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Chapter 1 

 

General Introduction 
 

 

 

 

 

Conversion of biomass to renewable and valuable chemicals has attracted global interest in order to build up 

sustainable society. Cellulose and chitin are the first and second most abundant biomass on earth and 

utilization of cellulose and chitin does not compete with food production. However, their low reactivity due 

to their rigid structures has hampered selective depolymerization to chemicals. Design of catalysts coupled 

with reaction engineering for transformation of cellulose and chitin has been expected to overcome this 

issue. Indeed, a number of reaction systems employing homo- and heterogeneous catalysts and enzymes 

have been reported to produce platform compounds such as glucose and N-acetylglucosamine, which can be 

further transformed into various kinds of valuable chemicals. In this chapter, the present situations in 

biorefinery, namely utilization of cellulose and chitin, are summarized and discussed. 



General Introduction 

6 
 

1.1. General background: Why non-food biomass? 

Our human civilization has been drastically progressed by consuming a huge amount of fossil fuels as 

sources of energy and chemicals since the Industrial Revolution in the 18–19th century. Meanwhile, the 

limitless consumption of fossil fuels has caused worldwide problems such as global warming by greenhouse 

gases and acid rain. The situation of energy production using nuclear energy has totally changed since March 

11, 2011, when a tragic accident happened at a nuclear power plant in Fukushima Prefecture in Japan. Hence, 

development of new technologies employing safe, environmentally benign, and renewable resources is an 

enormous challenge to overcome the current issues of energy and chemical productions. 

Biomass, organic compounds produced by animals and plants, is a promising alternative to petroleum 

owing to its renewability and large quantity. Biorefinery using biomass as resources of fuels and chemicals is 

an attractive technology to build up sustainable society and is required to be evolved. To date, a 107–108 tons 

of bioethanol has been annually manufactured from corn starch and sugar cane molasses in the United States 

and Brazil for a decade.1 However, use of these edible crops as resources competes with food supply, and 

thus non-food biomass is more favorable feedstock in chemical industry. Especially, cellulose and chitin are 

attractive resources because of their abundance and potential transformation to various kinds of chemicals.2–

10 Hence, chemical transformation of cellulose and chitin is expected to be game-changing and beneficial 

technology to build sustainable society. In this thesis, the author has aimed the development of new catalytic 

systems for efficient utilization of both cellulose and chitin as chemical resources. 

 

1.2. Cellulose 

1.2.1. Plant-derived biomass: Lignocellulose 

The major components of plant-derived biomass are cellulose (30–50%), hemicellulose (10–40%), and lignin 

(5–30%) (Figure 1.1).11,12 These three polymers are intricately intertwined each other, so-called 

lignocellulose, and constitute cell walls in plants. Cellulose is a polymer of glucose units (Figure 1.2a) linked 

by β-1,4-glycosidic bonds. Hemicellulose is a copolymer of several kinds of sugar molecules, and a typical 

building block is β-xylose (Figure 1.2b). Arabinose (Figure 1.2c) is sometimes contained in hemicellulose. 

The detailed structure of hemicellulose depends on the plants. Lignin is a 3D network polymer and its 
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structure has remained unclear. It is suggested that three kinds of aromatic compounds, i.e., p-coumaryl 

alcohol, coniferyl alcohol, and sinapyl alcohol (Figure 1.3), link with each other by ether bonds to form 

lignin.13 Transformation of cellulose, hemicellulose, and lignin is a mainstream of the next-generation 

biorefinery. Indeed, many researchers have reported a variety of reactions to produce a variety of chemicals 

from lignocellulose, e.g., pyrolysis, hydrolysis, hydrolytic hydrogenation, and hydrodeoxygenation.8,14–16 

However, the utilization of lignocellulose has still been a great challenge due to its recalcitrance. In this 

section, the author has focused on cellulose, the largest component in lignocellulose, and summarized its 

characteristics and reported catalytic systems for its transformation. 

 

 

Figure 1.1. Structures of (a) cellulose, (b) hemicellulose, and (c) lignin. 

 

 

Figure 1.2. Building blocks of cellulose and hemicellulose: (a) glucose; (b) xylose; and (c) arabinose. 
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Figure 1.3. Structures of lignin components: (a) p-coumaryl alcohol; (b) coniferyl alcohol; and (c) sinapyl 

alcohol. 

 

  

Figure 1.4. Packing manners of (a) cellulose I (parallel) and (b) cellulose II (anti-parallel). 

 

1.2.2. Crystal structure of cellulose 

A glucose unit in cellulose has three hydroxyl groups, which form inter- and intramolecular hydrogen bonds 

with those of other glucose residues. As a result, cellulose molecules are uniformly packed; in other words, 

crystal structure of cellulose is formed. Seven types of crystal structure (Iα, Iβ, II, IIII, IIIII, IVI, and IVII) are 

known for cellulose.17,18 Plants synthesize cellulose Iβ, and bacteria does cellulose Iα. The structure of 

cellulose I is based on parallel chain packing (Figure 1.4a),17 and electron diffraction reveals that Iα and Iβ are 

composed of one-chain triclinic and two-chain monoclinic unit cell, respectively.19 Other types are artificially 

obtained by chemical treatments for cellulose I. The mercerization using concentrated NaOH produces the 

type II of crystalline cellulose from the type I,20 and its structure is based on antiparallel chain packing 

(Figure 1.4b).17 Cellulose IIII and IIIII are obtained from type I and II, respectively, by treatment with liquid 
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ammonia.21 The difference of type IIII and IIIII appears to be parallel and anti-parallel packing reflected their 

respective original forms, namely type I and II.17 Cellulose IV is prepared by treating cellulose III in glycerol 

at 533 K.21 Although both powder X-ray diffraction (XRD) and 13C nuclear magnetic resonance (NMR) 

cannot distinguish IVI and IVII, acetylation of cellulose enables to identify them. That is, cellulose triacetate 

with parallel packing is formed from cellulose IVI, and that with anti-parallel packing is from cellulose IVII.17 

The crystalline structures impart chemical and physical stability to cellulose. These properties enable us to 

use cellulose in a wide range of applications such as fibers (e.g., rayon),22 papers, food additives,23 and 

catalyst supports.24,25 In some cases, cellulose nanofiber is favorable for practical applications due to its high 

strength (equivalent to stainless steel) and five times lower density than steel.26 The aqueous counter 

collision (ACC) method is useful for preparation of cellulose nanofiber. The method drastically diminished 

the length of cellulose particles from 100 μm to 100 nm and the width from 10 μm to 15 nm;27 meanwhile 

the crystal structure of cellulose was maintained (see Figure 1.5). 

In contrast to the use of cellulose as a polymer, the crystalline structure of cellulose hampers its chemical 

transformation in biorefinery because the robust feature limits the access of catalysts to reaction sites of 

cellulose.28 Accordingly, crystallinity index (CrI) is a useful value to estimate reactivity of cellulose 

materials, and cellulose with low CrI is desirable for its transformation. CrI for a mixture of cellulose I and 

amorphous cellulose can be determined by XRD (eq. 1.1, Figure 1.5),29 13C NMR (eq. 1.2, Figure 1.6),30 and 

infrared spectroscopy (IR, eq. 1.3),31 in which XRD and 13C NMR are commonly used. 13C NMR is the most 

reliable method since the peaks derived from crystalline and amorphous parts are clearly separated.32 

 

100
22.5

18.522.5
XRD 




I

II
CrI    (1.1) 

where I22.5 and I18.5 are intensities observed at 22.5° and 18.5° in XRD, respectively. 

 

100
86-7992-86

86-79
NMR 




AA

A
CrI    (1.2) 

where A79-86 and A86-92 are peak area from 79 to 86 ppm and from 86 to 92 ppm in 13C NMR, respectively. 
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100
2900

1372
IR 

α

α
CrI    (1.3) 

where α1372 and α2900 are intensities at 1372 cm-1 and 2900 cm-1 in IR, respectively. 

 

 

Figure 1.5. XRD patterns of various types of cellulose. 

 

 

Figure 1.6. 13C NMR spectra of microcrystalline cellulose (black) and amorphous cellulose (ball-milled 

cellulose, red). In the figure, C4cr and C6cr peaks are derived from crystal part, and C4am and C6am are from 

amorphous part. 
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Mechanical and chemical treatments can decrease CrI of cellulose. Milling methods such as ball-milling 

(Figure 1.7)33 are typical mechanical techniques for disrupting the crystal structure of cellulose. For example, 

the ball-milling in a ceramic pot with ZrO2 balls for 96 h decreased CrIXRD from 80% to 10%, calculated 

from eq. 1.1 and the XRD patterns (Figure 1.5).34 Additional effect of milling is the shrink of secondary 

particle sizes; the median diameter measured in H2O by laser diffraction was reduced from 67 μm to 42 μm. 

Scanning electron microscope (SEM) images showed that the fibrous shape of cellulose particles turned into 

smaller spherical morphology by ball-milling (Figure 1.8). Degree of polymerization (DP) of cellulose 

became almost half by the milling; in other words, one dissociation for each cellulose chain happened. 

High-power milling processes such as rod-milling and planetary ball-milling (Figure 1.9) also convert 

crystalline cellulose into amorphous one in a shorter time (<1 h),35,36 whereas CrI does not decrease by 

jet-milling.35 In chemical methods, Wang et al. reported that CrI of cellulose decreased by treating it with 

H3PO4.37 The parameter depended on the concentration of H3PO4 and the temperature and time of treatment. 

For example, the treatment in 43% H3PO4 at 298 K for 1 h decreased CrI from 85 to 79, and CrI of cellulose 

diminished to 33 by 85% H3PO4 at 323 K for 40 min. Note that cellulose is partially hydrolyzed during the 

treatment and DP decreased. Tsao et al. demonstrated that supercritical CO2 reduced CrI to ca. 50% for 1 h.38 

Other physicochemical methods such as ammonia fiber explosion and SO2-steam explosion are also effective 

for decreasing CrI.39 The amorphous cellulose thus prepared is expected to show higher reactivity than 

crystalline one.40 

 

  

Figure 1.7. Apparatus of ball-milling: pot (left) and balls (right). 
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Figure 1.8. SEM images of (a) microcrystalline cellulose and (b) ball-milled one. 

 

 

Figure 1.9. Diagram of planetary ball-milling, reproduced from a reference.41 

 

Although cellulose is almost insoluble in H2O42 except for at high temperatures (>593 K),43 solvents of 

cellulose have been explored to handle it as a soluble substrate and to increase reactivity.44 Lithium 

chloride/N,N-dimethylacetamide (LiCl/DMAc) is well known to dissolve cellulose, where chloride ions 

cleave hydrogen bonds of cellulose.45,46 Schweizer’s reagent forms a complex with cellulose47 and 

dissociates hydrogen bonds to dissolve cellulose. In recent years, ionic liquids (ILs) such as 

1-butyl-3-methylimidazolium chloride ([BMIM]Cl) have received a significant attention as new solvents for 

cellulose,48 because ILs are chemically and thermally stable and their physicochemical properties are 

tunable.49 The dissolution mechanism of cellulose into ILs is almost the same as that into LiCl/DMAc.49 
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1.2.3. Glucose and its derivatives 

A monomer of cellulose is glucose, produced by hydrolysis. Glucose is one of the energy sources for living 

things and is used as a sweetener and a medicine against hypoglycemia. In addition to the applications of 

itself, glucose is transformed into a variety of valuable chemicals as depicted in Figure 1.10.34 

The present mainstream of glucose transformation is ethanol production by fermentation via catabolism, 

including the Embden-Meyerhof-Parnas pathway and successive ethanol fermentation (Figure 1.11).50,51 

During fermentation from pyruvate to ethanol, one-equivalent mole of CO2 is emitted. Ethanol produced 

from crops is called bioethanol, and the annual production volume has gradually increased in the world.1 

Bioethanol is mainly used as an additive to gasoline, e.g., E15 (including ethanol 15% and gasoline 85%),52 

and is now sold in the United States and European countries. 

 

 

Figure 1.10. Chemicals derived from glucose. The derivatizations of sorbitol and 5-hydroxymethylfurfural 

(5-HMF) are depicted in Figures 1.13 and 1.14, respectively. 
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Figure 1.11. Embden-Meyerhof-Parnas pathway from glucose to pyruvate and successive fermentation from 

pyruvate to ethanol. Two pyruvate molecules are produced from one glucose molecule. Abbreviations: ATP = 

adenosine triphosphate, ADP = adenosine diphosphate, NAD+ = nicotinamide adenine dinucleotide, and 

NADH = reduced form of NAD+. 
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Glucose is hydrogenated to sorbitol by supported metal catalysts,53–56 and this process has been 

established in chemical industries. Sorbitol is one of the top 12 building block chemicals produced from 

biomass resources (Figure 1.12), suggested by Department of Energy (DOE) in the United States.57 Indeed, 

sorbitol is a good precursor to valuable chemicals as well as glucose (Figure 1.13).58 For example, n-hexane 

and (E)-hexatriene are obtained by complete removal of hydroxyl groups.59,60 Sorbitol undergoes dehydration 

in the presence of acid catalysts to give two useful products, 1,4-anhydrosorbitol (1,4-sorbitan) and 

1,4:3,6-dianhydrosorbitol (isosorbide). 1,4-Sorbitan is a raw material for various environmentally benign 

surfactants, e.g., fatty acid esters (Span) and polysorbates (Tween), which are extremely useful as 

emulsifiers, insecticides, and soft templates for material synthesis.61 The emulsifiers can be used in food, 

cosmetic, and pharmaceutical industries owing to their low-toxicity to human being.62 Isosorbide-based 

polymers are outstanding engineering plastics showing good transparencies and high glass transition 

temperatures, and Mitsubishi Chemical, Teijin, and Sabic provide isosorbide-based polycarbonates.63–65 

Other polymers such as polyethylene isosorbide terephthalate (PEIT) are also under consideration as an 

alternative to polyethylene terephthalate (PET).66 Additionally, isosorbide and its nitrate esters are medicines 

for Meniere’s disease and angina pectoris, respectively.67 To date, the dehydration of sorbitol has been 

conducted by using H2SO4 in industrial processes.68 H2SO4 can control the ratio of 1,4-sorbitan and 

isosorbide by changing reaction conditions. For example, 58% yield of 1,4-sorbitan and 18% yield of 

isosorbide is formed for 18 min (Table 1.1, entry 1), whereas isosorbide (66%) becomes the major product 

for 48 min (entry 2). Note that the details of the mechanism for sorbitol dehydration by H2SO4 have not yet 

been revealed. Recently, a variety of heterogeneous catalysts have been developed to produce isosorbide in a 

laboratory scale (Table 1.1, entries 3–11), e.g., immobilized H3PW12O40,69 metal phosphate,70 CuSO4,71 Ru 

modified Raney Cu,72 sulfonated polystyrene resin (Amberlyst 35),73 sulfonated oxides,74,75 and zeolites.76,77 

H2O is formed during the reaction, and thus low-pressure conditions are favorable to avoid coverage of acid 

sites on catalyst by H2O molecules. Although the selective production of isosorbide by heterogeneous 

catalysts has been reported as shown above, that of 1,4-sorbitan is more difficult since 1,4-sorbitan readily 

undergoes subsequent dehydration to form isosorbide in the presence of acids. Takagaki et al. reported that 

layered niobium molybdate HNbMoO6 provided ca. 40% yield of 1,4-sorbitan in the dehydration of sorbitol 
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(entry 12).78 They have proposed that molecular recognition is the key to high yields of 1,4-sorbitan. 

