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Chapter 1 

 

Introduction 

 

1.1 Biomass as renewable energy 

 

The large growth of the economy made a great development of human society. 

The global economic growth is around 3.0 percent in 2019 according to the forecast (IMF, 

2019). However, beneath the large development of the world economy is much more 

energy consumption and demands. The global energy consumption in 2018 increased 

nearly twice the average of growth since 2010 (International Energy Agency (IEA), 2019). 

In most countries, large development is based on the extensive utilization of fossil fuels. 

As  nonrenewable energy, the main forms of fossil fuels of petroleum, natural gas and 

coal were estimated to be finished in 52.5, 54.1 and 110 years, respectively, in 2014 

(Kamel & Hamed, 1975). The contradiction between the energy shortage and the energy 

demands for development will be the normal state of the world economy last for decades 

in the future.   

On the other hand, emissions produced from the utilization of fossil fuels are 

becoming more serious in recent years. CO2, which is the major emission from fossil fuels, 

was reported to rise by 1.7% to 33 gigatonnes in 2018 (International Energy Agency 

(IEA), 2019). CO2 emissions is the major greenhouse gases that generally exhausted into 

the air directly. This CO2 emissions will increase its concentration in the atmosphere and 

further increase the heat that emit from atmosphere to the surface of earth. Then, the 

increased temperature will break the balance of the climate on the earth. For example, it 

makes the glaciers of the Antarctic and Arctic melt and increase the sea levels of the world. 

Above all, NOx emissions are another kind of major product mainly produced by the 

engines. NOx includes the released gas of NO and NO2, which can lead to the formation 

of smog and fine particles (PM) being regarded as the major environmental problems 

produced from the transportation.  
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Besides the fuel production, the petroleum is one of the important sources for 

producing chemicals relating to the daily life. The petrochemicals mainly includes olefins 

and aromatic compounds. Ethylene, propylene and butadiene are the typical unsaturated 

aliphatic hydrocarbons produced by the fluid catalytic cracking of petroleum fractions. 

The aromatics are produced by the catalytic reforming such as benzene, toluene and 

xylenen. Moreover, other kinds of fossil energy is also used to producing chemicals. For 

example, methanol, as an organic solvent is produced from natural gas with steam in the 

industrial level. These chemicals construct our daily life since they can be further 

produced to plastic products, synthetic rubber and even the clothing items.  The 

petrochemical industry meets the similar problems as the energy production such as the 

limited amount of the sources and environmental problems caused during the production 

and disposal.    

To fix the above problems, researchers are looking for the alternatives to fossil 

energy. Renewable energy attracted much attention in recent years since it is friendly to 

the environment and its potentials. There are various kinds of renewable energies such as 

solar energy, geothermal heat energy and nuclear energy. Among them, biomass energy 

provides several advantages. It is carbon neutral since all of the energy is from the sun 

and the natures, so it does not produce extra CO2 during the utilization. The amount of 

the biomass is quite large, around 550 gigatonnes of carbon exists on the earth, which has 

the potential to meet the demands as the petroleum industry. Moreover, it is composed of 

basic elements with C, H and O forming complex organisms that can produce chemicals 

as the petrochemical industry. Within the biomass, nearly 70%  is included in the plants 

known as woody biomass (Bar-On, Phillips, & Milo, 2018). Even though it also has some 

disadvantages such as low heating values and its heterogeneous characteristic, which 

makes it difficult to handle. However, as the more attentions and developing technologies, 

these advantages could be fixed.  

The utilization of biomass is associated with the development of human society. 

The woody biomass was used for combustion and construction in human society in the 

ancient time. However, as new technology develops, it should be used more efficiently in 

the modern world. By coping with new technologies, the energy and substance including 

in the biomass could be utilized as much as possible. The utilization of woody biomass 
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could be classified into two parts, the first is thermal conversion process that treats 

biomass with heat and the other is biochemical conversion that treats biomass with 

microorganism (United Nations Development Programme, 2000). Thermal process is one 

of the efficient ways to utilize the biomass. For example, gasification can produce 

flammable gas such as H2, CH4 and CO and further obtain energy by gas engine or turbine 

for power generation (Aznar, Corella, Delgado, & Lahoz, 1993; Puig-Arnavat, Bruno, & 

Coronas, 2010; Ruiz, Juárez, Morales, Muñoz, & Mendívil, 2013). The biochemical 

conversion includes fermentation and digestion, which produces biogas and ethanol.  

However, the level for utilization of biomass is not high and balanced in the world. 

Approximately 10% of the global energy supply was covered by the biomass (Schill, 

2013). In the developing countries, most of the biomass is utilized for cooking and heating 

by burning directly, which is considered as a low efficiency for utilizing the biomass. On 

the other hand, in developed countries, the fossil energy is much more convenient 

compared with biomass energy. This kind of problem is mainly caused by 

underdeveloped technologies for conversing biomass energy. Among them, the most 

important reasons is the wood is a complex structure and composed of several kinds 

component, the interactions among the content and the variation depend only on species 

and origin make it even harder to use biomass easily. Therefore, it is necessary to 

understand the details of the biomass itself and prompts the utilization of technology. 

 

1.2 Major components from wood cell wall 

 

Softwood and hardwood are the two major types of woody biomass. Softwood is 

generally used for construction and paper pulp. It is also known as gymnosperm trees or 

the wood of conifers. Typical softwood includes Douglas-fir, pinewood, spruce wood and 

cedar. On the other hand, hardwood is the wood from dicot trees or known as angiosperm 

trees. Hardwood usually has broad leaves grow in the tropical forests. Zelkova, walnut, 

ash, birch and beech are the common hardwood (Bond, Brian; Hamner, 2002). Both 

hardwood and softwood structure are composed of wood cells. The most important wood 
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cells are longitudinal tracheids and libriform fibres in softwood and hardwood, 

respectively.  

The wood cells are composed several layers that are fabricated at different periods 

during the cell differentiation as shown in Fig. 1-1 (Plomion, Leprovost, & Stokes, 2001). 

Middle lamella is between wood cells to ensure the adhesion of the cells. Primary cell 

wall is a thin layer that mainly composed of pectin and a small amount of lignin and 

hemicellulose named as xyloglucan. When the cell grows to its definitive size, the most 

important layer of secondary cell wall is formed. The secondary cell wall is thick and can 

be divided into 3 layers, S1, S2, and S3. Among them, S2 layer is the thickest layer, which 

is composed of the most cellulose, hemicellulose and lignin. Among the three components, 

the composition of cellulose only varied slightly between hardwood and softwood. 

However, the hemicellulose and lignin have a significant difference in hardwood and 

softwood.  

 

Fig. 1-1 Structure of primary and secondary wood cell walls divided into several layers 

 

1.2.1 Contents in the primary cell wall 

 

 Primary cell walls are formed during the growth and typically are relatively thin, 

highly hydrated structures. The primary cell walls are comprised of 15-40% cellulose, 30-

50% pectic polysaccharides and 20-30% xyloglucans, which were classified as cellulose, 

pectin and hemicellulose, respectively (Cosgrove & Jarvis, 2012). However, as 
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mentioned previously (Fig. 1-1), the primary wood cell wall much thinner than the 

secondary cell wall. In the present study, only major parts of pectin was discussed. 

 

1.2.1.1 Pectin 

 

 Pectin is the major components from the primary cell wall. It is composed 

numerous kinds of monomers forming randomly. Generally, the pectin is formed by 

galacturonic acid-rich polysaccharides including homogalacturonan (HG), 

rhamnogalacturonan I (RG-I), and the substituted galacturonans rhamogalacturonan (RG-

II). Among them, HG is a linear chain of 1, 4- linked α-D-galactopyranosyluronic acid 

groups. RG-I is composed of a backbone of repeating disaccharide of [-α-D-

galactopyranosyluronic acid-1, 2- α-L-Rhamnose-1-4-]n. The RG-II is the most complex 

pectin structure, which is composed of the HG backbone with several kinds of side chains. 

Besides, there are other substituted galacturonans know as xylogalacturonan (XGA) and 

apiogalacturonan (AP) whose amount was related to the parts of the wood. The pectin 

structure was easily methyl esterified of acetylated.  Generally, it is believed that pectic 

polysaccharides covalently crosslinked the digestion by pectin-degrading enzymes are 

requires to isolate pectin monomers from each other and from cell walls, which showed 

in Fig. 1-2 (Mohnen, 2008; Ridley, O’Neill, & Mohnen, 2001).   

 

Fig. 1-2 Schematic structure of pectin 
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1.2.2 Contents in the secondary cell wall 

 

 As the wood cell wall grew up, a new layer is formed inside the primary cell wall, 

which is the most important layer of the cell in terms of mechanical strength. Most of the 

lignin, cellulose and hemicellulose from the wood were included in secondary wood cell 

wall. However, the contents and composition of them are different depending on the wood 

species, which will be described in detail in the later parts.   

 

1.2.2.1 Cellulose 

 

Cellulose is the most abundant organic compound comprises 40 to 50 wt% of the 

wood (Moon, Martini, Nairn, Simonsen, & Youngblood, 2011; Siró & Plackett, 2010). It 

is mainly composed of D-glucose linked together through an oxygen covalently bonded 

to C1 to one of glucose ring and C4 of the adjoining ring known as β-1, 4 glucosidic 

bonds as shown in Fig. 1-3.  Moreover, the hydrogen bonds between hydroxyl groups and 

oxygens of the adjoining ring molecules make the linkage stable and results into the linear 

structure of the cellulose chain consisting of several hundreds to over thousands of linked 

glucose units. The interaction of hydrogen bonds between hydroxyl groups and oxygen 

connect the adjacent cellulose chains forming as large molecular weight microfibrils. 

Within the cellulose microfibrils regions, there are highly ordered regions and disordered 

parts, which are named as crystalline area and amorphous structure, respectively 

(Nishiyama, 2009). Regarding the cellulose crystalline area, it forms highly ordered 

cellulose with the degree of polymerization is evaluated around 5000 to 15000 (Gralén & 

Svedberg, 1943), which makes it hardly dissolve in normal organic solvent.  

There are several kinds of crystalline cellulose, which are named as cellulose Ⅰ, Ⅱ, 

Ⅲ (Mukarakate et al., 2016). Among them, cellulose Ⅰ is the major cellulose crystalline 

produced by several kinds of organisms such as trees, plants and algae. According to the 

literature, the cellulose Ⅰ can be converted to cellulose Ⅱ or Ⅲ by the regeneration process 

(O’Sullivan, 1997).  However, the cellulose structure cannot be rearranged in the nature 
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condition. Moreover, the cellulose is similar in the characteristics of structure and 

composition for hardwood and softwood.   

 

Fig. 1-3 Cellulose structure 

 

1.2.2.2 Hemicellulose 

 

Hemicellulose is a kind of relatively loosen structure compared with cellulose 

comprises 20-35 wt% of the wood (Alén, Kuoppala, & Oesch, 1996; X. Zhou, Li, Mabon, 

& Broadbelt, 2017). It can be easily extracted from the wood by the alkali solutions. 

Compared with cellulose, the degree of polymerization is much lower around 200 with 

heterogeneous structures that are different depending on the wood species. It is composed 

of several kinds of monosaccharides, which are D-xylose, D-glucose, D-mannose forming 

the main hemicellulose such as xylan and glucomannan. Above all, L-arabinose, D-

galactose and some uronic acid units such as 4-O-methyl-D-glucuronic acid (4-O-

MeGlcA) along with acetyl groups are typical side chains to form different kinds of 

hemicellulose (Werner, Pommer, & Broström, 2014).  

In hardwood, the total amount of hemicellulose are 23-39 wt% from wood 

(Pettersen, 1984) including glucuronoxylan (20-35 wt%) and glucomannan are the major 

and minor hemicelluloses, respectively (Fig. 1-4 and Fig. 1-5). Xylan is composed of 

xylose chain with side chains of 4-O-MeGlcA and acetyl groups attach. The main chain 

is composed of xylose units linked through β-1, 4 bonds, which are attached at the position 

2 of xylose by 4-O-MeGlcA and the C2 and/or C3 of the xylose by the acetyl groups. The 

molar ratios of xylose to glucuronic acid of 25:1, 20:1, 10:1, 6:1 have been reported in 

the literature (Cavalier et al., 2008; Scheller & Ulvskov, 2010; Shen, Gu, & Bridgwater, 

2010a; Jinzhi Zhang, Chen, Wu, & Wu, 2014). On the other hand, as minor hemicellulose 

in hardwood, glucomannan comprises 3-4 wt%. The glucomannan is composed of D-
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glucose and D-mannose linked through β-1, 4 bonds. The molar ratio of mannose: glucose 

is around 2:1 (Timell, 1967). 

On the other hand, in softwood, galactoglucomannan are the major hemicellulose 

comprising 10-20 % of the wood and xylan are the minor hemicellulose comprising 5-

15 % (Pettersen, 1984). Except for the main structure, glucomannan are partly attached 

by D-galactose through α-1, 6 bonds forming the galactoglucomannan showed in Fig. 1-

6.  Moreover, the acetyl groups attached to the galactoglucomannan chains at the C2 and 

C3 in mannose units rather than xylan in the softwood. As minor hemicellulose, 

arabinoxylan exists in the softwood without the side chains of acetyl groups but 

substituted by arabinose at C3 as compared with hardwood xylan showed in Fig. 1-7.  

 

Fig. 1-4 Structure of xylan in hardwood 

 

Fig. 1-5 Structure of glucomannan in hardwood 

 

Fig. 1-6 Structure of galactoglucomannan in softwood 
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Fig. 1-7 Structure of arabinoxylan in softwood 

 

1.2.2.3 Lignin 

 

Lignin is another kind of polymer which provides the support of mechanical 

strength to the plant structure. It is regarded as the most abundant aromatic polymer in 

the nature that is mainly formed by the phenolic structures. There might be three kinds of 

classes based on the composition and structure composition, which are softwood, 

hardwood and grass lignin. Among them, the content of lignin is different in hardwood 

and softwood (19-24% for hardwood and 27-33% in softwood) (Adler, 1977; Pettersen, 

1984; Timell, 1967). 

Lignin is a kind of heterogeneous polymer that consists of aromatic based moieties 

by various kinds of various linkages such as C-C (condensed) and C-O-C (ether types) 

bonds. The β-ether is the most important that involves with most lignin units, which also 

helps resist the reaction of chemical and biochemical depolymerization (Pandey & Kim, 

2011). Lignin are heterogeneous polymers derived from phenylpropanoid monomers, 

mainly the hydroxycinnamyl alcohols coniferyl alcohol (G-monomer), sinapyl alcohol 

(S-monomer) and p-coumaryl alcohol (H-monomer) illustrated in Fig. 1-8. These three 

types of structures of monomers would further form lignin polymers as guaiacyl (G), 

syringyl (S) and p-hydroxyphenyl (H) units. Softwood mainly comprises of G- and a 

small number of H-types, while hardwood includes both G- and S- types. Above all, grass 

lignin contains all of the three types.  
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Fig. 1-8 Structure of the lignin monomers 

 

1.2.3 Wood cell wall ultrastructure in the secondary cell walls from softwood and 

hardwood 

 

 The wood cell wall ultrastructure in the secondary cell walls is not fully 

understood. Generally, it is considered that cellulose microfibrils is covered by the lignin-

hemicellulose matrix. However, as the contents of hemicellulose and lignin are different 

between softwood and hardwood as mentioned before, the wood cell wall ultrastructure 

might be different.   

 Terashima et al. proposed a wood cell wall ultrastructure based on Ginko, which 

is an old type of softwood. In this model, the cellulose microfibrils were covered tightly 

by glucomannan. Xylan and linin were on the surface of cellulose and glucomannan, 

which showed in Fig. 1-9 (Terashima et al., 2009). This structure were confirmed by other 

researchers since they found that cellulose and glucomannan had a strong binding in 

softwood (Åkerholm & Salmén, 2001; Kumagai & Endo, 2018). However, a recent report 

showed that xylan bound to cellulose microfibrils by the method of solid state NMR in 

spruce, which is a softwood (Terrett et al., 2019).  
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Fig. 1-9 Schematic picture of a model for the arrangement of cellulose, xylan and lignin in the secondary 

cell walls of softwood 

 

 On the contrary, hardwood cell walls exhibited differently comparing with that 

from softwood. As the major hemicellulose, xylan is reported to bind with cellulose. 

Dammström reported that xylan and cellulose had a strong association by the dynamic 

FT-IR analysis on the aspen, which is a hardwood as shown in Fig. 1-10 (Dammström, 

Salmén, & Gatenholm, 2009). Simmons et al. reported the evidence for xylan binding to 

cellulose by solid-state NMR that the xylan flattens a three-fold helical screw in solution 

into a two-fold helicoidal screw to bind to cellulose (Simmons et al., 2016).  

 

Fig. 1-10 Schematic picture of a model for the arrangement of cellulose, xylan and lignin in the secondary 

cell walls of hardwood 
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 Besides, the interaction between lignin and carbohydrate known as lignin-

carbohydrate complex (LCC) are also reported to commonly exist in the wood cell walls. 

The LCC linkages known as Cγ-ester with 4-O-MeGlcA, benzyl ether, and phenyl 

glycoside are reported in softwood and hardwood cell walls (Balakshin, Capanema, Gracz, 

Chang, & Jameel, 2011; Du et al., 2014; Takahashi & Koshijima, 1988b; Tarasov, Leitch, 

& Fatehi, 2018; Yuan, Sun, Xu, & Sun, 2011). These different interactions may further 

affect the thermal degradation behavior in softwood and hardwood. 

 

1.3 Thermal conversion process 

 

Thermal-chemical and bio-chemical processes are the two major process 

regarding the conversion of biomass into useful product. Bio-chemical process mainly 

produce liquid fuel by treating the biomass with several kinds of microorganisms, which 

has a high selectivity but a low reactivity. However, thermal-chemical conversion process 

has a higher reactivity but a lower selectivity comparing with bio-chemical process. The 

thermal-chemical conversion process is able to convert the biomass by several kinds of 

process. Its high reactivity makes thermo-chemical process receive much attention in 

recent years. Among the conversion processes, pyrolysis is considered as a good way to 

utilize the biomass by heating under the circumstance in the absence of oxygen and air. 

The technology of pyrolysis develops a lot since it can not only produce useful organic 

chemicals but also produce the fuels in solid, liquid and gas phases.     

According to the different pyrolysis condition such as heating rate, residence time 

and pyrolysis temperature, pyrolysis could be divided into fast pyrolysis, slow pyrolysis. 

The product derived from pyrolysis are different depending on the different pyrolysis 

conditions, which provides fast and slow pyrolysis with advantages and disadvantages, 

respectively.  

 

1.3.1 Fast pyrolysis 

 



13 

 

Fast pyrolysis is conducted by treating the biomass with a high heating rate (larger 

than 10-200 ℃/s) and short residence time (less than 1s) under relatively lower 

temperature range. The pyrolysis liquid, which is also called bio-oil is the major product 

from pyrolysis and its yield is up to 75 wt% (Akhtar & Saidina Amin, 2012). The bio-oil 

could be further utilized as fuel for the transportation or the electric-production system. 

However, there are limits for the fast pyrolysis. As the fast pyrolysis needs high heating 

rate and short residence time, the fast pyrolysis is quite sensitive to the conditions such 

as temperatures and the size of the particles. Temperature plays a key role in the fast 

pyrolysis. Generally, the conversion rate of biomass increases as the temperature 

increases since more energy inputs. At lower temperature that less than 300 ℃, the 

conversion efficiency is around 0-20% according to the weight loss curves (Fisher, 

Hajaligol, Waymack, & Kellogg, 2002). The final pyrolysis temperature has a significant 

effect on the oil and composition of liquid. According to the literatures, 500-550 ℃ range 

was suitable to obtaining the maximum liquid yield (Akhtar & Saidina Amin, 2012). On 

the other hand, the particles size also affects the pyrolysis behavior a lot. The small 

particles usually makes heat transfer easier and enhances the bio-fuel production. 

However, there is still a contradiction between the particles and the bio-fuel production 

since the smaller particle needs more energy for the grinding.  

 

1.3.2 Slow pyrolysis 

 

Different with fast pyrolysis, slow pyrolysis is conducted with lower heating rate 

and longer residence time (from hours to days). It has sufficient time for the heat to access 

into the samples and complete the pyrolysis reaction, which makes slow pyrolysis accept 

a large range of the particle size (5-50mm) (Kloss et al., 2012). Slow pyrolysis is also 

called carbonization and has been utilized for hundreds of years to improve the fertilizer 

in the soil.  

