pyrolysis, in comparison to crystalline cellulose.  

It should also be noted that although the yield of water-soluble intermediates from 

the pyrolysis of amorphous cellulose has a maximal yield of ~30% at 250 °C, at the 

same temperature, the amorphous cellulose only experiences a weight loss of ~17%. 

A further increase in pyrolysis temperature to 270 °C leads to a substantial decrease 

in the yield of water-soluble intermediates (~12%) and a substantial increase in the 

sample weight loss (~46%). This means that there are substantial amount of water-

soluble intermediates present in the pyrolysed cellulose, these intermediates are 

difficult to evaporate/decompose to be released as volatiles at 250 °C but an increase 

of 20 °C to 270 °C can substantially intensify the conversion of these intermediates 

into volatiles product. On the contrary, for crystalline cellulose, the maximal yield is 

~3% at 270 °C, at which the crystalline cellulose experiences a weight loss of ~16%. 

A further increase in the pyrolysis temperature leads to substantial reductions in the 

yields of water-soluble intermediates, together with substantial increases in weight 

loss. Obviously, the stability of water-soluble intermediates within the pyrolysed 

cellulose determines the temperature at which the maximal weight loss occurs. It is 

clear that the water-soluble intermediates from amorphous cellulose seems less stable 

and easier to decompose/evaporate, with weight loss taking place mainly at 250–

290 °C, in comparison to 270−300 °C for crystalline cellulose. Therefore, it can be 

concluded that the cellulose structure (mainly hydrogen bonding networks) 

significantly affect its thermochemical behaviour, via controlling the formation of 

intermediates (hence pyrolysis products, e.g., volatiles) during pyrolysis.  
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Figure 5-3: Yields of water-soluble intermediates (as percentage of total C in the 

cellulose before pyrolysis) from the pyrolysis of amorphous and crystalline cellulose 

at various temperatures: (a) a comparison of the yields between amorphous and 

crystalline cellulose; (b) yield for crystalline cellulose 

5.4 DISTRIBUTION OF SUGAR OLIGOMERS AND ANHYDRO-SUGAR 

OLIGOMERS IN WATER-SOLUBLE INTERMEDIATES  

The liquid samples of water-soluble intermediates were then analysed by HPAEC-

PAD analysis to identify the oligomers present in the water-soluble intermediates. 

Figure 5-4a presents the chromatograms of liquid samples prepared by room-

temperature water extraction of solid residues from amorphous cellulose pyrolysis at 

150 − 170 °C, together with a cellulose hydrolysis sample prepared in hot-

compressed water as a standard for high-DP glucose oligomers. It is noted that at 

these temperatures, the cellulose sample experiences no weight loss. Therefore, the 

presence of the intermediates in the solid phase demonstrates that the changes 

occurred within cellulose macromolecular structure produce intermediates which 

were completely retained in the solid phase, without further conversion to be released 
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as volatiles. Figure 5-4a clearly shows the presence of various glucose oligomers 

with a wide range of DPs of 1−14 in the water-soluble intermediates at 150 °C, while 

no anhydro-sugar oligomers are present in the samples. This demonstrates that 

amorphous cellulose pyrolysis produces glucose oligomers with a wide range of DPs 

at a temperature as low as 150 °C. As the glycosidic bonds in amorphous cellulose 

are not likely to break at such a low temperature, it can be concluded that these sugar 

oligomers are clearly produced from the liberation of some short glucose chain 

segments that are abundant in the amorphous cellulose [145], as results of the 

breakage of weak hydrogen bonds during pyrolysis at low temperatures.       

Figure 5-4b compares the chromatograms of water-soluble intermediates samples 

prepared by water extraction of solid residues from amorphous cellulose pyrolysis at 

170−300°C. As the chromatograms are normalised to the amount of cellulose sample 

loaded into the pyrolysis reactor, the heights for the same peak in chromatograms for 

different samples represent their concentrations in the liquid samples and can be 

directly compared. It is interesting to point out that at 170 °C, anhydro-sugar 

oligomers with DPs of 1−11 start to appear in the water-soluble intermediates, in 

additional to sugar oligomers with DPs of 1−14 that are observed in samples at lower 

temperatures. It is also clear that the concentrations of sugar oligomers increase with 

pyrolysis temperature, reach a maximum at ~210 °C and then decrease with further 

increase in pyrolysis temperature. In addition, the concentrations of the anhydro-

sugar oligomers increase with temperature from 170 °C, reach a maximum at 

~230 °C and then decrease with further increase in pyrolysis temperature. It is 

noteworthy that a higher pyrolysis temperature leads to the production of anhydro-

sugar oligomers with higher DPs. For example, anhydro-sugar oligomers with DPs of 

1–16 can be identified in the water-soluble intermediates at ~230 °C, in comparison 

to those with DPs of 1–11 at 170 °C. At 270 °C, all the sugar oligomers have 

disappeared while anhydro-sugar oligomers can still be found in the water-soluble 

intermediates. At 300 °C, there is only a very small amount of anhydro-sugar 

oligomers in the water-soluble intermediates (see Figure 5-4b). The results in Figure 

5-4b provide essential evidence for revealing the formation of anhydro-sugar 

oligomers during the pyrolysis of amorphous cellulose. As the formation of 

levoglucosan is very small (<3%) during the pyrolysis of glucose and cellobiose (see 

Chapter 4, Table 4-1), anhydro-sugar oligomers from cellulose pyrolysis are not 



                 CHAPTER 5 

Cellulose Pyrolysis Intermediates       

  

 

84 

likely to be produced via direct dehydration reaction of sugar oligomers. Therefore, 

most of the anhydro-sugar oligomers are likely to be formed via the cleavage of 

glycosidic bond in cellulose. 

 

Figure 5-4: IC chromatograms of water-soluble intermediates from the slow 

pyrolysis of amorphous and crystalline cellulose: (a) pyrolysis of amorphous 

cellulose at 150 and 160 °C; (b) pyrolysis of amorphous cellulose at 170−300 °C; (c) 

pyrolysis of crystalline cellulose at 150−300 °C 
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5.5 DISTRIBUTION OF SUGAR OLIGOMERS AND ANHYDRO-SUGAR 

OLIGOMERS IN WATER-SOLUBLE INTERMEDIATES  

Figure 5-4c presents the chromatograms of water-soluble intermediates samples 

prepared by water extraction of solid residues from crystalline cellulose pyrolysis at 

150−300°C. Compared to those from amorphous cellulose (see Figures 5-4a and 5-

4b), there are several distinct differences in the compositions of water-soluble 

intermediates from the pyrolysis of amorphous and crystalline cellulose samples.  

First, opposite to amorphous cellulose, no sugar oligomers of various DPs can be 

found in the liquid samples prepared from water extraction of the solid residue from 

crystalline cellulose pyrolysis at 150 °C. This suggests that most of amorphous 

cellulose within the raw microcrystalline cellulose have indeed been removed via the 

pretreatment method. This in turn demonstrated that the formation of sugar 

oligomers with various DPs observed in the pyrolysis of amorphous cellulose (see 

Figures 5-4a) at low temperatures are indeed results of the liberation of the short 

glucose chain segments in the amorphous cellulose, as results of the breakage of 

weak hydrogen bonds. 

Second, it is surprising to observe the presence of a trace (but appreciable) amount of 

low-DP (up to 5) glucose oligomers in the water-soluble intermediates obtained from 

crystalline cellulose pyrolysis at 170 °C. As there are no anhydro-sugar oligomers 

present in the samples, the low-DP sugar oligomers appear at 170 °C are most likely 

the products from cellulose hydrolysis, which was retained in the solid sample upon 

rapid cooling when preparing the crystalline cellulose from the raw cellulose using 

hot-compressed water pretreatment. However, this alone appears to be insufficient 

for explaining the increased production of low-DP sugar oligomers in the water-

soluble product obtained from the pyrolysis of crystalline cellulose at 190 °C. Both 

anhydro-sugar oligomers and sugar oligomers can be produced by thermal cleavage 

of glycosidic bonds to depolymerize a long cellulose chain into one chain with 

levoglucosan end (which could be anhydro-sugar oligomers) and the another chain 

with non-reducing end (which could be sugar oligomers) [161]. Figure 5-4c shows 

that anhydro-sugar oligomers with DPs of 1−8 are already produced at 190 °C during 

crystalline cellulose pyrolysis, together with sugar oligomers with DPs of 1−5. 

Therefore, the depolymerization reactions by breaking the glycosidic bonds within 
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the glucose chains start to take place during the pyrolysis of crystalline cellulose at 

~190 °C, which is higher than the 170 °C for amorphous cellulose. This further 

demonstrates that the glycosidic bonds in amorphous cellulose are easier to break as 

results of much weaker hydrogen bonding networks.  

Third, the DPs of anhydro-sugar oligomers in the water-soluble intermediates from 

the pyrolysis of crystalline cellulose are much lower than those from amorphous 

cellulose. For example, the maximal DP of anhydro-sugar oligomers from crystalline 

cellulose is 8 at 270 °C, in comparison to 16 from amorphous cellulose at 230 °C. 

Again, it is known that the main differences between amorphous and crystalline 

cellulose samples lie in the chain length and hydrogen bonding networks [178-180]. 

Compared to amorphous cellulose, crystalline cellulose has strong and well-

structured hydrogen bonding networks which connect long glucose chains to form 

crystalline structures. The results in this study clearly demonstrate that as results of 

such well-packed crystalline structure, the strong hydrogen bonding networks within 

crystalline cellulose offer protection to the glycosidic bonds, resulting in the 

requirement of higher temperatures for the pyrolysis reactions of crystalline cellulose 

to proceed. Even the glycosidic bonds are broken; the broken chain is still largely 

attached within crystalline cellulose as the strong hydrogen bonds are still intact. 

Therefore, only the lower-DP anhydro-sugars have a higher chance to be completely 

separated from crystalline cellulose. Oppositely, the hydrogen bonds within 

amorphous cellulose are very weak and easily broken during pyrolysis at low 

temperatures. The cleavage of glycosidic bonds in the individual glucose chains 

within amorphous cellulose can directly produce individual anhydro-sugar oligomers 

and other products that can be easily extracted from the solid residues. Due to the 

shorter glucose chain length in amorphous cellulose, there are more chances to 

produce high-DP anhydro-sugar oligomers from amorphous cellulose. Therefore, 

water-soluble intermediates from amorphous cellulose pyrolysis contain anhydro-

sugar oligomers with a wider range of DPs and a higher maximal DP than those from 

crystalline cellulose pyrolysis under the same conditions. It can then be concluded 

that although the cleavage of glycosidic bonds within individual glucose chains may 

proceed in a random manner, the yield of anhydro-sugar oligomers produced as 

pyrolysis intermediates largely depends on the hydrogen bonding networks within 

the cellulose sample.  
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Last, it is found that the water-soluble intermediates of amorphous cellulose 

pyrolysis at 300°C contain little anhydro-sugar oligomers (see Figure 5-4b), which 

are still abundant in the water-soluble intermediates of crystalline cellulose pyrolysis 

at the same temperature. It is noted that there is still ~12% of unconverted solid 

product after the completion of amorphous cellulose pyrolysis at 300 °C. Therefore, 

the results suggest that in absence of strong hydrogen bonding network, the anhydro-

sugar oligomers from the cleavage of glycosidic bonds within pyrolysed amorphous 

cellulose are difficult to survive at 300 °C, more likely due to the formation of cross-

linked structure of solid residue from amorphous cellulose at high temperatures [68]. 

5.6 DIFFERENCES IN THE TOTAL HYDROLYSABLE SUGARS IN 

WATER-SOLUBLE INTERMEDIATES  

The water-soluble intermediates, together with the cellulose samples and the solid 

residues obtained from pyrolysis, were subject to post-hydrolysis, in order to obtain 

the total hydrolysable sugar yields of these samples. The total hydrolysable sugar 

yield is contributed by the glucose from the post-hydrolysis of various glucose-ring-

containing oligomers, namely sugar oligomers (including glucose), anhydro-sugar 

oligomers (including levoglucosan) and the partially decomposed sugar-ring-

containing oligomers (PDSRCOs). It is important to note that the PDSRCOs are 

neither sugar oligomers nor anhydro-sugar oligomers but contribute to glucose 

production during post-hydrolysis.  

 

Figure 5-5: Sugar yields by post-hydrolysis of solid residues and water-soluble 

intermediates samples from the pyrolysis of amorphous and crystalline cellulose at 

various temperatures: (a) amorphous cellulose; (b) crystalline cellulose 
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The total sugar yields (on a carbon basis) for various samples are presented in Figure 

5-5. It can be seen that the total sugar yields of solid residues and water-soluble 

intermediates after pyrolysis all decreases with increasing pyrolysis temperature for 

both amorphous and crystalline cellulose. Additionally, the total sugar yield of a 

solid residue is always slightly higher than that of the water-soluble intermediate at 

the same pyrolysis temperature. This indicates that the water-soluble intermediates 

are more prone to further reactions for forming non-sugar products during pyrolysis.  

There are also significant differences between the pyrolysis of amorphous and 

crystalline cellulose. For amorphous cellulose, significant reduction in total sugar 

yield was observed at 300 °C in both solid residue and water-soluble intermediates. 