 

 

Figure 1.12. Top 12 building block chemicals produced from biomass resources, suggested by DOE in the 

United States.57 
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Figure 1.13. Chemicals derived from sorbitol. 

 

Table 1.1. Dehydration of sorbitol to 1,4-sorbitan and isosorbide by acid catalysts. 

Entry Catalyst 
T 

/K 

Time 

/h 

Conv. 

/% 

Yield /% 
Ref 

1,4-Sorbitan Isosorbide 

1 H2SO4 453 0.3 98 58 18 68 

2 H2SO4 453 0.8 100 0.1 66 68 

3 H3PW12O40/SiO2 523  0.4 96 16 56 69 

4 SnPO 573  2  72 24 47 70 

5 CuSO4 473  4 100 n.d.a 67 71 

6 Ru-Raney Cu 533  4 n.d.a  7.5 51 72 

7 Amberlyst 35 408  2 n.d.a 19 73 73 

 8 Sulfated ZrO2 483  2 100 18 65 74 

 9 Sulfated TiO2 503  4 100 13 75 75 

10 H-MFIb 533  1 100 n.d.a 50 76 

11 H-MORb 523  5.8  85 n.d.a 40 77 

12 HNbMoO6 433 60  94 42 21 78 
aNo data. bSi/Al ratio was not shown. 

 

5-Hydroxymethylfurfural (5-HMF) has attracted much attention as 5-HMF derivatives are applicable in 

a wide range of fields (Figure 1.14). The production of 5-HMF from glucose is still under consideration in 

laboratories, but high-yielding synthesis of 5-HMF has been reported. The reaction requires both Lewis and 

Brønsted acids since Lewis acids are necessary for epimerization of glucose to fructose79 and Brønsted ones 
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Figure 1.14. Chemicals derived from 5-hydroxymethylfurfural (5-HMF). 

 

are for successive dehydration of fructose to 5-HMF.80 Hara et al. synthesized 5-HMF from glucose in 81% 

yield in H2O by using a bifunctional heterogeneous catalyst, phosphate/TiO2.81 5-HMF can be derivatized to 

a variety of chemicals. The hydrodeoxygenated product of 5-HMF is 2,5-dimethylfuran (DMF),2 high-octane 

number fuel with high energy density (30,000 kJ L-1). DMF is further transformed into p-xylene, a precursor 

to PET, through Diels-Alder reaction with acrolein or ethylene.82,83 The oxidation of 5-HMF over metal 

catalysts provides 2,5-furandicarboxylic acid (FDCA),84,85 which can be a polymer-substrate alternative to 

terephthalic acid. 5-HMF also undergoes hydrolysis to form levulinic acid and formic acid.86 Levulinic acid 

is a good precursor to polymers, lubricants, and medicines.87 Furthermore, Dumesic et al. reported the 

production of C8–C15 alkanes for jet fuels by hydrogenation and hydrodeoxygenation following condensation 

with acetone.88 

 

1.2.4. Hydrolysis of cellulose in homogeneous systems 

Production of glucose from cellulose is an attractive reaction in biorefinery due to wide applications of 

glucose as shown in Section 1.2.3. Hydrolysis of cellulose to glucose (Figure 1.15) is a challenge due to the 

recalcitrance of cellulose, and many researchers have tried to depolymerize cellulose using various kinds of 

catalytic systems. 
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Figure 1.15. Hydrolysis of cellulose to glucose. 

 

The typical catalysts for cellulose hydrolysis to glucose are H2SO4 and cellulase enzymes.89,90 Industrial 

processes using H2SO4 are known as the Scholler process [diluted H2SO4 (0.5%)] developed in Germany91 

and Hokkaido process [concentrated H2SO4 (30–70%)] conducted in Japan, and the processes produced up to 

90% yield of glucose. However, these processes are unprofitable due to equipment corrosion by H2SO4, 

complicated separation system, and acidic waste disposal; consequently, they have been suspended. 

Recently, mechanocatalytic depolymerization of cellulose using acid catalysts, e.g., kaolinite (Al2Si2O7·

2H2O) and H2SO4, without solvents has been reported. In a work by Blair et al., cellulose and kaolinite were 

planetary ball-milled together at 350 rpm for 3 h, and 84% of cellulose was depolymerized into water-soluble 

products during the milling process.92 Rinaldi et al. conducted the planetary ball-milling of 

H2SO4-impregnated cellulose at 350 rpm for 2 h, and cellulose was almost completely hydrolyzed into 

water-soluble oligosaccharides.93 Beltramini et al. characterized the produced oligomers in detail by using 

2D NMR and found the formation of branched polymers linked by α-1,6-glycosidic bonds, which improved 

solubility of the oligomers.94 This result indicates that both hydrolysis and condensation of glucans occur 

during the milling process. No researchers have so far explained the origin of H2O molecules, which react 

with the substrate and form hydroxyl groups. The author speculates that the substrate may undergo 

hydrolysis by physisorbed H2O on the substrate or H2O in atmosphere. The author knows that cellulose 

generally contains 5–10 wt% of physisorbed H2O. For example, 1 g of the substrate with 10 wt% of H2O 

contains 0.9 g of cellulose (equivalent to 5.6 mmol of glucose unit) and 0.1 g of H2O (5.6 mmol); hence, the 

amount of physisorbed H2O is sufficient to hydrolyze cellulose to oligomers and glucose. Owing to high 

solubility and reactivity of the oligomers, further transformation easily proceeds. Rinaldi et al. reported that a 
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91% yield of glucose and a 91% yield of sugar alcohols (sorbitol 86%, mannitol 5%) in a batch-type reactor 

were formed from the water-soluble oligosaccharides.93,95 Beltramini et al. have also demonstrated the 

hydrolytic transfer-hydrogenation of the oligomers to produce sorbitol (see Figure 1.23) using Ru/C catalyst 

and 2-propanol as a hydrogen source in continuous production due to difficult control of flow of gaseous H2 

and liquid H2O at the same time in a laboratory scale.96 The remaining issue of these systems should be 

reusability of the catalyst, H2SO4. 

Heteropoly acids (HPAs) work as homogeneous catalysts in H2O, but they can be separated by 

extraction using organic solvents such as 2-propanol and diethyl ether. Some of HPAs have higher acidity 

than mineral acids. For example, the Hammet acidity function (H0) of H5BW12O40 (0.7 M at 298 K, vide 

infra) is –2.1 lower than those (ca. 0) of H2SO4 and HCl (0.7 M).97 Hence, it is expected that HPAs are active 

and reusable catalysts for the hydrolysis instead of H2SO4. Shimizu et al. showed that the hydrolysis of 

cellobiose and cellulose in H2O was promoted by HPAs such as H3PW12O40, H4SiW12O40, and 

Sn0.75PW12O40.98 The total yield of reducing sugars from cellulose was ca. 40% when using Sn0.75PW12O40 at 

423 K for 16 h. They also conducted the screening of counter cations of PW12O40
3- for the hydrolysis of 

cellobiose and found that there was a volcano-type correlation between turnover frequencies (TOFs) for 

glucose formation and Lewis acidities. Thus, both Brønsted and Lewis acidities were important for the 

catalytic activity of HPAs, although the Lewis acidity was not evaluated in H2O. Mizuno et al. found that 

H5BW12O40 showed a good performance for the conversion of crystalline cellulose to give glucose in 77% 

yield, and H3PW12O40 (glucose yield 8%) and H4SiW12O40 (37%) were less active than H5BW12O40.97 They 

remarked that the acidity and the function of decreasing CrI were important for the catalytic activity of 

HPAs. In fact, the order of the H0 function was H3PW12O40 ≥ H4SiW12O40 ≥ H5BW12O40 in the same order of 

catalytic activity. According to their screening, HPAs containing highly negatively charged anions were 

preferable. The anions also dissociated hydrogen bonds between cellulose molecules to decrease CrI. 

Furthermore, protons of HPAs also weakened hydrogen bonds of cellulose, and a higher concentration of 

proton was suitable for this purpose. Thus, H5BW12O40 worked as a highly active catalyst for the hydrolysis 

of cellulose. H5BW12O40 can be recovered by extraction and recycled for 10 times. 

In enzymatic hydrolysis of cellulose to glucose, three types of enzymes, i.e., endoglucanase (EG), 
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exoglucanase (so-called cellobiohydrolase, CBH), and β-glucosidase, are simultaneously employed.99 EG 

randomly cleaves β-1,4-glycosidic bonds of cellulose in amorphous parts to increase the number of 

reducing/non-reducing ends. Subsequently, CBH depolymerizes the polymer from the reducing/non-reducing 

ends in both crystalline and amorphous parts to form only cellobiose. β-Glucosidase works for the hydrolysis 

of soluble oligomers produced by EG and CBH to glucose. The functions of EG and CBH for the hydrolysis 

of cellulose are proposed as follows. First, enzymes adsorb onto the surface of cellulose through hydrophobic 

interactions derived from the binding domain composed of three exposed tyrosine residues.100 In the second 

step, cellulose chains are introduced into a pocket (in the case of EG) or a tunnel (CBH, Figure 1.16), where 

there is an active site.101 Then, a glycosidic bond in cellulose is cleaved by a pair of carboxylic acid and 

carboxylate, in which two types of mechanism, inverting and retaining ones, are presumed (Figure 1.17).102 

Nowadays, cellulase enzymes can afford glucose in 75% yield from cellulose under moderate 

conditions (e.g., 343 K, 1.5 days),89,90 and some enzymatic systems have been extended to a commercial 

scale. Although adsorption process separates EG and CBH from a product solution after the reaction, 

β-glucosidase does not adsorb on the adsorbent and cannot be recovered.103,104 Immobilization of cellulases 

has been considered for easy separation and recycle, and various reports have shown their reusability.105–107 

However, the immobilized cellulases are less active than free cellulases because of low accessibility. 

 

 

Figure 1.16. Schematic representation of catalytic domain of exoglucanase (CBH), in which a cellulosic 

molecule penetrates into the tunnel. This figure is reproduced from a reference.108 
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Figure 1.17. Proposed reaction mechanism for glycosidic bond cleavage by cellulase: (a) inverting 

mechanism and (b) retaining mechanism. 

 

Reaction systems using only supercritical water as both solvent and reactant are tested in laboratories, 

and have produced glucose from cellulose in 24% yield.109,110 However, a special reactor resisting harsh 

conditions is required and produced glucose readily undergoes the further degradation at such a high 

temperature (673 K). Gaseous water is also used for the hydrolysis of crystalline cellulose.111 Water vapor 

penetrates interstices of cellulose molecules, weakens hydrogen bonds, and hydrolyzes glycosidic bonds. In 

this system, the glucose yield is only 17%. 

 

1.2.5. Hydrolysis of cellulose by heterogeneous catalysts 

Heterogeneous catalysis for cellulose hydrolysis has been investigated since heterogeneous catalysts are 

advantageous over homogeneous ones thanks to their ease of separation and reusability. 

As mentioned in Section 1.2.2, cellulose is dissolved in ILs and is expected to show higher reactivity 
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than that in H2O. Zhao et al. performed the hydrolysis of cellulose dissolved in [BMIM]Cl in the presence of 

H2SO4 at 373 K (Table 1.2, entry 13).112 Schüth and co-workers employed a sulfonated polystyrene resin 

(Amberlyst 15DRY) instead of H2SO4 in [BMIM]Cl (entry 14).113 Later it was found that H+ species was 

released from SO3H by ion-exchange with [BMIM]+ to become a hydrolysis catalyst.114 This was the reason 

for the deactivation of Amberlyst 15DRY catalyst after the reaction in ILs, although the catalytic activity of 

the resin was regenerated by washing with H2SO4. Furthermore, ILs-immobilized sulfonated char was easily 

separated from products (entry 15).115 However, ILs are expensive and toxic, and a decisive advantage is 

necessary to use ILs as a solvent instead of H2O. 

Heterogeneous catalysts working under aqueous conditions have also been developed in recent years. 

Hara et al. synthesized a sulfonated carbon (Figure 1.18) by carbonization of cellulose at 723 K under N2 

followed by sulfonation using oleum at 353 K. This sulfonated carbon hydrolyzed cellulose to glucose (4% 

yield) and water-soluble oligosaccharides (64%) in H2O at 373 K in a Pyrex test tube (entry 16).116,125,126 

 

Table 1.2. Hydrolysis of cellulose to glucose. 

Entry Catalyst 
Pre-treatment 

of cellulose 
S/Ca T /K 

Time 

/h 

Conv. 

/% 

Yield /% 
Ref 

Glcb Olgc 

13d H2SO4 Microcrystalline 0.11 373 9 n.d.h 43 34j 112 

14d Amberlyst 15DRY Microcrystalline 5.0 373 5 29 0.9 0.6k 113 

15e C-SO3H-IL Microcrystalline 2.0 363 2 n.d.h 33i n.d.h 115 

16 C-SO3H Microcrystalline 0.083 373 3 n.d.h 4 64 116 

17 AC-SO3H Ball-milled 0.9 423 24 n.d.h 41 n.d.h 117 

18 SiO2-C-SO3H Ball-milled 1.0 423 24 61 50 2 118 

19 CMK-3-SO3H Ball-milled 0.9 423 24 94 75 n.d.h 119 

20 Fe3O4-SBA-SO3H [BMIM]Cl 0.7 423 3 n.d.h 50 n.d.h 120 

21 Fe3O4-SBA-SO3H Microcrystalline 1.0 423 3 n.d.h 26 n.d.h 120 

22 CoFe2O4/SiO2-SO3H [BMIM]Cl 1.0 423 3 n.d.h 7.0 30k 121 

23 CP-SO3H Microcrystalline 0.2 393 10 n.d.h 93 n.d.h 122 

24 2.0 wt% Ru/CMK-3 Ball-milled 6.5 503 0.83f 56 24 16 123 

25 CMK-3 Ball-milled 6.5 503 0.83f 54 16 5 123 

26 MC Ball-milled 3.3 518 0.75g 71 41 0.9k 119 

27 GO Not mentioned 0.9 423 24 59 50 4k 124 

aRatio of substrate and catalyst based on weight. bGlucose. cOligosaccharides. dThe reaction was conducted in 

[BMIM]Cl. eMicrowave (350 W) was used. fTotal time including heating and cooling. The keeping time at 503 

K was less than 1 min. gThe reaction mixture was heated from room temperature to 518 K in 45 min and 

rapidly cooled down to room temperature. hNo data. iTotal yield of reducing sugars. jTotal yield of reducing 

sugars other than glucose. kCellobiose. 
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Figure 1.18. Proposed schematic structure of sulfonated carbon, reproduced from a reference.116 

 

Sulfonic groups on large graphene sheets are usually decomposed in hot-compressed water,127 but those on 

this material are stabilized by electron-withdrawing effect of carboxylic acids and small size of on graphene 

(ca. 1 nm). The sulfonated carbon maintained its catalytic activity in reuse runs more than 25 times. For the 

catalytic mechanism, they have proposed that neutral or weakly acidic OH groups such as phenolic groups 

on carbon adsorb β-1,4-glucans by hydrogen bonds, and then sulfonic groups cleave glycosidic bonds.128,129 

Later, Hara et al. also submitted a patent for a specific reactor equipped with a strong agitation wing grinding 

cellulose-catalyst slurry.130 The author therefore speculates that mechanocatalytic process may be involved in 

their catalytic system in addition to thermal process giving a good performance in the hydrolysis of cellulose. 