During the slow pyrolysis process, the organic materials evaporate partly at lower 

temperature.  As the temperature increases, several kinds of reaction takes place including 

dehydration, depolymerization, isomerization, aromatization, decarboxylation and 
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charring, which produces gaseous product and condensable products (Collard & Blin, 

2014; Lange, 2007; Vamvuka, 2011). After slow pyrolysis, most of the carbons exist in 

the solid phase. In the heat-treated residue, it includes unreacted carbohydrate, 

condensable product and char. These product could be further utilized into the industry. 

To efficiently use the product derived from slow pyrolysis, the mechanism of the reaction 

should be understood. 

 

1.3.3 Primary pyrolysis and secondary pyrolysis in the thermal conversion process 

 

Primary and pyrolysis and secondary reactions of the primary products are the two 

basic steps for the thermal conversion process. In the primary pyrolysis process, the 

volatiles and char are produced and these products are further pyrolyzed to produce final 

products in the secondary reactions in gas, liquid and solid phase. 

These two steps are different depending on the thermal process. In gasification 

process, the secondary reaction of primary-pyrolysis product take place extensively to 

increase the gaseous product yield. To enhance the secondary reaction of primary tar and 

char, steam and air are utilized as gasifying agents. This also indicate the importance of 

the tar and char from primary pyrolysis step since the gas composition could be converted 

by using some kind of agents such as steam, which promotes the production of H2. 

On the other hand, the secondary reaction prohibits the yield of bio-fuel since it 

enhance the product of gaseous product from the primary pyrolysis product. The heating 

time of the volatile products is limited in 2s to avoid much secondary reaction and ensure 

the as much as the bio-fuel product. Regarding the slow pyrolysis, as the bio-char is the 

major product, it is necessary to avoid the secondary reactions but enhance the primary 

steps. However, as there are many unknown factors, slow pyrolysis is an efficient way to 

understand the inte raction between each kind of component. 

 

1.3.3.1 Cellulose  
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Among the three kinds of major component in the wood cell wall, cellulose is 

relatively utilized extensively comparing with the other two polymers due to its 

homogeneous structure. TG analysis is an efficient way to evaluate the pyrolytic behavior 

of the wood components. The TG analysis of isolated cellulose and cellulose from wood 

were investigated by many researchers that the decomposition generally started from 300 ℃ 

to 400 ℃. In this temperature range, the highest decomposition rate took place between 

330 and 370 ℃ (Biswas et al., 2017; Shen, Gu, & Bridgwater, 2010b; Yang, Yan, Chen, 

Lee, & Zheng, 2007). At lower temperature (<300 ℃), dehydration reactions mainly 

contributes to the weight loss in the TG curves. The dehydration reactions are also 

considered as a main factor to the char yield. The intermolecular dehydration result in the 

formation of extra covalent bonds leading to a higher molecular-weight compounds and 

promotes the aromatic product that contributes to the char yields.  

As the temperature increases, the glycosidic bond becomes quite active and 

several reactions takes place in the meantime (Wang, Guo, Liang, Zhou, & Luo, 2012). 

The active glycosidic bonds lead to the depolymerization forming condensable product 

such as anhydro-oligosaccharides and anhydro-saccharides. Among them, levoglucosan 

is the dominant product that yields up to 60% (Patwardhan, Dalluge, Shanks, & Brown, 

2011; Worasuwannarak, Sonobe, & Tanthapanichakoon, 2007). Besides, other low 

molecular weight (MW) product can be divided into (1) furan product, such as 5-

hydroxymethylfurfural (5-HMF), furfural, furfuryl alcohol, (2) carboxylic acid product, 

such as formic acid, acetic acid and glycolic acid, (3) gaseous product such as carbon 

monoxide and carbon dioxide (Alén et al., 1996; T. Hosoya, Kawamoto, & Saka, 2007b). 

 

1.3.3.2 Hemicellulose 

 

As discussed before, hemicelluloses have heterogeneous structures and are only 

constituted by an amorphous phase (Saha, 2003; Shen, Gu, & Bridgwater, 2010b). 

Moreover, the side chains including in the hemicellulose makes it different with 

characteristics of cellulose pyrolysis. 
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Due to the amount and process of extraction, only a few studies concentrate on 

the pyrolytic behavior of glucomannan and a large amount of studies on the xylan 

pyrolysis. Generally, the isolated hemicellulose are regarded as the sample for 

investigating the pyrolysis. According to the TG/DTG curves, xylan and glucomannan 

mainly occurs in the temperature range 200-350 ℃ (Lv & Wu, 2012; Peng & Wu, 2010). 

For the glucomannan, the major pyrolysis behaviors take place around 310 ℃ and forms 

only one big peak in the DTG curves. However, the xylan shifted slightly to lower 

temperature forming a peak with another small shoulder forming around 260 ℃. This 

indicates that the xylan and glucomannan may act differently during the pyrolysis. 

At lower temperature (xylan: 150-240 ℃, glucomannan: 150-270 ℃), the 

dehydration and cleavage of weak linkages takes place. Similar with cellulose, the 

dehydration reacts within the polysaccharides. At this temperature range, the side chains 

are not as stable as the main chains for both xylan and glucomannan. For the xylan, 

methanol is the major product from the fragmentation of the methoxy groups of the 4-O-

methyl-α-D-glucuronic acid. In the meantime, formic acid is produced due to the function 

of hexuronic acids. The acetyl groups in both xylan and glucomannan contributes to the 

production of acetic acid (Lv & Wu, 2012; Peng & Wu, 2010; Z. Wang, Cao, & Wang, 

2009).  

With temperature increases (xylan: 240-320 ℃, glucomannan: 270-350 ℃), the 

depolymerization takes place. At this temperature range, the glycosidic linkages between 

monomer units become quite unstable and leads to the formation of different anhydro-

sugars. For the glucomannan, levoglucosan and levomannosan and levogalactosan 

derives from glucose, mannose and galactose, respectively. These compounds could be 

further converted to more stable furan related products. Regarding the xylan pyrolysis, 

furfural is a dominant furan related product, while 4-hydroxy-5,6-dihydro-2H-pyran-2-

one (having a molecular mass of 114) is a compound frequently utilized as a marker of 

xylan pyrolysis (Ohnishi, Kato, & Takagi, 1977; Patwardhan, Satrio, Brown, & Shanks, 

2009; Ponder & Richards, 1991). 

Moreover, as the xylan includes uronic acid units (mainly 4-O-methyl-α-D-

glucuronic acid units), the uronic acid units could exist as two forms, which are 
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substituted by alkali and alkaline metal cations forming metal uronate and the other ones 

are in the acid phase. Pyrolytic behavior could be influenced by the different kinds of 

units. Generally, after the demineralization process, it enhances char yield of xylan and 

glucomannan (T. Hosoya et al., 2007b). And the metal cations may also work as base 

catalyst to affect the product and the thermal behaviors.   

 

1.3.3.3 Lignin 

 

Pyrolysis of lignin occurs in a wider temperature range than the cellulose and 

hemicellulose from 200 ℃ to 600 ℃ due to its variety of chemical functions differ in 

thermal stability.  It shows several peaks in the DTG curves. The main conversion step of 

lignin takes place from 200 ℃ to 450 ℃ with the main peak forming around 350 ℃ (Shen, 

Gu, Luo, Wang, & Fang, 2010; Wang et al., 2009). As the temperature increases, the 

secondary reaction of the primary pyrolysis product occurs at 550-600 ℃.    

The primary pyrolysis occurs at the temperature range from 200 ℃ to 450 ℃, in 

which several kinds of reactions take place. At the beginning of the pyrolysis (from 

180 ℃), the release of volatile compounds mainly results from the propyl chains and 

some linkages between monomer units (Jakab, Faix, Till, & Székely, 1995). When the 

carbon Cγ includes in carbonyl and carboxyl groups, it leads to the formation of CO and 

CO2, respectively. Besides, the most common linkage of β-O-4 in lignin decomposes 

from 240 ℃ (Nakamura, Kawamoto, & Saka, 2008). The reorganization of the chemical 

groups from the cleavage of ether linkages also produce the gaseous product such as CO, 

CO2 and H2O. 

When the temperature increased higher than the 400℃, the second pyrolysis 

reactions occurs. The C-C bonds within and between alkyl chains becomes unstable and 

the cracking occurs, which increases the yield of monomers. At this temperature range, 

besides the small chain compounds that have been released in the previous steps, other 

low molecular weight also forms such as CH4, acetaldehyde and acetic acid (Candelier et 

al., 2011).   
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1.4 Objectives of this research 

 

According to the previous description, it is necessary to clarify the thermal 

behaviors of the hemicellulose and cellulose in wood at the primary pyrolysis stage. 

However, the studies describing the detailed information about the catalytic effect of 4-

O-MeGlcA in the xylan pyrolysis and wood pyrolysis between hardwood and softwood 

is quite limited. So this thesis focus on the thermal reactivities of hemicellulose and 

cellulose in hardwood and softwood cell wall ultrastructure. 

In chapter 2, the acid and base catalytic effect of 4-O-MeGlcA and its sodium 

urnoate were evaluated in the isolated xylan pyrolysis. Further, the thermal reactivities of 

hemicellulose and cellulose were compared for Japanese beech and Japanese cedar wood 

for understanding the different wood cell wall structure in chapter 3. In chapter 4, the 

effect of acid and base catalytic effect of 4-O-MeGlcA was investigated in the original 

and demineralized Japanese beech wood to understand the effect in the wood cell wall. 

Finally, the thermal reactivities of hemicellulose and cellulose in Japanese beech and 

cedar wood after delignification ball-milling process were analyzed to understand its 

effect on the wood cell wall ultrastructure, in chapter 5 and chapter 6, respectively. 

In chapter 7, concluding remarks about the effect of wood cell wall structure on 

the reactivities of hemicellulose and cellulose were described. 
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Chapter 2 

 

The effect of uronic acid moieties on xylan pyrolysis 

 

2.1 Introduction 

 

 Hemicellulose is a major component of lignocellulosic biomass and comprises 20-

40% of woody biomass by weight (McKendry, 2002). The chemical composition of 

hemicellulose varies depending on the wood species; xylan is the major component of 

hardwood, whereas the glucomannan concentration is much greater than that of xylan in 

softwood (Asmadi, Kawamoto, and Saka 2017; Fengel and Wegener 1979; Jacobs and 

Dahlman 2001; Timell 1967; Wang et al. 2015). In both materials, acetyls group and 4-

O-methyl-D-glcuronic acid (4-O-MeGlcA) are present on the hemicellulose glycan chains, 

but in different manners. Specifically, acetyl groups are attached to xylan in hardwood 

but to glucomannan in softwood, and the concentration of acetyl groups in softwoods is 

typically lower than in hardwoods (Shen, Gu, & Bridgwater, 2010a; Sims, Craik, & Bacic, 

1997; Sims, Munro, Currie, Craik, & Bacic, 1996; X. Zhou, Li, Mabon, & Broadbelt, 

2016). The 4-O-MeGlcA groups are bonded at the C2 locations of xylose units along the 

xylan main chains through α-1→2 linkages in both types of wood, but to a greater extent 

in hardwoods (Gírio et al., 2010; Jacobs & Dahlman, 2001). Part of the chemical structure 

of xylan is illustrated in Fig. 2-1, in which 4-O-MeGlcA moiety exists as the acid form. 

These differences in the chemical compositions of these two types of woods can affect 

their pyrolysis behaviors, although the correlation is not well understood at present. 
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Fig. 2-1 Part of chemical structure of xylan. (Uronic acid: acid type) 

 

During pyrolysis, hemicellulose is less stable than cellulose; the thermal 

degradation of hemicellulose occurs in the temperature range of 220 to 315 °C, while 

cellulose devolatilization becomes significant at temperatures between 300 and 350 °C 

(Sanchez-Silva, López-González, Villaseñor, Sánchez, & Valverde, 2012; Yang et al., 

2007, 2006; Zhou et al., 2015). Although both polysaccharides generate similar volatile 

products, including anhydrosugars, aldehydes, ketones, acids, and noncondensable gases, 

xylan produces furanoic and pyranoic compounds in greater yields (Asmadi, Kawamoto, 

and Saka 2010; Branca, Di Blasi, and Galgano 2016; Le Brech et al. 2016; Eom et al. 

2011, 2012; Evans and Milne 1987; Hosoya, Kawamoto, and Saka 2007a; Katō 1967; 

Ralph and Hatfield 1991; Shafizadeh, McGinnis, and Philpot 1972; Šimkovic et al. 1988; 

Wang et al. 2013). Furfural is a typical furanoic compound obtained from xylan pyrolysis, 

while 4-hydroxy-5,6-dihydro-2H-pyran-2-one (having a molecular mass of 114) is a 

pyranoic compound frequently utilized as a marker of xylan pyrolysis (Miyazaki, 1975; 

Patwardhan et al., 2009; Ponder & Richards, 1991). 

The presence of minerals (typically alkali and alkaline earth metals) is one of the 

most important factors affecting the pyrolysis behavior of hemicellulose and cellulose 

(Asmadi et al., 2017; Kawamoto, Yamamoto, & Saka, 2008; Müller-Hagedorn, Bockhorn, 

Krebs, & Müller, 2003; Ponder & Richards, 1991; Shafizadeh et al., 1972; Shen, Gu, & 

Bridgwater, 2010b; Shimada, Kawamoto, & Saka, 2008; Tsuchiya & Sumi, 1970; 

Varhegyi et al., 1988; Yang et al., 2006). In general, the anhydrosugars yield decreases 

but the char yield increases in the presence of such substances. The effects of minerals 

may also be different during cellulose and xylan pyrolysis, because xylan contains 

carboxylic acids such as 4-O-MeGlcA. DeGroot (DeGroot, 1985) reported that the ion-

exchange capacity of 4-O-MeGlcA in xylan explains the mineral content of cottonwood, 

and determined that the uronic acid groups are complexed with metal cations to form 

metal uronates. Based on an analysis of ten wood species, Asmadi et al. (Asmadi et al., 
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2017) confirmed that the mineral content in the wood exhibited a linear relationship with 

the 4-O-MeGlcA concentration. Patwardhan et al. (Patwardhan, Brown, & Shanks, 2011) 

and Giudicianni et al. (Giudicianni, Gargiulo, Grottola, Alfè, & Ragucci, 2018) also 

reported that the uronic acid moieties in commercially-available xylan mainly exist as 

salts with sodium cations. 

With regard to the effects of metal uronates and uronic acid on the xylan pyrolysis 

products, both furfural (Giudicianni et al., 2018; Patwardhan, Brown, et al., 2011) and 

anhydrosugars (Ohnishi et al., 1977; Patwardhan, Brown, et al., 2011) yields are reported 

to increase upon the removal of minerals from xylan. Asmadi et al. (Asmadi et al., 2017) 

examined the yields of glycolaldehyde and hydroxyacetone (both fragmentation 

products) as well as acetic acid from the pyrolysis of original and demineralized wood 

samples as a means of assessing the base catalysis effect of metal uronates, because the 

fragmentation and hydrolysis of acetoxy esters are enhanced under basic conditions. 

However, there is currently very little information available in this field of study. 

Thermogravimetric (TG) analysis is an effective means of assessing the thermal 

behaviors of xylan and similar materials. Xylan pyrolysis proceeds via two different 

mechanisms at different temperatures, resulting in the appearance of two peaks in 

differential thermogravimetric (DTG) curves as discussed later. It has been proposed that 

the lower temperature peak can be ascribed to the decomposition of side units (4-O-

MeGlcA and acetyl groups), whereas the higher temperature peak is due to cracking of 

the xylan main chain (Giudicianni et al., 2018; Sanchez-Silva et al., 2012; Shen, Gu, & 

Bridgwater, 2010b; H. Zhou et al., 2015). However, there is insufficient experimental 

evidence to conclusively accept this hypothesis. 

In the present study, the decomposition behaviors of 4-O-MeGlcA moieties and 

xylan main chains during TGA were evaluated by pyrolysis experiments using 

commercial beech wood xylan and samples of this same material demineralized, at 

temperatures between 220 and 340 °C under N2. These trials were followed by char 

methanolysis to recover unreacted 4-O-MeGlcA and xylose. The effects of the presence 

of uronic acid and metal uronate moieties on xylan pyrolysis were assessed by analyzing 
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the various specimens using pyrolysis-gas chromatography-mass spectrometry (Py-GC-

MS). 

 

2.2 Material and methods 

 

2.2.1 Materials 

Beech wood xylan was purchased from Megazyme (Wicklow, Ireland) and 

utilized as the so-called original xylan, without any further purification. Demineralized 

xylan was prepared according to a literature procedure (Asmadi et al., 2017; T. Hosoya 

et al., 2007b). In this process, a quantity of xylan (1 g) was dispersed in 30 mL of a 0.05 

M solution of HCl in methanol. After stirring for 24 h at room temperature, the suspended 

material was removed by filtration and washed with methanol until the filtrate became 

neutral. This procedure was repeated twice and the resulting product was dried in an oven 

at 105 °C for 24 h. This treatment decreased the mineral content from 5 wt% in the 

original material to 0.1 wt%, as determined by incineration of original and demineralized 

xylan samples at 600 °C in air for 2 h. 

2.2.2 Characterization of xylan 

The molar ratio of xylose to 4-O-MeGlcA (xylose/4-O-MeGlcA ratio) in the xylan 

main chains was determined using proton (1H) nuclear magnetic resonance (NMR) 

spectra acquired from the xylan (Fig. 2-2) in D2O with a Bruker AC-400 (400 MHz) 

spectrometer. The C1-H signals of free xylose and xylose in which 4-O-MeGlcA is 

attached at C2 appeared as two doublets at J = 6.7 Hz, δ = 4.48 ppm and J = 6.4 Hz, δ = 

4.63 ppm, respectively, in agreement with literature values (Gabrielii, Gatenholm, 

Glasser, Jain, & Kenne, 2000). The latter signal was shifted to a lower magnetic field 

value due to the electron-withdrawing character of the carboxylic acid group. The C1-H 

signal assigned to 4-O-MeGlcA was observed at 5.29 ppm as a broad singlet. Based on 

the peak areas of these signals, the xylose/4-O-MeGlcA molar ratio was determined to be 

7.7, and a similar value has previously been reported in the literature (Shen, Gu, & 

Bridgwater, 2010a). 
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Fig. 2-2 An expanded view of the 1H-NMR spectrum of commercial beech wood xylan in D2O 

 

The carboxylic acid peak in the infra-red (IR) spectrum of such materials shifts 

from approximately 1700 to 1600 cm-1 following the transition to a salt with a metal 

cation. Fig. 2-3 demonstrates that the spectrum of the original xylan clearly exhibits this 

characteristic shift relative to the spectrum acquired from the demineralized xylan, 

confirming the presence of carboxylate groups in the original material. Investigations via 

scanning electron microscopy with energy dispersive X-ray analysis (SEM-EDXA) 

confirmed that the primary cation was Na+ along with a lesser amount of Ca2+ (Fig. 2-4, 

which shows the spectrum acquired from the original xylan after incineration at 600 °C 

in air for 2 h).  
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Fig. 2-3 The IR spectra of the original and demineralized xylans 

 

 

Fig. 2-4 SEM-EDXA results obtained from the original xylan after incineration in air at 600 ºC for 2h 

 

2.2.3 TG 

TGA was conducted with a TGA-50 instrument (Shimadzu, Kyoto, Japan), with 

either the original or demineralized xylan (1 mg) placed in a platinum pan. The sample 
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was heated from room temperature to 500 °C at a rate of 10 °C/min under a N2 flow of 10 

mL/min. 

2.2.4 Pyrolysis and char analysis 

The experimental set up used in this work is illustrated in Fig. 2-5. The apparatus 

consisted of a quartz glass tube (internal diameter 15 mm, length 400 mm, wall thickness 

1.5 mm) held in a cylindrical furnace (Asahi-Rika Seisakusho, Chiba, Japan). A sample 

of the original or demineralized xylan (20 mg) was placed in a ceramic boat and the tip 

of a fine thermocouple (0.25 mm in diameter, type K, Shinnetsu, Ibaraki, Japan) was 

placed in the sample layer without contacting the bottom of the ceramic boat. The 

thermocouple was connected to a thermologger (AM-8000, Anritsu Corporation, 

Kanagawa, Japan) to allow measurement of the sample temperature during the pyrolysis 

experiments. After a 10 mL/min flow of N2 was supplied for 5 min (using an SEC-

400MK3 mass flow controller, Horiba, Kyoto, Japan) to replace the air inside the tube, 

the sample was heated to the set temperature (from 220 to 340 °C in 20 °C intervals) at 

10 °C/min (the same rate as applied during TGA) using a digital temperature controller 

(AMF-1P, Asahi-Rika Seisakusho, Chiba, Japan). When the desired temperature was 

achieved, the cover of the cylindrical furnace was immediately opened and the quartz 

glass tube was cooled by a flow of air.  