For example, as pyrolysis temperature increases from 270 to 300 °C, the sugar yield 

reduces from ~75% to ~25% and ~71% to ~21% for solid residue and water-soluble 

intermediates, respectively. As aforementioned, there are very little anhydro-sugar 

oligomers in the water-soluble intermediates from amorphous cellulose pyrolysis at 

300 °C (see Figure 5-4b). However, there is still about 25% sugar yield from post-

hydrolysis of the solid residue from amorphous cellulose pyrolysis at 300 °C. This 

indicates that there still considerable amount of sugar ring structures in the solid 

residue from amorphous cellulose pyrolysis at 300 °C, in the forms of structures 

which are difficult to produce anhydro-sugars via the cleavage of glycosidic bonds 

during pyrolysis. It is also plausible to believe that such structures are likely to be 

responsible for the formation of PDSRCOs in the water-soluble intermediates under 

the prevailing conditions. As for crystalline cellulose, the total sugar yield from post-

hydrolysis decreases gradually as the pyrolysis temperature increases. Compared to 

those from amorphous cellulose, the total sugar yields of solid residues or water-

soluble intermediates from crystalline cellulose pyrolysis are all higher under the 

same pyrolysis conditions. Particularly, for crystalline cellulose pyrolysis at 300 °C, 

the sugar yields from the solid residue and the water-soluble intermediates are ~67% 

and ~60%, respectively. These are considerably higher than those for amorphous 

cellulose (~25% and ~20%, respectively) under the same conditions. The results 

clearly suggest that while slowing down the pyrolysis reactions, the presence of 

strong hydrogen bonding networks within crystalline cellulose appear to also largely 

protect the sugar ring structure being destroyed during pyrolysis at high temperatures. 

These results are consistent with the FT-IR results in Section 5.2. 
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5.7 DIFFERENCES IN YIELDS AND SELECTIVITIES OF SUGAR 

OLIGOMERS AND ANHYDRO-SUGAR OLIGOMERS IN WATER-

SOLUBLE INTERMEDIATES  

Further efforts were then taken to quantify the sugar oligomers and anhydro-sugar 

oligomers with DPs of 1-5 in water-soluble intermediates according to HPAEC-PAD 

analysis because those standards are available. The yields and selectivities of these 

sugar oligomers and anhydro-sugar oligomers, expressed on a carbon basis, are 

presented in Figure 5-6. For anhydro-sugar oligomers (see Figures 5-6a and 5-6e), 

the effect of pyrolysis temperature on their yields generally follows a similar trend, 

i.e., increasing with pyrolysis temperature initially, reaching a maximum at a certain 

temperature then decreasing with further increase in pyrolysis temperature. For 

amorphous cellulose, the lower-DP anhydro-sugar oligomers reach the maximal 

yield at a higher pyrolysis temperature and the maximal yield is also higher. For 

example, levoglucosan reaches the maximal yield of ~1.0% at ~250 °C, in 

comparison to cellobiosan of ~0.4% at ~240 °C, cellotriosan of ~0.3% at ~230 °C, 

cellotetraosan of ~0.2% at ~220 °C and cellopentaosan of ~0.15% at ~210 °C. As the 

effect of hydrogen bonding is insignificant in the case of amorphous cellulose, the 

data suggest that the stabilities of anhydro-sugar oligomers present in the pyrolysed 

amorphous cellulose decrease with increasing DP. The instable high-DP anhydro-

sugar oligomers may also decompose into low-DP anhydro-sugar oligomers, 

contributing to their high maximal yields. For crystalline cellulose, the value of the 

maximal yield also decreases with the DP of the anhydro-sugar oligomers. However, 

at the same temperature, the maximum reached is considerably lower than that for 

amorphous cellulose. Such differences clearly demonstrate the critical roles of the 

strong hydrogen bonding networks within crystalline cellulose. At the same 

temperature, the strong hydrogen bonding network within crystalline cellulose make 

it more difficult for the pyrolysis reactions to proceed, leading to much lower yields 

of anhydro-sugar oligomers at the same pyrolysis temperature. Furthermore, as 

shown in Figure 5-6e, for crystalline cellulose, the maximal yields for all anhydro-

sugar oligomers reach at the same temperature (~270 °C). The results suggest that 

the dominant roles of strong hydrogen bonding networks in pyrolysis reactions, 

making the difference in the pathways of producing anhydro-sugars with different 

DPs become less important. 
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As shown in Figure 5-3, the yield of water-soluble intermediates during amorphous 

cellulose pyrolysis (~30% max) is substantially higher than that of crystalline 

cellulose (~3% max), by one order of magnitude. However, Figure 5-6a shows that 

the yields of anhydro-sugar oligomers with DPs of 1-5 from amorphous cellulose is 

only several times (e.g., twice for levoglucosan, 4 times for cellobiosan, 3 times for 

cellotriosan) higher than those from crystalline cellulose. This leads to considerably 

lower selectivities for anhydro-sugars with DPs of 1-5 in water-soluble intermediates 

from amorphous cellulose. As shown in Figures 6b and 6f, the maximal selectivity 

for levoglucosan from amorphous cellulose is only ~6% at 270 °C, compared to ~26 

and 29% from crystalline cellulose at 270 and 300 °C, respectively. This indicates 

that the low-DP anhydro-sugars are not the main products in the water-soluble 

intermediates from amorphous cellulose pyrolysis, while these products are indeed 

main products in the water-soluble intermediates from crystalline cellulose pyrolysis. 

The data again suggest the important roles of strong hydrogen bonding networks 

within crystalline cellulose during pyrolysis. Even for the anhydro-sugar oligomers 

produced during pyrolysis, as part of pyrolysis intermediates within the matrix of 

crystalline cellulose, the presence of strong hydrogen bonding networks (maybe 

already partially destructed under the conditions) appear to also have a shield effect 

that makes the further conversion reactions of these intermediates more difficult to 

proceed. 

For sugar oligomers (see Figures 5-6c and 5-6g), the yields from amorphous 

cellulose are much higher than those from crystalline cellulose. For example, the 

maximal yields of cellopentaose, which were reached during the pyrolysis of both 

amorphous and crystalline cellulose at 210 °C, are ~0.2% and ~0.02%, respectively. 

It is noted that for amorphous cellulose pyrolysis, although the yields of sugar 

oligomers increase as pyrolysis temperature increases to ~210 °C, the selectivites of 

these sugar oligomers actually decrease with increasing temperature, suggesting that 

more of other products (e.g., high-DP sugar oligomers and anhydro-sugar oligomers 

as shown in Figure 5-4a) are produced at increased temperature. The low selectivities 

of low-DP sugar oligomers (see Figure 5-6d) indicate that these compounds are also  
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Figure 5-6: Yields and selectivities of quantifiable anhydro-sugar and sugar 

oligomers in the water-soluble intermediates from the pyrolysis of amorphous and 

crystalline cellulose samples at various temperatures: (a) yield of anhydro-sugar 

oligomers for amorphous cellulose; (b) selectivity of anhydro-sugar oligomers for 

amorphous cellulose; (c) yield of sugar oligomers for amorphous cellulose; (d) 

selectivity of sugar oligomers for amorphous cellulose; (e) yield of anhydro-sugar 

oligomers for crystalline cellulose; (f) selectivity of anhydro-sugar oligomers for 

crystalline cellulose; (g) yield of sugar oligomers for crystalline cellulose; and (h) 

selectivity of sugar oligomers for crystalline cellulose. 



                 CHAPTER 5 

Cellulose Pyrolysis Intermediates       

  

 

92 

not the main products in the water-soluble intermediates from amorphous cellulose. 

Additionally, opposite to anhydro-sugar oligomers with DP of 1–5 (see Figure 5-6a), 

the yield of sugar oligomers increases with DP for amorphous cellulose. However, 

for crystalline cellulose, this trend is not obvious (see Figures 5-8e and 5-8h). The 

different patterns of sugar oligomer formation between amorphous and crystalline 

cellulose may indicate the different formation mechanisms of these sugar-oligomers 

between amorphous and crystalline cellulose. For example, for amorphous cellulose, 

these sugar oligomers can be formed via easily breaking the weak hydrogen bonds to 

release the glucose chain segments of various DPs within amorphous cellulose, at 

relatively lower temperatures and higher yields. However, for crystalline cellulose, 

the formation of these sugar-oligomers requires the breakage of both strong hydrogen 

bonds and glycosidic bonds in glucose chains at higher temperatures at which these 

sugar oligomers are also prone to further decomposition, leading to generally lower 

yields. It should also be noted that although the yields of sugar oligomers with DPs 

of 1–5 from amorphous cellulose are much higher than those from crystalline 

cellulose, the selectivity (see Figures 5-8d and 5-8h) are quite similar when the 

pyrolysis temperatures are >170 °C. This in turn suggests that these sugar oligomers 

are prone to decomposition at higher temperatures.  

Figure 5-6 clearly shows that the selectivities of sugar oligomers and anhydro-sugar 

oligomers with DP of 1–5 are low in water-soluble intermediates from both 

amorphous and crystalline cellulose samples. Therefore, further efforts were taken to 

compare the contribution of those quantifiable sugar oligomers and anhydro-sugar 

oligomers to the total hydrolysable sugars in the water-soluble intermediates from 

both amorphous and crystalline cellulose. As aforementioned in Section 5.6, three 

types of glucose-ring-containing oligomers, i.e. sugar oligomers (including glucose), 

anhydro-sugar oligomers (including levoglucosan) and the PDSRCOs, contribute to 

the total hydrolysable sugars in a sample. The PDSRCOs contain sugar rings but are 

neither sugar oligomers nor anhydro-sugar oligomers, having low detector responses 

using the analytical system in this study. As shown in Figure 5-7, the total sugar and 

anhydro-sugar oligomers with DPs of 1–5 only contribute <10% of total carbon in 

water-soluble intermediates from amorphous cellulose. Figure 5-4a indicates that 

there are various peaks of sugar oligomers and anhydro-sugar oligomers with DP > 5 
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in the water-soluble intermediates from amorphous cellulose. Therefore, it is 

expected that at least some of the total hydrolysable sugar would have been 

contributed by those sugar oligomers and anhydro-sugar oligomers with DP > 5. 

However, the detailed contribution of PDSRCOs cannot be quantified, due to the 

unavailability of the sugar and anhydro-sugar oligomers standards. For amorphous 

cellulose, Figure 5-7a also shows that even at 300 °C, the hydrolysable sugar yield is 

~21% from post-hydrolysis of water-soluble intermediates. According to Figure 5-4b, 

the sample only contains anhydro-sugar oligomers with DPs of 1–5, without sugar 

oligomers or higher-DP anhydro-sugar oligomers. Based on the data in Figure 5-6a, 

the total yield of anhydro-sugars with DPs of 1–5 only accounts for ~6% of total 

carbon in water-soluble intermediates. Therefore, the shortfall of ~19% carbon in the 

water-soluble intermediates should be contributed by PDSRCOs. Therefore, the data 

provide direct evidence to prove that there are substantial PDSRCOs present in the 

water-soluble intermediates from amorphous cellulose pyrolysis. In fact, Figure 5-7a 

shows that the majority of the water-soluble intermediates are contributed by non-

sugar products during amorphous cellulose pyrolysis at high temperatures. For 

example, non-sugar products accounts for ~80% of carbon in water-soluble 

intermediates at 300 °C. The non-sugar products are more likely produced from the 

decomposition of instable sugar oligomers in the intermediate phase from amorphous 

cellulose pyrolysis. As for crystalline cellulose, sugar oligomers may also contribute 

to the water-soluble intermediates but only at low temperatures (e.g., ~10% at 

190 °C). Anhydro-sugars are clearly part of the main products in the water-soluble 

intermediates. The direct evidence on the presence of substantial PDSRCOs can be 

seen at 300 °C, with a contribution of ~20% of total carbon in water-soluble 

intermediates while the contribution of non-sugar products is much lower (~40%, see 

Figure 5-7b) than ~80% for amorphous cellulose at the same pyrolysis temperature. 
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Figure 5-7: Contribution of sugar oligomers with DPs 1 – 5 (i.e. C1-C5) and 

anhydro-sugar oligomers with DPs 1 – 5 (i.e. AC1-AC5) to total hydrolysable sugars 

in the water-soluble intermediate samples in the solid residues produced from the 

pyrolysis of amorphous and crystalline cellulose samples at various temperatures: (a) 

amorphous cellulose; (b) crystalline cellulose. 

5.8 CONCLUSIONS 

This study compares the pyrolysis behaviour between amorphous and crystalline 

cellulose under slow heating conditions, and provides a comprehensive analysis on 

the water-soluble intermediates from amorphous and crystalline cellulose pyrolysis at 

150−300 °C. The results demonstrate the critical importance of hydrogen bonding 

networks in the pyrolysis behaviour of cellulose. Some main conclusions can be 

drawn as follows: 

1. The temperature at which pyrolysis commences is lower for amorphous 

cellulose than crystalline cellulose, resulting from the absence of strong 

hydrogen bonding networks within amorphous cellulose.  

2. Due to the short glucose chain length with weak hydrogen bonding networks 

in amorphous cellulose, some short glucose chain segments present in 

amorphous cellulose can be directly released as sugar oligomers with various 

DPs, as part of water-soluble intermediates at a temperature as low as 150 °C. 

Oppositely, under the same pyrolysis conditions, the sugar ring structure in 
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crystalline cellulose is largely preserved due to the protection of its strong 

hydrogen bonding networks.  

3. Under the same pyrolysis conditions, the yield of water-soluble intermediates 

for amorphous cellulose is considerably higher than that of crystalline 

cellulose pyrolysis. For example, the maximal yield from amorphous 

cellulose is ~30% on a carbon basis at 250 °C, while that value from 

crystalline cellulose is ~3% at 270 °C. This clearly suggests that the strong 

hydrogen bonding network has significantly changed cellulose pyrolysis 

reaction mechanism.  

4. The short glucose chain length and weak hydrogen bonding networks in 

amorphous cellulose also lead to the formation of considerably more 

anhydro-sugar oligomers and sugar oligomers with a wider DP range of 1−16 

and 1−14, respectively, compared to a narrower DP range of 1−8 and 1−5 for 

anhydro-sugar oligomers and sugar oligomers from crystalline cellulose, 

respectively.  