Onda et al. demonstrated that a sulfonated carbon prepared from commercial activated carbon (denoted as 

AC-SO3H) gave a 41% yield of glucose at 423 K for 24 h (entry 17).117,131 After the hydrolysis of cellulose 

by AC-SO3H, they performed hydrolysis of cellulose again using filtrate of the first run as a solvent without 

adding any solid catalysts. However, glucose yield was as low as that in a blank reaction without catalyst, 

indicating that the hydrolysis was not enhanced by soluble species derived from the catalyst. Furthermore, 

AC-SO3H showed similar catalytic activity in repeated reactions. Hence, they concluded that AC-SO3H 

worked as a durable solid catalyst under the reaction conditions. It is noteworthy that they pre-treated 
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Figure 1.19. Structure of CP-SO3H, which is synthesized from Merrifield’s resin and sulfanilic acid, in 

which Cl groups and SO3H groups are expected to be binding and active sites, respectively.122 

 

AC-SO3H in hot-compressed water at 473 K before the reaction at 423 K to remove weakly bonded sulfonic 

groups, and remaining sulfonic groups on AC were stable and reusable under the reaction conditions at 423 

K. Only a small amount of sulfate ions [35 μM (1.2% of sulfonic groups in the catalyst), detected by ion 

chromatography] leached from the pre-treated AC-SO3H, and the reported performance was almost 

reproduced.34 In contrast, sulfuric acid leached from the catalyst without the pre-treatment at 473 K. 

These reports motivated other researchers to develop sulfonic acid catalysts. A silica/carbon 

nanocomposite and a mesoporous carbon CMK-3, both of which were treated by H2SO4, yielded glucose in 

50% (entry 18)118 and 75% (entry 19),119 respectively. Magnetic catalysts with sulfonic groups, e.g., a 

sulfonated composite of mesoporous silica SBA-15 and Fe3O4
120,132 and sulfonated CoFe2O4-embedded 

silica,121 were also used for the hydrolysis of cellulose (entries 20–22). They were easily separated from 

product cocktail by a magnet after the reactions. Fe3O4-SBA-SO3H catalyst afforded glucose in 26% yield 

from microcrystalline cellulose at 423 K for 3 h, whereas levulinic acid became a major product (42% yield) 

by prolonging the reaction time to 12 h.120 Pan et al. synthesized a sulfonic chloromethyl polystyrene resin 

(CP-SO3H, Figure 1.19) to promote adsorption of cellulose onto CP-SO3H by hydrogen bonds between Cl of 

the catalyst and OH groups of the substrate and subsequent hydrolysis of glycosidic bonds by SO3H 

groups.122 They reported that CP-SO3H converted microcrystalline cellulose into glucose in 93% yield at 393 

K for 10 h (entry 23). However, the base polymer chloromethyl polystyrene, so-called Merrifield’s resin, 
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easily undergoes SN2 reaction at a benzyl position as widely used for connecting peptides and proteins.133 

Indeed, in their synthetic scheme of CP-SO3H, sulfanilic acid nucleophilically attacks a carbon atom at the 

benzyl position of Merrifield’s resin to form a C–N covalent bond. Besides, leaching of both Cl- and SO4
2- 

species was detected by ion chromatography in the author’s test possibly due to SN2 reaction at the benzyl 

position of CP-SO3H by H2O molecules.34 Hence, one should take care of the possibility of leaching of SO3H 

and Cl in using sulfonated or chlorinated materials as catalysts in H2O at high temperatures. More seriously, 

the author could not reproduce reported high yields of glucose. Back to their original concept, Cl- ion exactly 

may have a good interaction with cellulose,45,46 but one can hardly expect that covalently bonded Cl has a 

similar ability. Furthermore, the reactions by these sulfonic acid catalysts are typically conducted at S/C 

[substrate/catalyst (wt/wt)] ratios lower than 1; higher S/C ratios are favorable to improve the efficiency. 

Supported metal catalysts have also been used for the hydrolysis of cellulose. Fukuoka et al. found that 

2 wt% Ru/CMK-3 hydrolyzed cellulose (conversion 56%) to glucose (24% yield, 43% selectivity) in H2O 

(entry 24), and TOF for the production of glucose was 18 h-1 per bulk Ru atom.123,134 The yield of glucose 

was raised up to 31% by increasing the Ru loading to 10 wt%. This catalyst was reusable up to five times 

without loss of the activity or Ru leaching, checked by inductivity coupled plasma atomic emission 

spectroscopy (ICP-AES). The Ru species on CMK-3 was highly dispersed RuO2·2H2O characterized by 

X-ray absorption fine structure spectroscopy (XAFS) and XRD, and the high valent Ru species may work as 

a catalyst for hydrolysis. They have proposed that an empty site on Ru atom works as a Lewis acid and/or an 

H2O molecule coordinating to Ru does as a Brønsted acid (Figure 1.20). 

It is known that acids with a pKa value larger than –3 are usually ineffective for the hydrolysis of 

cellulose.135 Intriguingly, mesoporous carbons (MCs) and graphene oxide (GO) also catalyzed the hydrolysis 

of cellulose to glucose and that of xylan to xylose even in the absence of strong acidic groups or metals 

(entries 25–27).119,123,124,134,136 The weakly acidic groups such as carboxylic acids and phenolic groups are 

proposed as active sites; however, the detailed structures and their catalysis remain unclear. Katz et al. also 

reported that even OH groups on SiO2 and Al2O3 with very weak acidity (pKa = ca. 7) were able to hydrolyze 

cellulosic molecules by inducing stressful conformations by forming ether bonds between SiO2 (or Al2O3) 
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Figure 1.20. Speculated active sites on Ru/CMK-3 catalyst, reproduced from a reference.8 

 

 

Figure 1.21. Schematic activation mechanism of glycosidic bonds in grafted cellulosic molecules, 

reproduced from a reference.139 

 

and cellulosic molecules.137–139 They proposed that the proximity of surface OH groups was important to 

hydrolyze the biomass-derived polymers. OH groups on SiO2 (or Al2O3) captured the substrate by forming 

ether bonds with hydroxyl groups of the substrate, which kept neighboring other OH groups on catalyst close 

to the immobilized polymer. Then, the OH groups had the enhanced chances to activate glycosidic bonds 

(Figure 1.21). Note that both SiO2 and Al2O3 could not hydrolyze glycosidic bonds without immobilization 

of the substrate. These results clearly suggest the importance of positioning of substrate and surface OH 

groups. 
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1.2.6. Hydrolytic hydrogenation of cellulose to sorbitol 

Direct conversion of cellulose to platform chemicals other than glucose has also been investigated, and 

especially hydrolytic hydrogenation of cellulose to sorbitol (Figure 1.22) is an active area in biorefinery. The 

author therefore summarizes typical works in this section (Table 1.3). 

 

 

Figure 1.22. Hydrolytic hydrogenation of cellulose to sorbitol via glucose. 

 

In the 1950s, Balandin et al. showed that Ru/C combined with H2SO4 gave sorbitol from cellulose 

under 7 MPa of H2 (entry 28).140,153 In this process, soluble H2SO4 hydrolyzes solid cellulose to glucose, and 

then soluble glucose is hydrogenated to sorbitol by solid Ru/C. In detail, formation of soluble 

oligosaccharides and their reduced alcohols are involved in the reaction;154,155 however, they are omitted for 

better handling and easier understanding the reaction. Later, Jacobs and co-worker used a bifunctional 

catalyst Pt/FAU for the hydrolytic hydrogenation of starch, which is a water-soluble polymer composed of 

α-glucose.156 Solid FAU zeolite hydrolyzes soluble starch to glucose and solid Pt hydrogenates glucose to 

sorbitol.157 Hence, both are solid-liquid interfacial reactions and the degradation of solid cellulose by solid 

catalysts has remained an issue for a long period. In 2006, Fukuoka et al. reported the first hydrolytic 

hydrogenation of cellulose using only solid catalysts, in which Pt/γ-Al2O3 produced sorbitol and mannitol in 

25% and 6% yields, respectively (entry 29).141 Interestingly, the hydrolysis step is also accelerated by the 

solid catalyst regardless of relatively low acidity of γ-Al2O3 (pKa = +3.3 ~ +6.8).158 Although it was proposed 
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Table 1.3. Hydrolytic hydrogenation of cellulose to sugar alcohols. 

Entry Catalyst 
Pre-treatment of 

cellulose 
T /K 

Time 

/h 

P(H2) 

/MPa 

Conv. 

/% 

Yield /% 
Ref 

Sora Manb Totalc 

28 H2SO4, Ru/C Sulfiteh 433 2 7 n.d.k n.d.k n.d.k 82l 140 

29 2.5 wt% Pt/γ-Al2O3 Microcrystalline 463 24 5.0 n.d.k 25 6 31 141 

30 4.0 wt% Ru/C Microcrystalline 518 0.5 6.0 86 30 10 39 142 

31 1.0 wt% Ru/CNT H3PO4 458 24 5.0 n.d.k 69 4 73 37 

32 1.0 wt% Ru/CNT Microcrystalline 458 24 5.0 n.d.k 36 4 40 37 

33 2.0 wt% Pt/BP2000 Ball-milled 463 24 5.0 82 49 9 58 143 

34 5.0 wt% Ru/C, H4SiW12O40 Ball-milled 463 1 9.5 100 n.d.k n.d.k 85 144 

35 5.0 wt% Ru/C, H4SiW12O40 Microcrystalline 463 1 9.5 77 n.d.k n.d.k 36 144 

36 16 wt% Ni2P/AC Microcrystalline 498 1.5 6.0 100 48 5 53 145 

37 Ni12P5/ACd Ball-milled 503 0.7 5.0 92 62 5 67 146 

38 3.0 wt% Ni/CNF Ball-milled 463 24 6.0 92 50 6 57 147 

39 3.0 wt% Ni/CNF Microcrystalline 483 24 6.0 87 30 5 35 147 

40 7.5 wt% Ni/oxidized CNF Ball-milled 463 24 6.0 93 64 7 71 148 

41 4.0 wt% Ir-4.0 wt% Ni/MC Microcrystalline 518 0.5 6.0 100 47 12 58 149 

42 Pt/Ni/mesoporous Al2O3
e Microcrystalline 473 6 5.0 49 26  6 32 150 

43 Pt/Ni/BEAf Microcrystalline 473 6 5.0  51 34  3 37 150 

44 2.0 wt% Ru/AC Ball-milled 463 18 0.8 83 30 8 38 151 

45 2.0 wt% Ru/AC Mix-milledi 463  3 0.9 89 58  9 68 152 

46 Pt, H4SiW12O40
g 

Mercerization, 

ball-milled 
333 24 0.7 n.d.k 54 n.d.k n.d.k 97 

47 2.0 wt% Ru/AC Ball-milled 463 18 0.0j 74 34 9 43 151 

48 2.0 wt% Ru/CMK-3 Ball-milled 463 18 0.0j 81 36 9 45 151 

aSorbitol. bMannitol. cTotal yield of sorbitol and mannitol. dNi and P loadings were 10 wt% and 2.6%, respectively. 
eNi/Pt ratio = 22. fNi/Pt ratio = 22. Si/Al ratio of BEA = 75. gPt amount was 24 mol% to cellulose and the 

concentration of H4SiW12O40 was 0.70 M. hSubstrate was treated by sulfurous acid to extract lignin, and resulting 

powder was used for the reaction. iCellulose and catalyst were ball-milled together. j2-Propanol was used instead of 

H2. kNo data. lMonoanhydrides of sorbitol. 

 

that the hydrolysis was accelerated by proton produced via heterolysis of H2 over Pt,141,159,160 this mechanism 

would be excluded.161 How supported Pt catalysts promote the hydrolysis is still unclear. The residual Cl on 

the catalysts derived from catalyst precursors such as H2PtCl6 also affected the catalytic performance. The 

rates of cellulose hydrolysis and side reactions were enhanced by HCl or Al3+ species.143,162 This problem can 

be avoided by using Cl-free precursors such as Pt(NH3)2(NO2)2 and carbon supports. In contrast, Liu et al. 

proposed that protons from hot-compressed water promoted the hydrolysis step,142,163 because pKw of H2O 

   
OHH

log aa  is down to 11.2 at 448 K.164 However, its corresponding pH (5.6) is high enough to be 

free from acid-catalyzed hydrolysis of cellulose, and direct attack of H2O molecule to glycosidic bonds may 

be more significant.165 Major active species for the hydrolysis alters by catalysts and reaction conditions 
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employed. 

Later, it was found that γ-Al2O3 support was transformed into boehmite [AlO(OH)] in hot water, and the 

catalytic activity reduced in repeated reactions.143 Thus, the development of more active, selective, and 

durable catalysts has been a target. Carbon materials such as activated carbon (AC) and carbon nanotubes 

(CNTs) are known as heat- and water-tolerant supports. For this reason, carbon supported metal catalysts 

have been extensively studied. Liu et al. conducted the hydrolytic hydrogenation of cellulose by a durable 

Ru/C catalyst, which produced hexitols in 39% yield with 86% conversion (entry 30).142 According to the 

results of ICP and transmission electron microscope (TEM) analyses, neither leaching nor sintering of Ru 

occurred. Wang et al. reported that the yield of sugar alcohols was improved to 73% by using Ru/CNT and 

H3PO4-pretreated cellulose (entry 31).37 The Ru/CNT catalyst also yielded sugar alcohols in 40% yield from 

microcrystalline cellulose (entry 32). Fukuoka and co-workers used a carbon black BP2000 as a support, and 

Pt/BP2000 afforded sugar alcohols in 58–65% yields in reuse experiments (entry 33).143 The 

rate-determining step of the hydrolytic hydrogenation is the hydrolysis of cellulose to glucose,143 and a 

mixture of Ru/C and H4SiW12O40 was used to enhance the hydrolysis.144 This strategy gave an 85% yield of 

sugar alcohols from ball-milled cellulose (entry 34) and a 36% yield from crystalline cellulose (entry 35). 

Such high-yielding and selective production of sugar alcohols from cellulose is surprising since side 

reactions decrease their yields in typical catalytic reactions. Indeed, Palkovits et al. showed that in similar 

catalytic systems side reactions happened such as further transformation of sorbitol at a higher concentration 

of acids for longer reaction time, in which C2–C6 polyols such as erythritol, xylitol, sorbitan, and isosorbide 

were obtained as by-products.166 

Recently, Ni catalysts have been studied instead of precious metals to reduce cost of catalysts. 