 

Fig. 2-5 The experimental setup 
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The char fraction obtained from each sample was subjected to methanolysis 

(Bertaud, Sundberg, & Holmbom, 2002; Bleton, Mejanelle, Sansoulet, Goursaud, & 

Tchapla, 1996; Li, Kisara, Danielsson, Lindström, & Gellerstedt, 2007) to determine the 

recoveries of unreacted xylose and 4-O-MeGlcA moieties, using a previously reported 

methanolysis procedure (Huang, Indrarti, Azuma, & Okamura, 1992). In this process, the 

ceramic boat containing the char fraction was soaked in a 2 M solution of HCl in methanol 

within a sealed glass tube. The glass tube was sealed and then heated at 60 °C for 16 h to 

complete the methanolysis reaction, after which the reaction mixture was neutralized with 

pyridine. A portion of the filtrate was dried under vacuum after the addition of glucitol as 

an internal standard and then silylated by adding pyridine, hexamethyldisilizane (HMDS) 

and trimethylchlorosilane (TMCS) in conjunction with stirring and heating at 60 °C for 

30 min. The trimethylsilyl derivatives were analyzed by gas chromatography–mass 

spectroscopy (GC-MS) using a QP 2010 Ultra mass spectrometer (Shimadzu Corporation, 

Kyoto, Japan). The instrumental conditions consisted of: column; Agilent CPSil 8CB 

(length: 30 m, diameter: 0.25 mm), injector temperature; 260 °C, column temperature; 

100 °C (2 min), 4 °C/min to 220 °C, 220 °C (2 min), 15 °C/min to 300 °C, 300 °C (2 min), 

carrier gas; helium, flow rate; 1.0 mL/min. The signals originating from xylose and 4-O-

MeGlcA were assigned based on the associated mass spectra and retention times as 

compared with literature data (Bertaud, Sundberg, and Holmbom 2002; Bleton et al. 

1996; HA and Thomas 1988; Sundberg et al. 1996). 

2.2.5 Py-GC-MS  

Py-GC-MS analysis was conducted using a portable Curie-point injector (JCI-22, 

Japan Analytical, Tokyo, Japan) coupled to the GC-MS instrument described in Section 

2.4. A 0.1 mg sample of xylan was pyrolyzed at 590 °C for 5 s. Different types of pyrofoils 

were also utilized for the pyrolysis trials at various temperatures, including 255, 280, 315, 

386 and 423 °C. The GC and MS conditions were similar to those noted in Section 2.4 

except for the column temperature program, which consisted of: 50 °C (1 min), 5 °C/min 

to 120 °C, 10 °C/min to 250 °C, 250 °C (2 min). 

 

2.3 Results and discussion 
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Figure 2-6 presents the TG and DTG curves acquired from both the original and 

demineralized xylans. Upon increasing the pyrolysis temperature, both materials exhibit 

mass loss that starts around 220 °C and is almost complete by 350 °C, but the effects of 

the pyrolysis temperature on the mass loss behavior are different. The DTG curves show 

the difference more clearly; only one peak is generated (at approximately 280 °C) by the 

demineralized xylan, while the original material produces two peaks, at 250 and 315 °C. 

The latter observation indicates that the original xylan contained two components with 

different thermal reactivities. The char yield at 400 °C was greater in the case of the 

original xylan. These characteristic features are consistent with results previously 

reported in the literature (Giudicianni et al., 2018; Patwardhan, Brown, et al., 2011; 

Sanchez-Silva et al., 2012; Shen, Gu, & Bridgwater, 2010b; Zhou et al., 2015). 

 

Fig. 2-6 The TG and DTG curves acquired from the original and demineralized xylans 

 

The two different modes evident in the original xylan pyrolysis were assessed by 

conducting trials using heating conditions similar to those applied during TGA (heating 
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decomposed during the pyrolysis. Fig. 2-7 summarizes the changes in the char recovery 

upon increasing the pyrolysis temperature for both the original and demineralized xylan 

pyrolysis. As was also observed in the TGA data, both materials decomposed over the 

temperature range of 220–340 °C. 

 

Fig. 2-7 The char recoveries from pyrolysis of the original and demineralized xylans as functions of 

temperature 

 

Change in the recoveries of xylose and 4-O-MeGlcA during the pyrolysis are 

shown in Fig. 2-8, which provides important information regarding the reactivities of 

xylan during heating to temperatures between 220 and 340 °C. The 4-O-MeGlcA 

(primarily in the form of Na uronate) in the original xylan was evidently more thermally 

reactive than the free carboxylic acid and degraded over the lower temperature range of 

220–280°C. It should be noted that half the xylose units in the xylan main chains also 

decomposed over this temperature range, although the rest decomposed within the higher 

temperature range of 280–320 °C. These results indicate that the 4-O-MeGlcA (primarily 

Na uronate) and some xylose units degraded at the temperature corresponding to the lower 

DTG peak (at 250 °C), while the rest of the xylose units decomposed at higher 

temperatures, producing the higher DTG peak (at 315 °C). 
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In contrast, during the pyrolysis of the demineralized xylan, both the xylose and 

4-O-MeGlcA units decomposed simultaneously over the temperature range of 240–

320 °C, which is intermediate between the two degradation modes of the original xylan.  

 

Fig. 2-8 The recoveries of xylose and 4-O-MeGlcA units from pyrolysis of the original and demineralized 

xylans as functions of temperature 

 

Consequently, it is evident that the pyrolysis of the original xylan occurs 

heterogeneously, while the demineralized xylan pyrolysis is rather homogeneous. As 

illustrated in Fig. 2-9, 4-O-MeGlcA (primarily Na uronate) and neighboring xylose units 

decompose at lower temperatures in the original xylan, but this effect does not radiate to 

other more remote xylose units, likely due to the limited mobility of Na and Na-containing 

materials in the sample. Conversely, the acid catalysis effect of the free carboxyl groups 

in the demineralized xylan would affect all the xylan molecules. 
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Fig. 2-9 Diagrams summarizing the thermal degradation behaviors of 4-O-MeGlcA and xylose units 

during pyrolysis of the (a) original and (b) demineralized xylans 

 

 

Fig. 2-10 The pyrograms obtained from the Py-GC-MS analysis of the (a) original and (b) demineralized 

xylans at 590 ºC 

 

The pyrograms obtained from Py-GC-MS analysis of the original and 

demineralized xylans at 590 °C are shown in Figs. 2-10 (a) and (b), respectively. 

Identification of the chemical structure associated with each peak was based primarily on 

comparing the retention times and mass spectra with those reported in the literature 
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(Patwardhan, Brown, et al., 2011; Ponder & Richards, 1991; Pouwels, Tom, Eijkel, & 

Boon, 1987; Shen, Gu, & Bridgwater, 2010a; Wang et al., 2013), except for compounds 

2, 5, 7 and 9.The chemical structures of these compounds were determined from the 

fragmentation patterns in Fig. 2-11. These compounds, which were obtained primarily 

from the pyrolysis of the original xylan, included ethyl and propyl chains, indicating that 

deoxygenation reactions proceeded during pyrolysis. The other products identified were 

formic acid (1), glycolaldehyde (3), acetic acid (4), hydroxyacetone (6) and acrolein (8). 

Hence, the original xylan generated low molecular weight (MW) ketones, aldehydes and 

acids as fragmentation products. 

Contrary to this, the demineralized xylan showed a tendency to form furfural (10), 

4-hydroxy-5,6-dihydro-2H-pyran-2-one (12, MW 114) and the unknown product 11 (M+ 

114), in agreement with previous literature reports (Ohnishi et al., 1977; Patwardhan, 

Brown, et al., 2011). The formation of these compounds is reasonably explained by the 

action of the free uronic acid in the demineralized xylan as an acid catalyst promoting 

depolymerization of the xylan main chains and dehydration reactions. Depolymerization 

followed by dehydration would be expected to give the product at MW 114 (132-18 

(H2O)) as well as furfural (MW 96, 132-18 (H2O) x 2). Unknown product 11 is also 

believed to be a dehydration product, although the chemical structure is presently 

unknown. 
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Fig. 2-11 Mass spectra of compounds 2, 5, 7 and 9 as generated during pyrolysis 

 

Figure 2-12 provides the pyrograms obtained from the Py-GC-MS analysis of 

the original and demineralized xylans on different pyrofoils at 255, 280, 315, 386 and 

423 °C. Peaks assigned to furfural (10) and compounds 11 and 12 are observed in the 

chromatograms obtained at 280 °C and above. These results indicate that the pyrolysis 
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reactions were similar to those occurring in the temperature range of 220–350 °C over 

which thermal degradation and mass loss were apparent in the TG data.  

 

Fig. 2-12 The pyrograms obtained from the Py-GC-MS analysis of the original and demineralized xylans 

at different temperatures 

 

The pyrograms generated by the original xylan are different depending on the 

pyrolysis temperature. Those obtained at 255 and 280 °C do not exhibit any signals at 

retention times greater than 1.5 min, although the 4-O-MeGlcA (primarily Na uronate) 

and half the xylose units in the xylan main chains were always decomposed. The signals 

originating from compounds 1-9 become significant at 315 °C and above, at which point 

the remainder of the xylose units degrade. These observations provide some insights into 

the pyrolytic reactions of the original xylan. The degradation of the 4-O-MeGlcA groups 

and some xylose units in the temperature range of 220–280 °C does not produce any 

significant quantities of low MW products. Thus, the low MW fragmentation and 
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deoxygenation products 1-9 are formed at the higher temperatures corresponding to the 

higher temperature DTG peak.  

 

Fig. 2-13 Proposed fragmentation and deoxygenation mechanisms for the pyrolysis of the original xylan 

above 315 ºC 

 

These characteristics of the original xylan pyrolysis can be explained by the 

proposed mechanism shown in Fig. 2-13, although further systematic studies are 

necessary to confirm this hypothesis. In this mechanism, thermal degradation products 

including Na, formed at lower pyrolysis temperatures, act as catalysts for the secondary 

degradation of the gas phase products resulting from the pyrolysis of the rest of the xylose 

units at higher temperatures (>280 °C). When the pyrolysis temperature is increased from 

315 to 590 °C, secondary reactions producing fragmentation and deoxygenation products 

1-9 become more prominent.  

 

2.4 Conclusions 

 

The role of uronic acid moieties during xylan pyrolysis was investigated, focusing on 

metal uronate and free uronic acid in original and demineralized commercial beech wood 

xylans. The following conclusions can be made.  

1. The original xylan, containing metal uronate groups (primarily sodium salts), 

degrades over two different temperature ranges, producing two distinct DTG peaks. 
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Conversely, the demineralized xylan with free uronic acid degrades in an intermediate 

temperature range and shows one peak. 

2. Char analysis following xylan pyrolysis based on methanolysis is a helpful means of 

understanding the structural decomposition at each pyrolysis temperature. 

3. In the case of the original xylan, pyrolysis causes the metal (sodium) uronate and half 

the xylose units in the xylan main chains to degrade at relatively low temperatures, 

corresponding to the lower temperature DTG peak. The remainder of the xylose units 

degrade at the higher temperature, producing the higher peak. Thus, the effect of metal 

uronates is heterogeneous and occurs only in the vicinity of these groups. 

4. During pyrolysis of the demineralized xylan, the acid catalysis of free uronic acid 

moieties affects all the xylan groups, and the pyrolysis occurs homogeneously. 

5. Pyrolysis reactions are affected by the presence of both the metal (sodium) uronate 

and free uronic acid groups. Free uronic acid acts as an acid catalyst to enhance 

depolymerization and dehydration reactions and thus promotes the formation of 

furfural and 4-hydroxy-5,6-dihydro-2H-pyran-2-one, while the metal uronate 

enhances fragmentation and deoxygenation reactions. 

6. The information obtained from this work provides useful insights into the wood 

pyrolysis mechanism. 
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Chapter 3 

 

Thermal reactivity of hemicellulose and cellulose in 

cedar and beech wood cell walls 

 

3.1 Introduction 

 

The pyrolytic reactivity of wood polysaccharides has been studied using isolated 

cellulose and hemicelluloses (Shafizadeh, McGinnis, and Philpot 1972; Shen, Gu, and 

Bridgwater 2010; Wang et al. 2013; Yang et al. 2006, 2007). Cellulose, a crystalline 

polysaccharide, exhibits a higher thermal stability than amorphous hemicelluloses and 

exhibits the maximum thermal degradation rate at ~350 °C, that yields volatile products 

and char (Yang et al. 2006, 2007; Zhou et al. 2015). Xylan and glucomannan are the major 

hemicellulose for hardwood and softwood, respectively, whose structure is illustrated in 

Fig. 3-1. The pyrolytic reactivity of hemicellulose has received a wealth of interdependent 

research by using isolated wood xylan (Sanchez-Silva et al. 2012; Shafizadeh, McGinnis, 

and Philpot 1972; Shen, Gu, and Bridgwater 2010; Wang et al. 2013; Yang et al. 2006) 

and konjac glucomannan (Ohnishi et al., 1977; Patwardhan, Brown, et al., 2011; Räisänen, 

Pitkänen, Halttunen, & Hurtta, 2003; Shen, Gu, & Bridgwater, 2010a; X. Zhou, Li, 

Mabon, & Broadbelt, 2018), and in addition, numerous studies have concluded that the 

thermal stability of xylan is lower than glucomannan (Shafizadeh, McGinnis, and Philpot 

1972; Wang et al. 2013; Werner, Pommer, and Broström 2014). Relating to the xylan 

instability, Wang et al. (Wang, Asmadi, and Kawamoto 2018) reported that the 4-O-

methyl-D-glucuronic acid (4-O-MeGlcA) moiety and the Na salts in demineralized and 

original commercial beech xylan acted as acid and base catalysts, respectively, which 

promotes the thermal degradation of the xylose units in xylan. The observed changes to 

the catalytic performance were also supported from the different compositions of the 



37 

 

pyrolysis products; depolymerization/dehydration products such as furfural and 4-

hydroxy-5,6-dihydro-2H-pyran-2-one were observed by acid catalysis, while 

fragmentation products were yielded by base catalysis. 

 

 

Fig. 3-1 Chemical structure of xylan and glucomannan 

 

Conversely, the reactivity of hemicellulose and cellulose in wood cell walls has 

not been discussed in the literature. Only thermogravimetric (TG) and differential TG 

(DTG) profiles of wood samples have been discussed with the thermal reactivity of 

isolated hemicellulose and cellulose (Shen and Gu 2009; Shen, Gu, and Bridgwater 2010; 

Yang et al. 2006, 2007; Zhou et al. 2015). The DTG curve of hardwood typically exhibits 

a shoulder in the lower temperature region along with a peak, which has been reported to 

originate from xylan and cellulose, respectively (Kim et al. 2006; Poletto 2016; Poletto 

et al. 2012). This assignment appears to be reasonable because the shoulder is not 

observed for the typical DTG curve of softwood that contains only a smaller amount of 

xylan. Nevertheless, there are no reports to evidence this explanation. For these reasons, 

the work herein evaluates the pyrolytic reactivity of hemicelluloses and cellulose in wood 
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by using Japanese cedar (Cryptomeria japonica, a softwood) and Japanese beech (Fagus 

crenata, a hardwood). 

To evaluate the pyrolytic reactivity of wood polysaccharides in wood cell walls, 

hemicelluloses and cellulose remaining in heat-treated woods must be quantified during 

pyrolysis. Standard analysis methods for wood polysaccharides include hydrolysis 

(Harris et al., 1985) and methanolysis (Asmadi et al., 2017; Bertaud et al., 2002; Bleton 

et al., 1996; Li et al., 2007), which can be applied for this purpose. Herein, Japanese cedar 

and Japanese beech woods were pyrolyzed by heating to set temperatures from 220 to 

380 °C (20 °C intervals and no holding period), and the thermal degradations of xylan, 

glucomannan and cellulose were evaluated from the remaining hydrolysable sugar 

content. Comparisons with isolated xylan and glucomannan provide insight into how the 

pyrolytic reactivity is influenced in wood cell wall. Finally, the obtained results allowed 

for the assignment of the TG/DTG curves. 

 

3.2 Materials and methods 

 

3.2.1 Materials 

Beech wood xylan and konjac glucomannan were purchased from Megazyme 

(Wicklow, Ireland) and Carbosynth (Berkshire, United Kingdom), respectively, and used 

without any further purification. Extractive-free wood flour (80 mesh passed) was 

prepared from the sapwood of Japanese cedar and Japanese beech by extracting with 

acetone using a Soxhlet extractor. 

3.2.2 TG analysis 

TG analysis was conducted using a TGA-50 instrument (Shimadzu, Kyoto, Japan). 

Oven-dried Japanese cedar or Japanese beech wood (1 mg) was placed into a platinum 

pan and heated from room temperature to 800 °C, at a heating rate of 10 °C/min under a 

N2 flow of 10 mL/min (purity: 99.9998%, JAPAN FINE PRODUCTS, Mie, Japan). N2 

was first passed through a deoxygenation column (GL Sciences, Japan) to remove any 

oxygen contamination. 
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3.2.3 Pyrolysis experiment 

Figure 3-2 illustrates the experimental setup used in this study. A quartz glass tube 

(internal diameter 15 mm, length 400 mm, wall thickness 1.5 mm) was placed in an 

electric furnace (Asahi-Rika Seisakusho, Chiba, Japan). For each experiment, the sample 

(20 mg) was placed into a ceramic boat (As One, Osaka, Japan), and the ceramic boat 

placed within the glass tube. Thereafter, the air inside the glass tube was displaced by a 

N2 flow (100 mL/min) for 5 min using a SEC-400MK3 mass flow controller (Horiba, 

Kyoto, Japan), and the sample subjected to heat treatment at a set temperature (220–

380 °C, at 20 °C intervals), at a heating rate of 10 °C/min, which was the same heating 

rate used for TG analysis. The sample temperature was directly measured during the 

pyrolysis experiment by contacting the tip of a fine thermocouple (0.25 mm in diameter, 

type K, Shinnetsu Co., Ltd., Ibaraki, Japan) to the sample whilst recording with a 

thermologger (AM-8000, Anritsu, Kanagawa, Japan). When the temperature reached the 

designated temperature, the cover of the electric furnace was opened and the glass tube 

was immediately cooled to room temperature under a flow of air. 

 

 

Fig. 3-2 Experimental setup for the pyrolysis experiment 

 

3.2.4 Hydrolysable sugar analysis 

Acid hydrolysis and methanolysis were conducted to determine the hydrolysable 

sugars from cellulose and hemicellulose/pectin in the heat-treated woods, respectively.  

Hydrolysis was used to completely convert crystalline cellulose and was 

performed by treating the sample in a ceramic boat with 0.3 mL of an aqueous 72% H2SO4 

solution at 30 °C in a glass tube for 1 h in a water bath. Thereafter, 8.4 mL of water was 
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added to the mixture for dilution and the solution was heated in an autoclave at 120 °C 

for 1 h to complete the hydrolysis reactions. After quenching the system, the sample was 

filtered with filter paper (Kiriyama Glass Works, Tokyo, Japan). An aliquot of the filtrate 

was taken and diluted 15 times with water and neutralized with Dionex OnGuard II A 

cartridge (Thermo Fisher Scientific, MA, USA). The glucose yield was determined by 

high-performance anion-exchange chromatography using a Dionex ICS-3000 instrument 

under the following conditions: column: CarboPac PA1 (4 mm x 250 mm); gas: N2; flow-

rate: 1 mL/min; pressure: 1 atm; eluent: mixture of 0.2M NaOH and distilled water; 

gradient-program: 15/85 (0-20min); detector: electron capture; detector temperature: 

35 °C.  