5. At temperatures <270 °C, the water-soluble intermediates from the pyrolysis 

of amorphous cellulose are mainly contributed by high-DP sugar oligomers 

and/or anhydro-sugar oligomers, as well as a substantial amount of partially 

decomposed sugar-ring-containing oligomers, while those at higher 

temperatures (e.g., 300 °C) are dominantly non-sugar products.  

6. For crystalline cellulose, low-DP anhydro-sugar oligomers and those partially 

decomposed sugar-ring-containing oligomers are the main compounds in the 

water-soluble intermediates. The contribution of non-sugar products reduces 

significantly at high temperature (e.g., 300 °C), compared to that for 

amorphous cellulose.  
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CHAPTER 6 EVOLUTION OF WATER-SOLUBLE AND 

WATER-INSOLUBLE PORTIONS 

 

 

 

6.1 INTRODUCTION 

In the last two chapters, the slow pyrolysis of raw, amorphous and crystalline 

cellulose were performed to study the water-soluble intermediates generated during 

low temperature pyrolysis. In Chapter 4, it was clearly demonstrated that a certain 

amount of carbon became soluble in water at room condition after slow pyrolysis. 

Further analysis on this water-soluble intermediates using IC identified both sugar 

and anhydro-sugar oligomers with a wide range of degrees of polymerization (DPs). 

Besides sugar oligomers, partially decomposed sugar-ring-containing oligomers (i.e., 

PDSRCOs) were also evidenced in both water-soluble intermediates and pyrolysed 

solid residues.  

Further investigation in Chapter 5 has well discovered the significant differences 

between pyrolysis of amorphous and crystalline cellulose on the formation of 

intermediates. The yield of water-soluble intermediates as high as ~30% (on a carbon 

basis) can be generated from slow pyrolysis of amorphous cellulose at a temperature 

as low as 250 °C, compared to that of ~3% for crystalline cellulose under similar 

conditions. Additionally, the majority of water-soluble intermediates resulted from 

amorphous cellulose pyrolysis are mainly high-DP sugar, anhydro-sugar oligomers 

and PDSRCOs at <270 °C; while the water-soluble intermediates produced from 

crystalline cellulose pyrolysis mainly consist of low-DP anhydro-sugar oligomers 

and PDSRCOs. Apparently, the chapter demonstrates the critical role of hydrogen 

bonding network during cellulose pyrolysis. 

The formation of intermediates significantly increases under fast pyrolysis at high 

temperature [18]. However, the subsequent pyrolysis reactions are observed to occur 
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at a relatively faster rate, which interferes with the collection of intermediates. 

Therefore, the study in this chapter employed a purposely prepared amorphous 

cellulose sample, which enables the generation of a large amount of intermediate 

during pyrolysis at low temperatures. These fast pyrolysis experiments were 

conducted at 250 and 300 °C using a drop-tube/fixed-bed quartz reactor equipped 

with a pulsed feeder (see Chapter 3). The solid products after fast pyrolysis with 

holding times were collected to recover the water-soluble and water-insoluble 

portions in the solid products at various weight losses (or conversion), allowing the 

investigation in the evolution of both water-soluble and water-insoluble portions of 

total solid products during pyrolysis.  

6.2 WEIGHT, CARBON, AND SUGAR LOSSES DURING THE PYROLYSIS 

OF AMORPHOUS CELLULOSE  

Based on the carbon and sugar contents of solid residues, the carbon and sugar losses 

during pyrolysis of amorphous cellulose can be determined, in comparisons with 

weight loss data. Figure 6-1 shows the weight, carbon and sugar losses data from 

amorphous cellulose pyrolysis at 250 and 300 °C as a function of holding time. A 

substantial increase in pyrolysis reaction rate can be observed when pyrolysis 

temperature increases from 250 to 300 °C. For example, a holding time of about 150 

min is required to reach a weight loss of 50% at 250 °C, while only 7 min is needed 

at 300 °C. This indicates that the reaction intermediates are difficult to 

evaporate/decompose as volatiles at 250 °C. Further comparisons of weight loss with 

carbon and sugar losses show that, carbon loss is always lower than weight loss, 

while sugar loss is always higher than weight loss. It should be mentioned that the 

sugar loss in the study includes the sugar loss as volatiles and sugar destruction in the 

solid residue. The lower carbon loss indicates that dehydration is an important 

reaction during pyrolysis of amorphous cellulose. The higher sugar loss means that 

the sugar ring structures in the solid residue are also partially destroyed during 

pyrolysis, in addition to the sugar loss as volatiles. 
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Figure 6-1 A comparison of weight, carbon and sugar losses as a function of holding 

time during pyrolysis of amorphous cellulose (a) 250 °C; (b) 300 °C 

6.3 EVOLUTION OF WATER-SOLUBLE AND WATER-INSOLUBLE 

PORTIONS IN THE SOLID PRODUCTS  

6.3.1 Evolution of yields and distributions of water-Soluble and water-insoluble 

portions in the solid products  

The solid residues were extracted by deionized water to separate the water-soluble 

and water-insoluble portions in the solid reside. Figure 6-2 depicts the yield of water-

soluble portion (based on the carbon in raw amorphous cellulose) as a function of 

holding time. Several important results can be obtained. Firstly, the yield of water-

soluble portion increases from ~9% at 250
 
°C to ~28% at 300

 
°C during heating-up 

period. The extremely high yield of water-soluble portion at 300 °C during heating-

up period demonstrates that amorphous cellulose easily decomposes into reaction 

intermediates at 300 °C. Secondly, the yield of soluble-water portion initially 

increases with holding time at the early stage of pyrolysis (i.e., 0-30 min at 250 °C 

and 0-2 min at 300 °C). A further increase in the holding time leads to a reduction in 

the yield of water-soluble portion. The maximal yield of water-soluble portion is 

found to be ~28% at 250 °C, and ~29% at 300 °C. These results clearly suggest that 

the hydrogen bonding networks in amorphous cellulose are very weak, thus 

producing a substantial yield of reaction intermediates as water-soluble compounds. 

However, the yield of water-soluble portion depends on the trade-off between the 

reactions which produce water-soluble compounds and the reactions which 
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decompose the water-soluble compounds into other products, such as volatiles and/or 

char. At higher temperature, both the reaction rates for producing and decomposing 

water-soluble compounds are faster, resulting in a slightly increase of the maximal 

yield of water-soluble portion.  

 

Figure 6-2: Yield of water-soluble portion in the solid products (based on total 

carbon in the raw sample) as a function of holding time during pyrolysis of 

amorphous cellulose. (a) A comparison of yields between 250 and 300 °C; (b) a 

close-up of yield at 300 °C.    

Figure 6-3 also compares the yields of water-soluble and water-insoluble portions at 

the similar weight loss during pyrolysis at 250 and 300 °C. At the initial stage (with 

weight loss <10%), the yields of water-soluble and water-insoluble portions at 250 

and 300 °C are almost similar at the same weight loss. As the weight loss further 

increases, the yield of water-insoluble portion reduces more significantly at 300 °C, 

resulting in a high yield of water-soluble portion. It is known that the structure of 

amorphous cellulose is heterogeneous in terms of hydrogen bonding networks and 

chain length [145, 164]. The glucose chains with weak hydrogen bonding networks 

can be released at low temperature and low weight loss. Therefore, at the early stage, 

the pyrolysis reactions mainly occur in the glucose chains with weak hydrogen 

bonding networks, resulting in a similar yield of water-soluble and water-insoluble 

portions. As pyrolysis proceeds, the production of water-soluble portion becomes 

more difficult due to the stronger hydrogen bonding networks retained in the water-
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insoluble portion. Therefore, pyrolysis at a higher temperature generally leads to an 

increased production of water-soluble portion, mainly due to the more rapid breaking 

of weak hydrogen bonds. The generation of intermediates is indeed following the 

energy level of solid phase. However, the final yield of water-soluble portion is truly 

dependent upon the trade-off between production and decomposition/evaporation of 

water-soluble compounds. 

According to the yields of water-soluble and water-insoluble portions, their 

distributions in the total solid products can be determined. As shown in Figure 6-4, 

the content of water-soluble portion in the total solid residue shows a similar trend as 

its yield, i.e., initially increase to a maximum then reduce. At 250 °C, the maximal 

contribution of water-soluble portion is ~32% at a weight loss of ~13%, but increases 

to ~40% at 300 °C and a weight loss of ~30%. Such a large contribution of water-

soluble portion to the total solid products clearly demonstrates the importance of 

water-soluble portion during pyrolysis of amorphous cellulose. Therefore, it is 

essential to understand the structure changes in both water-soluble and water-

insoluble portions during pyrolysis of amorphous cellulose. 

 

Figure 6-3: Yields of water-soluble and water-insoluble portions in the solid products 

as a function of weight loss during pyrolysis of amorphous cellulose at 250 and 

300 °C 
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Figure 6-4: Content of water-soluble portion in total solid products from products as 

a function of weight loss during pyrolysis of amorphous cellulose at 250 and 300 °C.     

6.3.2 Evolution of Sugar Structure in Water-Soluble and Water-Insoluble 

Portions in the Solid Products  

The furanic moiety formation following by inter-ring dehydration [67] and other 

decarbonylation and decarboxylation reactions are mainly responsible for the 

destruction of sugar ring structures in both water-soluble and water-insoluble 

portions in the solid products. Post-hydrolysis experiments of water-soluble and 

water-insoluble portions were conducted separately to measure their sugar contents, 

and the data are shown in Figure 6-5. It can be found that majority of structures in 

water-soluble and water-insoluble portions retains in the sugar form at the early stage. 

For example, more than 80% of structure at 250 °C exists in the sugar form when 

weight loss is less than 60%. The relatively high sugar content in the water-soluble 

portion also proves that once the hydrogen bonds connecting the glucose chains are 

broken, the glucose chains can be released as water-soluble portion if the DP of such 

glucose chains is not too high. 

More interesting findings can be observed from Figure 6-5. Firstly, the sugar content 

in water-insoluble portion at 250 °C reduces initially fast, but starts to level off at a 

medium weight loss (i.e., ~40%). At 300 °C, the sugar content in water-insoluble 

portion almost linearly decreases as weight loss increases. This is because the 

hydrogen bonds are difficult to break at 250 °C, thus preserving the sugar ring 

 

0 10 20 30 40 50 60
0

10

20

30

40

50
 250 

o
C

 300 
o
C

 

 

C
o

n
te

n
t 

o
f 

W
a

te
r-

S
o

lu
b

le
 P

o
rt

io
n

 i
n

 T
o

ta
l 

S
o

li
d

 P
ro

d
u

c
ts

 (
C

%
)

Weight Loss (wt%)



                 CHAPTER 6 

Cellulose Pyrolysis Intermediates       

  

 

102 

structure being destroyed, especially at increased weight loss. At 300 °C, the 

hydrogen bonds are rapidly broken, resulting in a rapid destruction of sugar ring 

structure. Secondly, compared with that at 250 °C, the sugar content of water-

insoluble portion at 300 °C under the same weight loss is higher at a low weight loss, 

but becomes lower as weight loss increases to a medium value (i.e., ~40%). Such 

results are believed to be the combined effects of hydrogen bonding networks and 

prolonged reaction time at low temperatures. At 250 °C, a much longer holding time 

is needed to reach the same weight loss (see Figure 6-1). In the early stage of 

amorphous cellulose pyrolysis, the weak hydrogen bonds are easily broken, thus 

leading to more destruction of sugar ring structure due to prolonged reaction time. 

But in the latter stage, the strong hydrogen bonds retained in the solid residue 

actually protect the sugar ring structure being destroyed. Therefore, the breaking of 

hydrogen bonds becomes less at 250 °C even at prolonged holding time, leading to 

the higher sugar content at higher weight loss. Thirdly, at the same temperature, the 

sugar content in water-insoluble portion is always higher than that in water-soluble 

portion, indicating the water-insoluble portion is relatively more stable than the 

water-soluble portion, obviously due to the protection of hydrogen bonding networks 

in the water-insoluble portion. Fourthly, at the same weight loss, the sugar content of 

water-soluble portion at 250 °C is always higher. This clearly demonstrates that the 

destruction of sugar ring structure in water-soluble portion is more severe at high 

temperature, due to the lack of protection of hydrogen bonding networks in in water-

soluble portion. Lastly, the difference in the sugar content between water-soluble and 

water-insoluble portions becomes evident at 300 °C, due to the reduced sugar 

destruction in the water-insoluble portion and the increased sugar destruction in the 

water-soluble portion at the same weight loss. 

Based on the yields and sugar contents data in Figure 6-3 and 6-5, the sugar yields in 

the water-soluble and water-insoluble portions can be obtained, and such data are 

presented in Figure 6-6. It can be found that the sugar yield in total solid products 

almost linearly reduces with increasing the weight loss, regardless of the reaction 

temperature, but the sugar yields in water-soluble and water-insoluble portions are 

totally different. Due to their high sugar contents, the sugar yields in water-soluble 

and water-insoluble portions show the similar trends as the yields of water-soluble 

and water-insoluble portions (see Figure 6-3). As hydrogen bonds are more easily 
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broken at higher temperature, more sugar can be found in the water-soluble portion, 

resulting in the reduction of sugar in the water-insoluble portion. However, as sugar 

in the water-soluble portion is easier to decompose at higher temperature, the 

reduction of sugar in the water-soluble portion is also faster. There, the sugar yield 

also depends upon the trade-off between its production and decomposition.   

It has been shown in Figure 6-1 that sugar loss is always higher than carbon boss. 