Microcrystalline cellulose was converted to sorbitol (48% yield) and mannitol (5%) by a Ni2P catalyst 

supported on AC (entry 36).145 Fukuoka et al. also reported that Ni12P5/AC produced sorbitol (62%) and 

mannitol (5%) from ball-milled cellulose (entry 37), and the high catalytic performance was attributed to an 

amorphous nickel phosphide phase generated during the reaction.146 Although the nickel phosphide catalysts 

were active, they were not durable in hot water due to P leaching and Ni sintering. In contrast, it was 

reported that Ni species on carbon nanofibers (CNFs) was stable in H2O for 24 h even at 483 K (entries 38 
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and 39), and Ni/CNF catalyst kept its activity in reuse experiments up to three times.147 Ni/CNF was 

prepared by chemical vapor deposition (CVD) of carbon on Ni/γ-Al2O3 using methane as a carbon source, in 

which methane decomposed on Ni metal and CNF was produced. The method of catalyst preparation was 

modified by post-treatment for a better balance of hydrolysis and hydrogenation activities.148 In detail, 

Ni/CNF was treated in concentrated HNO3 at 383 K to oxidize CNF and to remove Ni species, and then Ni 

was again impregnated on the CNF. This three-step preparation including CVD, removing of Ni, and 

impregnation of Ni was complicated compared to the previous one (only CVD), but the dispersion of Ni on 

the oxidized CNF increased thanks to more oxygenated functional groups (OFGs) of the CNF. Ni supported 

on the oxidized CNF showed higher activity than the original Ni/CNF catalyst and gave sorbitol (64%) and 

mannitol (7%) with 93% conversion of cellulose (entry 40). Bimetallic catalysts containing Ni were also 

effective for the hydrolytic hydrogenation of cellulose to hexitols, and Ir-Ni supported on MC afforded 58% 

yield of sugar alcohols in repeated reactions for four times (entry 41).149 Ir improves the thermal stability and 

catalytic activity, and MC enhanced dispersion of metals and adsorption of substrates onto the catalyst 

surface. According to a recent report about adsorption of substrates onto MC by Katz et al., the longer the 

chain length of cellulosic molecules becomes, the easier the cellulosic molecules adsorb onto the surface of 

MC.167 The adsorption occurred by the CH hydrogens in the cellulosic molecules and aromatic rings of the 

MC surface. A small amount of Pt were also loaded onto Ni catalyst (Pt/Ni ratio = 0.45) (entries 42 and 43), 

in which Pt species enhanced catalytic activity.150 

All the catalytic reactions described above need H2 pressure higher than 2 MPa. Fukuoka et al. 

demonstrated that a highly dispersed Ru/AC afforded sorbitol (30%) and mannitol (8%) under as low as 0.8 

MPa of H2 (entry 44).151 Recently, the yield of sorbitol increased up to 58% even under low H2 pressure (0.7–

0.9 MPa) by optimizing pre-treatment and reaction conditions (entry 45).152 It was also reported that the 

hydrolytic hydrogenation of cellulose was promoted under low H2 pressure (0.7 MPa) using a high Pt 

loading (24 mol% to cellulose) catalyst in a concentrated H4SiW12O40 solution (0.70 M) (entry 46).97 

Moreover, the hydrolytic transfer-hydrogenation of cellulose to sorbitol (Figure 1.23) was also promoted by 

Ru/AC catalyst (entries 47 and 48).151 In contrast, Ru/TiO2, Ru/ZrO2, Ru/Al2O3, and various metals (Rh, Ir, 
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Figure 1.23. Hydrolytic transfer-hydrogenation of cellulose to sorbitol with 2-propanol. 

 

 

Figure 1.24. Simultaneous production of sorbitol and gluconic acid from cellobiose. 

 

Pd, Pt, and Au) supported on AC were inactive for the hydrolytic transfer-hydrogenation. This reaction 

proceeds via the production of active hydrogen species from 2-propanol, in which the addition of H2 gas is 

not necessary. 

Recently, another type of reaction to produce sorbitol from β-glucan has been reported. Under Ar 

atmosphere, disproportionation including both reduction and oxidation of reducing ends in glucan molecules 

takes place over Ruδ+/AC, resulting in the simultaneous production of sorbitol and gluconic acid from 

cellobiose (Figure 1.24).168 In this reaction, hydrogen species is provided by oxidation of a reducing end, and 

thus hydrogen sources such as H2 gas and 2-propanol are not required. 

 

1.3. Chitin 

1.3.1. Property of chitin 

Chitin is the most abundant N-containing biomass and 1011 tons of chitin is annually produced by crustaceans 

in the oceans.169 The structure of chitin molecule is the same as that of cellulose molecule except for 

functional group at C2 position (Figure 1.25); C2 in chitin coordinates to an acetamido group instead of a 



Chapter 1 

33 

 

 

Figure 1.25. Structure of chitin. 

 

hydroxyl group. The monomeric unit possessing acetamide is called N-acetylglucosamine (denoted as 

GlcNAc). Another N-containing polymer, chitosan, is also known as one of the ocean biomass resources and 

its building block is glucosamine (GlcN), which has an amino group at C2 position. Chitin has crystalline 

structures bearing a number of hydrogen bonds similar to cellulose, known as α-, β-, and γ-type, 

distinguished by packing manner. The molecules in α-chitin are assembled as antiparallel packing, those in 

β-chitin are parallel, and γ-chitin includes both packing senses.170,171 Chitin itself is utilized in several areas, 

e.g., biocompatible materials,172 column packing materials for affinity chromatography,173 catalyst supports 

owing to its high stability,174 and source of N-doped carbons.175 

In order to disrupt the crystal structure and improve reactivity of chitin, pre-treatment of chitin has been 

conducted as well as that of cellulose described in Section 1.2.2. Totani et al. reported that converge milling 

changed crystalline chitin to an amorphous form for 30 min, and CrI calculated from eq. 1.4176 and the XRD 

patterns (Figure 1.26) decreased from 91% to 40%.177 

 

100
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where I20 and I16 are diffraction intensities at 20° and 16° in XRD, respectively. 
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Figure 1.26. XRD patterns of converge milled crab chitin, reproduced from a reference.177 

 

Osada et al. applied sub- and supercritical water to decompose crystal structure of chitin.178 After 

supercritical water treatment at 673 K for 2 min, CrI decreased from 90% to 50%. The d-spacing determined 

from XRD slightly increased by the treatment. Both the decrease of CrI and increase of d-spacing may lead 

easy access of catalysts to chitin. They also demonstrated the combination of supercritical water treatment 

and converge milling.179 CrI of the treated sample is 26%, clearly indicating that the combination is more 

effective than individual methods. 

 

1.3.2. Transformation of chitin 

Hydrolysis of chitin to GlcNAc (Figure 1.27) is a challenge since GlcNAc is a potential substrate as dietary 

supplements,180 cosmetics,9 and medicines against arthritic and inflammatory bowel diseases.181 It is 

noteworthy that a deacetylated monomer GlcN is also used as dietary supplements but shows lower 

physiological activity and usability than GlcNAc.182,183 Hence, the production of GlcNAc from chitin without 

deacetylation is favorable. 
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Figure 1.27. Hydrolysis of chitin to N-acetylglucosamine (GlcNAc). 

 

Chitinase enzymes including endo- and exochitinase depolymerize crystalline chitin to GlcNAc in a 

high yield of 77%.184 Although enzymes work under ambient conditions at 290 K, it takes 10 days to 

complete the reaction. Osada et al. drastically decreased the reaction time to 24 h by the supercritical water 

and converge milling pre-treatment as described in Section 1.3.1.179 The resulting product was a dimer of 

GlcNAc, chitobiose, in 93% yield by using only endochitinase. Note that exochitinase or chitobiase is 

necessary for further depolymerization of chitobiose to GlcNAc. Chitinase enzymes recognize and 

selectively divide glycosidic bonds in chitin under mild conditions, in which chitin and products do not 

undergo deacetylation. Consequently, N-acetyl groups are completely preserved. 

Hydrolysis of chitin in a concentrated HCl solution (15–36%) has also afforded GlcNAc in ca. 65% 

yield with preserving N-acetyl groups.185,186 Intriguingly, the rate constant for hydrolysis of glycosidic bonds 

is >100 times larger than that of N-acetyl groups at 298–308 K in a 12 M of HCl solution. This large 

difference of reaction rates contributes to the high-yielding production of GlcNAc from chitin with 

suppressing deacetylation. However, this system suffers from several drawbacks including corrosive property 

of concentrated HCl and a huge amount of acidic waste.9 In a diluted HCl solution (3 M), the ratio of the rate 

constants is only ca. 2 at 298–308 K, and both depolymerization and deacetylation happen.186 

GlcNAc is derivatized to N-containing compounds (Figure 1.28) such as 3-acetamido-5-acetylfuran 

(3A5AF),187,188 2-acetamido-2,3-dideoxy-erythro-hex-2-enofuranose (Chromogen I),189,190 

3-acetamido-5-(1,2-dihydroxyethyl)furan (Chromogen III),189,190 N-acetylglucosaminic acid,191 and 

2-acetamido-2-deoxy-sorbitol,192 which are biologically-active agents and potential precursors to medicines 
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and polymers. Recently, Yan and co-workers reported the direct production of 3A5AF from chitin by boric 

acid.193 Boric acid gave a 3.6% yield of 3A5AF from crystalline chitin, and the additives of LiCl and HCl 

further increased the yield to 6.2%. They proposed that boric acid formed a bidentate complex with GlcNAc 

during the reaction. As a result, the substrate and intermediate easily underwent both activation and 

dehydration to form 3A5AF. Meanwhile, Cl- species possibly disrupted hydrogen bonds in chitin and 

improved its reactivity; this function of Cl- for chitin is the same as that for cellulose (see Section 1.2.2). Yan 

and co-workers also demonstrated the degradation of chitin in ethylene glycol in the presence of H2SO4 

catalyst.194 Both glycosidic bonds and N-acetamido groups were cleaved under their conditions, and the 

major product was 1-O-(2-hydroxyethyl)-2-amino-2-deoxyglucopyranoside (HADP, ca. 25%, Figure 1.29). 

The N-acetamido-groups-retaining product, 1-O-(2-hydroxyethyl)-2-acetamido-2-deoxyglucopyranoside 

(HAADP), was obtained in <10% yield. 

 

 

Figure 1.28. Derivatives of GlcNAc. 
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Figure 1.29. Structures of (a) 1-O-(2-hydroxyethyl)-2-amino-2-deoxyglucopyranoside (HADP) and (b) 

1-O-(2-hydroxyethyl)-2-acetamido-2-deoxyglucopyranoside (HAADP). 

 

1.4. Objectives of this work 

As described above, the hydrolysis of cellulose to produce glucose is a challenge in biorefinery. H2SO4 and 

cellulase enzymes have been used for the depolymerization even in a commercial scale, but their complete 

recovery requires unprofitable processes. Hence, to date, heterogeneous catalysts have attracted great 

interests due to their ease of separation and reusability. In this area, most of researchers focused on strong 

acid catalysts, namely sulfonated materials, and indeed they efficiently hydrolyze pure cellulose to glucose in 

75–92% yields as described in Section 1.2.5; however, their durability and S/C ratio are low in some cases. 

Additionally, for practical use, catalysts need to preserve their catalytic activity even in the presence of salts 

derived from raw biomass, but strong acids are easily deactivated by ion exchange. Interestingly, it has been 

found that unmodified carbons promote the hydrolysis of cellulose, and weakly acidic active sites are 

expected to resist ion exchange with salts. Hence, one of the objectives of this work is depolymerization of 

cellulose and raw biomass to sugars using carbon materials. In addition, the structure-activity correlation has 

been studied by physicochemical characterization, thermodynamics, kinetics, and model reactions. 

Next, the author focuses on the efficient transformation of chitin with preserving acetyl groups, which is 

a grand challenge in ocean biomass refinery. The depolymerization of chitin without deacetylation has been 

achieved only using chitinase enzymes and concentrated HCl, and these systems suffer from several issues 

such as long reaction times, equipment corrosion by concentrated HCl, and a huge amount of acidic waste. 

Herein, the author has developed a new catalytic system to overcome these issues and depolymerize chitin to 

monomers without deacetylation. 
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The third target is selective production of 1,4-sorbitan from sorbitol, which is in high demand due to its 

wide applications. As described above, carbon catalysts hydrolyze cellulose to glucose, and glucose is easily 

hydrogenated to form sorbitol over supported metal catalysts even in an industrial scale. In contrast, the 

selective production of 1,4-sorbitan has been hampered by successive dehydration of 1,4-sorbitan. Hence, the 

author has investigated the dehydration of sorbitol using homo- and heterogeneous acids. 

 

1.5. Constitution of the thesis 

Chapter 1. General Introduction 

The importance of biomass utilization in the current world situations is described. Subsequently, the 

chemical transformations of cellulose and chitin using catalysts and their remaining issues are discussed. 

Then, the goal of this research is stated. 

 

Chapter 2. Hydrolysis of Cellulose to Glucose Using Carbon Catalysts 

The objective in this chapter is high-yielding production of glucose from cellulose using carbon catalysts. 

The author demonstrates that alkali-activated carbons possessing significant catalytic activity for the 

hydrolysis of cellulose and a new pre-treatment method, named mix-milling, achieve one of the highest 

yields of glucose in any methods. The effects of mix-milling are investigated by characterization, model 

reactions, and kinetics. 

 

Chapter 3. Mechanistic Study of Cellulose Hydrolysis by Carbon Catalysts 

The catalysis of carbon materials for hydrolysis of glycosidic bonds is studied. The author proposes active 

sites on carbons and their catalysis from physicochemical characterization of carbons, model reactions, 

kinetics, and thermodynamics. 

 

Chapter 4. Depolymerization of Chitin to Monomers with Preserving Acetyl Groups 

The depolymerization of chitin to monomers with complete preservation of N-acetyl groups has been 

achieved. A combination of mechanocatalytic hydrolysis and solvolysis, hydrolysis and methanolysis, 
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provided monomers in good yields. 

 

Chapter 5. Dehydration of Sorbitol to 1,4-Sorbitan Catalyzed by Acid Catalysts 

The sorbitol dehydration catalyzed by H2SO4 is investigated in detail by product characterization and 

kinetics. The results represented here provide a blueprint of designing new solid catalysts for the selective 

synthesis of anhydropolyols. 