Milder methanolysis (Asmadi et al., 2017; Bertaud et al., 2002; Bleton et al., 1996; 

Li et al., 2007) was selected to determine the hydrolysable sugars from hemicellulose, 

pectin, and uronic acid groups. The ceramic boat containing heat-treated wood was placed 

into 4 mL of a 2 M solution of HCl in methanol in a glass tube comprising a screw cap 

and a Teflon-lined septum and heated at 60 °C for 16 h to complete the methanolysis 

reactions. After neutralization with 100 μL of pyridine, a portion of the mixture was 

mixed with a glucitol/methanol solution as an internal standard and dried under vacuum. 

Then, pyridine, hexamethyldisilazane and trimethylchlorosilane were added and the 

mixture was heated at 60 °C for 30 min under stirring. The resulting trimethylsilyl 

derivatives were analyzed by GC-MS using a Shimadzu-2010 Plus gas chromatograph 

(Shimadzu Corporation) coupled to a Shimadzu QP 2010 Ultra mass spectrometer 

(Shimadzu Corporation). The instrumental conditions comprised: column: Agilent CPSil 

8CB (length: 30 m, diameter: 0.25 mm); injector temperature: 260 °C;; column 

temperature: 100 °C (2 min), 4 °C/min to 220 °C, 220 °C (2 min), 15 °C/min to 300 °C, 

300 °C (2 min); carrier gas: helium; flow rate: 1.0 mL/min. The MS scan parameters 

included a scan range of 35–600 m/z and a scan-interval of 0.3 s. The signals originating 

from methyl glycosides were assigned based on the associated mass spectra and retention 

times, as compared with literature data (HA and Thomas 1988; Sundberg et al. 1996). 

 

3.3 Results and discussion 
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3.3.1 Hemicellulose and other minor saccharide reactivity in wood cell walls 

Figure 3-3 compares the pictures of heat-treated Japanese beech and Japanese 

cedar woods subjected to temperatures of 220–380 °C (10 °C/min). Discoloration of the 

beech wood was initiated at 240 °C, with the color changing to brown and darkening 

further as the temperature increased. Conversely, discoloration of the cedar wood 

occurred at a higher temperature range of 320–340 °C. Thus, in terms of discoloration, 

beech wood is more reactive than cedar wood. These results may originate from the 

different pyrolytic reactivity of the wood components, which will be discussed in the 

following paragraphs. 

 

 

Fig. 3-3 Pictures of the appearance of: (a) Japanese cedar and (b) Japanese beech woods after being 

subjected to pyrolysis at various temperatures (10 °C/min, no holding period), under a nitrogen flow (100 

mL/min) 
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Changes in the hydrolysable sugar content in the heat-treated woods are shown in 

Fig. 3-4, focusing on six sugar components: arabinose, glucose, galactose, mannose, 

xylose and 4-O-MeGlcA. The hydrolysable sugar content is shown as the percentage of 

sugar recovered against the yield from non-treated wood (normalized to 100%). Sugars 

other than glucose were determined as the corresponding methyl glycosides obtained by 

acidic methanolysis because of the instability of hemicellulose- and pectin-derived sugars 

when subjected to more severe hydrolysis conditions that hydrolyze stable crystalline 

cellulose. 

 

 

Fig. 3-4 Recovery rates of hydrolysable sugars from: (a) Japanese cedar and (b) Japanese beech woods 

after heating to various temperatures (10 °C/min, no holding period), under a nitrogen flow (100 mL/min) 

● glucose (Glu), ▲ xylose (Xyl), ■ mannose (Man), ○ arabinose (Ara), △ galactose (Gal), □ 4-O-methyl-

D-glucuronic acid (4-O-MeGlcA). 

 

Table 3-1 (Rabemanolontsoa & Saka, 2013) shows sugar compositions 

determined from non-treated cedar and beech woods. The origins of these sugars should 

be discussed, based on literature (Haraguchi, 1985; Li et al., 2007; Meier & Vangedal, 

1961; Mian & Timell, 1960; Reis & Vian, 2004; Scheller & Ulvskov, 2010; Thomas, 

2015; X. Zhou et al., 2017), prior to comparing the pyrolysis results. A significant amount 

of glucose originates from cellulose, however, glucose is also the constituent of 

glucomannan. Different xylose and mannose contents in cedar and beech woods are 

explained by the well-known compositional difference of hemicellulose in hardwood and 
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softwood: xylan and trace amounts of glucomannan in hardwood, while softwood 

typically comprises glucomannan in major and xylan in minor amounts. Thus, changes in 

the yields of mannose and xylose directly indicate the degradation of glucomannan and 

xylan, respectively, during wood pyrolysis. The decrease in the recovery of glucose is 

related to cellulose degradation in beech, however, the contribution of glucomannan 

degradation must be considered for cedar. 

 

 

Table 3-1 Monosaccharide compositions of beech and cedar woods (g kg−1 of the original oven-dried 

basis) (Rabemanolontsoa & Saka, 2013) 

 

Glu: glucose, Man: mannose, Xyl: xylose, UA: uronic acid, Ara: arabinose, Gal: galactose 

 

Xylan in both cedar and beech woods contains 4-O-MeGlcA as an acidic sugar 

component that is expected to act as an acid and base (as metal uronate) catalyst (Wang, 

Asmadi, & Kawamoto, 2018), indicating that this unit may accelerate the degradation of 

wood cell wall components. The effectiveness of this acceleration effect in cell walls is 

particularly discussed in the present paper. Typically, the 4-O-MeGlcA content is greater 

in hardwood than softwood, as recognized for beech (20 g/kg) and cedar (9 g/kg), Table 

3-1. 

The origins of arabinose and galactose are more complex. Arabinose is a 

component of softwood xylan but not of hardwood xylan. However, galactose is attached 

to the glucomannan chain of both types of wood species. For these minor sugars, the 

pectin content in the primary cell wall, which contains arabinose and galactose as the 

primary sugars (Caffall & Mohnen, 2009; Mohnen, 2008; Ridley et al., 2001; Thakur, 

Singh, & Handa, 1997; Voragen, Coenen, Verhoef, & Schols, 2009), cannot be ignored. 

Sample Glu Man Xyl UA Ara Gal

Japanese

cedar
447 57 64 9 6 12

Japanese 

beech
417 14 213 20 9 36
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Accordingly, understanding the pyrolytic degradation of arabinose and galactose units is 

difficult with respect to the wood components. 

In Fig. 3-4, degradation of glucose units is observed in the highest temperature 

region for both woods, which is consistent with the degradation of highly stable cellulose. 

Conversely, the temperature range where xylose and mannose units degrade is different; 

xylose and mannose units degrade at similar temperatures for cedar, however, in the 

pyrolysis of beech wood, the mannose units degrade at significantly lower temperatures 

than xylose. The xylose units in both woods are observed to degrade at similar 

temperatures, where mannose units in cedar also degrade. Consequently, hemicelluloses 

in the cell walls of both wood species are suggested to have similar reactivity, except for 

glucomannan in beech wood that is more reactive than other hemicelluloses. 

The pyrolytic reactivity of the sugar units in hemicellulose in cedar and beech 

woods, as shown in Fig. 3-4, are compared with those of isolated xylan and glucomannan 

in Fig. 3-5, to elucidate the influence of the cell wall matrix. The results of the isolated 

hemicelluloses are shown in dashed lines. Commercial beech wood xylan, where the 

majority of the uronic acid moieties exist as Na salts, was used along with the 

demineralized (free carboxyl) sample as the isolated xylans, and their pyrolytic 

reactivities were evaluated by a similar procedure used in the present study (Wang et al., 

2018). Based on the analysis data of ten softwood and hardwood species in our previous 

paper (Asmadi et al., 2017), most of the free carboxylic 4-O-MeGlcA groups in xylan 

would form the salts with alkali and alkaline earth metal cations, although some are 

involved in the formation of ester linkages with lignin as discussed later. 
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Fig. 3-5 Influence of pyrolysis temperature on recovery rates for: (a) xylose, (b) 4-O-MeGlcA, (c) 

mannose, (d) arabinose and (e) galactose in Japanese beech (●) and Japanese cedar (○) woods, compared 

with isolated xylan (△: Na+ salt, ▲: free carboxyl) and isolated glucomannan (x) 

Pyrolysis conditions: heating rate (10 °C/min) / nitrogen flow (100 mL/min) / no holding period. 

 

Glucomannan was isolated from Japanese cedar wood according to a previously 

reported procedure that includes the extraction of the residues obtained by the pre-

extraction of xylan from holocellulose (delignified wood) using an aqueous solution of 

sodium hydroxide (24%) and boric acid (5%). However, that procedure concluded that 

the boric acid contaminant could not be removed from the isolated glucomannan even 

when using resins. For these reasons, konjac glucomannan was used as the isolated 

glucomannan herein. 

The degradation temperature of the xylose units in both woods shifted to higher 

temperatures when compared with the isolated xylans, suggesting that xylan in the cell 

walls of both woods is significantly stabilized. Furthermore, the reactivity is observed to 

be similar to the glucomannan in cedar wood, as described above. The 4-O-MeGlcA units 

are also stabilized in the woods, however, the observed stability is different for cedar and 

beech. These results indicate that the 4-O-MeGlcA units attached to the xylan chain are 

restricted in the wood cell walls, where 4-O-MeGlcA fails to properly function as an acid 

0

20

40

60

80

100

220 240 260 280 300 320 340 360 380

H
y
d

ro
ly

s
a

b
le

 s
u

g
a

r 
c
o

n
te

n
t 

(%
 o

n
 o

ri
g
in

a
l 
w

o
o
d

)

Temperature ( C)

0

20

40

60

80

100

220 240 260 280 300 320 340 360 380

H
y
d
ro

ly
s
a

b
le

 s
u

g
a

r 
c
o
n
te

n
t 

(%
 o

n
 o

ri
g
in

a
l 
w

o
o
d
)

Temperature ( C)

0

20

40

60

80

100

220 240 260 280 300 320 340 360 380

H
y
d

ro
ly

s
a

b
le

 s
u

g
a

r 
c
o

n
te

n
t 

(%
 o

n
 o

ri
g
in

a
l 
w

o
o
d
)

Temperature ( C)

0

20

40

60

80

100

220 240 260 280 300 320 340 360 380

H
y
d

ro
ly

s
a

b
le

 s
u
g
a
r 

c
o

n
te

n
t 

(%
 o

n
 o

ri
g
in

a
l 
w

o
o
d

)

Temperature ( C)

0

20

40

60

80

100

220 240 260 280 300 320 340 360 380

H
y
d
ro

ly
s
a

b
le

 s
u
g
a
r 

c
o
n
te

n
t 

(%
 o

n
 o

ri
g
in

a
l 
w

o
o
d
)

Temperature ( C)

(a) Xylose (b) 4-O-MeGlcA (c) Mannose

(d) Arabinose (e) Galactose

Cedar

Beech
Isolated

x

Cedar

Beech

Konjac glucomannan

Beech xylan

(Na salt)

Beech xylan

(free carboxyl)

Isolated 

samples



46 

 

and base catalyst for xylan degradation. These findings will provide new insight to 

research groups in the area of wood pyrolysis because xylan is currently believed to be 

more reactive than glucomannan in wood pyrolysis. 

The reactivity of the mannose units exhibit the opposite trend for cedar and beech 

woods; mannose units in cedar wood degraded at slightly higher temperatures than konjac 

glucomannan, while the mannose units in beech wood degraded at significantly lower 

temperatures, although the glucomannan content is relatively low in beech. These results 

suggest that the environment where glucomannan exists is different in the cell wall matrix 

of cedar and beech woods. A possible explanation for the enhanced reactivity of beech 

wood glucomannan is that the 4-O-MeGlcA groups act as acid/base catalysts in the 

vicinity of glucomannan in the cell wall of beech wood, as discussed later. 

Arabinose and galactose units in beech wood degrade at lower temperatures than 

those in cedar wood. The greater reactivity of the galactose units in beech can be 

explained by the reactivity of glucomannan, which was greater in beech than cedar, 

because galactose is the minor component of glucomannan in both woods. Nevertheless, 

the contribution of pectin must be considered for the reactivity of these minor sugar units. 

Discoloration of beech wood that initiated at a lower temperature of 240 °C, when 

compared with the cedar wood (Fig. 3-3), may be related to the greater reactivity of 

arabinose and galactose units along with glucomannan. 

 

3.3.2 Cellulose reactivity and assignment of TG/DTG curves 

Figure 3-6 illustrates the TG/DTG profiles measured for beech and cedar woods 

at the same heating rate (10 °C/min), used for the above pyrolysis experiments, along 

with the degradation behavior of cellulose and hemicelluloses, expressed as wt.% based 

on the content in the wood, which were roughly estimated from the yields of hydrolysable 

sugars. The xylan and glucomannan contents in the pyrolyzed woods were calculated by 

multiplying the respective content in the original wood by the recovery rate of methyl 

xyloside and methyl mannoside obtained by methanolysis, respectively. The cellulose 

content was determined from the glucose yield obtained by hydrolysis by subtracting the 

yield from glucomannan, assuming that the reactivity of the glucose and mannose units 
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in glucomannan is similar. Although the TG/DTG curves appear at slightly higher 

temperatures than the degradation of wood polysaccharides, the data set comparison is 

useful for TG/DTG curve assignment. 

A shoulder is clearly observed in the beech DTG curve along with a peak, while 

the DTG curve of cedar exhibits only one broad peak. Such a difference has previously 

been believed to originate from the greater reactivity of xylan that is more abundant in 

hardwood (Zhou et al., 2017). The present investigation, however, clarifies that the 

glucomannan in beech is significantly more reactive than xylan, which suggests that the 

shoulder in the beech DTG curve is not related to hemicellulose reactivity. 

Contrary to this, the degradation behavior of cellulose is different for cedar and 

beech woods. Cellulose in beech is stable up to ~320 °C, where xylan and glucomannan 

almost degrade. Thus, thermal degradation of cellulose occurs independently of 

hemicellulose degradation in the beech wood cell wall. Conversely, cellulose in cedar 

wood typically degrades together with xylan and glucomannan degradation. 

Consequently, as indicated in Fig. 3-6, the overlapping temperature ranges for the 

degradation of cedar cellulose and hemicelluloses leads to one broad DTG peak. 
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Fig. 3-6 Thermogravimetric (TG)/Derivative TG profiles showing the recovery of cellulose, xylan and 

glucomannan from: (a) Japanese cedar and (b) Japanese beech woods (only cellulose-originated glucose 

was counted to determine the glucose yield) 

 

3.3.3 Influence of the cell wall ultra-structure 

Esterification with lignin may partially explain the ineffective catalytic activity of 

4-O-MeGlcA in the wood cell wall. Three types of lignin-carbohydrate complex (LCC) 

linkages, C -ester with 4-O-MeGlcA, benzyl ether, and phenyl glycoside, Fig. 3-7, are 

reported in softwood and hardwood cell walls (Balakshin et al., 2011; Du et al., 2014; 

Takahashi & Koshijima, 1988a; Tarasov et al., 2018; Yuan et al., 2011). This ester 

formation renders a portion of the 4-O-MeGlcA moieties inactive as acid/base catalysts 

for hemicelluloses and cellulose. Although the esterification rate is not clear presently, 

free 4-O-MeGlcA moieties are suggested to exist in the wood cell wall based on the 

cation-exchange ability (Asmadi et al., 2017; DeGroot, 1985; Sjöström, Janson, Haglund, 

& Enström, 1965) and distribution of alkali and alkaline earth metal cations within the 

cell walls (Saka & Mimori, 1994). Accordingly, some of the 4-O-MeGlcA moieties in the 

cell wall are ineffective, even without the formation of the ester linkages with lignin. 

(a) Japanese cedar (b) Japanese beech
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Fig. 3-7 Three types of lignin-carbohydrate complex linkages 

 

Acetyl groups are attached to xylan in beech and glucomannan in cedar, although 

the isolated hemicelluloses in Fig. 3-5 do not contain any acetyl groups. Such acetyl 

groups may affect the xylan and glucomannan reactivity in wood cell walls. However, 

this would not be important because xylans in both woods exhibited similar reactivities. 

Xylan and glucomannan are normally involved in the formation of LCC linkages 

with lignin (Tarasov et al., 2018), indicating that hemicellulose and lignin exist in 

proximity by the formation of chemical bonds. These structures in the matrix of the wood 

cell wall may restrict the mobility of the 4-O-MeGlcA moieties, although this hypothesis 

needs to be confirmed by further investigations on the wood cell wall matrix and pyrolytic 

reactivity. The greater reactivity of glucomannan in beech wood can be explained by this 

hypothesis; glucomannan exists in the vicinity of 4-O-MeGlcA in the beech wood cell 

wall. Whereas, an attack of the xylose main chain in xylan by 4-O-MeGlcA is not possible. 

Phenyl glycoside

Cg-ester 

with uronic acid

Benzyl ether
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These results will be of significant interest to wood anatomists, as well as researchers in 

the field of pyrolysis. 

The pyrolytic reactivity of cellulose is intrinsically determined by the crystalline 

nature. The molecules that comprise the nano-crystallites (tens of nm in cross-section) 

are stable, and hence, the thermal degradation is initiated from the surface molecules (H. 

Kawamoto & Saka, 2006; D. Y. Kim, Nishiyama, Wada, Kuga, & Okano, 2001; Zickler, 

Wagermaier, Funari, Burghammer, & Paris, 2007). Prior to the decomposition, there is 

an “induction period” that is observed to activate cellulose, which led to the concept of 

“active cellulose” formation (Bradbury, Sakai, & Shafizadeh, 1979; Clawson & Clawson, 

1999). The role of the reducing end during the activation of cellulose for thermal 

discoloration (Matsuoka, Kawamoto, & Saka, 2014) and weight-loss behavior (Matsuoka, 

Kawamoto, & Saka, 2011) is also suggested. Thus, the cellulose crystallite surface and 

hemicellulose-lignin matrix interface plays an important role when determining the 

cellulose reactivity, as illustrated in Fig. 3-8, which is suggested to be different for cedar 

and beech woods. Degradation of hemicellulose can activate the surface molecules of 

cedar cellulose, however, this is not observed for beech. 

 

 

Fig. 3-8 Role of the hemicellulose-lignin matrix and cellulose microfibril surface interface for cellulose 

reactivity during pyrolysis, which is expected to be different for Japanese cedar and Japanese beech 

woods 

 

The assembly of cellulose and hemicelluloses in the wood cell walls has received 

significant attention in the field of wood anatomy, and different arrangements are 

Hemicellulose-lignin matrix

Cellulose microfibril

Surface molecules

Interface

activation (cedar) 

no effect  (beech)
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proposed for softwood and hardwood cell walls, as illustrated in Fig. 3-9. Strong binding 

of glucomannan to cellulose in softwood cell walls has been reported (Åkerholm & 

Salmén, 2001; Kumagai & Endo, 2018; Salmén & Burgert, 2009; Terashima et al., 2009). 

Based on the results of dynamic mechanical analysis with FT-IR spectrometry, Åkerholm 

and Salmén (Åkerholm & Salmén, 2001) reported the close connection between cellulose 

and glucomannan in Norway spruce (Picea Abies) wood fibers, although xylan showed 

no mechanical interaction with cellulose. Kumagai and Endo (Kumagai & Endo, 2018) 

utilized a quartz crystal microbalance for studying the action of cellulase during 

enzymatic hydrolysis of lignocellulose nanofibers prepared from Japanese cedar (a 

softwood) and eucalyptus (a hardwood). The report concluded that cellulose is covered 

by glucomannan in Japanese cedar, because the removal of glucomannan by the mannase 

treatment was necessary for cellulase to bind to cellulose. Xylan and lignin are considered 

to exist between glucomannan-coated cellulose in softwood (Fig. 3-9(a)) (Salmén & 

Burgert, 2009). 

Conversely, in the case of hardwood cell walls, Dammström (Dammström et al., 

2009) reported the dynamic FT-IR analysis data of aspen (Populous tremula), suggesting 

that xylan is strongly associated with cellulose, instead of glucomannan in the case of 

softwood. Association of xylan on cellulose is also used to explain the helicoidal array of 

cellulose microfibrils; negatively-charged 4-O-MeGlcA moieties in xylan attached to the 

surface of cellulose microfibrils help to maintain the space between the microfibrils 

yielding a cholesteric mesophase (Reis & Vian, 2004; Reis, Vian, & Roland, 1994; Vian, 

Roland, Reis, & Mosiniak, 2014). However, there has been controversy because xylan in 

solution forms a three-fold helical screw conformation, hindering xylan combining with 

cellulose having a two-fold conformation (Busse-Wicher et al., 2014; Nieduszynski & 

Marchessault, 1971). Simmons et al. (Simmons et al., 2016) reported clear evidence for 

the binding of xylan to cellulose by solid-state NMR; xylan exhibiting a three-fold helical 

screw in solution flattens into a two-fold helicoidal screw to intimately bind to cellulose. 