The carbon loss is mainly because of the carbon released as volatiles, while some 

non-sugar structures in the solid products also contribute to the sugar loss. Further 

efforts are made to understand the differences between carbon and sugar loss during 

pyrolysis of amorphous cellulose. The distributions of sugar and non-sugar in water-

soluble and water-insoluble portions are presented in Figure 6-7. It is interesting to 

find that, although the sugar content in water-insoluble portion is higher, non-sugar 

structure in water-insoluble portion is actually more than those in water-soluble 

portion at 250 °C, as a result of the higher yield of water-insoluble portion in the 

solid residues. As pyrolysis reaction proceeds, the non-sugar structure in the water-

insoluble portion gradually increases, eventually leading to the char formation. It is 

noteworthy that the non-sugar structure in the water-insoluble portion at 250 °C is 

even more than that at 300 °C when compared at same weight loss, probably due to 

prolonged reaction time to achieve the same weight loss. As the non-sugar structure 

is largely responsible for the char formation, this actually explains why a high char 

yield can be achieved at low temperatures. On the contrary, higher temperature 

produced more non-sugar structure in the water-soluble portion when compared at 

same weight loss, obviously due to the higher yield of water-soluble portion and 

more rapid decomposition of sugar at higher temperature.  



                 CHAPTER 6 

Cellulose Pyrolysis Intermediates       

  

 

104 

 

Figure 6-5: Post-hydrolysis sugar yields of water-soluble and water-insoluble 

portions in the solid products as a function of weight loss during cellulose pyrolysis 

at 250 and 300 °C 

 

Figure 6-6: Yields of sugar in water-soluble and water-insoluble portions in the solid 

products as a function of weight loss during pyrolysis of amorphous cellulose at 250 

and 300 °C 
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Figure 6-7: Sugar and non-sugar distributions in water-soluble and water-insoluble 

portions in the solid products as a function of weight loss during pyrolysis of 

amorphous cellulose at 250 and 300 °C 

6.4 EVOLUTION OF ANHYDRO-SUGAR OLIGOMERS IN WATER-

SOLUBLE PORTION  

The ion chromatograms of liquid samples at various weight losses are compared in 
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easily produced at high weight loss. This is reasonable at least due to two reasons. 

On one hand, the hydrogen bond networks become stronger as weight loss increases. 

On the other hand, the continuous dehydration has largely changed the sugar ring 

structures in the water-insoluble portion. Both reasons result in a reduced production 

of large-DP anhydro-sugar oligomers at high weight loss.  

 

Figure 6-8: IC chromatograms of water-soluble intermediates from the pyrolysis of 

amorphous cellulose. (a) 250
 
°C; (b) 300

 
°C 
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all less than 1, but the selectivities of anhydro-sugar oligomers with DPs <8 increase 

at 250 °C. Obviously, a high temperature has stronger ability to produce more high-

DP anhydro-sugar oligomers, but such ability seems to decrease with increasing the 

weight loss because the selectivity ratios of high-DP anhydro-sugar oligomers at 250 

and 300 °C increase with weight loss. This is probably due to the structure changes 

in water-insoluble portion at higher weight loss, i.e., stronger hydrogen bonding 

networks and more destruction of sugar ring structure.     
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Figure 6-9: Change of selectivities for anhydro-sugars with DPs of 1-18 in the water-
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Figure 6-10: Effect of temperature on the selectivities for anhydro-sugars with DPs 

of 1-18 in the water-soluble intermediates 
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is ~1% at 250 °C and ~1.1% at 300 °C on a carbon basis, while the yields of other 

anhydro-sugars are even lower (<0.5% on a carbon basis). Such low yields of 

anhydro-sugar oligomers confirm again that water-soluble portion in the solid 

products is mainly contributed by some partially decomposed sugar-ring-containing 

oligomers.  

6.5 PYROLYSIS MECHANISM OF AMORPHOUS CELLULOSE AND ITS 

IMPLICATIONS ON BIOMASS PYROLYSIS 

According to the above results, a pyrolysis mechanism of amorphous cellulose was 

proposed to explain the formation of volatiles and char, considering the reactions in 

the water-soluble (intermediate liquid phase) and water-insoluble (solid phase) 

portions in the solid products. As illustrated in Figure 6-12, several important 

reaction pathways of amorphous cellulose pyrolysis are summarized as follows: 

1. Amorphous cellulose is rapidly converted into water-soluble and water-

insoluble portions upon heating. The compounds (i.e., anhydro-sugars) in 

water-soluble portion generally have low melting points, so the reactions in the 

water-soluble portion mainly occur in the liquid phase. On the contrary, the 

reactions in the water-insoluble portion mainly occur in the solid phase.  

2. Substantial interactions between water-soluble and water-insoluble portions 

occur during pyrolysis. For example, the sugar oligomers in water-soluble 

portion are produced from short glucose chains in water-insoluble portion by 

breaking the weak hydrogen bonds, while anhydro-sugar oligomers are 

produced from water-insoluble portion by depolymerisation (see Chapters 4 and 

5). As pyrolysis proceeds, the oligomers in the water-soluble portion re-

polymerize into water-insoluble portion, contributing to the formation of char. 

3. Majority of the volatiles is produced from water-soluble portion, via a series of 

complicated reaction pathways, including evaporation for small molecules, 

ejection as aerosols for large molecules [185], dehydration, decarbonylation, 

decarboxylation, etc. Those reactions lead to significant evolution of structures 

in the water-soluble portion. Additionally, water-insoluble portion also 

contributes to the formation of volatiles, mainly producing water via 

dehydration, and some non-condensable gases (e.g., CO, CO2) via 
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decarbonylation and decarboxylation reactions. 

 

Figure 6-12: Proposed pyrolysis mechanism of amorphous cellulose to produce 

volatiles and char 

Char is produced from water-insoluble portion, but it does not include the coke 

formation from secondary cracking of volatiles. The reactions in the solid phase, i.e., 

cross-linking [68] and dehydration, lead to the significant evolution of sugar 

structures in the water-insoluble portion. After completely breaking the sugar 

structure, the water-insoluble portion eventually becomes char via carbonization.    
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formation of water-soluble portion is a common phenomenon during pyrolysis of 

cellulose, making the proposed mechanism applicable to cellulose pyrolysis.     

For biomass, it is known that lignocellulosic biomass contains hemicellulose, lignin, 

and cellulose, with hemicellulose of highly amorphous structure [186]. It has been 

recently reported that a viscous and mobile liquid-like materials is formed by in situ 

rheology analysis during pyrolysis of biomass polymers, indicating the biomass also 

forms an intermediate liquid during pyrolysis [187]. The difference is that it may 

need several solvents to extract the intermediates from biomass pyrolysis, as not all 

the intermediates are water-soluble, particularly those from lignin. Therefore, future 

work needs to focus on the collection and characterization of intermediates from 

biomass pyrolysis. 

6.6 CONCLUSIONS 

Using a purposely-prepared amorphous cellulose sample, this work studies the 

evolution of water-soluble and water-insoluble portions in the solid products during 

pyrolysis at 250 and 300 °C.  

As pyrolysis proceeds, the yield of water-soluble portion initially increases to a 

maximum, then reduced as weight loss further increases. Due to the weak hydrogen 

bonding network in amorphous cellulose, substantial water-soluble portion was 

formed with its yield as high as ~29% on a carbon basis. Higher temperature 

generates more water-soluble portion due to the rapid breaking of hydrogen bonds in 

water-insoluble portion. Compared to the carbon loss, more sugar loss is observed as 

the evolution of water-soluble and water-insoluble portions leads to the formation of 

no-sugar structure. The formation of non-sugar structure in the water-insoluble 

portion increases as weight loss increases. High temperature results in the formation 

of more non-sugar structure in the water-soluble portion, but less non-sugar structure 

in the water-insoluble portion. Due to the structure changes in water-insoluble 

portion, the selectivities of high-DP anhydro-sugar oligomers in water-soluble 

portion reduce as pyrolysis proceeds. Higher temperature is found to generation more 

anhydro-sugar oligomers, but reduces the selectivities of low-DP anhydro-sugar 

oligomers.     



                 CHAPTER 6 

Cellulose Pyrolysis Intermediates       

  

 

112 

A new pyrolysis mechanism of amorphous cellulose was proposed considering the 

reactions in the water-soluble and water-insoluble portions. Significant interactions 

between water-soluble and water-insoluble portions are believed to occur during 

pyrolysis of amorphous cellulose. Water-soluble portion is produced from water-

insoluble portion via depolymerisation and hydrogen bond breaking. Evolution of 

water-insoluble portion leads to the gradual destruction of sugar structure (i.e., by 

cross-linking reactions), making the formation of water-soluble portion difficult as 

weight loss increases and eventually leading to the char formation. On the contrary, 

due to the lack of hydrogen bonding networks, water-soluble portion is more easily 

to produce volatiles. Evolution of water-soluble portion also leads to its rapid 

destruction of sugar structures and repolymerization into water-insoluble portion. 

Such mechanism can be potentially applied in the pyrolysis of cellulose and biomass. 
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CHAPTER 7 FORMATION OF REACTION 

INTERMEDIATES FROM FAST PYROLYSIS OF NaCl-

LOADED AND MgCl2-LOADED CELLOSE 

 

 

 

7.1 INTRODUCTION 

The studies in Chapter 4-6 provide new insights into the reaction mechanism on 

cellulose pyrolysis. In Chapter 4, abundant sugar oligomers, anhydro-sugar 

oligomers and partially decomposed sugar-ring-containing oligomers (i.e., 

PDSRCOs) with a wide range of DPs were discovered in water-soluble intermediates 

even from cellulose slow pyrolysis (10 K min
-1

) at low temperatures (100–350 °C). 

In Chapter 5, significant differences were observed in the formation of these 

intermediates between amorphous and crystalline cellulose during pyrolysis. The 

results clearly show the hydrogen bonding network has critical impact on the 

formation of water-soluble intermediates. In last chapter, a new mechanism model 

was proposed by evolution the water-soluble and water-insoluble portions in 

pyrolysed cellulose. It was evidenced that during cellulose pyrolysis, both the water-

soluble and water-insoluble portions in pyrolysed cellulose evolve and strongly 

interact with each other during the progress of the pyrolysis reactions. 

It is welly known that biomass contains a small amount of inorganic species (see 

Chapter 2). Those inherent inorganic species, particularly alkali and alkaline earth 

metallic (AAEM) species, can have profound influences on the pyrolysis behaviour 

of cellulose and biomass [119, 127, 188-192]. These inorganic species increase char 

yield and significantly affect the distribution of compounds in tars produced during 

cellulose/biomass pyrolysis [119, 188]. Even small amount of AAEM species (i.e., 

0.1wt%) can substantially reduce the yield of levoglucosan, favouring the formation 

of volatile low-molecular-weight species [166, 193]. However, there is little study on 
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the catalytic effect of AAEM species on the formation and characterisation of 

reaction intermediates, especially considering the important roles of these 

intermediates during cellulose pyrolysis. Therefore, this is key objective of this 

Chapter focuses on the effect of NaCl and MgCl2 addition (loaded into cellulose via 

wet impregnation) on the formation and characteristics of reaction intermediates 

during cellulose fast pyrolysis.  

7.2 WEIGHT LOSS OF FAST PYROLYSIS OF THE RAW, NACL-LOADED 

AND MGCL2-LOADED CELLULOSES 

Figure 7-1 shows that under the pyrolysis conditions (at a heating rate of ~20−200 K 

s
-1

 depending on pyrolysis temperature and a holding time of 5 min at pyrolysis 

temperature), the weight loss of the raw cellulose pryolysis becomes apparent at 

~250 °C and substantial weight loss takes place within a narrow temperature range 

between 300 and 350 °C. In addition, at low temperatures (150−300 °C), the weight 

losses during the pyrolysis of NaCl-loaded cellulose are similar to those of the raw 

cellulose, indicating that the loading of NaCl has little effect on the onset 

temperature of cellulose pyrolysis. However, at high temperatures (325−400 °C), the 

weight losses of NaCl-loaded cellulose are considerably lower than those of the raw 

cellulose. Therefore, the loading of NaCl increases the char yield during cellulose 

pyrolysis. For example, the char yield of NaCl-loaded cellulose at 400 °C is ~15% on 

a weight (daf) basis, much higher than that of ~3% for the raw cellulose. However, 

under the same conditions, the MgCl2-loaded cellulose exhibits a much lower onset 

temperature of ~200 °C during fast pyrolysis. For instance, the weight loss at 200 °C 

is ~3.4% for MgCl2-loaded cellulose. In comparison to the raw and NaCl-loaded 

cellulose samples, the weight loss of the MgCl2-loaded cellulose becomes even lower 

at a higher temperature, leading to a higher char yield (e.g., ~23% at 400 °C). 

Therefore, the addition of MgCl2 lowers the onset temperature of cellulose pyrolysis 

while such effect appears to be absent for NaCl-loaded cellulose. While both NaCl 

and MgCl2 enhance char formation during cellulose pyrolysis, such enhancement is 

more significant for MgCl2 as the loading levels are same (0.025 mol salt/ mol of 

glucose unit) for both the NaCl-loaded and MgCl2-loaded celluloses. The presence of 

inorganic species known to enhance cross-linking reactions [194, 195] and the 
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extents of such effect depend on the type of inorganic species and loading level [196]. 

However, the detailed mechanisms leading to such results are yet to be clarified.  
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Figure 7- 1: Weight loss (on a daf basis) of the raw, NaCl-loaded and MgCl2-loaded 

celluloses as a function of pyrolysis temperature 

7.3 YIELDS OF WATER-SOLUBLE INTERMEDIATES FROM FAST 

PYROLYSIS OF THE RAW, NACL-LOADED AND MGCL2-LOADED 

CELLULOSES 

Figure 7-2 presents the data on the yield of water-soluble intermediates from fast 

pyrolysis of raw, NaCl-loaded and MgCl2-loaded cellulose samples, normalised to 

the total carbon in the corresponding cellulose samples fed into the pyrolysis reactor. 