 

Chapter 6. General Conclusions 

This chapter summarizes all of the work and shows its significance in both scientific and social senses. 
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Chapter 2 

 

Hydrolysis of Cellulose to Glucose 

Using Carbon Catalysts 
 

 

High-yielding one-pot production of glucose from cellulose has been achieved by using alkali-activated 

carbon K26 as a catalyst bearing weak acid sites. The hydrolysis of solid cellulose by solid catalysts is 

limited due to low physical contact between the substrate and the catalyst, but a new ball-milling 

pre-treatment, ball-milling cellulose and carbon together (named mix-milling), has drastically improved the 

hydrolysis rate. As a result, 90% yield and 97% selectivity of water-soluble glucans have been obtained by 

K26 at 453 K for 20 min. Microscopy, model reactions, and kinetic studies have shown that the mix-milling 

pre-treatment selectively accelerates solid-solid reaction (cellulose to water-soluble oligomers), but does not 

liquid-solid reaction (oligomers to glucose). Hence, a trace amount of HCl (0.012 wt%) is used to 

depolymerize oligomers to glucose and as high as 88% yield of glucose with 90% selectivity has been 

achieved. The mix-milling pre-treatment is also effective for the hydrolysis of cellulose/hemicellulose in 

bagasse kraft pulp to hexoses/pentoses. 
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2.1. Introduction 

Cellulose is a potential and attractive alternative to petrol to reduce emission of greenhouse gases as the 

biomass is an abundant, non-edible, and renewable carbon source.1–6 The monomer of cellulose, glucose, is a 

platform chemical for the production of a variety of useful chemicals such as polymers, medicines, 

surfactants, gasoline, and diesel fuels (Section 1.2.3).7–9 In addition, cello-oligosaccharides are 

health-promoting foods that improve bowel functions.10 Accordingly, the reaction route of cellulose to 

glucose and oligosaccharides (Figure 2.1) will be a mainstream in the next-generation biorefinery, which will 

substitute current processes using food biomass; however, realizing this vision has been hampered by the 

recalcitrance of cellulose and various practical difficulties as described in Chapter 1. 

 

 

Figure 2.1. Hydrolysis of cellulose to glucose via oligosaccharides. 

 

The hydrolysis of cellulose has been performed with various solid catalysts as heterogeneous catalysts 

are advantageous over homogeneous ones in terms of easy separation from products.6,11–13 In the previous 

work, it was found that unmodified mesoporous carbon CMK-3 catalyzed the hydrolysis of cellulose.14,15 

Fukuoka et al. has proposed that the active sites of CMK-3 are weakly acidic groups.15 Hence, it is 

noteworthy that CMK-3 is contrasting to strong acids represented by sulfonated carbons16,17 that have been 

widely studied in hydrolysis of cellulose. Sulfonated catalysts possibly suffer from the leaching of SO3H 

groups in hot-compressed water,18 whereas weakly acidic carbons such as CMK-3 are highly hydrothermally 

stable. Furthermore, salts derived from raw biomass easily deactivate strong acids by ion exchange; in 

contrast, weak acids potentially preserve their catalytic activities even in the presence of salts.19,20 These 

great advantages of weakly acidic carbons may breakthrough the barrier of practical hydrolysis of cellulosic 
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biomass. However, the highest glucose yield obtained by CMK-3 was only 16%, and the synthesis of 

CMK-3 was complicated in the practical perspective. Hence, in this chapter, the author has aimed the 

high-yielding synthesis of glucose from cellulose and real cellulosic biomass using more common carbon 

materials. 

 

2.2. Experimental 

2.2.1. Reagents 

Microcrystalline cellulose Column chromatography grade, 102331, Merck 

Bagasse kraft pulp Harvested in Okinawa Prefecture, composition determined by the 

established method (see Section 2.2.4):21 cellulose (59 wt%), 

hemicellulose [27 wt% (xylan 25 wt%, arabinan (2 wt%)], and lignin (9 

wt%), Showa Denko 

K26 Alkali-activated carbon (not for sale), Showa Denko 

K20 Alkali-activated carbon (not for sale), Showa Denko 

MSP20 Alkali-activated carbon, Kansai Coke & Chemicals 

BA50 Steam-activated carbon, Ajinomoto Fine Techno 

SX Ultra Steam-activated carbon, Norit, denoted as SX 

Vulcan XC72 Carbon black, Cabot, denoted as XC72 

Black Pearls 2000 Carbon black, Cabot, denoted as BP2000 

Pluronic P123 Triblock copolymer, HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H, 

Sigma-Aldrich 

Tetraethyl orthosilicate >99.0%, Sigma-Aldrich, denoted as TEOS 

Ethanol Special grade, Wako Pure Chemical Industries 

Sulfuric acid 96–98%, super special grade, Wako Pure Chemical Industries 

Sucrose Special grade, Wako Pure Chemical Industries 

Hydrofluoric acid 46–48%, special grade, Wako Pure Chemical Industries 

Calcium gluconate Special grade, Wako Pure Chemical Industries 
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Amberlyst 70 Sulfonic acid cation exchange resin, Organo 

JRC-Z5-90H Proton-type MFI zeolite, Si/Al ratio = 45, Catalysis Society of Japan, 

denoted as H-MFI 

JRC-Z-HM90 Proton-type MOR zeolite, Si/Al ratio = 45, Catalysis Society of Japan, 

denoted as H-MOR 

Q-6 Amorphous silica, Fuji Silysia Chemical, denoted as SiO2 

Silica-alumina Grade 135, Sigma-Aldrich, denoted as SiO2-Al2O3 

JRC-TIO-4(2) Titania, Catalysis Society of Japan, denoted as TiO2 

Hydrochloric acid 35–37%, special grade, Wako Pure Chemical Industries 

Acetic acid >99.7%, special grade, Wako Pure Chemical Industries 

Sodium acetate Special grade, Wako Pure Chemical Industries 

Sodium chloride Special grade, Wako Pure Chemical Industries 

Benzoic acid Special grade, Wako Pure Chemical Industries 

Cellohexaose >95%, Seikagaku Biobusiness 

Cellopentaose >95%, Seikagaku Biobusiness 

Cellotetraose >97%, Seikagaku Biobusiness 

Cellotriose >97%, Seikagaku Biobusiness 

D(+)-Cellobiose Special grade, Kanto Chemical 

D(+)-Glucose Special grade, Kanto Chemical 

D(+)-Mannose Special grade, Wako Pure Chemical Industries 

D(–)-Fructose Special grade, Kanto Chemical 

1,6-Anhydro-β-D-glucopyranose 99%, Wako Pure Chemical Industries, denoted as levoglucosan 

5-Hydroxymethylfurfural 99%, Sigma-Aldrich, denoted as 5-HMF 

Furfural >98.0%, Tokyo Chemical Industry 

Xylobiose Biochemical grade, Wako Pure Chemical Industries 

D(+)-Xylose Special grade, Wako Pure Chemical Industries 

D(–)-Arabinose Special grade, Wako Pure Chemical Industries 
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Sodium sulfide Special grade, Wako Pure Chemical Industries 

Distilled water Wako Pure Chemical Industries 

Distilled water For HPLC, Wako Pure Chemical Industries 

Acetonitrile For HPLC, Wako Pure Chemical Industries 

Milli-Q water Prepared by an ultrapure H2O production system (Sartorius, arium 

611UF) 

Lithium chloride Special grade, Wako Pure Chemical Industries 

N,N-Dimethylacetamide Special grade, Wako Pure Chemical Industries, denoted as DMAc 

Methanol Special grade, Wako Pure Chemical Industries 

Calcium carbonate Special grade, Wako Pure Chemical Industries 

Sodium hydrogen carbonate Special grade, Wako Pure Chemical Industries 

Sodium carbonate solution For volumetric analysis, 0.05 M, Wako Pure Chemical Industries 

Sodium hydroxide solution For volumetric analysis, 0.05 M, Wako Pure Chemical Industries 

Hydrochloric acid solution For volumetric analysis, 0.05 M, Wako Pure Chemical Industries 

Methyl orange Special grade, Wako Pure Chemical Industries 

Nitrogen gas Alpha gas 2, Air Liquide Kogyo Gas 

Oxygen gas Alpha gas 2, Air Liquide Kogyo Gas 

Argon gas Alpha gas 2, Air Liquide Kogyo Gas 

 

2.2.2. Synthesis of mesoporous carbon CMK-3 

Mesoporous carbon CMK-3 was synthesized by following the literature.22 Pluronic P123 (12 g) was 

completely dissolved in a HCl aqueous solution (1.6 M, 450 g) at 308 K, and subsequently TEOS (26 g) was 

added dropwise into the solution over ca. 3 min under vigorous stirring using a magnetic stir bar. The 

agitation was further continued for 15 min at 308 K. The sample was aged at 308 K for 24 h and then at 373 

K for 24 h without stirring in an oven. During stirring and aging, the lid of vessel was kept closed. The 

resulting solid and liquid were separated by suction filtration using a Buchner funnel (filter paper 4A, hard 

type) and a filtering flask with ethanol as an antiform. The solid was washed with H2O (1.5 L) and was dried 
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at 373 K overnight in an oven. The resulting powder was calcined in an electric furnace (Yamato, FO610) at 

833 K for 8 h, for which the ramping rate of temperature was 10 K min-1. After the calcination, white powder 

(mesoporous silica SBA-15) of 6.7 g was obtained. 

Synthesized SBA-15 (2.0 g) was dispersed in a sucrose solution [including sucrose (2.5 g), H2SO4 (0.29 

g), and H2O (10 mL)], and the suspension was stirred at room temperature for 1 h to impregnate sucrose into 

the pores of SBA-15. After the filtration, the powder was dried at 373 K for 6 h and then at 433 K for 6 h. 

The powder was crashed on a mortar and was again dispersed in a sucrose solution [containing sucrose (1.6 

g), H2SO4 (0.19 g), and H2O (10 mL)]. After filtration and drying under the same conditions described above, 

the powder was heated to 1173 K by 2.4 K min-1, and then the temperature was kept for 6 h in a horizontal 

quartz tube [inner diameter ø30 mm, temperature was controlled by an electric furnace (AZ ONE, 

TMF-300N)] under N2 flow (10 mL min-1) to carbonize impregnated sucrose. The carbon/SBA-15 composite 

was dispersed in an HF aqueous solution (10 wt%, 100 g), and the suspension was stirred at room 

temperature for 4 h to dissolve the SBA-15 template. After filtration using a Buchner funnel (filter paper 4A) 

and a filtering flask with a calcium gluconate solution to quench HF, washing with H2O repeatedly, and 

drying in an oven at 373 K overnight, black powder (mesoporous carbon CMK-3) of 1.2 g was obtained. 

 

2.2.3. Analysis of oxygenated functional groups on carbons 

Carboxylic acids, lactones, and phenolic groups on carbons were quantified by the Boehm titration23 as 

follows. 0.5 g of carbon was dispersed in a base solution (50 mM, 20 mL, containing NaHCO3, Na2CO3, or 

NaOH). The suspension was stirred at 600 rpm at 298 K for 24 h under Ar, and the liquid and solid were 

separated by quantitative filter paper (5A, quantitative) to remove carbon. Twice of a stoichiometric amount 

of HCl solution (50 mM) against base used was added to a portion of the filtrate (5 mL). After sonication 

under 500 hPa of reduced pressure for 5 min to remove CO2 dissolving in the solution, back-titration was 

conducted using NaOH solution (50 mM) with methyl orange as an indicator. 

 

2.2.4. Analysis of components in bagasse kraft pulp 

The weight ratio of cellulose, hemicellulose (xylan and arabinan), and lignin in bagasse kraft pulp was 
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determined by following the established method.24 300 mg of bagasse kraft pulp was dispersed in a 3 mL of 

H2SO4 solution (72 wt%), and the suspension was stirred at 303 K for 1 h. After adding 84 mL of H2O, the 

mixture was reacted at 394 K for 1 h in a hastelloy C22 high-pressure reactor (OM Lab-Tech, MMJ-100, 100 

mL, Figure 2.2). The solid and liquid phases were separated by filtration, and then CaCO3 was added to the 

liquid phase to quench H2SO4 to be pH 7. The pH should be kept <7 to prevent sugars from decomposing. 

The resulting solution was analyzed by high-performance liquid chromatography (HPLC, the conditions are 

shown below) to determine the amounts of glucose, xylose, and arabinose, corresponding to cellulose, xylan, 

and arabinan, respectively. The solid was dried in an oven at 378 K overnight and then was calcined in an 

electric furnace (Denken-Highdental, KDF-S90) at 848 K for 24 h under air. The amount of lignin was 

determined from weight decrease by the calcination. 

 

 

Figure 2.2. Diagram of the hastelloy C22 high-pressure reactor. 

 

2.2.5. Ball-milling and mix-milling pre-treatment of cellulose 

Microcrystalline cellulose (10 g) was ball-milled in the presence of ZrO2 balls (ø1.0 cm, 1 kg) in a ceramic 

pot (0.9 L) at 60 rpm for 96 h or in the presence of Al2O3 balls (ø1.5 cm, 2 kg) in a ceramic pot (3.6 L) at 60 

rpm for 48 h. Mix-milling of cellulose and solid catalyst was carried out in the same type of pot in the 
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presence of Al2O3 balls. Microcrystalline cellulose (10 g) and solid catalyst (1.54 g) (S/C ratio based on 

weight = 6.5) were added into the pot and were milled together at 60 rpm for 48 h. The amount of catalyst 

was reduced to 1.46 g for the mix-milling of cellobiose (S/C = 6.8). 

Ball-milled samples were analyzed by XRD (Rigaku MiniFlex, Cu Kα), 13C cross polarization/magic 

angle spinning NMR (13C CP/MAS NMR, Bruker, MSL-300, 75 MHz, MAS frequency 8 kHz), laser 

diffraction (Nikkiso, Microtrac MT3300EXII), optical microscope (KEYENCE, VHX-5000), and SEM 

(JEOL, JSM-6360LA). The viscometry was conducted at 303 K using an Ubbelohde viscometer (No. 0C) by 

following the reported procedure.25 A 200 mg of cellulose sample was dispersed in 100 mL of Milli-Q H2O, 

and the suspension was stirred at room temperature overnight. The liquid phase was removed by 

centrifugation and decantation. The remaining solid was dispersed in 100 mL of CH3OH, and the suspension 

was stirred for 30 min at room temperature. After removing solvent by centrifugation and decantation, the 

solid was immersed in 50 mL of DMAc for 30 min at room temperature, and this procedure was repeated 

three times. Then, the resulting solid was dissolved in 9 wt% LiCl/DMAc.26 This solution was used for the 

viscometry. 

 

2.2.6. Catalytic reactions 

The hydrolysis of cellulose was conducted in the hastelloy C22 high-pressure reactor. Ball-milled cellulose 

(324 mg), catalyst (50 mg), and H2O (40 mL) were charged into the reactor. For the hydrolysis of mix-milled 

samples, 374 mg of the sample [containing cellulose (324 mg) and catalyst (50 mg)] and H2O (40 mL) were 

used. The reactor was heated to 503 K in 18 min and then cooled to 323 K by blowing air after the reaction 

for 22 min (named rapid heating-cooling condition, Figure 2.3). The suspension was separated by 

centrifugation and decantation. The products in the aqueous phase were analyzed by HPLC [Shimadzu 

LC10-ATVP with refractive index (RI) and ultraviolet (UV, 210 nm) detectors] with a SUGAR SH1011 

column (Shodex, ø8 mm × 300 mm, mobile phase: H2O at 0.5 mL min-1, 323 K), a Rezex 

RPM-Monosaccharide Pb++ column (Phenomenex, ø7.8 mm × 300 mm, mobile phase: H2O at 0.6 mL min-1, 

343 K), and a TSKgel Amide-80 HR column [Tosoh, ø4.6 mm × 250 mm, mobile phase: CH3CN/H2O (6/4) 

at 0.8 mL min-1, 303 K]. An absolute calibration method was used for calculation of product yields (eq. 2.1). 
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Figure 2.3. Temperature profile under the rapid heating-cooling condition. 