These observations are also supported by theoretical calculations (Busse-Wicher et al., 

2014, 2016; Mikkelsen, Flanagan, Wilson, Bacic, & Gidley, 2015; Pereira, Silveira, 

Dupree, & Skaf, 2017). These lines of information indicate that xylan binds to cellulose 

microfibrils instead of glucomannan in hardwood cell walls, as shown in Fig. 3-9(b). 
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Fig. 3-9 Schematic view of the proposed cell wall arrangements of cellulose, hemicellulose and lignin for 

softwood and hardwood 

 

The cellulose reactivity of cedar and beech woods may be influenced differently 

by the variation in the assembly, although elucidation of the detailed mechanisms hitherto 

is not fully understood. Hence, further information with respect to the wood anatomy is 

necessary. 

 

3.4 Conclusions 

 

The thermal reactivity of xylan, glucomannan and cellulose in Japanese beech and 

Japanese cedar woods was investigated. The TG/DTG profiles were assigned from the 

results obtained herein. The results were also compared with those of isolated xylan and 

glucomannan, to understand the influence of the cell wall. Xylan is observed to be 

significantly stabilized in the cell walls of both woods, and the reactivity is similar to that 

of glucomannan in cedar. Glucomannan becomes unstable in beech. The 4-O-MeGlcA 

moieties and the corresponding salts do not act as acid/base catalysts in the cell walls, 

except for glucomannan in beech. This observation is partially explained by the ester 

formation with lignin. The observed differences in the cedar and beech TG/DTG curves 

do not arise from the differences in hemicellulose reactivity, but from the differences in 

cellulose reactivity; cellulose decomposes together with hemicellulose in cedar, however, 

the decomposition occurs independently in beech. The nature of the hemicellulose and 
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cellulose microfibril assemblies for cedar and beech cell walls are considered as a reason 

for the different cellulose reactivity in cedar and beech woods. 
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Chapter 4 

 

Location of uronic acid group in Japanese cedar and 

Japanese beech wood cell walls as evaluated by the 

influences of minerals on thermal reactivity 

 

4.1 Introduction 

 

Wood has a heterogeneous cell wall structure consisting of nano-sized cellulose 

microfibrils surrounded by the hemicellulose–lignin matrix. The types and contents of 

hemicellulose are different depending on the plant species. In hardwood, xylan is 

dominant (10–30 wt%) and the content of glucomannan is quite small (3–5 wt%), while 

softwood contains more glucomannan (14–25 wt%) and less xylan (5–15 wt%) 

(Haraguchi, 1985). The assembly of hemicelluloses in the matrix has been studied and is 

suggested to be different in the cell walls of softwoods and hardwoods. Glucomannan has 

been reported to bind to the surface of cellulose microfibrils in softwood (Åkerholm & 

Salmén, 2001; Kumagai & Endo, 2018; Maeda, Awano, Takabe, & Fujita, 2000; 

Terashima et al., 2009), while xylan associates with cellulose in hardwood (Awano, 

Takabe, & Fujita, 2001; Dammström et al., 2009; Simmons et al., 2016; Vian et al., 2014). 

Recently, however, xylan is also reported to bind to cellulose in spruce, which is a 

softwood (Terrett et al., 2019). Thus, the location of hemicellulose in the cell wall has not 

been completely clarified. Such ultrastructure of cell walls may affect the thermal 

degradation reactivity of the component polysaccharides. 

Thermogravimetric (TG) analysis is frequently used to identify softwood and 

hardwood species (Shen, Gu, & Bridgwater, 2010b, 2010a; Yang et al., 2007, 2006). 

Crystalline cellulose is more thermally stable than isolated hemicellulose, which has 

amorphous properties, so these components are thought to decompose over different 
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temperature ranges. Pyrolysis of hardwoods occurs in two ranges, depending on the 

pyrolysis temperature, and gives a characteristic derivative thermogravimetric (DTG) 

curve with a clear shoulder in the lower temperature range. This shoulder is generally 

attributed to the degradation of xylan, because isolated xylan is more reactive than 

glucomannan or cellulose. On the contrary, no clear shoulders are observed on the DTG 

curves of softwoods. This is thought to be caused by the high content of glucomannan in 

softwood, which is less reactive than xylan (Shafizadeh et al., 1972; Wang, Ru, Lin, & 

Luo, 2013b; Wang et al., 2015; Werner et al., 2014). 

Our previous study using Japanese cedar (Cryptomeria japonica, a softwood) and 

Japanese beech (Fagus crenata, a hardwood) (Wang, Minami, & Kawamoto, 2020) 

questioned the above interpretation of the DTG curves. Xylan was remarkably stable 

against pyrolysis in both wood cell walls as compared to isolated xylan and exhibited 

similar reactivity to glucomannan in cedar. In contrast, glucomannan in beech wood was 

quite reactive and decomposed at a lower temperature than xylan, which is the opposite 

of that observed in isolated samples. Therefore, the pyrolysis behavior of hemicellulose 

in wood cannot be explained by the thermal reactivity of isolated hemicelluloses. The 

difference in DTG curves between cedar and beech wood was explained by the different 

thermal decomposition behaviors of cellulose, which was synchronized with 

hemicellulose degradation in cedar, but was independent in beech. 

The 4-O-methyl-D-glucuronic acid (4-O-MeGlcA) bound to the xylose chain of 

xylan and its salt act as acid and base catalysts, respectively, during pyrolysis, which can 

promote the thermal degradation of nearby components. This effect has been confirmed 

by comparing the thermal reactivities between isolated xylans containing the Na salt of 

4-O-MeGlcA and demineralized sample with the free carboxylic acid (Wang, Asmadi, 

and Kawamoto 2018). Given that the catalytic effects of the free acid and the metal salt 

are different, we considered that the location of 4-O-MeGlcA can be established by 

identifying the components for which the reactivity changes with demineralization. Most 

of the 4-O-MeGlcA in wood are thought to be present as metal salts or esters with lignin 

(Asmadi et al., 2017; Balakshin et al., 2011; Du et al., 2014; Tarasov et al., 2018). Asmadi 

et al. (Asmadi et al., 2017) reported a good linear relationship between the amounts of 

metal cations and uronic acids by using 5 softwood and 5 hardwood species and they 
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concluded that most of the metal cations bind to uronic acid to form salts. Metal cations 

can be removed from wood by washing with a weakly acidic solution (Fig. 4-1).  

 

 

Fig. 4-1 Metal uronate changes to uronic acid by treatment with dilute acidic solution 

 

In the present study, the pyrolytic reactivity of xylan, glucomannan, and cellulose 

in cedar and beech wood and their demineralized samples were evaluated from the 

recovery of hydrolyzable sugar after heating to 220–380 °C at a heating rate of 10 °C/min 

under N2 flow without a holding period. The TG and DTG curves were measured at the 

same heating rate of 10 °C/min under N2 flow and compared with the reactivity results to 

explain the weight-loss behavior in terms of the degradation of hemicellulose and 

cellulose. The location of 4-O-MeGlcA in beech and cedar wood is discussed based on 

the present results. 

Table 4-1 Metal cation composition of original Japanese cedar and Japanese beech wood 

 

Others: Cu, Fe, Data from Asmadi et al.  

 

4.2 Experimental 

 

4.2.1 Materials 

Metal uronate Uronic acid
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Cedar 47 400 100 600 6

Beech 85 830 300 770 18
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Wood flour (passing 80 mesh) prepared from the sapwood of Japanese cedar and 

Japanese beech wood was extracted with acetone using a Soxhlet extractor, and then dried 

in an oven at 105 °C for 24 h. Following the process of wood demineralization (Asmadi 

et al., 2017; Hosoya, Kawamoto, & Saka, 2007), wood flour (1 g) was suspended in a 

solution of 0.05 M HCl in methanol (30 mL) and stirred for 24 h at room temperature. 

After filtration, the wood flour was washed with distilled water several times until the 

supernatant became neutral and the residue was dried in an oven at 105 °C for 24 h. The 

process was repeated twice to ensure the complete removal of metal cations. Complete 

removal of minerals by this treatment was confirmed with the no residue remaining after 

incineration of the demineralized sample in air at 600 °C for 2 h. The 0.05 M HCl/MeOH 

may penetrate into cell walls and remove metal cations from uronate salts. Commercially 

available beech wood xylan (Megazyme, Wicklow, Ireland) and konjac glucomannan 

(Carbosynth, Berkshire, United Kingdom) were used as isolated hemicelluloses (Wang et 

al., 2020). 

The characterizations of original and demineralized wood samples are described 

in previous reports (Asmadi et al., 2010, 2017). The metal cation composition of the 

original wood is summarized in Table 4-1 (Asmadi et al., 2010). K+ and Ca2+ were the 

major components, and lesser amounts of Mg2+ and Na+ were also present, along with 

low amounts of Fe and Cu cations. Although the contents of metal cations in the 

demineralized wood samples were not determined, previous report of our laboratory 

shows the reduction rates by using the similar demineralization procedure: content (ppm) 

1100 to 15 (K), 100 to 42 (Na), 780 to 64 (Ca), 280 to 3.8 (Mg) for Japanese cedar wood 

(Takashi Hosoya et al., 2007). 

 

4.2.2 TG analysis 

TG analysis was conducted using a TGA-50 instrument (Shimadzu, Kyoto, Japan). 

Wood flour (1 mg) was placed into a platinum pan and heated from room temperature to 

800 °C at a heating rate of 10 °C/min under a N2 flow of 10 mL/min (purity: 99.9998%, 

Japan Fine Products, Mie, Japan). N2 was first passed through a deoxygenation column 

(GL Sciences, Tokyo, Japan) to remove any oxygen contamination. 
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4.2.3 Pyrolysis 

The experimental setup used in this research is illustrated in Fig. 4-2, and the 

experimental procedure is described in detail in a previous report (Wang et al., 2020). A 

quartz glass tube (internal diameter 15 mm, length 400 mm, wall thickness 1.5 mm) was 

placed in an electric furnace (Asahi-Rika Seisakusho, Chiba, Japan). For each experiment, 

the sample (20 mg) was placed in a ceramic boat (As One, Osaka, Japan), which was then 

placed in the center of the glass tube. Thereafter, the air inside the glass tube was displaced 

by a N2 flow (100 mL/min) for 5 min using a mass flow controller (SEC-400MK3; Horiba, 

Kyoto, Japan). The sample was subjected to heat treatment at a set temperature (220–

380 °C, at 20 °C intervals), at a heating rate of 10 °C/min, which was the same heating 

rate used for TG analysis. The sample temperature was directly measured during the 

pyrolysis experiment by contacting the tip of a fine thermocouple (0.25 mm in diameter, 

type K, Shinnetsu, Ibaraki, Japan) to the sample and the data were recorded with a 

thermologger (AM-8000, Anritsu, Kanagawa, Japan). When the temperature reached the 

designated temperature, the cover of the electric furnace was opened, and the glass tube 

was immediately cooled to room temperature under a flow of air. 

 

 

Fig. 4-2 Experimental setup 

 

Pyrolysis was repeated several times for each condition to confirm the 

reproducibility. The data are shown as average values. The amounts of unreacted 

hemicellulose and cellulose remaining in heat-treated wood samples were evaluated by 

the yields of hydrolyzable sugars. 

Heating area Insulation area

N2 flow

Thermocouple

Rubber sealing

Ceramic boat Samples
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4.2.4 Determination of hydrolyzable sugars 

Hydrolyzable sugars were determined according to the procedure described in a 

previous report (Wang et al., 2020). Acid hydrolysis was used to convert cellulose in the 

heat-treated wood into glucose (Harris et al., 1985). Hydrolysis was performed in 0.3 mL 

of 72% H2SO4 solution at 30 °C for 1 h. The mixture was diluted with 8.4 mL of water 

and heated to 120 °C (in an autoclave) for 1 h. After neutralization by elution on a Dionex 

OnGuard II A cartridge (Thermo Fisher Scientific, Waltham, MA, USA), the glucose 

yield was determined by high-performance anion-exchange chromatography using a 

Prominence chromatograph (Shimadzu, Kyoto, Japan) equipped with an electrochemical 

detector (Decade Elite, Antec Scientific, Zoeterwoude, Netherlands). The separation 

conditions were: column, CarboPac PA1 (4 x 250 mm); eluent, 85% distilled water/15% 

0.2M NaOH; column oven temperature, 35 °C. 

Mild methanolysis was conducted to determine the yields of the hydrolyzable 

sugars from hemicellulose, pectin, and uronic acid as methyl glycosides (Asmadi et al., 

2017; Bertaud et al., 2002; Bleton et al., 1996; Li et al., 2007). Methanolysis was 

performed in 2 M HCl in methanol (KOKUSAN CHEMICAL, Tokyo, Japan) at 60 °C 

for 16 h. After neutralization with pyridine, the methanolysis products were 

trimethylsilylated with pyridine, hexamethyldisilazane, and trimethylchlorosilane at 

60 °C for 30 min. The products were analyzed by gas chromatography–mass spectrometry 

(QP-2010 Ultra; Shimadzu, Kyoto, Japan). The instrumental conditions were: column, 

CPSil 8CB (30 m × 0.25 mm i.d.; Agilent, Santa Clara, CA, USA); injector temperature, 

260 °C; split ratio, 1:50; column temperature, 100 °C (2 min), 4 °C/min to 220 °C, 220 °C 

(2 min), 15 °C/min to 300 °C, 300 °C (2 min); carrier gas, helium. The signals originating 

from hemicellulose and 4-O-MeGlcA were assigned based on the associated mass spectra 

and retention times, as compared with literature data (Bertaud et al., 2002; Bleton et al., 

1996; Mejanelle, Bleton, Tchapla, & Goursaud, 2002; Sundberg et al., 1996). 

 

4.3 Results and discussion 
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4.3.1 TG / DTG profile 

          Figure 4-3 illustrates the TG/DTG profiles measured for the original and 

demineralized cedar and beech wood samples. The different DTG curves in shape of the 

original cedar and beech wood samples are maintained after the demineralization 

treatment; a shoulder is clearly visible in the beech DTG curves, but not in the cedar DTG 

curves. This difference were explained in our previous study (Wang et al., 2020) in terms 

of the different thermal degradation behaviors of hemicellulose and cellulose in wood. 

Hemicellulose and cellulose degrade independently in beech wood, but degrade together 

in cedar wood. Thus, such characteristic behaviors were not changed by demineralization. 

However, for both wood types, the TG/DTG curves shifted to the higher temperature side 

by demineralization, indicating that some components of wood are stabilized by changing 

the 4-O-MeGlcA moiety from metal uronate to free acid. The temperature range in which 

the weight loss of cedar wood occurred was narrowed by demineralization, which was 

different from the behavior of beech wood. 
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Fig. 4-3 TG/DTG curves obtained for original (─) and demineralized (---) Japanese cedar and Japanese 

beech wood 

 

4.3.2 Reactivity of hemicellulose and cellulose in wood 

To understand the decomposition of hemicellulose and cellulose during pyrolysis, 

the hydrolyzable sugar was recovered from wood samples that were pyrolyzed at each 

temperature between 220 °C and 380 °C. By using the same heating rate of 10 °C/min to 

TG analysis, the results of TG analysis can be discussed in terms of the degradation of 

hemicellulose and cellulose. The recovery of mannose indicates the stability of 

glucomannan, because all determined mannose is derived from the glucomannan 

remaining in the pyrolyzed wood. Xylose recovery shows the stability of xylan for the 

same reason. However, glucomannan also contains glucose as a constituent sugar, so 

some adjustment is required to assess the reactivity of cellulose. The amount of cellulose-

derived glucose was determined by subtracting the amount of glucomannan-derived 

glucose, assuming that the sugar composition of glucomannan is mannose: glucose = 3: 
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1 (Timell, 1967; Tyminski & Timell, 1960) and both units have the same thermal 

degradation reactivity. 

The remaining amounts of xylan, glucomannan, and cellulose in pyrolyzed wood, 

which was determined from the recovery of hydrolyzable sugar and the composition of 

the original and demineralized wood, are plotted against the pyrolysis temperature in Fig. 

4-4 and compared with the DTG curves. Weight loss caused by the thermal degradation 

of lignin was also involved in these DTG curves, but the contribution was small because 

of the properties of lignin, which tends to be converted to char (Asmadi et al., 2011; Haruo 

Kawamoto 2017; Wang et al. 2009). 

 

 

Fig. 4-4 Comparison of the DTG curves with the recovery ratios of cellulose (●: original, ○: 

demineralized), xylan (◆: original, ◇: demineralized) and glucomannan (■: original, □: demineralized), 

which were evaluated from the hydrolyzable sugars in pyrolysis of original and demineralized Japanese 

cedar and Japanese beech wood 

 

Although the effect of demineralization on the pyrolytic reactivity of cellulose in 

beech wood was very limited, the cellulose in cedar wood was stabilized by 
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demineralization. For cedar hemicellulose, glucomannan was stabilized, but the xylan 

reactivity was not affected. These results are surprising because the 4-O-MeGlcA moiety 

is bound to xylan. Based on these results, we concluded that the 4-O-MeGlcA is close to 

glucomannan and cellulose in cedar instead of the xylose units of xylan. Consequently, 

the shift of the TG/DTG curves of cedar wood by demineralization is explained by the 

change in reactivity of cellulose and glucomannan. The narrowing of the temperature 

range in which cellulose and glucomannan in cedar wood decompose is consistent with 

the above-mentioned trend in the TG/DTG curves of cedar wood. 

The influence of demineralization of beech wood were very different from that of 

cedar wood. By demineralization, the degradation temperature of xylan in beech wood 

was shifted to lower temperature, but the influence on the reactivity of cellulose was small. 

Therefore, changes in the TG/DTG curve of beech wood are mostly explained by changes 

in the reactivity of xylan in the temperature range of 260–340 °C. This is reasonable 

because the 4-O-MeGlcA is bound to xylan. Because of its low content, the contribution 

of glucomannan to the TG/DTG curve is very small in beech wood. 

In Fig. 4-5, the recovery of xylose, mannose, and 4-O-MeGlcA, normalized as 

100% for untreated samples, is compared with that of isolated glucomannan (Wang er al., 

2020) and xylan (Wang et al., 2018), which were reported in previous work. These 

comparisons provide an understanding of the thermal reactivity of xylan, glucomannan, 

and 4-O-MeGlcA moieties in xylan in wood compared with isolated hemicellulose. The 

isolated xylan contained a sodium salt of 4-O-MeGlcA, which was converted to a free 

acid by demineralization (Wang et al., 2018). Demineralized konjac glucomannan was 

not shown, since it does not contain any acidic groups. 

The isolated xylan was more reactive than glucomannan because of the influences 

of 4-O-MeGlcA (acidic) and its sodium salt (basic). As already mentioned, xylan (xylose 

unit and 4-O-MeGlcA) was remarkably stable in both wood types and exhibited similar 

reactivity to glucomannan in cedar. This trend was not changed by demineralization in 

both woods, indicating that minerals contained in wood do not play a critical role in the 

stabilizing effects of xylan in the cell walls.  
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Fig. 4-5 Changes in recovery ratios of xylose, mannose and 4-O-MeGlcA determined from the 

methanolysis of original (●) and demineralized (○) cedar and beech wood after pyrolysis (solid lines), as 

compared with those from isolated xylan and glucomannan (dashed lines) after pyrolysis (◆: original, ◇: 

demineralized) 

 

The beech xylan was slightly stabilized by demineralization, although the 

reactivity of cedar xylan did not change. These results indicate that the 4-O-MeGlcA 

moiety bound to xylan affects the thermal degradation of xylose units in beech, but not in 

cedar. Although this result is difficult to explain based on our current knowledge, it is 

possible that the 4-O-MeGlcA of cedar xylan may not have access to the xylose units (for 

some unknown reason). Nevertheless, these effects of 4-O-MeGlcA are far less than the 

differences observed in the pyrolysis of wood and isolated xylan. 

The glucomannan reactivity was very different for cedar and beech, because the 

glucomannan in beech wood was more reactive than isolated glucomannan, as described 

in our previous report (Wang et al., 2020). The reactivity in beech was slightly reduced 

by demineralization, but was still much greater than that in isolated glucomannan. 