The data show that pyrolysis temperature plays an important role in the formation of 

water-soluble intermediates for all cellulose samples. For the raw cellulose, the yield 

of water-soluble intermediates increases slowly from 150 °C, increases fast from 

200 °C, reaches the maximum at 300 °C, then decreases with further increase in 

pyrolysis temperature. For the NaCl-loaded cellulose, the yield of water-soluble 

intermediates is similar to that of the raw cellulose at temperatures up to 250 °C, but 

increases continuously with further increase in pyrolysis temperature up to 325 °C. 

The data for higher temperatures are absent because insufficient solid samples can be 

collected during experiments as results of high weight losses during pyrolysis. For 
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MgCl2-loaded cellulose, the yield of water-soluble intermediates experiences a rapid 

increase from 150 °C to 250 °C, reaches the maximal yield at 250 °C then decreases 

with further increase in pyrolysis temperature. Moreover, the yield of reaction 

intermediates during the pyrolysis of MgCl2-loaded cellulose is considerably higher 

than those during the pyrolysis of the raw and NaCl-loaded cellulose samples, 

especially at low temperatures (i.e., up to 300 °C). The considerably more water-

soluble intermediates formed from the pyrolysis of MgCl2-loaded cellulose pyrolysis 

at lower temperatures are in consistence with a much lower onset temperature (see 

Figure 7-1) at which the weight loss becomes apparent.  

 

Figure 7-2: Yield of the water-soluble intermediates from the fast pyrolysis of the 

raw, NaCl-loaded and MgCl2-loaded celluloses at various temperatures, expressed on 

a carbon basis.  

7.4 SUGAR AND ANHYDRO-SUGAR OLIGOMERS IN WATER-SOLUBLE 

INTERMEDIATES FROM THE FAST PYROLYSIS OF THE RAW, NACL-

LOADED AND MGCL2-LOADED CELLULOSES 

The results in the previous section show that the addition of NaCl and MgCl2 can 

have significant effect on the formation of water-soluble intermediates. Further work 

was then carried out to characterise the sugar and anhydro-sugar oligomers in water-

soluble intermediates using IC analysis.  The chromatograms of the liquid samples 

are compared in Figure 7-3, normalized to the mass (daf) of cellulose fed into the 

pyrolysis reactor for direct comparison in the peak height among all samples. Figure 
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7-3 shows that a series of sugar oligomers (i.e., with DPs of 1−8) and anhydro-sugar 

oligomers (i.e., with DPs of 1−10) are present in water-soluble intermediates from 

fast pyrolysis of the raw, NaCl-loaded and MgCl2-loaded cellulose samples. These 

are consistent with the results from Chapters 4 and 5. However, Figure 7-3 also 

shows that the addition of NaCl or MgCl2 significantly influences the distributions of 

sugar and anhydro-sugar oligomers in water-soluble intermediates. For the raw 

cellulose, the formation of sugar oligomers is evident at 150 °C, increases with 

temperature, reaches the maxima at 250 °C and then almost disappears with further 

increase in pyrolysis temperature to 300 °C. At the meantime, the formation of the 

anhydro-sugar oligomers commences at 200 °C, increases with increasing 

temperature, reaches the maxima at 300 °C and then decreases with a further increase 

in temperature.  

For the NaCl-loaded cellulose, the maximal DPs of sugar and anhydro-sugar 

oligomers produced during pyrolysis are similar to those for the raw cellulose. 

Formation of sugar oligomers is also evident at 150 °C but reaches the maxima at a 

lower temperature (200 °C). A further increase in the temperature leads to its 

reduction and then disappearance at 300 °C. Therefore, the results suggest that the 

addition of NaCl only slightly promotes the formation of sugar oligomers at 200 °C, 

since their peaks are slightly higher than those of the raw cellulose. The loading of 

NaCl also appears to catalyze the decomposition of sugar oligomers as the yield of 

sugar oligomers decreases substantially at 250 °C compared to that for the raw 

cellulose. On the other hand, the formation of anhydro-sugar oligomers for NaCl-

loaded cellulose follows a similar trend as that for the raw cellulose, i.e., appearing at 

200 °C, and reaching the maxima at 300 °C, then decreasing with a further increase 

in temperature. The loading of NaCl also enhances the decomposition of anhydro-

sugar oligomers. 

For MgCl2-loaded cellulose, the formation of sugar and anhydro-sugar oligomers 

follows completely different trends. At 150 °C, the formation of sugar oligomers is 

considerably higher than those for the raw and NaCl-loaded cellulose samples. As 

temperature increases, the formation of sugar oligomers decreases and then 

disappears at a lower temperature (250 °C in comparison to 300 °C for the raw and 

NaCl-loaded samples). At mean time, the formation of anhydro-sugar oligomers is 
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also evident at a much lower temperature (150 °C) and also reaches the maxima at a 

much lower temperature (200 °C). Therefore, the loading of MgCl2 has more 

significant effect on enhancing the formation of sugar and anhydro-anhydro sugars, 

especially at low temperatures (i.e., 150 °C). While both NaCl and MgCl2 additions 

enhance the decomposition of sugar oligomers and anhydro-sugar oligomers during 

cellulose pyrolysis, the addition of MgCl2 leads to much stronger catalytic effect. 

Such catalytic effect as a result of NaCl and MgCl2 loading on the formation of sugar 

and anhydro-sugar oligomers can be explained by the interactions between these 

inorganic species and cellulose structure during pyrolysis. During non-catalytic 

pyrolysis at a temperature as low as 150 °C, only amorphous cellulose is able to 

release substantial sugar oligomers because of its weak hydrogen bonding networks 

(see Chapter 5). Therefore, the results in Figure 7-3 clearly suggest that the hydrogen 

bonding networks within cellulose have been weakened by the addition of MgCl2 

while such effect is insignificant by the addition of NaCl. This is consistent with the 

results in a recent study [196]. Via XRD analysis, it was reported that the loading of 

MgCl2 weakens the crystalline structures of cellulose at 150 °C and even completely 

disrupt the crystalline structures at 250 °C, while similar effect cannot be found for 

NaCl-loaded cellulose [196]. Furthermore, the loading of MgCl2 also favours the 

formation of anhydro-sugar oligomers even at low temperatures (e.g., 150 °C). A 

temperature of 150 °C is too low to form anhydro-sugar oligomers during non-

catalytic pyrolysis of cellulose even under slow heating conditions (see Chapters 4 

and 5), because the formation of anhydro-sugar oligomers requires the cleavage of 

glycosidic bonds. Therefore, the loading of MgCl2 seems to catalyse the cleavages of 

both hydrogen bonds and glycosidic bonds, resulting in increased formation of 

anhydro-sugar and sugar oligomers at a much lower pyrolysis temperature. 
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Figure 7-3: IC chromatograms of the water-soluble intermediates from the fast 

pyrolysis of the raw, NaCl-loaded and MgCl2-loaded cellulose samples at various 

temperatures, normalised to the mass (on a daf basis) of the corresponding cellulose 

samples fed into the pyrolysis reactor: (a) raw cellulose; (b) NaCl-loaded cellulose; 

and (c) MgCl2-loaded cellulose 
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7.5 TOTAL SUGARS IN WATER-SOLUBLE AND WATER-INSOLUBLE 

PORTIONS OF SOLID RESIDUES FROM FAST PYROLYSIS OF THE 

RAW, NACL-LOADED AND MGCL2-LOADED CELLULOSES   

During cellulose pyrolysis, dehydration [67], decarbonylation and decarboxylation 

reactions [64, 197] are mainly responsible for the destruction of sugar ring structures 

within both water-soluble and water-insoluble portions of the pyrolysed cellulose. 

Therefore, further post-hydrolysis experiments were undertaken to determine the 

sugar contents in the water-soluble and water-insoluble portions of solid residues 

from cellulose pyrolysis. As shown in Figure 7-4, under the pyrolysis conditions in 

this study, the majorities of the sugar ring structures are retained in both the water-

soluble and water-insoluble portions of solid residue from the pyrolysis of raw 

cellulose. For example, at 300 °C, the sugar yield of water-soluble portion by post-

hydrolysis is over 80% while that of water-insoluble portion is close to 100%. The 

data in Figure 7-4 show that the sugar yield from water-soluble portion is always 

lower than that from water-insoluble portion, apparently due to the protection of 

sugar ring structures by hydrogen bonding networks within water-insoluble portion.   

The addition of NaCl or MgCl2 promotes the destruction of sugar ring structures in 

both the water-soluble and water-insoluble portions of solid residue from cellulose 

pyrolysis and such effect increases with pyrolysis temperature. For example, in the 

case of NaCl addition, the sugar yield from post-hydrolysis of water-insoluble 

portion decreases from ~96% at 200 °C to ~70% at 325 °C, in comparison to ~99% 

at 200 °C and ~82% at 325 °C for the raw cellulose, respectively. The destruction of 

sugar ring structures in water-soluble portion is more significant, with approximately 

half of structure being non-sugar products even at 200 °C. In addition, the results 

presented in Figure 7-4 also show that MgCl2 exhibits a much stronger effect than 

NaCl on the destruction of sugar ring structures in water-insoluble portion, 

particularly at higher temperatures. For example, the sugar yields from post-

hydrolysis water-insoluble portion in the solid residue from the pyrolysis of MgCl2-

loaded cellulose are much lower, i.e., ~95% at 200 °C and ~47% at 325 °C, 

respectively. On the other hand, the sugar yields from post-hydrolysis of water-

soluble portion in the residues from the pyrolysis of the MgCl2-loaded cellulose are 

comparable with those of the NaCl-loaded cellulose, i.e., 45−60% on a carbon basis. 
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Therefore, the results clearly demonstrate that the addition of NaCl or MgCl2 leads to 

significant destruction of sugar ring structures in pyrolysed cellulose, substantially 

contributing to the formation of non-sugar products in both water-soluble and water-

insoluble portions of solid residues from cellulose pyrolysis. 
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Figure 7-4: Sugar yields by post-hydrolysis of the water-soluble and water-insoluble 

portions of the solid residues from the fast pyrolysis of the raw, NaCl-loaded and 

MgCl2-loaded cellulose samples at various temperatures: (a) raw cellulose; (b) NaCl-

loaded cellulose; and (c) MgCl2-loaded cellulose 

Such results seem to explain the reduction in levoglucosan yield from cellulose 

pyrolysis by the addition of AAEM salts [193]. It was proposed that during cellulose 

pyrolysis the formation of levoglucosan is via heterolytic [167] or homolytic [166] 
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mechanisms, while the formation of hydroxyacetaldehyde is favoured via the 

homolytic mechanism [198]. In the early work by Golova [166], it was assumed that 

inorganic cations (such as K
+
 and Ca

2+
) could act as catalysts for decomposition of 

sugar ring structures. The subsequent work by Julien et al. found that 

hydroxyacetaldehyde is formed by a primary ring fragmentation of cellulose at the 

expense of levoglucosan [116], thus supporting the homolytic mechanism proposed 

by Richards [198] for inorganic cations to act as catalysts for decomposition of sugar 

ring structures. The results in this study clearly demonstrate the promoted destruction 

of sugar ring structures by AAEM salts, resulting in a reduction in levoglucoan yield 

from cellulose pyrolysis.   

7.6 YIELDS AND SELECTIVITIES OF SUGAR AND ANHYDRO-SUGAR 

OLIGOMERS IN WATER-SOLUBLE INTERMEDIATES FROM THE FAST 

PYROLYSIS OF THE RAW, NACL-LOADED AND MGCL2-LOADED 

CELLULOSES   

Further efforts were made to quantify the yields (as percentages of the total carbon in 

raw cellulose) and the selectivities (as percentages of the total carbon in water-

soluble intermediates) of sugar and anhydro-sugar oligomers with DPs up to 5 in 

water-soluble intermediates from all cellulose samples in order to understand the 

contribution of low-DP sugar and anhydro-sugar oligomers to total water-soluble 

intermediates. Higher-DP anhydro-sugar and sugar oligomers can be identified but 

cannot be quantified, due to the unavailability of standards. The yields and 

selectivities of anhydro-sugar and sugar oligomers are shown in Figures 7-5 and 7-6, 

respectively.  

Figure 7-5 indicates that the yields of low-DP anhydro-sugars (with DP up to 5) from 

raw cellulose are very low at low temperatures but start to increase greatly at 250 °C 

then reach maxima at 300 °C. Among the five anhydro-sugars, levoglucosan has a 

highest yield of ~0.9% on a basis of total carbon in cellulose while those of other 

anhydro-sugars are less than 0.1%. The yields of anhydro-sugars appear to decrease 

with increasing DP. A further increase in temperature to above 300 °C leads to the 

reductions in the yields of these low-DP anhydro-sugars. However, the selectivities 

of these low-DP anhydro-sugars in water-soluble intermediates do not follow the 

similar trends. For example, levoglucosan has a maximal selectivity of ~34% at 
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300 °C but other anhydro-sugars reach maximal selectivities at 250 °C, e.g. ~5% for 

cellobiosan and ~4% for cellotrioan. The yields of low-DP sugars (with DPs up to 5) 

are much lower than low-DP anhydro-sugars, typically <0.01% (on a basis of total 

carbon in cellulose) and reach maxima at 200−250 °C depending on DP. Such low 

yields also result in low selectivities (<3% on a carbon basis) of these sugars in 

water-soluble intermediates. These low-DP sugars all have the maximal selectivities 

at 200 °C, and the selectivity seems to increase with DP. 