 

  100
6

162.13

 /%Yield
cellulose

HPLCHPLC 



n

M

VACF
   (2.1) 

where CFHPLC (unit: M count-1) is calibration factor, AHPLC (count) is peak area in HPLC chart, V (L) is 

volume of reaction solution, Mcellulose (g) is mass of cellulose charged, and n is carbon number in a product. 

 

The products were identified by HPLC and liquid chromatography/mass spectroscopy [LC/MS, Thermo 

Fischer Scientific, LCQ Fleet, atmospheric pressure chemical ionization (APCI), the conditions are the same 

as those of HPLC]. The conversion of cellulose was determined based on the weight difference of the solid 

part before and after reaction (eq. 2.2). 

 

  100 /%Conversion
cellulose

catalystresidue





M

MM
   (2.2) 

where Mresidue (unit: g) is mass of dried residue and Mcatalyst (g) is mass of catalyst charged. 

 

The amount of organic carbons in a reaction solution was quantified by measurement of total organic carbon 

(TOC, Shimadzu TOC-VCSN) to determine conversion (eq. 2.3) when catalyst was partially dissolved in H2O 

after the reaction (see Section 2.3.2). 
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where CFTOC (unit: gram-carbon count-1) is calibration factor and ATOC (count) is peak area in TOC 

measurement. 

 

The hydrolysis of mix-milled samples at a lower temperature (≤423 K) was carried out in a 

pressure-resistant glass tube (Ace Glass, 15 mL). 94 mg of mix-milled sample [containing cellulose (81 mg) 

and catalyst (13 mg)] and H2O (10 mL) were charged into the tube. The tube was immersed in an oil bath at a 

certain temperature for a designated length of time. The product analysis was performed using the same 

procedure described above. 

The hydrolysis of cellobiose was conducted in the hastelloy C22 high-pressure reactor. Cellobiose (342 

mg), catalyst (50 mg), and H2O (40 mL) were charged into the reactor. The temperature was raised to 463 K 

in 11 min, and then the reactor was rapidly cooled to 323 K by blowing air. The product yield and conversion 

were determined by HPLC (vide supra). 

 

2.2.7. Reuse experiment of mix-milled cellulose 

Microcrystalline cellulose (10 g) and K26 (1.54 g) were ball-milled together in the presence of Al2O3 balls 

(ø1.5 cm, 2 kg) in a ceramic pot (3.6 L) at 60 rpm for 48 h. The recovered sample and a 0.012 wt% HCl 

solution (40 mL) were charged into the hastelloy C22 high-pressure reactor. The temperature was firstly 

raised to 473 K and was maintained for 2 min. Then, the reactor was cooled down to 423 K by blowing air 

and the mixture was further reacted for 60 min at the temperature. After cooling down to room temperature, 

the solid and liquid phases were separated by centrifugation and decantation. The solid phase was washed 

with H2O repeatedly to extract physisorbed products, for which total volume of H2O used was ca. 160 mL. 

The resulting solid was dried under vacuum overnight at 353 K. The liquid phase and washing solvent were 

mixed and analyzed by HPLC (vide supra). In the next run, the dried solid was mix-milled with fresh 

cellulose, the amount of which was the same as that of converted cellulose in the previous run. 
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2.3. Results and discussion 

2.3.1. Screening of carbon catalysts for hydrolysis of cellulose 

Several carbons were tested in the hydrolysis of individually ball-milled cellulose in H2O under the rapid 

heating-cooling condition (Figure 2.3), and it was found that their catalytic activities strongly depended on 

their nature (Table 2.1). The most active catalyst, alkali-activated carbon K26, afforded 60% conversion of 

cellulose and 36% yield of glucose (entry 2). This glucose yield was obviously higher than that in a control 

experiment without catalysts (4.6%, entry 1). The other products were water-soluble oligosaccharides (2.5%, 

DP = mainly 2−6), fructose (2.7%), mannose (2.6%), and by-products (16%). K26 was reusable up to four 

times with almost no loss of activity. Alkali-activated carbon K20 showed similar catalytic activity to K26, 

and gave 59% conversion of cellulose and 35% yield of glucose (entry 3). Another alkali-activated carbon 

MSP20, steam-activated carbon BA50, and mesoporous carbon CMK-3 were less active than K26 and K20 

(entries 4–6). Other carbons, steam-activated carbon SX, carbon black BP2000, and carbon black XC72 were 

almost inactive (entries 7–9). Consequently, K26, which can be synthesized in a bulk-scale in industry, 

showed a significantly higher catalytic activity than that of CMK-3, and thus K26 was mainly used for 

further study. 

 

Table 2.1. Hydrolysis of individually ball-milled cellulose by carbon catalysts.a 

Entry Catalyst 
Conv. 

/% 

Yield based on carbon /% 

Glucan 
 

By-product 

Glcb Olgc Frcd Mane Levf HMFg Othersh 

1 None 28 4.6 15  0.5 0.6 0.2 1.8 5.3 

2 K26 60 36 2.5  2.7 2.6 2.1 3.4 11 

3 K20 59 35 1.7  1.9 1.3 2.7 2.9 14 

4 MSP20 50 26 6.3  1.7 1.6 1.6 2.1 11 

5 BA50 57 17 20  1.0 1.0 0.9 3.5 14 

6 CMK-3 52 12 25  0.9 0.8 0.7 2.5 10 

7 SX 38  8.1 20  0.6 0.9 0.4 1.4  6.6 

8 BP2000 37  6.4 12  0.5 0.5 0.3 1.8 16 

9 XC72 35 5.8 19  0.6 0.9 0.2 1.9  6.6 

aConditions: individually ball-milled cellulose (0.9 L-pot) 324 mg, catalyst (not milled) 50 mg, 

H2O 40 mL, 503 K, <1 min (rapid heating-cooling condition). Cellulose was ball-milled 

without catalyst. bGlucose. cWater-soluble oligosaccharides (DP = mainly 2–6). dFructose. 
eMannose. fLevoglucosan. g5-Hydroxymethylfurfural. h(Conversion) – (total yield of the 

characterized products). 

 



Hydrolysis of Cellulose to Glucose Using Carbon Catalysts 

62 
 

Next, the amounts of carboxylic acids, lactones, and phenolic groups as oxygenated functional groups 

(denoted as OFGs, hereafter) on carbons were quantified by the Boehm titration23 (Table 2.2). The highly 

active catalysts such as K26 and K20 contain a large number of OFGs (entries 10 and 11), and less active 

catalysts do lower amounts of OFGs (entries 12–16). The total amount of OFGs on carbons positively 

correlates with catalytic activity for glucose production from cellulose (Figure 2.4), indicating that weakly 

acidic OFGs may be active sites. However, this trend would also include the influence of physical properties 

of each carbon material, and the detailed functions of OFGs are discussed in Chapter 3. The author further 

confirmed that the hydrolysis activity did not result from the catalysis of sulfonic groups. The content of 

sulfur in K26 was less than 0.01%, corresponding to only 10-5% in the whole reaction mixture. Even 10-4% 

H2SO4 did not promote the hydrolysis of cellulose (see Table 2.3, entry 17). The author further conducted 

control experiments to evaluate acidity of active sites. K26 was treated with AcOH/AcONa (pH 4.0), NaCl 

(pH 7.0), NaHCO3 (pH 8.3), and NaOH (pH 12.6) to neutralize corresponding acidic sites on K26 and the 

treated carbons were subjected to the hydrolysis of individually ball-milled cellulose (Figure 2.5). The 

acetate buffer treatment did not influence the catalytic activity of K26, indicating that no strong acid is 

working as a predominant active site. Similarly, K26 has resisted an actual salt NaCl; K26 possibly maintains 

its catalytic activity even in the presence of salts. The NaHCO3-treated K26 still produces glucose in 13% 

yield, but exposure to NaOH completely deactivates K26 due to neutralization of all acidic groups. Hence, 

the hydrolytic activity of K26 may be ascribed to weakly acidic groups such as carboxylic acids and phenolic 

groups. These results also suggest that weak acids are advantageous over strong acids owing to the resistance 

to salts derived from raw biomass since strong acids easily cause ion exchange to be deactivated in an acetate 

buffer.19,20 
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Table 2.2. Amounts of oxygenated functional groups on carbon.a 

Entry Carbon 
Oxygenated functional groups /μmol g-1 Conv.b 

/% 

Glucose 

yieldb /% Carboxylic acids Lactones Phenolic groups Total 

10 K26 270 310 310 880 60 36 

11 K20 420 270 320 1010 59 35 

12 MSP20 65 110 280  450 50 26 

13 CMK-3 140 97 180  410 52 12 

14 SX 80  49 34  160 38  8.1 

15 BP2000  61 12  88  160 37  6.4 

16 XC72  26 49   0   75 35  5.8 

aDetermined by the Boehm titration.23 bReaction conditions: individually ball-milled cellulose (0.9 

L-pot) 324 mg, catalyst (not milled) 50 mg, H2O 40 mL, 503 K, <1 min (rapid heating-cooling 

condition). 

 

 

Figure 2.4. Correlation between the amount of OFGs and catalytic activity of carbons. 

 

 

Figure 2.5. Hydrolysis of individually milled cellulose by base-treated K26. Conditions: individually milled 

cellulose (0.9 L-pot) 324 mg, catalyst 50 mg, H2O 40 mL, 503 K, <1 min (rapid heating-cooling condition). 
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The author has checked whether the most active catalyst K26 works as a solid catalyst in the hydrolysis 

of cellulose. The pH value of an aqueous dispersion of K26 was 4.9 because of weakly acidic OFGs. This 

result does not indicate the formation of soluble acids from K26 because the pH of the solution returns to 5.8 

after separation of K26 using a polytetrafluoroethylene (PTFE) membrane. For comparison, 10 μM H2SO4 

(pH 4.7) and 50 μM CH3COOH (pH 4.6) were used in the hydrolysis of individually ball-milled cellulose, 

resulting in no enhancement of conversion or yield at all (Table 2.3, entries 17 and 18). As it is known that 

the hydrolysis by H3O+ is negligible at pH higher than 4,27 the promotion of the hydrolysis by K26 is not 

ascribed to the buffering effect releasing H3O+ in the suspended state. Moreover, an aqueous mixture of K26 

was subjected to the reaction conditions at 503 K and filtered to remove the K26. The filtrate was used for 

the hydrolysis of cellulose; however, the reaction was not accelerated (entry 19). In addition, soluble acidic 

by-products formed from cellulose during the hydrolysis reaction degraded only 11% of the cellulose, 

subtracting the conversion of cellulose in the blank experiment (28%, entry 1) from that in this reaction 

(39%, entry 20). Therefore, soluble compounds would not be major active species in the hydrolysis of 

cellulose by K26. The author has also investigated whether or not cellulose is hydrolyzed as a solid 

substrate. The ball-milled cellulose did not contain a considerable amount of soluble oligomers (only 0.3%) 

verified by the extraction with 40 mL of boiling water, and the ball-milled cellulose had a high DP (640). The 

influence of solubility of cellulose in H2O was also estimated. If the slightly soluble portion of cellulose (ca. 

2 × 10-3 wt% at ambient temperature)28 corresponded to the reaction performance, the hydrolysis rate should 

be controlled by the saturated solubility of cellulose, giving a constant concentration of dissolved cellulose. 

However, the rate increased almost linearly with increasing concentration of solid cellulose (Table 2.4 and 

Figure 2.6). Although the possibility of soluble active species or partial dissolution of the substrate is not 

completely excluded, these results suggest that solid K26 hydrolyzes solid cellulose in addition to the 

hydrolysis by hot-compressed water27 and small amounts of acids derived from cellulose. Hence, both carbon 

and cellulose behave as solids in the hydrolysis. In solid-solid reactions, a collision between a solid substrate 

and a solid catalyst is limited and this hampers reaction proceeding. In other words, solid catalyst would 

unsatisfactorily show their performances during the reaction because of loose contact with substrate. 
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Table 2.3. Control experiments on hydrolysis of individually ball-milled cellulose.a 

Entry Solvent 
Conv. 

/% 

Yield based on carbon /% 

Glucan 
 

By-product 

Glcb Olgc Frcd Mane Levf HMFg Othersh 

1 H2O 28 4.6 15  0.5 0.6 0.2 1.8 5.3 

17 10 μM H2SO4
i 29 4.3 17  0.8 0.8 0.2 1.9 3.9 

18 50 μM CH3COOHj 26 3.8 17  0.8 0.8 0.2 2.0 1.9 

19 Filtrate of used K26k 22 3.1 13  0.5 0.6 0.1 1.4 2.9 

20 Filtrate of used K26 and cellulosel 39 n.d.m n.d.m  n.d.m n.d.m n.d.m n.d.m n.d.m 

aConditions: individually ball-milled cellulose (0.9 L-pot) 324 mg, solvent ca. 40 mL, 503 K, <1 min (rapid 

heating-cooling condition). Cellulose was ball-milled without catalyst. bGlucose. cWater-soluble oligosaccharides (DP = 

mainly 2–6). dFructose. eMannose. fLevoglucosan. g5-Hydroxymethylfurfural. h(Conversion) – (total yield of the 

characterized products). ipH 4.7. jpH 4.6. kThe filtrate of K26 aqueous mixture subjected to the rapid heating-cooling 

condition was used as the solvent instead of distilled water. lThe filtrate of the mixture of the cellulose hydrolysis by 

K26 (Table 2.1, entry 2) was used as the solvent instead of distilled water. mDetermination was impossible because 

products in the primary reaction (Table 2.1, entry 2) were contained, and they underwent the degradation during this 

reaction. 

 

Table 2.4. Effect of cellulose concentration on hydrolysis by K26.a 

Entry 

Concentration of 

ball-milled 

cellulose /g L-1 

Conv. 

/% 

Conv. rateb 

/g L-1 h-1 

Yield based on carbon /% 

Glucan 
 

By-product 

Glcc Olgd Frce Manf Levg HMFh Othersi 

21  8.1 72  8.7 40 1.4  2.1 1.8 2.8 5.4 19 

22 16 66 16 40 1.5  1.7 1.3 2.5 6.3 13 

23 24 66 24 39 1.7  1.4 1.2 2.6 7.0 13 

24 40 58 35 38 2.1  1.3 1.2 2.2 6.7  7.2 

aConditions: K26 50 mg, H2O 40 mL, 508 K, <1 min (rapid heating-cooling condition). Cellulose was ball-milled 

without catalyst in a 0.9 L pot. bConversion rate of cellulose based on the total reaction time (40 min, see Figure 2.3). 
cGlucose. dWater-soluble oligosaccharides (DP = mainly 2–6). eFructose. fMannose. gLevoglucosan. 
h5-Hydroxymethylfurfural. i(Conversion) – (total yield of the characterized products). 