Therefore, it is suggested that the 4-O-MeGlcA is close to glucomannan and affects the 
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thermal reactivity, which may improve the reactivity of glucomannan in beech wood, 

unlike in cedar. 

As described earlier, the cedar glucomannan was stabilized by demineralization, 

especially in the temperature range of 300–320 °C. This temperature range is close to the 

range in which the reactivity of 4-O-MeGlcA decreased by demineralization. Although 

some detail is lacking at this point, it appears that the stabilization of glucomannan may 

be related to the altered reactivity of the 4-O-MeGlcA. It is suggested that the location of 

glucomannan in both wood types is close to the 4-O-MeGlcA, but the reactivity is very 

different in cedar and beech. Accordingly, other factors must be considered to explain 

these different reactivities. 

The reactivity of the 4-O-MeGlcA was different for cedar and beech wood. It was 

quite stable over the relatively low temperature range of 220–280 °C in beech, but 

degraded in cedar. Explanation of these differences is difficult at present, but the 

environment around the 4-O-MeGlcA in wood is likely to differ between cedar and beech. 

As described above for cedar wood, by demineralization, the 4-O-MeGlcA in both wood 

types was stabilized in the temperature range of 300–320 °C. 

 

4.3.3 Location of uronic acid in cellulose and hemicellulose aggregates in cell wall 

The wood cell wall polysaccharides influenced by demineralization are 

summarized in Table 4-2. The 4-O-MeGlcA bound to xylan may be near the affected 

component. The most interesting finding is the effect on cedar wood, indicating that the 

4-O-MeGlcA is closer to cellulose and glucomannan. In softwood cell walls, 

glucomannan is thought to bind strongly to the surface of cellulose microfibrils 

(Terashima et al., 2009). If this is true, it cannot explain the effects of demineralization 

observed in this study. Instead of the previous model, a new model shown in Fig. 4-6 (a) 

is proposed to explain the present results. In this model, 4-O-MeGlcA bound to xylan is 

placed between cellulose and glucomannan, although the amount of 4-O-MeGlcA is 

unknown. 

 



66 

 

Table 4-2 Summary of the influences of demineralization on thermal reactivities of cellulose, 

hemicelluloses and uronic acid in pyrolysis of Japanese cedar and Japanese beech wood 

 

                               nd: not detected   

 + and ++ : degree of stabilization by demineralization 

 

The association of xylan with cellulose has been shown to explain the formation 

of helicoid-type arrays of cellulose microfibrils in the cell wall (Simmons et al., 2016). 

Cellulose microfibrils surrounded by xylan can be moved to place helicoid arrays by 

repulsion between negatively charged 4-O-MeGlcA. Very recently, Terrett et al. studied 

the polymer interactions in never-dried cell walls of spruce, a softwood, using 13C 

multidimensional solid-state nuclear magnetic resonance spectroscopy. They proposed a 

new molecular architecture of softwood, in which both glucomannan and xylan bind to 

the surface of cellulose microfibrils (Terrett et al., 2019). This is consistent with the model 

in Fig. 4-6 (a), and these lines of literature information support the current research 

proposal. As mentioned earlier, however, there are still many unknowns about the thermal 

reactivity of hemicellulose and cellulose in cedar wood. Lignin may be involved in these 

unique thermal properties, which we will discuss elsewhere. 

Regarding the assembly of beech wood cell walls, the observed influences of 

demineralization on the reactivity of xylan and glucomannan indicate the close proximity 

of these components, as illustrated in Fig. 4-6 (b). A notable property in beech wood was 

the significantly improved reactivity of glucomannan, while xylan containing the 4-O-

MeGlcA was stabilized. To explain these characteristics, the 4-O-MeGlcA needs to be 

placed in a specific position in the aggregate. Lignin and lignin–carbohydrate complex 

linkages such as Cγ-ester with 4-O-MeGlcA, benzyl ether, and phenyl glycoside are 

considered to tighten the aggregate structure. This will also be discussed elsewhere. 
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Fig. 4-6 Location of uronic acid groups in cell walls as proposed for cedar (a) and beech (b) wood based 

on the present results 

 

4.4 Conclusions 

 

The influences of minerals in cedar and beech wood were investigated to 

understand the location of the 4-O-MeGlcA in wood cell walls and the influences on the 

pyrolytic reactivity of hemicellulose and cellulose in wood. The following conclusions 

are obtained: 

1. The TG/DTG curves shifted to higher temperature with demineralization treatment. 

This was caused by changes in the reactivity of cellulose and glucomannan in the case of 

cedar, but was related to changes in the reactivity of xylan and glucomannan in the case 

of beech. 

2. When compared with the reactivity of isolated hemicellulose, xylan was significantly 

stabilized in both wood types, but glucomannan was more reactive in beech wood. These 

trends did not change with demineralization treatment. 
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3. The effects of demineralization indicated the location of the 4-O-MeGlcA, which was 

close to glucomannan and cellulose in cedar, but was close to glucomannan and xylan in 

beech. 

4. The cell wall structures of cedar and beech wood were discussed with reference to the 

arrangement of hemicellulose and cellulose. However, it is considered that the 

arrangement in cedar wood is complex and many unknowns remain concerning the 

thermal reactivity of hemicellulose and cellulose. 
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Chapter 5 

 

Effect of delignification on thermal degradation 

reactivities of hemicellulose and cellulose in wood cell 

walls 

 

5.1 Introduction 

 

The thermal degradation reactivities of component polymers in wood provide a 

fundamental basis for understanding the pyrolysis of wood and other lignocellulosic 

biomasses as well as the changes in the physical properties of wood due to heat treatment. 

Isolated polymers have been used to study thermal degradation reactivity and pathways. 

Moreover, our previous study (Wang et al., 2020) using Japanese cedar (Cryptomeria 

japonica, a softwood) and Japanese beech (Fagus crenata, a hardwood) showed that the 

thermal degradation reactivities of cellulose and hemicellulose differed substantially 

between the wood cell walls and isolated samples. Isolated xylan was more reactive than 

isolated glucomannan owing to the catalytic action of 4-O-methyl-D-glucuronic acid (4-

O-MeGlcA) groups bound to the xylose chain (Wang et al., 2018), but the xylan reactivity 

was substantially reduced in the cell walls of both woods. The glucomannan reactivity in 

beech was improved compared with that of the isolated xylan, but this was not observed 

in the case of cedar. 

In addition to the different hemicellulose reactivities, the thermal degradation 

behaviors of cellulose and hemicellulose were different in cedar and beech woods (Wang 

et al.,  2020). Cellulose and hemicellulose degraded synchronously in cedar wood, while 

the same components decomposed independently in different temperature ranges in beech 

wood. These observations reasonably explain the differential thermogravimetric (DTG) 
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curves for cedar and beech woods. The DTG curve of cedar wood had one wide peak, 

while one shoulder was clearly visible on the lower-temperature side of the peak in beech 

wood. This is a common difference between the softwood and hardwood DTG curves 

(Shen et al., 2010a; Wang et al., 2018; Yang et al. 2007). 

To understand the role of 4-O-MeGlcA as a catalyst, the location of 4-O-MeGlcA 

in the cell walls was evaluated for cedar and beech, based on the effect of demineralization 

on thermal degradation reactivity (Wang et al., 2021). Because demineralization converts 

metal salts (base) into free acids, the components affected by demineralization should be 

near 4-O-MeGlcA. The results showed that 4-O-MeGlcA is located near xylan and 

glucomannan in beech but is located near cellulose and glucomannan in cedar. The latter 

arrangement cannot be explained by the ultrastructure that has been proposed for 

softwood cell walls, where glucomannan is tightly bound to the surface of cellulose 

microfibrils (Åkerholm & Salmén, 2001; Kumagai & Endo, 2018; Terashima et al., 2009). 

Such an arrangement would affect pyrolysis characteristics, which differ for cedar and 

beech woods. 

Thus, hemicellulose and cellulose are located at specific positions in the cell wall, 

which determines their reactivities. The next question to be addressed is the influence of 

lignification on the thermal degradation reactivities of hemicellulose and cellulose in the 

cell walls. Although the state of existence of lignin in cell walls (e.g., a network or 

particulate structure) is still controversial (Norgren & Edlund, 2014; Radotić, Mićić, & 

Jeremić, 2005), lignin makes the cell wall a hard material. Lignin–carbohydrate complex 

(LCC) linkages such as Cγ-ester with the 4-O-MeGlcA group, benzyl ether, and phenyl 

glycoside types (Balakshin, Capanema, & Berlin, 2014; Balakshin et al., 2011; Du et al., 

2014; Takahashi & Koshijima, 1988a; Tarasov et al., 2018; Yuan et al., 2011) fix the 

location of hemicellulose within the cell wall. Furthermore, several researchers (Jin, 

Katsumata, Lam, & Iiyama, 2006; Nair & Yan, 2015; Zhang et al., 2015) have proposed 

covalent linkages between lignin and cellulose. 

In this study, the influence of lignification on the thermal degradation reactivities 

of hemicellulose and cellulose was investigated using holocellulose samples prepared by 

removing lignin from cedar and beech woods. The pyrolytic reactivities of hemicellulose 
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and cellulose were evaluated according to the recovery of hydrolyzable sugars from the 

heat-treated holocellulose. As pyrolysis experiments were performed at the same heating 

rate as that used in the thermogravimetric (TG) analysis, TG/DTG curves were measured 

for holocellulose samples are used to discuss with the decomposition of hemicellulose 

and cellulose at each temperature. 

 

5.2 Experimental 

 

5.2.1 Materials 

 Holocellulose samples were prepared from Japanese cedar and Japanese beech 

according to the following procedure (Wise, Murphy, & D’Addieco, 1946). A wood 

sample (25 g, passed through an 80 mesh) was mixed with 1.5 L of 0.2 M acetic acid. 

Sodium chlorite (10 g) followed by glacial acetic acid (2 mL) was added under stirring, 

and the mixture was stirred for 1 h at 70 °C–80 °C. The same amounts of sodium chlorite 

and glacial acetic acid were added every 1 h (four times for softwood, five times for 

hardwood) to complete the reaction. After centrifugation, the suspended solids were 

collected and washed with distilled water until the solution became clear, and sodium 

chlorite was removed. The resulting solid product was washed with acetone to remove 

water and dried in an oven. 

 

5.2.2 TG analysis 

TG analysis (TGA-50, Shimadzu, Kyoto, Japan) was performed on holocellulose 

samples from Japanese cedar and beech. Each sample (1 mg) was placed in a platinum 

pan and heated from room temperature to 800 °C at a heating rate of 10 °C/min under a 

N2 flow of 10 mL/min (purity: 99.9998%, JAPAN FINE PRODUCTS, Mie, Japan). 

Before being supplied to the TG equipment, the N2 gas was passed through a 

deoxygenation column (Model 1000 O2 filter, GL Sciences, Tokyo, Japan) to remove 

oxygen. 
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5.2.3 Pyrolysis 

Figure 5-1 illustrates the experimental setup used in this study. An electric furnace 

(ARF-20KC, Asahi-Rika, Chiba, Japan) was used to heat the samples. For each 

experiment, a sample (20 mg) in a ceramic boat (As One, Osaka, Japan) was placed in a 

quartz glass tube (inner diameter: 15 mm; length: 400 mm; wall thickness: 1.5 mm). N2 

then passed through the glass tube at a flow rate of 100 mL/min for 5 min to replace the 

air in the glass tube. The N2 flow rate was maintained by a mass flow controller (SEC-

400MK3, Horiba, Kyoto, Japan). The sample was heated to a designated temperature 

(220 °C–380 °C at 20 °C intervals) at a heating rate of 10 °C/min, the same heating rate 

used for the TG analysis. The sample temperature was measured directly during the 

pyrolysis experiment by touching the tip of a fine thermocouple (0.25 mm in diameter) to 

the sample. When the sample temperature reached the designated temperature, the cover 

of the electric furnace was opened and the glass tube was immediately cooled to room 

temperature under an airflow. 

 

 

Fig. 5-1 Experimental setup 

5.2.4 Hydrolyzable sugar analysis 

Acid hydrolysis and methanolysis were separately conducted to convert cellulose 

and hemicellulose/pectin in the heat-treated samples into sugars and methyl glycosides, 

respectively. Hydrolysis was performed by treating each sample together with the ceramic 

boat with 0.3 mL of an aqueous 72% H2SO4 solution at 30 °C in a sealed glass vial for 1 

h in a water bath and shaking several times. Then, 8.4 mL of water was added and the 

mixture was heated in an autoclave at 120 °C for 1 h to complete the hydrolysis reaction. 

The mixture was filtered, and an aliquot of the filtrate was diluted 15 times with water; 

this was then neutralized with a Dionex OnGuard II A cartridge (Thermo Fisher Scientific, 

z
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MA, USA). The glucose yield was determined via high-performance anion-exchange 

chromatography using a Prominence system (Shimadzu, Kyoto, Japan) equipped with an 

electrochemical detector (DECADE Elite, Antec Scientific, Zoeterwoude, Netherlands). 

A CarboPac PA1 column (4 mm × 250 mm) was used with an eluent of 85% distilled 

water/15% 0.2 M NaOH, flow rate of 1 mL/min, and column oven temperature of 35 °C. 

Mild methanolysis (Asmadi et al., 2017; Bertaud et al., 2002; Bleton et al., 1996; 

Li et al., 2007) was conducted to determine the hydrolyzable sugars according to the 

methyl glycosides from the hemicellulose, pectin, and uronic acid groups. The ceramic 

boat and heat-treated sample were added to 4 mL of 2 M HCl in methanol solution 

(KOKUSAN CHEMICAL, Tokyo, Japan) in a sealed glass tube and heated at 60 °C for 

16 h to complete the methanolysis reaction. After neutralization with pyridine, a portion 

of the mixture was mixed with a glucitol/methanol solution as an internal standard and 

dried under vacuum. Then, the resulting methyl glycoside mixture was trimethylsilylated 

with pyridine, hexamethyldisilazane, and trimethylchlorosilane. The mixture was 

analyzed via gas chromatography–mass spectroscopy (GC–MS) using a QP2010 Ultra 

(Shimadzu, Kyoto, Japan). An Agilent CPSil 8CB column (length: 30 m; diameter: 0.25 

mm) was used with an injector temperature of 260 °C, split ratio of 1:50, helium as the 

carrier gas, and a flow rate of 1.0 mL/min. The column temperature was kept at 100 °C 

for 2 min, increased at 4 °C/min to 220 °C, kept at 220 °C for 2 min, increased at 

15 °C/min to 300 °C, and kept at 300 °C for 2 min. The signals originating from xylose, 

mannose, arabinose, galactose, and 4-O-MeGlcA were assigned based on the associated 

mass spectra and retention times in the literature (HA and Thomas 1988; Sundberg et al. 

1996). 

 

5.3 Results and discussion 

 

5.3.1 TG/DTG profile in terms of component degradation 

The TG/DTG curves measured for the holocellulose samples prepared from cedar 

and beech woods are illustrated in Fig. 5-2. Delignification lowered the temperature range 

in which weight loss occurred for both woods. In particular, the DTG peak temperatures 
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were substantially lowered from 379 °C to 341 °C for cedar and from 381 °C to 353 °C 

for beech. This indicates that the cellulose in wood becomes very reactive when lignin is 

removed because crystalline cellulose is more thermally stable than amorphous 

hemicellulose. The shapes of the DTG curves for cedar and beech woods are different 

because of the different degradation behaviors of cellulose and hemicellulose (Wang et 

al., 2020); these components degrade together in cedar but independently in beech. 

Removing lignin changed the shape of the DTG curve for cedar to that for beech: a 

shoulder can clearly be observed below the peak temperature. 

 

 

Fig. 5-2 TG/DTG curves of untreated Japanese cedar and Japanese beech wood compared with wood 

after delignification 

 

To explain the TG/DTG profiles, the thermal degradation reactivities of 

hemicellulose and cellulose in holocellulose were determined according to the recovery 

rates of hydrolyzable sugars from heat-treated samples and compared with those of wood 

samples in previous reports (Wang et al., 2018, 2020). The reactivities of xylan and 
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glucomannan were directly determined from the recovery rates of xylose and mannose, 

respectively, because these are the characteristic constituent sugars of these 

hemicelluloses. However, glucose is produced from cellulose and glucomannan, so the 

cellulose reactivity was determined according to the cellulose-derived glucose. This was 

estimated by subtracting the amount of glucose formed from glucomannan under the 

assumption that the mannose: glucose molar ratio in glucomannan is 3: 1 (Timell, 1967; 

Tyminski & Timell, 1960) and that both units have the same thermal degradation 

reactivity. 

The amounts of cellulose, xylan, and glucomannan remaining in the pyrolyzed 

holocellulose were estimated based on the recovery data of the hydrolyzable sugars and 

their contents in each wood type; the corresponding results are plotted against the 

pyrolysis temperature in Fig. 5-3. By comparison with the DTG curves, the weight loss 

behavior during the heating process can be explained in terms of the degradation of 

cellulose and hemicellulose; this is because the same heating rate as that in the TG 

analysis was used with no heating time at a constant temperature. The influence of 

delignification can be discussed by comparing the corresponding figures reported for the 

pyrolysis of cedar and beech woods. 

As indicated by the TG analysis, cellulose reactivity increased when lignin was 

removed. Although wood cellulose degraded continuously and gradually as the pyrolysis 

temperature was increased, the cellulose degradation in holocellulose was divided into 

two modes depending on the pyrolysis temperature. Degradation started at 260 °C–280 °C, 

and the reactivity increased sharply above 320 °C. In the low-temperature degradation 

mode (260 °C–280 °C), hemicellulose degraded together with cellulose. Consequently, 

the polysaccharide components that degraded at the DTG shoulder and peak temperatures 

could not be clearly separated into hemicellulose and cellulose. Most hemicellulose and 

20%–25% of cellulose decomposed below the DTG shoulder temperature (around 320 °C) 

for both wood types, but the remaining cellulose degraded around the peak temperatures 

(above 320 °C) after the hemicellulose degraded. 

 



76 

 

 

Fig. 5-3 DTG curves with recovery of cellulose (▲), glucomannan (●) and xylan (■) based on the wood 

content from untreated wood compared with wood after delignification of Japanese cedar and Japanese 

beech wood 

Results of untreated wood were (Wang et al., 2020) 
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Figure 5-4 shows the recovery rates of hydrolyzable sugars plotted against the 

pyrolysis temperature, with holocellulose normalized as 100%. The results for isolated 

hemicellulose (Wang et al., 2020) and Whatman cellulose are also included for 

comparison. These plots can be used to discuss the cellulose and hemicellulose 

reactivities in holocellulose as compared with those of the original wood and isolated 

samples. 

 

 

Fig. 5-4 Thermal reactivities of cellulose derived glucose, mannose and xylose from untreated wood (▲), 

and holocelllulose (●) of Japanese cedar and Japanese beech wood compared with isolated cellulose, 

xylan and glucomannan (◆) 
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320 °C and then degraded rapidly at higher temperatures. The low-temperature cellulose 

degradation mode as observed for holocellulose at 260 °C–320 °C was not detected. 
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when lignin is removed from wood. It should be noted that the degradation behaviors of 

cellulose were different in cedar and beech woods but similar in their holocellulose 

samples. 

As described in the previous paper (Wang et al., 2020), the hemicellulose 

reactivity in wood was different from those of isolated hemicelluloses, and the reactivity 

varied depending on the type of hemicellulose and wood. Xylan in wood was less reactive 

than isolated xylan, but glucomannan in beech was more reactive than isolated 

glucomannan. Removing lignin changed their reactivities to be similar to those of isolated 

xylan and glucomannan. A similar trend was observed for 4-O-MeGlcA, as shown in Fig. 

5-5. Thus, lignin plays an important role in determining the thermal reactivities of 

hemicellulose and cellulose in wood; this role is probably due to the restraints of the 

specific locations of xylan, glucomannan, and 4-O-MeGlcA in the cell walls as discussed 

later. Removing lignin increases the mobility of these components in holocellulose. 