 

Figure 7-5: Yields and selectivities of quantifiable anhydro-sugar oligomers in water-

soluble intermediates from the fast pyrolysis of the raw, NaCl-loaded and MgCl2-

loaded celluloses at various temperatures: (a) yield of anhydro-sugar oligomers for 

the raw cellulose; (b) selectivity of anhydro-sugar oligomers for the raw cellulose; (c)  

yield of anhydro-sugar oligomers for the NaCl-loaded cellulose; (d) selectivity of 

anhydro-sugar oligomers for the NaCl-loaded cellulose; (e)  yield of anhydro-sugar 

oligomers for the MgCl2-loaded cellulose; and (f) selectivity of anhydro-sugar 

oligomers for the MgCl2-loaded cellulose 
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The loading of NaCl or MgCl2 facilitates the formation of low-DP anhydro-sugars at 

lower temperatures, with more profound effect for the loading of MgCl2. For 

example, the yield of levoglucosan is ~0.3% for the MgCl2-loaded cellulose even at 

200 °C, while those for the raw and NaCl-loaded cellulose are negligible. At 250 °C, 

the levoglucosan yields are ~0.2%, ~0.25% and ~0.4% for the raw, NaCl-loaded and 

MgCl2-loaded celluloses, respectively. However, the loading of NaCl or MgCl2 also 

promotes the decomposition of low-DP anhydro-sugars. This leads to significant 

changes in the maximal yield and the temperature at which the maximal yield is 

achieved for each anhydro-sugar. For example, while anhydro-sugars with DPs of 

2−5 have the maximal yields at 300 °C for the raw and NaCl-loaded celluloses, their 

maximal yields are achieved at 200 °C for the MgCl2-loaded cellulose. The loading 

of MgCl2 has stronger effect on the formation of low-DP sugars because both the 

yields and selectivities of low-DP sugars maximize at 150 °C, and decrease with 

increasing pyrolysis temperature (see Figure 7-6e and 7-6f). At 150 °C, glucose and 

cellobiose have the maximal yields of ~0.01%, and the maximal yield of 

cellopentaose is ~0.02%. Accordingly, the selectivities of low-DP sugars also 

maximize at 150 °C, i.e., ~3.8% for cellopentaose, and ~2.2% for glucose. In 

comparison to that of MgCl2, the loading of NaCl only slightly promotes the 

formation of low-DP sugars at low temperatures (i.e., 200 °C). 

In addition, it is noted that in Chapters 4, 5 and 6 a substantial amount of partially 

decomposed sugar-ring-containing oligomers (PDSRCOs) in water-soluble 

intermediates are identified from slow pyrolysis of cellulose. Further analyses of the 

results in Figures 7-4 to 7-6 indicate that, while those PDSRCOs are still present in 

water-soluble intermediates from fast pyrolysis of raw cellulose, their formation is 

largely prohibited with the addition of NaCl and MgCl2, especially at high 

temperatures. This is consistent with the results that NaCl and MgCl2 significantly 

catalyse the destruction of sugar ring structures within pyrolysed cellulose, leading to 

the increased contribution of non-sugar structures in water-soluble intermediates (see 

Figure 7-4).    
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Figure 7-6: Yields and selectivities of quantifiable sugar oligomers in the water-

soluble intermediates from the fast pyrolysis of the raw, NaCl-loaded and MgCl2-

loaded celluloses at various temperatures: (a) yield of sugar oligomers for the raw 

cellulose; (b) selectivity of sugar oligomers for the raw cellulose; (c)  yield of sugar 

oligomers for the NaCl-loaded cellulose; (d) selectivity of sugar oligomers for the 

NaCl-loaded cellulose; (e)  yield of sugar oligomers for the MgCl2-loaded cellulose; 

and (f) selectivity of sugar oligomers for the MgCl2-loaded cellulose 

7.7 FURTHER DISCUSSION ON CATALYTIC CELLULOSE PYROLYSIS 

MECHANISMS   

The results presented in this study provide new insights into the effect of NaCl and 

MgCl2 loading on cellulose fast pyrolysis. The loaded salts seem to affect every 

aspect of cellulose pyrolysis by interacting with cellulose structures during pyrolysis. 

First, MgCl2 is effective to lower the onset temperature of cellulose pyrolysis, due to 

its catalytic effect to produce pyrolysis intermediates at lower temperatures. Even at 

a temperature as low as 150 °C, a series of sugar and anhydro-sugar oligomers with a 

wide range of DPs (i.e., DP of 1-8 for sugar oligomes and DP of 10 for anhydro-

sugar oliomgers) are present in water-soluble intermediates from the pyrolysis of the 
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MgCl2-loaded cellulose. However, such effect is absent during the fast pyrolysis of 

the NaCl-loaded cellulose. The promoted formation of sugar oligomers by MgCl2 

addition suggests that MgCl2 is able to catalyse the breakage of hydrogen bonds, 

weakening the hydrogen bonding networks during cellulose pyrolysis. Furthermore, 

MgCl2 addition also favors the formation of anhydro-sugar oligomers at low 

temperatures (i.e., 150 °C), indicating that MgCl2 also catalyses the cleavages of 

glycosidic bonds during cellulose pyrolysis. While the exact mechanisms regarding 

the catalytic effects of MgCl2 on catalysing the cleavages of both hydrogen bonds 

and glycosidic bonds are unknown at present, there is at least one possible 

mechanism. It is believed that such catalytic effects are mainly due to the cations, i.e., 

forming a coordination bond between the cation and the oxygen in cellulose structure. 

This is similar to the role of cations during cellulose dissolution in inorganic molten 

salt hydrates as summarized in a recent review [199]. The catalytic effect of chlorine 

anion is expected to be weak because the release of chlorine can start at a low 

pyrolysis temperature (i.e., 200 °C [200]). Since Mg
2+

 is a weak Lewis acid [196], 

the impregnation of MgCl2 into cellulose may result in strong interactions between 

Mg
2+

 and oxygen atoms in cellulose, via coordination to oxygen atoms within 

cellulose including hydroxyl oxygen, ring oxygen and glycosidic oxygen. The 

coordination of Mg
2+

 to hydroxyl oxygen may weaken the hydrogen bonding 

networks in cellulose, leading to the increased formation of sugar oligomers at low 

temperatures. The coordination of Mg
2+

 to glycosidic oxygen may catalyze the 

cleavage of glycosidic bonds during pyrolysis, leading to the increased formation of 

anhydro-sugar oligomers at low temperatures. Similarly, if Mg
2+

 coordinates to ring 

oxygen, it may catalyze the ring opening reactions, leading to the destruction of 

sugar ring structures in pyrolysed cellulose and increased formation of low molecular 

weight species.  

Figure 7-7 presents the Na or Mg concentrations in the water-insoluble portion of the 

solid residues from the pyrolysis of the NaCl-loaded or MgCl2-loaded celluloses. If 

the interactions between cellulose structure and inorganic metallic species do take 

place during pyrolysis, at least part of Na and Mg would no longer be in the water-

soluble salt form and become water-insoluble form because some of these inorganic 

species would be bound into the organic structures of the solid residue after pyrolysis. 
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Indeed, the data in Figure 7-7 show that various portions of inorganic species have 

become water-insoluble after the pyrolysis of salt-loaded cellulose at increased 

temperatures, particularly for MgCl2-loaded cellulose. Depending on the pyrolysis 

temperature, the inorganic species (Na or Mg) in the water-insoluble portion of the 

solid residue after pyrolysis have the concentration range of ~0.01−0.35% for NaCl-

loaded cellulose (equivalent to ~1−29% of Na in the NaCl-loaded cellulose) and 

~0.01−1.32% for MgCl2-loaded cellulose (equivalent to ~1−87% of Mg in the 

MgCl2-loaded cellulose), respectively. Therefore, the interactions between cellulose 

structure and inorganic species indeed take place during pyrolysis, resulting in a 

large portion of inorganic species in the water-insoluble portion of the solid residue 

after pyrolysis, particularly at pyrolysis temperatures above 300 °C.     

 

Figure 7-7: Concentrations of inorganic speicies (Na or Mg) in the water-insoluble 

portion of solid residue from the fast pyrolysis of the NaCl-loaded and MgCl2-loaded 

celluloses at various temperatures 
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oxygen atoms in cellulose via impregnation process. Hence, MgCl2 can 

simultaneously catalyze the cleavage of hydrogen bonds and glycosidic bonds, and 

the destruction of sugar ring structures. However, at the same salt loading level 

(0.025 mol salt / mol glucan unit), the ability of NaCl to weaken the hydrogen 

bonding network and catalyze the cleavage of glycosidic bonds appear to be much 

weaker, possibly due to two reasons. One is that Mg
2+

 is divalent and can coordinate 

to two oxygen atoms, while Na
+
 is monovalent and can only coordinate to one 
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oxygen atom. The other is the possible differences in oxygen coordination preference. 

For example, recent results [196] have shown that NaCl is not capable of weakening 

the crystalline structures in cellulose, which suggest that Na
+
 may not prefer to 

coordinate to the hydroxyl oxygen and glycosidic oxygen, leading to its much 

weaker catalytic effects on weakening the hydrogen bonding networks and breaking 

the glycosidic bonds. 

Second, the loading of MgCl2 and NaCl is effective to destruct the sugar ring 

structures in pyrolysed cellulose, including water-soluble and water-insoluble 

portions. Previous studies suggested that inorganic cations (such as K
+
 and Ca

2+
) 

could act as catalysts for complete decomposition of sugar ring structures by a 

homolytic mechanism [87, 116]. According to the results in this study, it seems that 

Mg
2+

 and Na
+
 can coordinate to ring oxygen in pyrolysed cellulose hence catalyzing 

the ring opening reactions. These reactions include dehydration, decarboxylation, 

and decarbonylation reactions [85]. The destruction of sugar ring structures in 

pyrolysed cellulose is largely responsible for the reduction in levoglucosan yield 

from cellulose pyrolysis. Such catalytic reactions can also result in the increases in 

the yields of low molecular weight species [62, 119], depending on different AAEM 

species. For example, it was reported that NaCl and KCl favour the formation of 

formic acid, glycoaldehyde, acetol, while MgCl2 and CaCl2 facilitate the formation 

of furfural [193].  

Third, MgCl2 and NaCl addition favours char formation. As shown in last chapter, at 

least two important routes are responsible for char formation during cellulose 

pyrolysis. One is from the water-insoluble portion of pyrolysed cellulose. Both Mg
2+

 

and Na
+
 catalyze the destruction of sugar ring structures in water-insoluble portion of 

pyrolysed cellulose and enhance cross-linking within the structure of the pyrolysed 

cellulose. Therefore, the conversion of water-insoluble portion into water-soluble 

portion is largely suppressed. As shown in Figure 7-2, the yield of water-soluble 

intermediates for raw cellulose is slightly higher than those for the NaCl-loaded and 

MgCl2-loaded cellulose samples at 325 °C. Therefore, the formation of volatiles 

appears to be largely suppressed hence enhance the conversion of water-insoluble 

portion into char during pyrolysis. Another route is the re-polymerization of water-

soluble intermediates into char. As reported by a recent study [201], char formation 
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from levoglucosan pyrolysis can be largely promoted by AAEM species. Therefore, 

it is likely that such inorganic species also catalyze the carbonization of water-

soluble intermediates into char. 

7.8 CONCLUSIONS 

The loading of NaCl and MgCl2 affects the formation of water-soluble intermediates 

from fast pyrolysis of cellulose at 150−400 °C. Both NaCl and MgCl2 show strong 

catalytic effects on cellulose pyrolysis. In comparison to the loading of NaCl, the 

loading of MgCl2 is more effective in promoting the formation of water-soluble 

intermediates (i.e., sugar and anhydro-sugar oligomers) at low temperatures (e.g., 

150 °C), thus significantly lowering the onset temperature of cellulose pyrolysis. 

Such effect can be explained by the strong activity of Mg
2+

 as Lewis acid to interact 

with oxygen atoms in cellulose during pyrolysis, thus weakening the hydrogen 

bonding networks and catalysing the cleavage of glycosidic bonds. At high 

temperatures (e.g., 250 °C), both NaCl and MgCl2 greatly promote the destruction of 

sugar ring structures within the pyrolysed cellulose, likely due to the interactions of 

cations with ring oxygen to catalyse the ring opening reactions. As a result, the 

conversion of water-insoluble into water-soluble portion is largely inhibited, leading 

to increased char yield during cellulose pyrolysis, 



                 CHAPTER 8 

Cellulose Pyrolysis Intermediates       

  

 

130 

 

 

 

CHAPTER 8 EFFECTS OF SALT LOADING ON THE 

EVOLUTION OF REACTION INTERMEDIATES  

 

 

 

8.1 INTRODUCTION 

Chapters 4-6 in this thesis provide some new insights into the reaction mechanism of 

cellulose pyrolysis. Sugar and anhydro-sugar oligomers with a wide range of DPs 

have been identified in the water-soluble intermediates from the solid residues via 

both slow and fast pyrolysis. Besides, the partially decomposed sugar-ring-

containing oligomers (i.e., PDSRCOs) are also evidenced in both water-soluble and 

water-insoluble portions. The critical role of hydrogen bonding networks during 

cellulose pyrolysis has been well demonstrated using amorphous and crystalline 

celluloses. Further study on fast pyrolysis of amorphous cellulose clearly indicated a 

strongly interaction between water-soluble and water-insoluble portions. A new 

model was then proposed for cellulose pyrolysis.  

In Chapter 7, it was found that the loading of NaCl and MgCl2 into cellulose could 

profoundly influence the formation of pyrolysis reaction intermediates. The 

evolution of intermediates generated during salt-loaded celluloses pyrolysis 

determines the formation and characteristics of pyrolysis products, as well as the 

kinetics of cellulose pyrolysis, there is no study on such evolution thus far.  

Therefore, this important aspect will be highlighted in this chapter.      

8.2 EVOLUTION OF CELLULOSE CONVERSIONS BASED ON WEIGHT, 

CARBON AND SUGAR  

Figure 8-1 compares the cellulose conversions on three different bases (weight, 

carbon and sugar) as a function of holding time during the pyrolysis of two cellulose 

samples at 325 °C. It is known that similar conversions on three different bases 

suggest depolymerisation reactions (at the glycosidic bonds) take place to release 
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anhydro-sugars [194]. The data in Figure 8-1a shows that the cellulose conversions 

on bases of weight, carbon or sugar are quite similar at low conversions hence 

depolymerization reactions dominate the raw cellulose pyrolysis at the early stage. 