 

 

Figure 2.6. Correlation between cellulose concentration and conversion rate. 
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2.3.2. High-yielding production of glucose from cellulose 

In the previous section, K26 provided glucose in 36% yield from individually ball-milled cellulose (Table 

2.1, entry 2), but the yield needs to be improved. The hydrolysis of cellulose by carbon catalyst takes place at 

their interface, namely a solid-solid reaction. Limited contact between a solid substrate and a solid catalyst is 

an obstacle in this type of reaction, and the author therefore employed a new pre-treatment method named 

mix-milling, ball-milling cellulose and catalyst together, to make tight contact (Figure 2.7). 

 

 

Figure 2.7. Diagram of mix-milling. 

 

The activities and properties of various solid catalysts including carbons and other acid catalysts were 

studied in the hydrolysis of cellulose at 453 K for 20 min after the mix-milling treatment. As control 

experiments, the hydrolysis of ball-milled cellulose without catalyst gave a poor reaction result (7.9% yield 

of glucans, Table 2.5, entry 25), and all the catalysts tested in this study provided low yields of the products 

without mix-milling as expected (entries 26–34). The results of the hydrolysis of mix-milled cellulose are 

also shown in Table 2.5 (entries 35–43). An alkali-activated carbon K26 produced water-soluble glucans in 

90% yield [glucose (20%) and oligosaccharides (70%)] with 97% selectivity (entry 35). The other products 

were fructose (0.6%), mannose (0.7%), levoglucosan (0.7%), 5-HMF (1.0%), and unidentified compounds 

(0.1%). The solid containing the catalyst K26 was easily separated by filtration after the reaction (Figure 

2.8). Other carbons, BA50 and SX, produced glucans in 34% and 22% yields, respectively (entries 36 and 

37), and they were less active than K26 due to lower amounts of weakly acidic groups. Amberlyst 70 gave 
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Table 2.5. Hydrolysis of cellulose by various solid catalysts.a 

Entry Catalyst Pre-treatment 
Conv. 

/% 

Yield based on carbon /% 

Glucan 
 

By-product 

Glcb Olgc Frcd Mane Levf HMFg Othersh 

25 None Individuall 12 1.3 6.6  0.2 0.2 <0.1 0.2 3.4 

26 K26 Individual 18 2.9 10  0.5 0.4 0.1 <0.1 3.7 

27 BA50 Individuall 20 2.4 8.6  0.2 0.3 <0.1 <0.1 8.0 

28 SX Individuall 16 2.3 8.0  0.3 0.3 <0.1 <0.1 4.8 

29 Amberlyst 70 Individuall 18 6.3 8.2  0.2 0.8 0.2 0.3 2.4 

30 H-MFI Individuall 16 3.2 9.1  0.3 0.2 0.1 0.1 3.3 

31 H-MOR Individuall 17 3.8 9.6  0.3 0.3 0.1 0.2 3.0 

32 SiO2-Al2O3 Individuall 7.0 0.9 5.4  0.2 0.2 <0.1 0.2 0.1 

33 SiO2 Individuall 12 2.1 8.3  0.3 0.4 <0.1 0.2 1.1 

34 TiO2 Individuall 14 2.3 9.7  0.4 0.4 0.1 0.3 0.2 

35 K26 Mixm 93 20 70  0.6 0.7 0.7 1.0 <1o 

36 BA50 Mixm 35 6.7 27  0.7 0.7 0.2 0.2 0.2 

37 SX Mixm 24 4.2 18  0.8 0.5 0.1 0.3 0.1 

38 Amberlyst 70 Mixm >99 82 1.9  0.5 1.4 2.6 2.8 8.8 

39 H-MFI Mixm 19 4.0 11  0.4 0.3 0.1 0.2 3.2 

40 H-MOR Mixm 21 4.9 11  0.4 0.3 0.2 0.5 4.0 

41 SiO2-Al2O3 Mixm 6.8 0.9 4.8  0.2 0.2 <0.1 0.2 0.5 

42 SiO2 Mixm 16 3.4 11  0.3 0.3 0.1 0.3 0.1 

43 TiO2 Mixm 13 1.6 7.1  0.5 0.3 <0.1 0.4 2.6 

44 K26, HClj Mixm 98 88  2.7  1.5 1.5  3.0 1.7 <1o 

45 K26, H2SO4
k Mixm  95 69 8.6  0.7 1.3  2.2 1.8 11 

46 HClj Mixm  39 27 3.9  1.8 1.8 1.0 1.6  1.8 

47 K26, HClj Individualn  40 30  4.3  1.3 1.3  1.1 0.7  0.7 

48i K26 Mixm 97 72 2.8  1.4 1.5 1.4 4.9 13 

aConditions: cellulose 324 mg, catalyst 50 mg, H2O 40 mL, 453 K, 20 min. For hydrolysis of mix-milled 

cellulose, 374 mg of sample (containing cellulose 324 mg and catalyst 50 mg) was used. bGlucose. cWater-soluble 

oligosaccharides (DP = mainly 2–6). dFructose. eMannose. fLevoglucosan. g5-Hydroxymethylfurfural. 
h(Conversion) – (total yield of the characterized products). iConditions: mix-milled cellulose 94 mg (containing 

cellulose 81 mg and K26 13 mg), H2O 10 mL, 418 K, 24 h. jHydrolysis was conducted in a 0.012 wt% HCl 

solution (pH 2.5) instead of H2O. kHydrolysis was conducted in a 0.018 wt% H2SO4 solution (pH 2.5) instead of 

H2O. lCellulose was ball-milled without catalyst in a 3.6 L pot, and catalyst was not ball-milled. mCellulose and 

catalyst were ball-milled together. nCellulose and K26 were separately ball-milled. oThe total yield of others was 

not correctly determined because of high conversion. 

 

the highest glucose yield (entry 38, 82%). In this case, mechanocatalytic hydrolysis occurred during the 

milling process owing to the strong acidity of the resin. After ball-milling cellulose and Amberlyst 70 

together, the author found that >99% of cellulose was solubilized as various kinds of oligomers29 in H2O at 

room temperature. Moreover, Amberlyst 70 was completely degraded after the hydrolysis reaction; 

Amberlyst 70 was not recovered by centrifugation at 4600g (4.5  104 m s-2) or filtration using a PTFE 
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membrane (0.1 μm mesh) and the color of the filtrate was brown (Figure 2.9). Since the Tyndall effect was 

hardly observed, Amberlyst 70 presumably dissolved in H2O during the reaction, which was contrasting to 

the behavior of K26 described above (Figure 2.8). The other catalysts tested (H-MFI, H-MOR, SiO2-Al2O3, 

SiO2, and TiO2) were almost inactive (entries 39–43), and these catalysts except TiO2 partially dissolved in 

H2O during the reaction (Figure 2.10). 

 

  

Figure 2.8. Solid residue (left) and product cocktail (right) after the hydrolysis of mix-milled cellulose 

containing K26. The solid and liquid phases were separated with a PTFE membrane (0.1 μm mesh). 

 

 

Figure 2.9. Reaction mixture after the hydrolysis of mix-milled cellulose containing Amberlyst 70. No solids 

were obtained after the reaction. The solution has been irradiated with a green laser from right side of the 

bottle, but the Tyndall effect is hardly observed, showing that the solution is homogeneous and does not 

contain colloids. 
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Figure 2.10. HPLC charts for the hydrolysis of mix-milled cellulose containing (a) H-MFI, (b) H-MOR, (c) 

SiO2-Al2O3, and (d) SiO2. Column: Rezex RPM Monosaccharide Pb++, detector: RI. 

 

The correlation between the crystallinity of cellulose and the results of respective catalytic reactions 

was studied because the decomposition of the crystalline structure of cellulose by milling treatment improves 

the reactivity of cellulose as described in Section 1.2.2. The results of XRD measurements showed no peak 

for crystalline cellulose for all the milled samples (Figure 2.11), indicating that cellulose was similarly in the 

amorphous form in these samples. Hence, the deference in catalytic performance is not ascribed to 

crystallinity of cellulose but activity of catalyst. Again, K26 is the most active catalyst, except for soluble 

Amberlyst 70, for the hydrolysis of cellulose using the mix-milling pre-treatment. 
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Figure 2.11. XRD patterns of mix-milled samples containing cellulose and solid catalysts. The peaks marked 

with red triangles (▲), green circles (●), and black diamonds (♦) are from H-MFI, H-MOR, and TiO2, 

respectively. 

 

The mix-milled cellulose containing K26 gave glucose and water-soluble oligosaccharides in 20% and 

70% yields, respectively (Table 2.5, entry 35). In order to improve glucose yield by accelerating 

depolymerization of oligosaccharides to glucose, a 0.012% HCl aqueous solution (pH 2.5) was utilized as a 

solvent instead of H2O. This trace HCl neither corrodes common stainless steel reactors nor has a negative 

economic impact because of very low concentration and low price (0.070.1 USD kg-1 as concentrated HCl 

in 2014 according to ICIS).30,31 The hydrolysis of mix-milled cellulose using K26 was conducted in the trace 

HCl solution at 453 K for designated reaction times (Figure 2.12). In the initial stage of the reaction (≤2 

min), water-soluble oligomers were produced prior to the formation of glucose. Subsequently, the yield of 

glucose increased up to 88% at 20 min and the selectivity of glucose based on cellulose conversion (98%) 

was 90% (Table 2.5, entry 44). This is the best result achieved in this work and one of the highest yields of 

glucose ever obtained in any methods. The yield of humins was at most 2% under the conditions as the 

recovered solid after the reaction was only 1.4%. After 20 min, the yield of glucose decreased because of the 
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degradation. Although H2SO4 (0.018 wt%, pH 2.5) was also used as a solvent due to its lower price (0.05 

USD kg-1)32 and less corrosive property than those of HCl, it was not as effective as HCl at the same pH 

(entry 45). This result is due to the negative effect of SO4
2- on the hydrolysis reaction (Table 2.6); SO4

2- may 

prevent the activation of glycosidic bonds by forming chelate. Next, the author focused on HCl, and control 

experiments were conducted to evaluate the contributions of HCl, K26, and mix-milling pre-treatment. 

Hydrolysis of individually ball-milled cellulose by HCl provided 27% yield of glucose and 39% conversion 

(Table 2.5, entry 46). The yield of oligomers was only 3.9%, showing the quick transformation of oligomers 

to glucose by HCl. Accordingly, HCl works for the hydrolysis of cellulose and oligomers, and the further 

improvement from entry 46 to 44 is accounted for the hydrolysis by K26. Besides, the hydrolysis of 

individually ball-milled cellulose by individually ball-milled K26 in the trace HCl gave a similar yield of 

glucose (30%) and a conversion (40%, entry 47) to those of entry 46 (yield 27%, conversion 39%), 

indicating that the hydrolysis by K26 without the mix-milling pre-treatment was almost negligible owing to 

the limited collision. Clearly, the mix-milling treatment is essential for high yield and selectivity of glucose. 

 

 

Figure 2.12. Time course of hydrolysis of mix-milled cellulose containing K26 in a 0.012 wt% HCl solution 

at 453 K. 
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Table 2.6. Effect of salts on the hydrolysis of cellulose.a 

Entry Salt 
Conv. 

/% 

Yield based on carbon /% 

Glucan 
 

By-product 

Glcb Olgc Frcd Mane Levf HMFg Othersh 

 1 None 28 4.6 15  0.5 0.6 0.2 1.8 4.8 

49 3.2 mM NaCl 15 1.7 5.6  0.4 0.7 0.1 1.0 1.2 

50 1.6 mM Na2SO4  6.7 0.3  2.3  0.1 0.1 0.4 0.2 3.4 

aConditions: individually ball-milled cellulose 324 mg (0.9 L-pot), salt solution 40 mL, 503 K, <1 

min (rapid heating-cooling condition). bGlucose. cWater-soluble oligosaccharides (DP = mainly 2–

6). dFructose. eMannose. fLevoglucosan. g5-Hydroxymethylfurfural. h(Conversion) – (total yield 

of the characterized products). 

 

 

Figure 2.13. Reuse experiments of mix-milled K26 for the hydrolysis of cellulose (200 g L-1) in a 0.012 wt% 

HCl solution (40 mL). First, 473 K for 2 min, then 423 K for 60 min. Red bar = glucose, blue bar = 

oligosaccharides, and grey bar = by-products. 

 

The durability of K26 in this system was evaluated in reuse tests (Figure 2.13). In this case, a high 

concentration of the mix-milled sample (cellulose: 200 g L-1, K26: 31 g L-1) was used in the hydrolysis. The 

used K26 and unreacted cellulose were recovered, milled again with fresh cellulose, used for the hydrolysis 

reactions in 0.012 wt% HCl; the reuse experiments were repeated for three times (total four runs). The 
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Figure 2.14. Reuse experiments of mix-milled K26 for the hydrolysis of cellulose (200 g L-1) in a 0.012 wt% 

HCl solution (40 mL) at 453 K for <1 min (rapid heating-cooling condition). Red bar = glucose, blue bar = 

oligosaccharides, and grey bar = by-products. 

 

additive amount of fresh cellulose was just equivalent to that consumed in the previous run, keeping a 

constant amount of cellulose in each run. Conversion of cellulose was 88−91%, and glucose was obtained in 

71%, 72%, 70%, and 67% yields in the reuse experiments with its concentrations of 13 to 14 wt% (Figure 

2.13). Although these glucose yields were lower than that in the standard conditions (88% at 8.1 g L1, Table 

2.6, entry 44), the high concentration of glucose clears the practical demand (10 wt%) to avoid 

energy-consuming condensation of product. Another reuse experiments at lower cellulose conversion were 

performed (Figure 2.14), in which yields of products and cellulose conversion gradually increased. This 

trend is reasonable as the residual solid cellulose has partially undergone hydrolysis to decrease DP in the 

previous run; this remaining part should be relatively easily converted to soluble products in the subsequent 

run. These results in both high and low conversions show that the degradation rate of cellulose does not 

decrease during the reactions. Hence, K26 is fairly stable in the mix-milling as well as in the presence of HCl 
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and high concentrations of products. 

Toward practical applications, the author demonstrated the saccharification of bagasse kraft pulp as a 

real biomass substrate by an inexpensive steam-activated carbon BA50, which showed catalytic activity in 

cellulose conversion (Table 2.5, entry 36). The pulp contained cellulose (59 wt%), hemicellulose [xylan (25 

wt%) and arabinan (2 wt%)], and lignin (9 wt%). At first, one-pot hydrolysis of both cellulose and 

hemicellulose in bagasse kraft pulp was performed in a 0.012 wt% HCl solution for 2 min at various 

temperatures (Figure 2.15). The yields of xylose and arabinose based on the amount of hemicellulose in the 

pulp were 89% and 5.2% at 473 K, respectively. In this case, glucose yield based on the amount of cellulose 

in bagasse kraft pulp was only 32%. The glucose yield increased up to 72% with increasing the reaction 

temperature to 493 K, whereas the xylose yield decreased to 45% due to the degradation. Hence, 

high-yielding production of both hexoses and pentoses is difficult in one-pot reaction. Xylan hemicellulose is 

known as a more reactive substrate than cellulose due to the lack of an OH group at C6, which would make 

cellulose more chemically stable by forming hydrogen bonds (Figure 2.16).33 Indeed, xylobiose (the 

minimum model of xylan hemicellulose) was five times more reactive for the hydrolysis than cellobiose (that 

of cellulose) under the same reaction conditions (443 K, 10 min, Figure 2.17). 