 

Fig. 5-5 Thermal reactivities of 4-O-MeGlcA from untreated wood (▲) and holocelllulose (●) of 

Japanese cedar and Japanese beech wood compared with isolated xylan (◆) 
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The data in Figs. 5-4 and 5-5 are rearranged in Fig. 5-6 to understand the 

differences depending on the wood type. Although the temperature ranges at which 

cellulose and hemicellulose decomposed were similar, the shapes of the graphs differ for 

cedar and beech holocellulose. With cedar holocellulose, the recovery–temperature 

relationships of mannose and xylose show similar trends. Two reflection points can be 

observed at 260 °C and 300 °C; this indicates that the reactivity changed at these 

temperatures. This tendency is not observed for beech holocellulose. Thus, these results 

indicate that xylan and glucomannan degraded synchronously in cedar holocellulose, and 

the degradation can be divided into three types depending on the reactivity: <260 °C, 

260 °C–300 °C, and >300 °C. The recovery–temperature relationship of cellulose-derived 

glucose indicates that the degradations of cellulose and hemicellulose occurred 

synchronously in cedar. The cellulose degradation started around 260 °C, at which point 

approximately half of the xylan and some glucomannan decomposed. After the rapid 

degradation of the remaining hemicellulose around 300 °C–320 °C, cellulose quickly 

degraded at 320 °C–340 °C. Therefore, the characteristic thermal degradation behaviors 

observed for cedar were maintained when lignin was removed. Unlike for beech 

holocellulose, the cellulose degradation is intimately related to the hemicellulose 

degradation in cedar holocellulose. 
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Fig. 5-6 Thermal recovery rate of polysaccharides (glucose: ▲, mannose: ●, xylose: ■) from Japanese 

cedar and Japanese beech wood after delignification 

 

5.3.3 Role of lignification 

On the basis of the present results, the role of lignification in wood pyrolysis is 

discussed using a schematic of a single cellulose microfibril surrounded by a matrix (Fig. 
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These results can be reasonably explained by considering the role of lignin (lignification), 

which physically strengthens the ultrastructure formed between hemicellulose and the 

cellulose interface in the matrix. The formation of LCC linkages (Balakshin et al., 2011; 

Du et al., 2014; Tarasov et al., 2018) may also be involved in this process. 

The thermal degradation of cellulose is known to occur nonuniformly at the 

crystallite level (Kawamoto and Saka 2006; Kim et al. 2001; Zickler et al. 2007); surface 

molecules preferentially tend to decompose as internal molecules are more stable owing 

to stabilization by filling the crystallites. Accordingly, the reactivity of surface molecules 

plays an important role in the thermal degradation of cellulose (Kawamoto, 2016; 

Matsuoka et al., 2014; Nomura, Kawamoto, & Saka, 2017), and the matrix and its 

degradation are expected to affect the reactivity of cellulose microfibrils by affecting the 

surface cellulose molecules at the interface. This induced cellulose degradation may 

explain the low-temperature degradation mode of cellulose, which was observed in both 

types of holocellulose in the temperature range of 260 °C–320 °C (Fig. 5-4). 
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Fig. 5-7 Possible explanation of the effect of lignification on the thermal behavior of cellulose and 

hemicellulose from softwood and hardwood 
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Fig. 5-8 TG/DTG curves measured for (a) cedar and (b) beech holocellulose samples at different heating 

rates of 1, 5, and 10 °C/min 
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Fig. 5-9 TG/DTG curves of cedar and beech holocellulose samples redrawn with the unit of weight-loss 

rate changed from mg/min to mg/°C (a) and further moved with respect to the temperature axis so that the 

peaks of the DTG curves are aligned (b) 

 

By redrawing the TG/DTG curves in Fig. 5-8 with the unit of weight-loss rate 

changed from mg/min to mg/°C, the appearance of TG/DTG curves becomes very similar 

(Fig. 5-9a). This is confirmed by Fig. 5-9b, where TG/DTG curves are moved with respect 

to the temperature axis so that the peaks of the DTG curves are aligned. Surprisingly, 

these graphs match well. These results lead to a hypothesis; low- and high-temperature 

modes of cellulose degradation are closely related. Although the temperature range where 

thermal degradation of cellulose occurs is different depending on the heating rate, once 

thermal degradation of cellulose begins in low-temperature mode, temperature range of 

the high-temperature mode of cellulose degradation is determined. Such hypothesis gives 

insights in understanding cellulose pyrolysis, although further studied are necessary to 

confirm it. 

5.4 Conclusions 
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The thermal degradation reactivities of cellulose and hemicellulose in cedar and beech 

holocellulose were investigated via TG analysis and the recovery rates of hydrolyzable 

sugars. The following conclusions were obtained: 

 

1. The TG/DTG profiles of cedar and beech wood samples were different but became 

similar for holocellulose when lignin was removed. 

2. Removing lignin made the reactivity of hemicellulose similar to that of isolated 

hemicellulose while increasing the reactivity of cellulose. Additionally, the cellulose 

degradation can be divided into two modes: low temperature (260 °C–320 °C) and 

high temperature (>320 °C). 

3. The TG/DTG profiles can be explained in terms of the degradation of hemicellulose 

and cellulose. For both types of holocellulose, 20%–25% of cellulose degraded at the 

DTG shoulder temperature (<320 °C) with the degradation of hemicellulose, while 

the remaining cellulose degraded around the DTG peak temperature (>320 °C). 

4. Cellulose degraded in response to the hemicellulose degradation in cedar 

holocellulose, which is in contrast to the results for beech holocellulose. This indicates 

that cellulose is intimately associated with hemicellulose in cedar and holocellulose. 

5. The hemicellulose in cedar holocellulose can be divided into three groups depending 

on the thermal degradation reactivity: >260 °C, 260 °C–300 °C, and >300 °C. 

6. Lignin (delignification) is proposed to have a role in the thermal degradation of cedar 

and beech woods. 

7. These findings provide insights into the research fields of wood pyrolysis and cell 

wall ultrastructures. 

 

 

 

 



86 

 

Chapter 6 

 

Thermal degradation reactivity of hemicellulose and 

cellulose in ball-milled cedar and beech wood 

 

6.1 Introduction 

Pyrolysis-based technologies have received significant attention in recent years 

owing to their potential for converting wood biomass into biofuels and biochemicals 

(Bridgwater 2012; Wang et al. 2017). Cellulose, hemicellulose, and lignin are the major 

components of wood, and their thermal degradation reactivities provide the fundamental 

basis for pyrolysis-based technologies. Cellulose microfibrils are embedded in the 

hemicellulose-lignin matrix within the nanoscale cell wall structure, whose properties can 

also affect the thermal reactivity of the wood. However, this relationship has not been 

fully elucidated because the thermal reactivities of wood components have primarily been 

investigated using isolated components. Thermogravimetric (TG) analysis is frequently 

used for such studies, but to our knowledge, the results have not yet been discussed in 

terms of the degradation of wood components at each temperature. 

Our group (Wang et al., 2020) previously evaluated the thermal degradation 

reactivities of hemicellulose and cellulose in wood by assessing the quantity of 

hydrolyzable sugars that remained after heat-treating Japanese cedar (Cryptomeria 

japonica, a softwood) and Japanese beech (Fagus crenata, a hardwood). The treatment 

involved conditions similar to those used for TG analysis, no heating time at constant 

temperatures. Employing this method, the results of TG analysis can be explained by the 

thermal degradation of wood polysaccharides at each temperature. Isolated xylan 

degraded at a lower temperature than isolated glucomannan because of the catalytic action 

of 4-O-methyl-D-glucuronic acid (4-O-MeGlcA) and its salt (base), which were bound to 

the xylose chains (Wang et al., 2018). However, the xylans in cedar and beech woods 
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were stable at lower temperatures and degraded in the temperature range similar to that 

of isolated glucomannan. In contrast, the glucomannan in beech wood was very reactive 

(Wang et al., 2020). Therefore, the hemicellulose reactivity in wood is quite different 

from that of isolated xylan or isolated glucomannan. The thermal reactivity of cellulose 

in cedar and beech were also different; cellulose degraded together with hemicellulose in 

cedar wood, but independently in beech wood (Wang et al., 2020).  

The distinct thermal degradation reactivities of cedar and beech woods may be 

attributed to the specific placement of cell wall components. The location of 4-O-MeGlcA 

was evaluated via demineralization, which converts metal salts to free 4-O-MeGlcA. The 

results indicated that it is located near cellulose and glucomannan in cedar wood, but near 

xylan and glucomannan in beech wood (Wang et al., 2021). 

Lignin is believed to play an important role in determining the thermal reactivity 

of hemicellulose in wood because the reactivities of xylan and glucomannan in wood 

became similar to those of isolated xylan and glucomannan by removing lignin (Wang et 

al., 2021b). The different thermal degradation behaviors of cedar and beech woods largely 

disappeared, and their differential thermogravimetric (DTG) curves adopted similar 

shapes, although the tendency for hemicellulose/cellulose co-degradation in cedar was 

maintained. Based on these results, lignification during the biosynthesis of cell walls is 

considered to (i) introduce enhanced physical restraint and (ii) fix the specific placement 

of hemicellulose in cell walls, particularly for 4-O-MeGlcA. 

The thermal degradation of cellulose in cedar and beech woods was improved 

after delignification (relative to pure cellulose). The thermal degradation of cellulose in 

holocellulose occurred in two stages depending on the pyrolysis temperature (with some 

cellulose degrading below 320 °C and the rest degrading at higher temperatures) (Wang 

et al., 2021b). The improved reactivity may be related to the formation of pores in the 

matrix when the lignin was removed; however, the details of this activation mechanism 

are not entirely understood. 

Ball milling can disrupt the matrix in wood cell walls, but this process does not 

remove any components from the wood. Therefore, assessing the effects of ball milling 

on the hemicellulose and cellulose reactivities in wood can improve our understanding of 
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the thermal degradation of these components in wood cell walls. Ball milling is a 

commonly-used method for pretreating wood and other lignocellulosic biomass to 

improve enzyme reactivity (Hideno, Kawashima, Anzoua, & Yamada, 2013; Piras, 

Fernández-Prieto, & De Borggraeve, 2019; Sipponen, Laakso, & Baumberger, 2014; Sun 

& Cheng, 2002) and to separate lignin (Crestini, Melone, Sette, & Saladino, 2011; 

Fujimoto, Matsumoto, Chang, & Meshitsuka, 2005; Ikeda, Holtman, Kadla, Chang, & 

Jameel, 2002; Obst & Kirk, 1988). This process is also known to reduce the crystallinity 

of cellulose (Hideno, 2016; Ling et al., 2019; Mattonai, Pawcenis, del Seppia, Łojewska, 

& Ribechini, 2018) and cleave the lignin β-ether linkage (Fujimoto, Matsumoto, Chang, 

& Meshitsuka, 2005; Ikeda, Holtman, Kadla, Chang, & Jameel, 2002) , i.e., the dominant 

type of linkage. Although several research groups have reported on the TG analysis of 

ball-milled wood, to our knowledge, this method’s impact on the thermal reactivities of 

cellulose and hemicellulose in wood have not been investigated. 

In the present study, cedar and beech wood samples were ball-milled for various 

amounts of time (ranging from 10 min to 48 h), and the thermal degradation reactivities 

of the resulting wood samples were investigated using TG analysis. The amount of 

hydrolyzable sugar remaining in pyrolyzed ball-milled wood was also evaluated after 

treating samples at a heating rate similar to TG analysis (with no time spent heating at a 

constant temperature). The effects of the ball milling process on the thermal degradation 

reactivities of hemicellulose and cellulose are discussed in terms of the cleavage of lignin 

β-ether linkages, the loss of cellulose crystallinity, and the cell wall ultrastructure. 

6.2 Experimental 

 

6.2.1 Preparation and characterization of ball-milled samples   

 Extractive-free Japanese cedar (Cryptomeria japonica) and Japanese beech 

(Fagus crenata) (80 mesh passed), and isolated cellulose (Whatman CF-11, Whatman plc, 

Maidstone, UK) powders were ball-milled using a vibratory ball mill (VS-1, Chuo 

Kakohki, Aichi, Japan). Approximately 150 g of each powder was placed in a stainless 

steel jar (inner diameter = 110 mm, height = 120 mm) with about 450 stainless steel balls 

(diameter = 12.7 mm), which occupied about 80% of the jar’s inner volume. The jar was 
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sealed with a lid and vibrated for a predetermined, designated time (between 10 min and 

48 h). During the ball milling process, the jar was cooled by an outer-layer water-cooled 

jacket. Ball-milling process was conducted in air, but no extensive oxidation was 

expected to occur, since literature (Forziati, Stone, Rowen, & Appel, 1950; Schwanninger, 

Rodrigues, Pereira, & Hinterstoisser, 2004) reports that any differences were not observed 

in the FT-IR spectra of ball-milled wood samples in nitrogen and in air. 

 It has been reported that the ball milling process decreases the cellulose 

crystallinity (Hideno, 2016; Ling et al., 2019; Mattonai et al., 2018) and the degree of 

polymerization of lignin due to cleavage of the ether linkages (Fujimoto, Matsumoto, 

Chang, & Meshitsuka, 2005; Ikeda, Holtman, Kadla, Chang, & Jameel, 2002). To study 

the effect of these changes on pyrolysis, the unmilled and ball-milled samples were 

analyzed by X-ray diffraction (XRD; RINT 2000V, Rigaku, Tokyo, Japan). The cellulose 

crystallinity index was determined from the obtained XRD pattern using Equation (1) 

(Segal, Creely, Martin, & Conrad, 1959), 

𝑋𝑐 =
𝐼002−𝐼𝑎𝑚

𝐼002
× 100     (1) 

where I002 is the peak intensity of the 002 lattice diffraction of cellulose, and Iam is that of 

the nearby amorphous region. 

 Thioacidolysis is an acid-catalyzed solvolysis technique that employs ethanethiol, 

and the yield of thioacidolysis products (trithioethyl monolignols) represents an index of 

the number of β-ether linkages in lignin. Thioacidolysis was performed according to a 

published procedure (Rolando, Monties, & Lapierre, 1992), and the thioacidolysis 

products were quantified using gas chromatography-mass spectrometry (GC-MS; 

QP2010 Ultra, Shimadzu, Kyoto, Japan) after trimethylsilyl derivatization. The GC-MS 

used a CP-Sil 8CB column (Agilent Technologies, CA, USA; length = 30 m, diameter = 

0.25 mm, thickness = 0.25 μm) where the injector temperature = 260 °C; split ratio = 1:50; 

column temperature = 130 °C (5 min), +5 °C/min until 260 °C, 260 °C (5 min); carrier 

gas = H2. The quantitative determination of G and S monomers was performed based on 

the peak areas of total-ion chromatograms by comparing those of tetracosane (C24) and 

hexacosane (C26) used as internal standards (Rolando et al., 1992; Sipponen et al., 2014). 

A typical example of the total-ion chromatogram is illustrated in Fig. 6-1. 
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Fig. 6-1 A typical examples of chromatogram of thioacidolysis mixture obtained from 4-hour-ball-milled beech wood 

ball-milledIS1: tetracosane (C24) IS2: hexacosane (C26) 

 

6.2.2 TG analysis 

 TG analysis was conducted by a TGA-50 equipment (Shimadzu, Kyoto, Japan). 

Ball-milled wood samples from Japanese cedar and Japanese beech wood (1 mg) was 

heated from room temperature up to 800 °C in a platinum pan at a heating rate of 

10°C/min under a N2 flow 10 mL/min (purity: 99.9998%, JAPAN FINE PRODUCTS, 

Mieken, Japan). A deoxygenation column (GL Sciences, Japan) was used to remove any 

O2 contamination in N2. 

 

6.2.3 Pyrolysis experiment 

 Figure 6-2 illustrates the pyrolysis experimental setup. An electric furnace (ARF-

20KC, Asahi-Rika, Chiba, Japan) was used to heat the samples. In each pyrolysis 

experiment, the sample was placed in a ceramic boat (AS ONE, Osaka, Japan), which 

was inserted into a quartz glass tube (inner diameter = 15 mm, length = 400 mm, wall 

thickness = 1.5 mm). N2 gas was supplied into the glass tube at a flow rate of 100 mL/min 

using a mass flow controller (SEC-400MK3, Horiba, Kyoto, Japan). The sample was 

heated from room temperature to a designated temperatures (i.e., 20 °C intervals between 

220 and 380 °C) at the same heating rate as in the TG analysis (10 °C/min) to allow for 
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accurate comparisons. The sample temperature was measured by placing a fine 

thermocouple (0.25 mm in diameter; SHINNETSU, Ibaraki, Japan) in contact with the 

sample. When the sample temperature reached the designated temperature, the cover of 

the electric furnace was opened and the glass tube was immediately cooled to room 

temperature under a flow of air. 

 

Fig. 6-2 Experimental setup 

 

6.2.4 Hydrolysable sugar analysis 

Acid hydrolysis and methanolysis of the pyrolyzed samples were performed 

separately to convert cellulose into glucose and hemicellulose/pectin into methyl 

glycosides, respectively. For the hydrolysis experiments, each sample was treated with 

0.3 mL of aqueous 72% H2SO4 solution in a ceramic boat at 30 °C for 1 h in a sealed 

glass vial. Then, 8.4 mL of distilled water was added to the mixture and heated in an 

autoclave at 120 °C for 1 h to complete the hydrolysis reaction. After the hydrolysate 

solution was filtered, diluted, and neutralized, the glucose yield was determined via high-

performance anion-exchange chromatography using a Prominence system (Shimadzu) 

equipped with an electrochemical detector (DECADE Elite, Antec Scientific, 

Zoeterwoude, Netherlands) under the following conditions: column = CarboPac PA1 (4 

mm × 250 mm); eluent = 85% distilled water/15% 0.2 M NaOH; flow rate = 1 mL/min; 

column oven temperature = 35 °C. 

The Milder methanolysis (Asmadi et al., 2017; Bertaud et al., 2002; Bleton et al., 

1996; Li et al., 2007) was performed to determine the yields of  hydrolyzable sugars, such 

as methyl glycosides, derived from hemicellulose, pectin, and uronic acid groups. Each 

pyrolyzed sample was placed in a sealed glass vial along with the ceramic boat, and 4 mL 

of 2 M HCl solution in methanol was added. The vial was then heated at 60 °C for 16 h 

z

Electric heater Heat insulator

N2 flow

Thermocouple

Rubber sealing

Ceramic boatSample

Glass tube reactor
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to complete the methanolysis reaction. After neutralization, the addition of internal 

standard (glucitol) and trimethylsilyl derivatization, the resulting products were analyzed 

by GC-MS under the aforementioned conditions, except the temperature program was 

changed to the following: 100 °C (2 min), 4 °C/min up to 220 °C, 220 °C (2 min), 

15 °C/min up to 300 °C, 300 °C (2 min). The peaks originating from hemicellulose/pectin 

and 4-O-MeGlcA were assigned based on the mass spectra, and the retention times were 

compared with published data (HA and Thomas 1988; Sundberg et al. 1996). Typical 

examples of chromatograms from sugar analysis are illustrated in Fig. 6-3. 

In the present study, the hydrolysable sugar analysis was conducted three times 

and the average value was used for discussion. In addition, the pyrolysis experiments 

were repeated more than twice to confirm the reproducibility of the results. 

 

Fig. 6-3 Typical example of chromatograms of reaction mixtures obtained by methanolysis (a) and hydrolysis (b) of 

4-hour-ball-milled beech wood. (IS: glucitol) 



93 

 

 

6.3 Results and discussion 

6.3.1 Characterization and TG analysis of ball-milled wood 

 The intensity of the XRD signals originating from cellulose crystallites decreased 

with increasing milling time for both cedar and beech wood samples (Fig. 6-4); this 

phenomenon has also been reported previously (Jiang, Wang, Zhang, & Wolcott, 2017). 

The crystallinity index calculated from the X-ray diffractograms using the 002 lattice 

diffraction decreased from 68% to 5% after ball milling for 1-2 h (Fig. 6-5). 

 

Fig. 6-4 Effect of ball-milling time on the cellulose crystallinity in Japanese (a) cedar and (b) beech wood 
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Fig. 6-5 Influence of ball-milling time on the crystallinity index evaluated by XRD analysis for cedar (●) 

and beech (○) wood 

 

Although there is less information regarding the effect of ball milling on lignin 

than on cellulose, some literature reports (Hideno, 2016; Ling et al., 2019; Mattonai et al., 

2018) determined that ball milling reduced the degree of polymerization of lignin and 

increased the phenolic structure by cleaving the ether linkages. Therefore, the β-ether 

structures remaining in the ball-milled wood samples were quantified using the 

thioacidolysis method to evaluate the effect of ball milling time on the cleavage of the β-

ether bonds (the most abundant type of linkage in lignin). Thioacidolysis involves 

ethanethiol-assisted, acid-catalyzed solvolysis and leads to the formation of trithioethyl 

monomeric products through the cleavage of β-ether bonds. The derivatization followed 

by reductive cleavage (DFRC) method has also been used for quantitative analysis of the 

β-ether linkages, but Holtman et al. (Holtman, Chang, Jameel, & Kadla, 2003) reported 

that thioacidolysis was a better strategy for evaluating the β-ether linkages in ball-milled 

wood. 