As pyrolysis reaction proceeds, cellulose conversion based on sugar is slightly higher 

than those based on weight and carbon, suggesting that some dehydration reactions 

still take place at increased conversions. 

 

Figure 8-1：A comparison of cellulose conversion on bases of weight (on a daf 

basis), carbon and sugar during the pyrolysis of raw and impregnated cellulose  

However, Figure 8-1b shows significant differences in the cellulose conversions on 

the three different bases for MgCl2-loaded cellulose. While the cellulose conversions 

are still in a similar order of sugar basis > weight basis > carbon basis, the cellulose 

conversion on a sugar basis is substantially higher than those on weight and carbon 

bases. This suggests that the sugar structures in MgCl2-loaded cellulose are prone to 

decomposition, even during the heating-up period (no holding). For example, the 

MgCl2-loaded cellulose achieves a sugar conversion of ~42% during the heating-up 

period while the weight conversion is merely ~14%. Such results clearly indicate that 

the loading of MgCl2 into cellulose substantially alters the reaction pathways of 

cellulose pyrolysis. The results demonstrate that although the weight loss is small, 

the sugar structures within the MgCl2-loaded cellulose have already been 

substantially destructed upon heating-up during fast pyrolysis at 325 ºC.  
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The loading of MgCl2 into cellulose also leads to different trends in pyrolysis 

kinetics during isothermal pyrolysis at 325 ºC. For the raw cellulose, the cellulose 

conversion on each of three bases exhibits a linear relationship with holding time (up 

to a weight conversion of ~79%), consistent with previous reports [65, 129]. 

However, for the MgCl2-loaded cellulose, the conversion on a weight basis initially 

increases fast (almost linearly) with holding time and such an increase becomes slow 

at a weight conversion ~49% (corresponding to a sugar conversion of ~81%). The 

conversion on a weight basis eventually starts to level-off at ~62% that is 

considerably lower than ~79% of the raw cellulose pyrolysis at the same holding 

time. The data suggest that the increased non-sugar structures in the pyrolysing 

cellulose as a result of the loading of MgCl2 appear to suppress volatiles formation. 

The presence of inorganic species also appears to further catalyze the cross-linking 

or re-polymerization reactions within the pyrolysing cellulose. Both favour char 

formation. Unfortunately, the conversion data on the basis of sugar or carbon could 

not be obtained at longer holding time due to the difficulties in collecting sufficient 

amount of samples for analysis.  

 

Figure 8-2：Van Krevelen diagram for the solid resides produces from the pyrolysis 

of raw and impregnated celluloses at 325 
o
C 

Further elemental compositions of the solid residues collected after pyrolysis are 

presented in the Van Krevelen diagram (Figure 8-2). The “dehydration line” is 

plotted as the diagonal with an atomic H/C and O/C ratio of 2. A shift from the top-
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right towards the bottom-left, represents the proceeding of dehydration reactions that 

the release H and O at a molar ratio of 2:1. The data in Figure 8-2 clearly show that 

the progress of both the raw and MgCl2-loaded celluloses pyrolysis results in the 

elemental compositions of the residues shifting along the dehydration line. While 

appearing to be minimal during the pyrolysis of the raw cellulose, the dehydration 

reactions are significant during the pyrolysis of the MgCl2-loaded cellulose (even 

during the heating-up). It is therefore plausible to conclude that the increased sugar 

conversion during the pyrolysis of the MgCl2-loaded cellulose is mainly due to the 

substantially-enhanced dehydration of sugar structures within the pyrolysing 

cellulose, at least under current pyrolysis conditions. Furthermore, the carbon 

conversion during the pyrolysis of the MgCl2-loaded cellulose is much lower than 

that of the raw cellulose while the conversions on a basis of weight are similar for the 

two samples. Therefore, during pyrolysis, the dehydration of sugar structures (to 

release water) plays a significant role in the weight loss of the MgCl2-loaded 

cellulose while the depolymerisation (to release anhydro-sugars) is mainly 

responsible for the weight loss of the raw cellulose. 

8.3 EVOLUTION OF REACTION INTERMEDIATES  

Water-soluble intermediates can be produced from cellulose pyrolysis and are 

considered as important precursors for volatile formation. Figure 8-3 presents the 

yields (on a carbon basis) of the water-soluble intermediates for two cellulose 

samples as a function of weight conversion. For the raw cellulose, the water-soluble 

intermediates are already formed during the heating-up period at a yield of ~2.9%. 

During isothermal pyrolysis, the yield initially increases with conversion, reaches a 

maximum (~4.4%) at a conversion of ~20%, and then decreases as pyrolysis further 

proceeds. At 325 °C, the yield of the water-soluble intermediates for the MgCl2-

loaded cellulose is always lower than that for the raw cellulose at the same 

conversion level. This is not contradictory with the results in Chapter 7 that the 

MgCl2 loading promotes the production of water-soluble intermediates by weakening 

the hydrogen bonding networks in cellulose at temperatures <250 ºC. It appears that 

the MgCl2 loading only facilitates the formation of water-soluble intermediates at 

lower temperatures (<250 ºC), because the breaking of hydrogen bonds is a limiting 

factor for the raw cellulose at low temperatures. At 325 ºC, the hydrogen bonds in 
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raw cellulose are rapidly broken during the heating-up period. Hence, the breaking of 

hydrogen bonds is not a limiting factor under this condition, resulting in an increased 

formation of water-soluble intermediates for raw cellulose. The data suggest that the 

loading of MgCl2 inhibits the formation of water-soluble intermediates due to the 

increased formation of non-sugar structures in pyrolysing cellulose. This is exactly 

the situation in Figure 8-3, which shows a decreasing yield of the water-soluble 

intermediates with weight conversion for MgCl2-loaded cellulose.  

 

Figure 8-3：Yield of the water-soluble intermediates (on a carbon basis) from the 

fast pyrolysis of the raw and impregnated celluloses at 325 
o
C 

 

Figure 8-4: Post-hydrolysis sugar yield of water-soluble and water-insoluble portion 

in the solid residues during the pyrolysis of raw and impregnated cellulose at 325 
o
C 

(Open: water-soluble portion; Solid: water-insoluble portion) 
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Figure 8-5: Distribution of various cations in the water water-soluble and water-

insoluble portion in the solid residues during the pyrolysis of impregnated cellulose 

at 325 
o
C 

Figure 8-4 presents the data on the sugar contents in both water-soluble and water-

insoluble portions of solid residue from the pyrolysis of the raw and MgCl2-loaded 

celluloses. There are several important findings. First, the sugar contents in the 

water-insoluble portion decrease with conversion for both the raw and MgCl2-loaded 

celluloses but the sugar contents of the water-insoluble portion for the MgCl2-loaded 

cellulose are much lower than those for the raw cellulose. For example, the sugar 

content of the water-insoluble portion is only ~58% for MgCl2-loaded cellulose 

without holding, compared to ~93% for the raw cellulose. The lower sugar contents 

in the water-insoluble portion for the MgCl2-loaded cellulose may be at least due to 

two reasons. One is that the significant dehydration of sugar structures during the 

heating-up period leads to reduced sugar content of the water-insoluble portion. The 

other is the loading of MgCl2 may further catalyze the decomposition of sugar 

structures in the water-insoluble portion. This seems to be supported by the 

experimental data that almost all Mg is retained in the solid product after pyrolysis 

under the experimental conditions and ~55% of Mg has already become water-

insoluble even during the heating up period (see Figure 8-5). Obviously, significant 

interactions take place between the cellulose structures and Mg during pyrolysis, 

resulting in a continuous increase in the contribution of water-insoluble Mg as 

pyrolysis proceeds (from ~55% at ~14% conversion to ~87% at ~49% conversion). 

Therefore, it is possible that the decomposition of water-insoluble portion is 
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catalysed by Mg. Compared to Mg, the catalytic effect of Cl is expected to be weak, 

as it is easily released at low temperatures [200]. 

Second, Figure 8-4 shows that the sugar contents in the water-soluble portion also 

decrease with cellulose conversion for both celluloses. Initially, the sugar contents of 

the water-soluble portion for the MgCl2-loaded cellulose are considerably lower than 

those for the raw cellulose. For example, without holding, the sugar content in the 

water-soluble portion is only ~50% for the MgCl2-loaded cellulose, compared to ~83% 

for the raw cellulose. This may be due to the low sugar content of the water-insoluble 

portion since the water-soluble portion is produced from the water-insoluble portion. 

Furthermore, the decomposition of water-soluble portion may also be catalyzed by 

Mg as ~45% of Mg is still present in the water-soluble form (see Figure 8-5). As 

pyrolysis proceeds, the sugar contents of the water-soluble portion for the raw 

cellulose decrease more rapidly than those for the MgCl2-loaded cellulose. It is noted 

that at a conversion of ~45%, the sugar content of the water-soluble portion for the 

raw cellulose is even lower than that for the MgCl2-loaded cellulose. Such results are 

unexpected as the water-insoluble portion still has a high sugar content (~80%) at 

same conversion. The data suggest that the non-sugar structures in the water-

insoluble portion also evolve during pyrolysis and the loading of MgCl2 leads to the 

formation of more condensed non-sugar structures in the water-insoluble portion. 

Such condensed structures suppress the production of the water-soluble portion. 

Compared to those for MgCl2-loaded cellulose, the non-sugar structures in the water-

insoluble portion of raw cellulose are less condensed, and are still able to be 

converted into the water-soluble portion, contributing to the lower sugar contents of 

the water-soluble portion at increased conversions for the raw cellulose (see more 

discussion given below).  

Last, Figure 8-4 also shows that for the raw cellulose, the sugar content of the water-

soluble portion is much lower than that in the water-insoluble portion. This is 

expected because the sugar structures in the water-soluble portion are easily 

decomposed into non-sugar structures without the protection of hydrogen bonding 

networks (see Chapter 6). For the MgCl2-loaded cellulose, the water-soluble and 

water-insoluble portions initially have similar sugar contents. As pyrolysis proceeds, 

the sugar content of the water-insoluble portion decreases much faster than that in the 
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water-soluble portion. This suggests a reduced catalytic effect of Mg on the 

decomposition of sugar structures in the water-soluble portion because the majority 

of Mg is in the water-insoluble form. This leaves the sugar structures in the water-

soluble portion less affected by loaded Mg.  

 

Figure 8-6: Sugar and non-sugar distribution in the water water-soluble and water-

insoluble portion in the solid residues during the pyrolysis of impregnated cellulose 

at 325 
o
C           

Figure 8-6 further presents the distributions of sugar and non-sugar structures in the 

water-soluble and water-insoluble portions. There are a couple of important findings. 

One is that such distributions are significantly influenced by the loading of MgCl2 

into cellulose. For the raw cellulose, the contribution of non-sugar structures in the 

water-insoluble portion is small (a yield of ~4-11% at weight conversions of ~7-

45%). In contrast, for MgCl2-loaded cellulose, the contribution of non-sugar 

structures in the water-insoluble portion is large (a yield ~38-47% at weight 

conversions of ~14-49%). A majority of these non-sugar structures is produced 

during the heating-up period because the yield of non-sugar structures only increases 

by ~9% during the holding at 325 °C for 6 min (comparable to ~7% increase for the 

raw cellulose). The other is that the contribution of sugar structures in the water-

insoluble portion decreases as pyrolysis proceeds. The yield of sugar structures 

reduces by ~43%, and ~36% during holding for 6 mins for the raw and MgCl2-

loaded celluloses, respectively. The decomposition of sugar structures in the water-
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insoluble portion is not significantly affected by the loading of MgCl2, although 

majority of Mg is in water-insoluble form. This leads to an important finding that the 

water-insoluble Mg prefers to catalyse the decomposition of non-sugar structures in 

the water-insoluble portion but has insignificant catalytic effect on the decomposition 

of sugar structures in the water-insoluble portion. This is reasonable because the 

water-insoluble Mg is already bonded with non-sugar structures in the water-

insoluble portion for condensation reactions. This also explains why the non-sugar 

structures are only increased by ~9% for the pyrolysis of MgCl2-loaded cellulose at 

325 °C during the holding of 6 min. Such small increase is considerably lower than 

~35% loss of sugar structures during this period, indicating that the majority of the 

lost sugar structures has been converted into anhydro-sugars via depolymerisation on 

which Mg has insignificant catalytic effect. This finding thus explains the higher 

sugar content in the water-soluble portion at increased conversions (see Figure 8-4). 

The results suggest that the sugar structures and less condensed non-sugar structures 

in water-insoluble portion are still able to be converted into water-soluble portion via 

depolymerisation but the more condensed non-sugar structures are retained in the 

water-insoluble portion, leading to the lower sugar content of the water-insoluble 

portion.      

8.4 DISCUSSION ON REACTION MECHANISM OF RAW AND 

MAGNESIUM CHLORIDE-LOADED CELLULOSE PYROLYSIS 

The results reported so far have clearly shown that significant dehydration takes 

place for the MgCl2-loaded cellulose during pyrolysis even at the heating-up stage. 

However, the detailed pyrolysis mechanism for the MgCl2-loaded cellulose is still 

largely unclear. The dehydration during cellulose pyrolysis can be due to two 

mechanisms: the direct dehydration of sugar unit to form C=C [64] and the cross-

linking of two hydroxyl groups to form C−O−C [68]. However, the formation of 

C=C via direct dehydration generally requires a high temperature >300 °C even 

during slow pyrolysis (10 °C/min) of amorphous cellulose for a holding time of 30 

min according to Chapter 5, hence is unlikely to be important during the heating-up 

period under fast pyrolysis (~150 °C/s) in this study. Therefore, cross-linking is more 

likely to be the dominant mechanism for dehydration under the current conditions, 

especially during the fast heating-up period.  
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Although cross-linking can take place during non-catalytic cellulose pyrolysis, such 

cross-linking is expected to be small in the absence of catalysts under the current 

conditions (i.e., 325 °C and fast heating) [68]. Therefore, the loading of MgCl2 must 

have weakened the hydrogen bonding networks within cellulose in order to enable 

significant cross-linking reactions to take place during the fast heating-up period with 

temperatures <325 °C. This is supported by the results shown in Chapter 7 that 

MgCl2 could weaken the hydrogen bonding networks by coordinating Mg
2+

 to 

hydroxyl oxygen atoms during pyrolysis at a temperature as low as 200 °C. However, 

a 2.5% molar ratio of MgCl2 loading is only possible to weaken the hydrogen bonds 

in a small portion (i.e., 5% for Mg
2+

 by coordinating to two oxygen atoms in two 

sugar units) of sugar structures. This is considerably lower than the ~37% of sugar 

decomposition via cross-linking observed in the experiments. Considering only ~2% 

of sugar structures are decomposed via cross-linking during the heating-up period for 

the raw cellulose, there is ~35% drastic increase in the dehydrated sugar structures 

during the heating-up period for the MgCl2-loaded cellulose. Clearly, some other 

mechanisms must have played roles in weakening the hydrogen bonding networks 

within the MgCl2-loaded cellulose. It is noted that Mg
2+

 as a divalent metal may have 

a stronger ability to weaken the hydrogen bonding networks by the interactions with 

cellulose in aqueous solution (i.e., during wet-impregnation process). This is 

supported by a recent report on the significant interactions between Na
+
 and 

crystalline cellulose taking place in aqueous solution even at room temperature, 

disrupting part of native hydrogen bonding networks [202]. Such hydrogen bond 

weakening may be further significantly enhanced at elevated temperatures during the 

drying and heating-up processes of the MgCl2-loaded cellulose. 

During the subsequent isothermal pyrolysis at 325 °C, a majority of sugar conversion 

is due to depolymerisation but dehydration still plays an important role in sugar 

conversion. Based on the data in Figure 8-1, it is estimated that the sugar conversion 

increases by ~46% for the raw cellulose during isothermal conversion at 325 °C, 

among which ~36% is due to depolymerisation assuming the carbon conversion is 

mainly caused by depolymerisation, with the remaining sugar conversion (i.e., ~10%) 

being due to dehydration. For the MgCl2-loaded cellulose, the sugar conversion 

increases by ~39%, among which ~29% is due to depolymerisation and ~10% is due 
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to dehydration. The contribution of depolymerisation (~74%) and dehydration (~26%) 

pathways to sugar conversion for the MgCl2-loaded cellulose is similar as those (~78% 

for repolymerization and ~22% for dehydration) for the raw cellulose. The data 

further confirm that the loading of MgCl2 has insignificant effect on the sugar 

decomposition in the water-insoluble portion during isothermal conversion. 

Therefore, the effect of MgCl2 loading on cellulose pyrolysis can be summarized in 

Figure 8-7. The MgCl2 loading significantly weakens the hydrogen bonding 

networks, likely during both wet impregnation and heating-up processes, producing a 

highly cross-linked cellulose during the heating-up stage. The strong cross-linking 

reactions lead to a significantly higher sugar conversion but a lower carbon 

conversion during the heating-up stage. The highly cross-linked cellulose structures 

will in turn significantly affect the subsequent isothermal pyrolysis stage at 325 °C. 

At this temperature, the depolymerisation pathway dominates the cellulose 

conversion, while the dehydration pathway also plays an increasing role at increased 

conversions. For the MgCl2-loaded cellulose, the highly cross-linked cellulose 

produces a water-soluble portion rich in highly cross-linked structures, which are 

easily converted back into water-insoluble portion by re-polymerization. The MgCl2 

loading may strongly catalyse the interactions between the water-soluble and water-

insoluble portions in pyrolysing cellulose, depending on the distribution in the water-

soluble and water-insoluble portions. The water-soluble Mg largely catalyses the re-

polymerization of water-soluble portion to produce more water-insoluble portion, as 

confirmed previously [201]. Furthermore, the water-insoluble Mg mainly catalyses 

the decomposition of non-sugar structures in the water-insoluble portion into more 

condensed structures. Whereas the sugar structures in the water-insoluble portion are 

less affected by the water-insoluble Mg, and the pyrolysis of such sugar structures 

still proceeds in a similar way as that of the raw cellulose. At a high sugar conversion 

(i.e., >80% in Figure 8-1b), the formation of water-soluble intermediates as the 

precursors of volatiles is strongly suppressed due to the large amount of more 

condensed non-sugar structures (as catalysed by water-insoluble Mg) in the 

pyrolysing cellulose. This leads to a level-off behaviour in weight conversion at the 

middle stage during the pyrolysis of the MgCl2-loaded cellulose, resulting in a high 

char yield.   
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Figure 8-7: A diagram on the effect on salt loading on the mechanism of cellulose pyrolysis  
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8.5 CONCLUSION 

The loading of MgCl2 significantly changes the reaction pathways of cellulose fast 

pyrolysis at 325 °C. Uncatalytic cellulose pyrolysis proceeds dominantly via the 

depolymerisation to release anhydro-sugars. For the pyrolysis of MgCl2-loaded 

cellulose, significant cross-linking reactions take place even during the heating-up 

stage, probably due to the weakened hydrogen bonding networks during both the wet 

impregnation and the heating processes. The highly cross-linked cellulose strongly 

produces a water-soluble portion rich in strongly cross-linked structures. The loading 

of MgCl2 may catalyse the interactions between the water-soluble and water-

insoluble portions in pyrolysing cellulose, depending on the Mg distribution. Our 

results indicate that the sugar structures in the water-insoluble portion are less 

affected by the water-insoluble Mg, and the pyrolysis of such sugar structures still 

proceeds in a similar way as that of raw cellulose. Whereas the water-insoluble Mg 

mainly catalyzes the decomposition of non-sugar structures in the water-insoluble 

portion into more condensed structures, contributing to the production of more char 

from the pyrolysis of the MgCl2-loaded cellulose.  
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CHAPTER 9 CONCLUSIONS AND 

RECOMMENDATIONS 

 

 

9.1 CONCLUSIONS 

9.1.1 Characteristic of water-soluble intermediates    

· In this study, a part of cellulose structure was found to be water-soluble 

during slow pyrolysis. Such intermediates, so called water-soluble 

intermediates, were extracted using deionized water at room condition. Under 

the experiment condition (slow pyrolysis at 10 K/min), the yield of water-

soluble intermediates increases initially with temperature, and reaches a 

maximum value of ~3% on a carbon basis at 270 °C; a further increase in 

temperature leads to a significant reduction. 

 

· The HPAEC-PAD chromatogram identified both sugar and anhydro-sugar 

oligomers in the water-soluble intermediates. Sugar oligomers with a wide 

range of DPs are found at a temperature as low as 100 °C. The production of 

anhydro-sugar oligomers increases with temperature; while the yield of sugar 

oligomers reduces at temperature above 190 °C. Even though anhydro-sugar 

oligomers are still noticeable in the water-soluble intermediates at 300 °C, no 

sugar oligomers can be observed after ~270 °C. The anhydro-sugar oligomers 

completely disappear at temperatures > 325 °C. 

 

· Post hydrolysis reveals that both water-soluble intermediates and pyrolysed 

cellulose contain non-sugar components. Such non-sugar structure is 

promoted at high temperature. 
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· The TGA study on glucose and cellobiose indicates that anhydro-sugar 

oligomers are not generated from the dehydration of sugar oligomers, but the 

cleavage of glycosidic bonds.  

9.1.2 Differences in water-Soluble intermediates from amorphous and 

crystalline cellulose pyrolysis 

· This study has clearly presented the significant differences in the formation of 

water-soluble intermediates from amorphous and crystalline celluloses 

pyrolysis. 

 

· Due to the lack of hydrogen bonding networks, amorphous cellulose has a 

lower start temperature. The short glucose chain segments in amorphous 

cellulose are released at a lower temperature; whereas the glucose structure in 

crystalline cellulose is protected by strong hydrogen bonding networks. 

 

· The maximum yield of water-soluble intermediates from amorphous cellulose 

is ~30% on a carbon basis at 250 °C, in comparison to~3% from crystalline 

cellulose at 270 °C. A substantial increase in the yield of water-soluble 

intermediates is apparent for amorphous cellulose, which indicates a different 

pyrolysis mechanism. 

 

· The water-soluble intermediates produced from amorphous cellulose contain 

a wider DP range of 1-16 and 1-14 for anhydro-sugar oligomers and sugar 

oligomers, respectively, compared to a narrower DP range of 1-8 and 1-5 for 

anhydro-sugar oligomers and sugar oligomers from crystalline cellulose, 

respectively. 

 

· At temperature below 270 
o
C, the water-soluble intermediates from 

amorphous cellulose are mainly consisted of high-DP sugar and anhydro-

sugar oligomers, as well as partially decomposed sugar-ring-containing 

oligomers. Meanwhile, at temperature >300 °C, non-sugar products are the 

main components in water-soluble intermediates. 
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· The major constituents of water-soluble intermediates from crystalline 

cellulose pyrolysis include low-DP anhydro-sugars oligomers, and partially 

decomposed sugar-ring-containing oligomers. 

9.1.3 Evolution of water-soluble and water-insoluble portions 

· Amorphous cellulose fast pyrolysis produces both water-soluble and water-

insoluble portions. This chapter presents the trade-off between the reactions 

involve in the formation of water-soluble compounds and the reactions take 

part in the decomposition of water-soluble compounds. 

 

· A substantial interaction between water-soluble and water-insoluble portions 

occurs during cellulose pyrolysis. The water-soluble portion is generated via 

the decomposition reactions of water-insoluble portion. Meanwhile, 

oligomers in the water-soluble portion repolymerize into water-insoluble 

portion, which then leads to the formation of char.  

   

· The selectivity ratios of high-DP anhydro-sugar oligomers in water-soluble 

portion reduce along with the conversion due to the structural changes in 

water-insoluble portion.  

 

· A new cellulose pyrolysis mechanism is proposed. 

9.1.4 Formation of water-soluble intermediates from fast pyrolysis of NaCl-

loaded and MgCl2-loaded cellulose 

· At low temperatures, the addition of MgCl2 enhances the formation of sugar 

and anhydro-sugar oligomers and lead to a higher yield of water-soluble 

intermediates.  In contrast, the effects of NaCl loading are not significant at 

the similar conditions. 

 

· Both MgCl2 and NaCl promote the ring-opening reaction at high temperature 

(e.g., 250 
o
C) via the interaction of cations and ring oxygen. Such interaction 

significantly influences the sugar structure in both water-insoluble and water-

soluble portion, which results in the formation of char and low molecular 
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weight components. Besides ring structures, the cations also play critical 

roles in the weakening and breaking of the hydrogen bonding network and 

glycosidic bonds. 

 

· A portion of cations is detected in water-insoluble portion, indicating an 

interaction between water-soluble and water-insoluble portions. 

9.1.5 Effect of salts loading on the evolution of reaction intermediates evolution 

of water-soluble  

· The presence of MgCl2 promotes sugar conversion, dehydration reactions and 

char formation during cellulose pyrolysis. 

 

· The loading of MgCl2 via wet impregnation weakens the hydrogen bonding 

network in cellulose. During heating, the formation of strong cross-linked 

structures is enhanced by the presence of salts. Such structural changes 

influence the sugar distribution in water-soluble and water-insoluble portions. 

 

· The concentration of Mg in water-insoluble portions increases along with 

cellulose conversion, which suggests the interactions between two portions 

during pyrolysis.  

 

· Water-insoluble Mg tends to catalyse the decomposition of non-sugar 

structures in the water-insoluble portion, but has insignificant catalytic effect 

on the decomposition of sugar structures in the water-insoluble portion. 

 

· A mechanism regarding the effect of MgCl2 loading on cellulose pyrolysis is 

proposed. 

9.2 RECOMMENDATIONS 

Even though the overall objectives listed in Chapter 2 have been achieved, new gaps 

have also been identified, leading to the following recommendations for future 

research. 
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First of all, the water-soluble products reported in this study were extracted using 

deionized water. Preliminary experiments showed that at least part of the water-

insoluble portion (data are not included in the thesis) can be further dissolved in 

subcritical water at even 130 
o
C. It was shown that glycosidic bonds are unlikely to 

be broken at such a low temperature [145]. Therefore, the water-soluble 

intermediates is only a part of the reaction intermediates formed during cellulose 

pyrolysis. Further work is certainly warranted to investigate the interaction between 

intermediates and solid residues during pyrolysis.  

 

Secondly, the method stated in Chapter 3 was developed for characterising sugar 

oligomers in the water-soluble intermediates. However, the non-sugar components 

are yet to be identified. Although the post hydrolysis provides some valuable data on 

the sugar structures, the fundamental chemistry of the partially decomposed sugar-

ring-containing oligomers is still not well understood.  

 

Thirdly, this study was achieved under ex situ conditions. It will be greatly desired to 

investigate the formation of the intermediates produced from cellulose pyrolysis in 

situ.  

 

Fourthly, it is also highly desired to investigate the subsequent reactions of cellulose 

pyrolysis intermediates, including volatilization, charring and the formation of tar.  

On this important aspect, future research should be focused on the primary and 

secondary reactions of intermediates.  

 

Last but not least, this study clearly demonstrates that the loading of various AAEM 

salts has profound effects on the formation and decomposition of intermediates. 

Different salts (e.g., NaCl, KCl, MgCl2 and CaCl2) also have different effects on 

cellulose pyrolysis (the data for KCl and CaCl2 data are not included in the thesis). A 

further kinetic study on the pyrolysis products from salt-loaded cellulose is required 

for optimizing the quality and quantity of the pyrolysis products.  
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