The relative yields of thioacidolysis products, namely guaiacyl (G)-type in cedar 

and G- and syringyl (S)-types in beech, are plotted as a function of the milling time in 

Fig. 6-6. These yields (normalized relative to 100% for unmilled wood) decreased as the 

milling time increased, and were about 20% after 4 h for both woods. This indicates that 

the β-ether linkages were cleaved during the ball milling process, and that the efficiency 
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was similar for cedar and beech woods, but slightly higher for cedar. No significant 

difference was observed between the S- and G-types in beech wood. 

 

Fig. 6-6 Influence of ball-milling time on the yields of thioacidolysis products from (a) cedar and (b) 

beech wood 

 

The TG and DTG profiles obtained for the ball-milled cedar and beech woods are 

presented in Figs. 6-7 and 6-8, respectively. The TG/DTG curves of the ball-milled woods 

for the 10 min and 4 h experiments are shown in Fig. 6-9 to represent typical examples 

and for comparison with the unmilled wood. As the ball milling time increased, the TG 

curve shifted toward lower temperatures and tended to level off after 4 hours of milling. 
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The characteristics of the DTG curves of cedar and beech were largely unchanged; the 

beech DTG curve has a distinct shoulder, but cedar has one wide peak.  

 

 

Fig. 6-7 Influence of milling time on the TG curves of ball-milled (a) cedar and (b) beech wood 
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Fig. 6-8 Influence of milling time on the DTG curves of ball-milled (a) cedar and (b) beech wood 

  

After a very short (10-min) milling time, the temperature ranges in which the TG 

curves changed were different for cedar versus beech samples; the change occurred near 

the DTG shoulder temperature for beech, but near the DTG peak temperature for cedar. 

Accordingly, the DTG peak tended to shift more for cedar, whereas the DTG shoulder 

shifted for beech. Specifically, the DTG peak temperature shifted from 374 to 365 °C 

(cedar), or 367 to 362 °C (beech), and the DTG shoulder temperature of beech shifted 

from 320 to 302 °C. These observations indicate that some heat-resistant cellulose in the 

cedar wood became reactive after short-term ball milling, while the hemicellulose was 

influenced to a greater extent in the beech wood. 

Temperature (C)

150 200 300 400 500250 350 450

Untreated

8 h

24 h

48 h

4 h

2 h

1 h

30 min

20 min

10 min

a) Cedar

150 200 300 400 500250 350 450

b) Beech



98 

 

 

Fig. 6-9 TG/DTG curves of ball-milled (a) cedar and (b) beech wood for 10 min and 4 h 

 

 When the milling time was extended to 4 h, the TG curves of both woods shifted 

toward lower temperatures, within the wider temperature range of 250-400 °C. The DTG 

peak temperatures decreased more significantly and became similar (cedar = 354 °C and 

beech = 355 °C). This result indicated that their cellulose reactivities became similar after 

4 hours of milling, although unmilled cedar cellulose was more stable. The ball-milled 

wood also exhibited improved weight-loss rates in the temperature range near the DTG 

shoulder in beech, thus changing the shape of DTG curve.  

6.3.2 Polysaccharide reactivity 
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& Saka, 2013). The quantities of xylan and glucomannan were determined based on the 

yields of methyl xyloside and methyl mannoside, respectively, obtained after 

methanolysis. The amount of cellulose-derived glucose in the hydrolysate was calculated 

by subtracting the yield of glucose derived from glucomannan, which was obtained from 

the methyl mannoside yield by assuming that (i) the mannose:glucose ratio in 

glucomannan was 3:1 (Timell, 1967; Tyminski & Timell, 1960) and (ii) their thermal 

reactivities were the same. 

 

Fig. 6-10 Thermal degradation behaviors of cellulose (●), glucomannan (◆) and xylan (▲) in 4-hour-

ball-milled cedar and beech wood (4h), compared with the DTG curves 

Results of unmilled wood were obtained from Wang et al.   

 

 The recovery data are compared with the DTG profiles in Fig. 6-10. Because the 

heating conditions applied in the pyrolysis experiments were similar to those used for TG 

analysis, the results from these two types of experiments can be directly compared. 

Previously reported results for the unmilled woods (Wang, Minami, & Kawamoto, 2020) 

are also included for comparison. 
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In the 4-hour ball-milled samples, some of the cellulose degraded at temperatures 

lower than 320 °C (where most of the hemicellulose degraded), whereas the cellulose in 

unmilled cedar and beech woods was relatively more stable in this temperature range. 

Therefore, the cellulose in ball-milled wood tended to degrade in two different 

temperature ranges. A similar trend was reported for holocellulose, but the degradation 

in the lower temperature range w as greater for ball-milled wood. In this work, it was 

determined that 39% and 38% of the cellulose in ball-milled cedar and beech woods, 

respectively, degraded below 320 °C; the remaining cellulose degraded at higher 

temperatures around the DTG peaks. This result is consistent with the characteristics of 

the DTG curve of ball-milled beech wood, i.e., the shoulder intensity increased 

significantly. Although the DTG shoulder was not clearly observed for ball-milled cedar 

wood, the weight-loss rate at temperatures below 320 °C increased. 

It is interesting to note that ball milling and delignification have similar effects on 

cellulose reactivity in wood, although the ball milling process does not remove any 

components from the wood. About 80% of the β-ether linkages were cleaved after ball 

milling for 4 h (Fig. 6-6), suggesting that the enhanced thermal reactivity of cellulose may 

be related to the cleavage of lignin ether linkages, rather than the formation of pores in 

the cell wall matrices due to lignin removal. Loosening the cell wall structure by cleaving 

lignin chains is considered a potential reason for this observation, and this relationship is 

discussed further below. 

 The recovery rates of hydrolyzable sugars derived from cellulose, xylan, and 

glucomannan in ball-milled wood (after 10 min and 4 h) were compared with those of 

pure cellulose (Whatman CF-11), isolated xylan, and isolated glucomannan, respectively, 

to better understand the polysaccharide reactivity in ball-milled wood (Fig. 6-11). The 

results of 4-hour-ball-milled pure cellulose are also included for comparison. The 

recovery data are summarized for each ball-milled wood in Fig. 6-12. 
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Fig. 6-11 Recovery rates of hydrolyzable sugars (cellulose-derived glucose, mannose and xylose) after 

pyrolysis of ball-milled  (a) cedar and (b) beech wood for 10 min (◆) and 4h (◇), compared with 

unmilled wood (■), Whatman CF-11 cellulose ( ●: unmilled, ○:ball-milled (4h) and isolated 

hemicellulose (●) 

 

 In the case of cedar wood, even after a short milling time of 10 min, the recovery 

rates of hydrolyzable sugars from xylan and glucomannan decreased greatly, although 

their contributions to the weight loss were small (Fig. 6-9). Interestingly, clear 

discontinuities were observed at 300 °C for mannose and xylose in the cedar wood, 

indicating that xylan and glucomannan in ball-milled cedar wood are divided into two 

parts with different reactivities; 62% of xylan and 57% of glucomannan degraded at 

temperatures <300 °C, and the remaining portions degraded at higher temperatures. A 

similar trend was observed for the thermal degradation of cellulose in ball-milled cedar 

wood (4 h), as described earlier, although the discontinuous temperature observed for 

xylan and glucomannan (300 °C) was slightly lower than that of cellulose (320 °C). This 

trend is clearly visible in Fig. 6-12. 
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Fig. 6-12 Recovery rates of hydrolyzable sugars, cellulose-derived glucose (▲), mannose (●) and xylose 

(■), in pyrolysis of ball-milled cedar and beech wood for 10 min and 4 h 
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Fig. 6-13 Thermal reactivities 4-O-MeGlcA from untreated wood (■), ball-milled wood for 10 min (◆) 

and 4h (◇) of Japanese cedar and beech compared with isolated hemicellulose (●) 
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the current study support such assembly. 
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10 minutes of milling, and some of the lignin β-ether linkages were cleaved (Figs. 6-5 
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(~370 °C, Fig. 6-9). The recovery data presented in Fig. 6-11 confirm the improved 

cellulose reactivity in this temperature range. 

The recovery data for the 10-min-ball-milled beech wood (Fig. 6-11) indicate that 

the reactivities of xylan and cellulose increased. This is consistent with the changes in the 

TG/DTG profiles shown in Fig. 6-9, in which the TG/DTG curves shifted in the wide 

temperature range between 250-400 °C. In contrast, the glucomannan reactivity decreased 

(Fig. 6-11). This is also reasonably explained by the improved mobility of the matrix. The 

high glucomannan reactivity observed in beech wood was explained based on the 4-O-

MeGlcA located near glucomannan (Wang, Minami, & Kawamoto, 2020), although it is 

bound to the xylose chain in xylan. The improved mobility of the cell wall matrix may 

diminish this effect. 

When the milling time was increased to 4 h, the reactivity of xylan in beech wood 

increased, and xylan and glucomannan in both woods degraded in a similar temperature 

range, which was much lower than that of isolated glucomannan (Figs. 6-11 and 6-12). 

This is interesting because isolated xylan bearing 4-O-MeGlcA moieties was more 

reactive than isolated glucomannan because of the catalytic effect of 4-O-MeGlcA (salts 

or free carboxyls) was more reactive than isolated glucomannan because of the base or 

acid catalysis of 4-O-MeGlcA (Wang, Minami, & Kawamoto, 2018). Therefore, ball 

milling should make the matrix components more homogeneous, thus allowing 4-O-

MeGlcA to influence most of the hemicellulose components equally. This is an aspect of 

ball-milled wood that was not observed for holocellulose pyrolysis, where the thermal 

degradation reactivities of xylan and glucomannan were similar to those of isolated xylan 

and isolated glucomannan, respectively. This is likely because the delignification process 

did not allow the matrix components to mix efficiently. 

The recovery rate of 4-O-MeGlcA is shown in Fig. 6-13. The thermal degradation 

reactivity of 4-O-MeGlcA in holocellulose was improved to a level similar to that of 

isolated xylan (Wang, Minami, Asmadi, & Kawamoto, 2021); however, the improvement 

was not very significant in ball-milled wood, particularly for beech. This may be related 

to the ester linkages formed with lignin, which may be resistant to the ball milling process, 

but further investigations are necessary to better explain this enhanced stability. 
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 As discussed earlier, cellulose in wood degraded in two stages (some at 

temperatures below 320 °C and some at higher temperatures). In contrast, ball-milled 

Whatman cellulose degraded only in one mode corresponding to the high-temperature 

degradation of ball-milled wood. Therefore, the low-temperature degradation is 

characteristic of cellulose in wood. Because the matrix covers cellulose microfibrils in 

wood, these distinctions likely result from matrix effects. The-low-temperature-mode 

degradation would be explained by matrix –induced degradation as discussed later. 

6.3.3 Role of ball milling on thermal reactivity of wood polysaccharides     

     The impact of ball milling on the polysaccharide reactivity of wood cell walls 

is discussed here by using a schematic image of the interface between cellulose 

microfibril and hemicellulose-lignin matrix depicted in Fig. 6-14. Cellulose microfibrils 

play an important role owing to their crystalline nature. Cellulose molecules inside the 

crystallites are more stable than the surface molecules because of the packing in the 

crystallites, so the reactivity of the surface molecules is a critical factor for initiating the 

thermal degradation of bulk cellulose. The difference between cellulose in wood and pure 

cellulose lies in this feature. Therefore, the reactivity of the matrix and its influence on 

the surface cellulose molecules must be considered to comprehensively understand the 

thermal degradation of cellulose in wood cell walls. 

 Our group’s previous work (Wang et al., 2020) indicated that the xylan and 

glucomannan reactivities are significantly influenced by the matrix construction. The 

arrangement of these molecules (including 4-O-MeGlcA, which has a catalytic effect) is 

precisely determined in wood cell walls, and it is different in cedar (softwood) versus 

beech (hardwood) (Wang, Minami, & Kawamoto, 2021a). Because these characteristic 

reactivities disappeared following the removal of lignin, the physical restraining effect of 

lignification during cell wall biosynthesis is considered to be the main reason for these 

distinctions (Wang, Minami, Asmadi, et al., 2021b). Overall, the matrix is considered to 

be rigid and tightly associated with cellulose microfibrils in unmilled wood cell walls. 

Due to this tightly coagulated structure, hemicellulose and surface cellulose molecules in 

wood are stable for thermal degradation. The mobility must be sufficient to rearrange 

these polysaccharides into the transition state of thermal degradation reaction. 
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 After the ball milling process, the crystallinity index of cellulose in wood 

decreased significantly, indicating that the matrix and the interface with the cellulose 

microfibrils was disturbed in such a way to improve the mobility. Cleavage of the lignin 

β-ether linkages diminishes the physical restraining effect and should help further 

improve the mobility of the matrix components. These modifications would improve the 

thermal degradation reactivity of xylan and glucomannan. In addition to the improved 

mobility, the ball milling process created a more homogeneous distribution of 4-O-

MeGlcA, which improves the reactivity of glucomannan to similar levels of xylan 

degradation due to the catalytic effect of 4-O-MeGlcA. This feature is not the case for 

holocellulose, in which xylan and glucomannan have the same reactivity as isolated xylan 

and glucomannan. Therefore, xylan and glucomannan in both cedar and beech 

holocelluloses exist without affecting each other. 

 Unlike beech wood, short (10-min) ball milling significantly improved the 

reactivity of xylan and glucomannan, and the reactivity of cellulose was also improved. 

These results may correlate with the characteristic thermal degradation of cedar wood; 

cellulose, xylan and glucomannan degrade together like one ingredient (Wang et al., 

2020). Xylan and glucomannan may strongly coagulate with the surface molecules of 

cellulose microfibrils. This is also supported by the fact that delignification and the 

subsequent removal of xylan are necessary to isolate glucomannan from softwood (Timell, 

1961). Due to the rigid nature of crystalline cellulose microfibrils, ball milling disrupts 

the interface more efficiently. 

Through loosening the matrix and the interface by ball milling, the surface cellulose 

molecules of cellulose microfibrils may become reactive and degrade in the low-

temperature range in two modes of cellulose degradation that is characteristic of cellulose 

in holocellulose and ball-milled wood. The 4-O-MeGlcA groups and other matrix 

components and their thermal degradation products may induce the cellulose degradation 

in this temperature range through the action on the surface cellulose molecules. This 

proposed mechanism provides a reasonable explanation for why the thermal degradation 

of cellulose proceeds in two stages. 
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Fig. 6-14 Schematic images of the hemicellulose-lignin matrix and the interface with cellulose microfibril 

and their modifications expected to be caused by ball-milling process 

 

 

6.4 Conclusions 

 The thermal reactivities of hemicellulose and cellulose in ball-milled cedar and 

beech woods were evaluated to understand the effect of ball milling on wood pyrolysis. 

The main findings are as follows: 

1.  Lignin β-ether linkages were cleaved during ball milling, along with the decrease in 

the cellulose crystallinity. These modifications would improve the mobility of matrix and 

the interface with cellulose microfibrils. 

2.  Short-term ball milling (10 min) significantly improved the thermal degradation 

reactivities of xylan and glucomannan in cedar wood, but did not for beech wood. These 

components degraded together in two temperature ranges (below 300 °C and above), 
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depending on the reactivity; this was not the case for beech wood. It was suggested that 

xylan, glucomannan and cellulose are more intimately coagulated in cedar (softwood) 

than beech (hardwood). 

4. Long-term ball milling (4 h) increased the thermal degradation reactivities of xylan and 

glucomannan (except for the glucomannan in beech wood, whose reactivity decreased 

after ball milling), due to the improved mobility. All of these hemicelluloses degraded in 

a similar temperature range, likely because of the influence of catalytic 4-O-MeGlcA, 

which was more homogeneously distributed throughout the matrix after ball milling. 

3. Long-term ball milling (4 h) increased the thermal degradation reactivity of cellulose, 

which degraded in two different temperature ranges (below 320 °C and above). Improved 

mobility of surface molecules of cellulose microfibrils and the degradation induced by 

the matrix and its thermal degradation were considered for the reasons. 

5. The effects of ball milling on the thermal degradation reactivities of cellulose and 

hemicellulose were explainable in terms of the disturbance of the cell wall ultrastructure 

and cleavage of lignin ether linkages. Tightly coagulated matrix and interface structures 

due to lignification would make wood polysaccharides very stable against heat. 
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Chapter 7 

CONCLUDING REMARKS 

 

 In this thesis, thermal degradation reactivity of hemicellulose and cellulose from 

isolated sample and several kinds of processed wood samples were investigated to 

understand the interaction between each comonents. The following conclusions are 

obtained and summarized in Table. 7-1. 

Table 7-1 Summary for the thermal reactivity of cellulose, xylan and glucomannan of each kind of sample 

 

 

 In the case of the original xylan, differential thermogravimetric (DTG) shoulder 

at lower temperature and peak at higher temperature were assigned to the degradation of 

sodium uronate with some xylose units (at lower temperatures) and to the decomposition 

of the remaining xylose units (at higher temperatures). In contrast, the demineralized 

xylan generated only one DTG peak in the intermediate temperature range, corresponding 

to the simultaneous decomposition of both uronic acid and xylose units. Thus, the effect 
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of sodium uronate on the pyrolysis of the original xylan was only regional, whereas the 

free uronic acid affected the demineralized xylan in a more homogeneous manner and 

accelerate the decomposition of xylose units. Additional data from pyrolysis-gas 

chromatography-mass spectrometry revealed that the compositions of the pyrolysis 

products were also different for these two xylan samples. 

 In the pyrolysis of Japanese cedar and Japanese beech wood, the xylan in both 

woods was remarkably stable and degraded across a similar temperature range to the 

glucomannan degradation, which indicated that uronic acid did not act as base or acid 

catalyst might be due to the ester linkages with lignin. Thus, the majority of the 

hemicellulose fractions in cedar and beech unexpectedly exhibited similar reactivity, 

except for glucomannan in beech that degraded at lower temperatures. Differing TG/DTG 

profiles, measured for cedar and beech under similar heating conditions, were explained 

by the different cellulose reactivity, rather than the hemicellulose reactivity; cellulose 

decomposed with hemicellulose in cedar, while such decomposition was independent in 

beech. The observed reactivity is a new finding that is different from the currently 

understood ideas and may originate from the effects of the cell walls. The research herein 

provides important information on the kinetics and thermochemical conversion of 

lignocellulosic biomass. 

 The location of uronic acid in the cell wall is evaluated by identifying the 

components affected by demineralization in pyrolysis of cedar and beech wood. The 

thermal reactivities of xylan and glucomannan in beech were changed by 

demineralization, but in cedar, glucomannan and cellulose reactivities were changed. 

Therefore, the location of uronic acid in the cell wall was established and differed between 

cedar and beech; close to glucomannan and xylan in beech, but close to glucomannan and 

cellulose in cedar. 

 Results from pyrolysis of holocellulose showed that the reactivities of xylan and 

glucomannan in both woods became similar to those of the corresponding isolated 

samples when lignin was removed. By contrast, the cellulose in both woods became more 

reactive when lignin was removed, and the degradation could be separated into two modes 

depending on the reactivity (lower temperature, < 320 °C and higher temperature, > 



111 

 

320 °C). These results were analyzed in terms of the effect of lignin on the matrix of cell 

walls and the interaction between the matrix and surface molecules of cellulose 

microfibrils. Differential thermogravimetric curves of the holocellulose samples were 

obtained and explained in terms of the degradation of hemicellulose and cellulose. 

 In the condition of ball-milled wood, both xylan and glucomannan became more 

reactive and degraded in the similar temperature range, which was lower than that of 

isolated glucomannan. This is explained by the action of uronic acid groups attached on 

xylan chain, which became accessible to glucomannan through the disruption of 

hemicellulose-lignin matrix, followed by the cleavage of the lignin β-ether linkages by 

ball milling. Some cellulose molecules degraded with hemicellulose at temperatures 

lower than 320°C. These changes in reactivity explained the changes in shape of the DTG 

curves due to ball milling. 
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