 

 

Figure 2.15. One-pot hydrolysis of both cellulose/hemicellulose in bagasse kraft pulp at various 

temperatures for 2 min. Blue bar = xylose, pink = arabinose, red = glucose, and green = fructose and 

mannose. 
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Figure 2.16. Structure of (a) xylan and (b) cellulose. The hydrogen bond at OH group coordinating to C6 

(red line) would make cellulose less reactive. 

 

 

Figure 2.17. Hydrolysis of xylobiose (model of xylan) and cellobiose (that of cellulose) by K26 at 443 K for 

10 min. Blue bar = xylose and red = glucose. 

 

Taking account of the different reactivity of hemicellulose and cellulose, a cascade reaction was applied 

to the reaction; the mix-milled sample was subjected to the reaction at 453 K for 1 min and subsequently at 

483 K for 2 min (Figure 2.18). In the first step, the hydrolysis of hemicellulose was preferred to that of 

cellulose due to higher reactivity of hemicellulose, and the major products were pentoses, namely xylose 

(69%) and arabinose (6.7%). It is noteworthy that the yield of hexoses was only 1.9% in this step. In 

contrast, glucose (74%) and other hexoses [fructose (2.5%) and mannose (1.5%)] from cellulose were mainly 

produced in the second step. The yields of xylose and arabinose were only 15% and 1.4%, respectively. This 

separate production of sugars will be advantageous for their further use. The total yields of sugars in this 

two-step reaction were 76% for glucose, 4.0% for other hexoses, 84% for xylose, and 8.1% for arabinose. 
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Figure 2.18. Two-step depolymerization of cellulose/hemicellulose in bagasse kraft pulp to 

hexoses/pentoses. Blue bar = xylose, pink = arabinose, red = glucose, and green = fructose and mannose. 

 

2.3.3. Effect of mix-milling pre-treatment 

In order to clarify the effect of the mix-milling pre-treatment, individually ball-milled cellulose and the 

mix-milled cellulose containing K26 were analyzed by microscope (optical microscope and SEM). Optical 

microscopic images are shown in Figure 2.19. The particles of individually ball-milled cellulose are clear or 

white and their diameter is ca. 10 μm (Figure 2.19a). Individually ball-milled K26 has black small particles 

(≤1 μm) (Figure 2.19b). The particle size of mix-milled cellulose containing K26 is similar to that of 

individually ball-milled cellulose, whereas the surface color is black (Figure 2.19c). The particle size 

distributions of both individually ball-milled and mix-milled celluloses determined by laser diffraction are 

also almost the same (37–40 μm, Figure 2.20). These results suggest that small K26 particles are attached to 

the surface of large cellulose particles. SEM image of the mix-milled cellulose sample (Figure 2.19d) also 

shows that there are small particles on a large particle. Hence, cellulose and K26 in the mix-milled sample 

would have a good contact. 
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Figure 2.19. Microscopic images of cellulose samples. Optical microscopic images of (a) individually 

ball-milled cellulose, (b) individually ball-milled K26, and (c) mix-milled cellulose containing K26 and (d) 

SEM image of the mix-milled cellulose sample. 

 

 

Figure 2.20. Particle size distributions of the mix-milled cellulose containing K26 (red) and simple mixture 

of individually ball-milled cellulose and individually ball-milled K26 (blue), which were observed by laser 

diffraction. 
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The author further analyzed the mix-milled cellulose containing K26 by 13C CP/MAS NMR and 

viscometry to investigate its chemical properties. As well as XRD measurement (Figure 2.11), 13C CP/MAS 

NMR indicated that both individually ball-milled and mix-milled cellulose samples were in amorphous form 

(Figure 2.21). The CrI values determined from the C4 signals based on eq. 1.2 for both samples were less 

than 5%. The DP of mix-milled cellulose was determined 690 by viscometry with 9 wt% LiCl/DMAc at 303 

K and the Mark-Houwink-Sakurada equation (eq. 2.4).26 

 

  a
wKM    (2.4) 

in which [η] (dL g-1) and Mw are intrinsic viscosity and weight-average molecular weight, respectively. The 

values of K and a when using 9 wt% LiCl/DMAc at 303 K have been reported 1.278 × 10-3 dL g-1 and 1.19 in 

a reference.26 Intrinsic viscosity is determined from eq. 2.5 and experimental data (Figure 2.22). 

 

 
c

t

t

η
c

1

lim 0

0






   (2.5) 

where c (unit: g dL-1) is concentration of solution, t (s) is flow time of solution in viscometer, and t0 (s) is 

flow time of solvent (in this study, 9 wt% LiCl/DMAc). 

 

H2SO4
29,34 and Amberlyst 70 (vide supra) hydrolyzed cellulose during the milling process, but K26 did not; 

the DP of mix-milled cellulose (690) was as high as half of that of microcrystalline cellulose (1240) and the 

value was similar to that of individually milled cellulose (640). Thus, the difference in the catalytic 

performance between individually ball-milled cellulose (Table 2.5, entry 26) and mix-milled cellulose (Table 

2.5, entry 35) is not ascribed to the nature of cellulose but to the hydrolytic activities of the catalyst and the 

contact between the catalyst and cellulose. 
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Figure 2.21. 13C CP/MAS NMR spectra of mix-milled cellulose containing K26 and individually ball-milled 

cellulose. C4cr and C6cr show the chemical shifts of C4 and C6 in crystalline cellulose and C4am and C6am 

represent those in amorphous one. 

 

 

Figure 2.22. Plots of (t/t0 – 1)/c against c. In the figure, the intercept is corresponding to [η]. 

 

Next, the roles of mix-milling were evaluated in model reactions using soluble catalysts or substrates. If 

the major role of mix-milling pre-treatment is improvement of the solid-solid contact, then the promotional 

effect of mix-milling will disappear in these cases since use of a soluble substrate or catalyst gives a 

liquid-solid reaction. Therefore, the author carried out the mix-milling and hydrolysis for two types of 

substrate-catalyst combinations: (i) cellobiose (water-soluble substrate) and K26 (insoluble catalyst) and (ii) 

cellulose (insoluble substrate) and benzoic acid (soluble catalyst). The author chose benzoic acid as a soluble 
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catalyst because this compound is a typical model for the active sites of weakly-acidic carbons (see Section 

3.3.2). Note that a typical soluble catalyst H2SO4 is not suitable for this solid-solid mixing because H2SO4 

itself is liquid and furthermore this strong acid depolymerizes cellulose during the mix-milling treatment.29,34 

For the combination (i), the hydrolysis of cellobiose by K26 was performed with or without the mix-milling 

pre-treatment. As expected, the reactions provided almost the same yields of glucose (Table 2.7, entries 51 

and 52). In both cases, ca. 90% of cellobiose dissolved in H2O at room temperature, and the remaining part 

(ca. 10%) adsorbed onto K26 (see Section 3.3.3). Therefore, the contact between K26 and cellobiose in both 

cases were the same during the hydrolysis reaction. Likewise, the combination (ii) indicated no positive 

effect of mix-milling, in which almost no difference in product yields was observed with or without 

mix-milling (entries 53 and 54). Benzoic acid completely dissolved in H2O at the reaction temperature. In 

contrast, the mix-milling pre-treatment drastically enhanced the hydrolysis with the combination of cellulose 

and K26; the yield of glucans (glucose and oligomers) was increased by a factor of seven, from 13% to 90% 

(entries 35 and 55). Mix-milling pre-treatment accelerates solid-solid reactions but not liquid-solid ones. 

These results indicate that the predominant role of the mix-milling is to improve solid-solid contacts. 

A kinetic study of the hydrolysis of cellulose was conducted to quantitatively estimate the effect of 

mix-milling, in which 418 K was selected to accurately determine the kinetic parameters under the steady 

state. Figure 2.23 shows the time course of the depolymerization of mix-milled cellulose containing K26. 

 

Table 2.7. Effect of solubility of substrate and catalyst on hydrolysis after the mix-milling pre-treatment. 

Entry Pre-treatment Substrate Catalyst 
Conv. 

/% 

Yield based on carbon /% 

Glca Olgb 

51c Only K26 was milled. Cellobiose K26 12f 9.0 – 

52c Mix-milling Cellobiose K26 14f 11 – 

53d Only cellulose was milled. Cellulose Benzoic acid 17 3.4 9.8 

54d Mix-milling Cellulose Benzoic acid 13 2.7 8.7 

55e Individual milling Cellulose K26 18 2.9 10 

35e Mix-milling Cellulose K26 93 20 70 

aGlucose. bWater-soluble oligosaccharides (DP = mainly 2–6). cCellobiose 342 mg, K26 50 mg, H2O 40 mL, 

463 K, <1 min (rapid heating-cooling condition). dCellulose 324 mg, benzoic acid 50 mg, H2O 40 mL, 453 K, 

20 min. eCellulose 324 mg, K26 50 mg, H2O 40 mL, 453 K, 20 min. fConversion of cellobiose was calculated 

from the total amount of recovered and adsorbed cellobiose. For the estimation of adsorbed amount of 

cellobiose, the adsorption equilibrium constant and adsorption capacity35 were used. 
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Figure 2.23. Time course of hydrolysis of mix-milled cellulose containing K26 at 418 K. The dots show the 

experimental data and the lines are the results of kinetic simulations based on eqs. 2.11–2.14. 

 

The amount of cellulose (black circles) decreased, whereas that of soluble oligosaccharides (blue squares) 

increased in the initial period. The yield of oligomers was maximized at 6 h (44%) and then gradually 

decreased as the oligomers were intermediates to glucose in this reaction. With regard to glucose, a small 

amount of glucose (red diamonds) was simultaneously produced with the oligosaccharides from cellulose, 

but glucose mainly formed after the oligosaccharides accumulated. The yield of glucose reached 72% at 24 h 

with 97% conversion of cellulose and 74% selectivity (Table 2.5, entry 48). The yield of glucose started to 

decrease after 24 h due to the decomposition, as by-products (green triangles) increased. Accordingly, the 

hydrolysis of cellulose predominantly consists of three steps as shown in eq. 2.6,36 for which first-order 

dependence on substrates were hypothesized as reported elsewhere.37–39 

 

products-ByGlucoseOligomersCellulose 321 
kkk

   (2.6) 

where k1, k2, and k3 (unit: h-1) are pseudo first-order rate constants of respective steps. 

 

The reaction rate for each step was represented as eqs. 2.7–2.10. 
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where [Cellulose], [Oligomers], [Glucose], and [By-products] (unit: M) are concentrations of respective 

compounds and t (h) is time. The integration of these formulae gives eqs. 2.11–2.14. 
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where [Cellulose]0 (unit: M) is initial concentration of cellulose and k1 ≠ k2 ≠ k3. 

 

Four lines in Figure 2.23 represent curve fitting using eqs. 2.11–2.14, which have reproduced the 

experimental data. The determined rate constants from the curve fitting were k1 = 0.17 h-1, k2 = 0.16 h-1, and 

k3 = 0.017 h-1. The rate constant of hydrolysis of cellulose to soluble oligosaccharides was as high as that of 

oligosaccharides to glucose (k1/k2 = 1.1). It is surprising that k1/k2 exceeds 1 as the rate-determining step of 

the hydrolysis of cellulose to glucose is generally the first step,36 suggesting that the conversion of solid 

cellulose to soluble oligomers is selectively accelerated by the mix-milling. In addition, high k1/k3 (10) and 

k2/k3 (9.4) ratios provide a good yield of glucose because the decomposition of glucose is relatively slow. 

The hydrolysis of individually ball-milled cellulose by K26 at 418 K was also performed to highlight 

the effect of mix-milling. Note that the reactivity itself of individually ball-milled cellulose should be similar 

to that of mix-milled cellulose, as their polymerization degrees determined by viscometry (640–690), median 
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Figure 2.24. Time course of hydrolysis of individually ball-milled cellulose by H2SO4 (50 mM) at 418 K. 

The dots show the experimental data and the lines are the results of kinetic simulations based on eqs. 2.11–

2.14. 

 

particle diameters (37–40 μm), and CrIs (<5%) are almost the same (vide supra). Since the hydrolysis 

reaction was slow in this case, the products were analyzed by a sampling method to improve the accuracy. 

The formation of oligomers, subsequent production of glucose and successive decomposition of glucose 

were observed in this reaction. Therefore, the same curve fitting was applied to this reaction, which provided 

rate constants of k1 = 0.013 h-1, k2 = 0.16 h-1, and k3 = 0.017 h-1. k1 was 13-fold decreased by changing the 

pre-treatment from mix-milling to individual milling, while the values of k2 and k3 were similar regardless of 

the pre-treatment methods. As a result, the ratio of k1/k2 was as small as 0.018, showing that the hydrolysis of 

cellulose to soluble oligomers was the rate-determining step. Consequently, the author has quantitatively 

revealed that the mix-milling selectively and drastically increases k1 in the solid-solid reaction. 

A typical soluble acid H2SO4 was also tested as a catalyst for the hydrolysis of individually ball-milled 

cellulose in order to compare solid-solid and solid-liquid reactions (Figure 2.24). The concentration of H2SO4 

was set at 50 mM (0.49%) as a usual value for the diluted H2SO4 processes.9,11,40 The rate constants obtained 

by a curve fitting were k1 = 0.5 h-1, k2 = 17 h-1, and k3 = 0.12 h-1. The first step is slow (k1/k2 = 0.029), 

indicating that the hydrolysis of cellulose to soluble oligosaccharides is the rate-determining step for the 
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production of glucose. This result is reasonable as the hydrolysis of cellulose is significantly more difficult 

than that of soluble oligomers.36 Therefore, the high ratio of k1/k2 for the hydrolysis using K26 and 

mix-milling is specific to this reaction, and the author concludes that the solid-solid contact created by 

mix-milling can selectively accelerate the solid-solid reaction. 

 

2.4. Conclusions 

Simple carbon materials catalyze hydrolysis of cellulose, and the catalytic activity correlates with the 

amounts of weakly acidic groups. It is demonstrated that such weak acid catalysts can survive in the presence 

of buffer and salt potentially derived from real biomass. However, the loose contact between the solid 

substrate and solid catalyst limits the yield of glucose at most 36% even when using the most active catalyst, 

an alkali-activated carbon K26. This obstacle has been overcome by a new pre-treatment method, namely 

mix-milling cellulose and K26 to make tight contact. The hydrolysis of mix-milled cellulose provides a 72% 

yield of glucose in pure water and an 88% yield with 90% selectivity in 0.012% HCl, which are one of the 

highest glucose yields ever reported. The mix-milling pre-treatment is also effective for the depolymerization 

of cellulose/hemicellulose in bagasse kraft pulp, resulting in 80% and 92% yields of hexoses and pentoses, 

respectively. Characterization of mix-milled cellulose, a series of model reactions, and kinetic studies show 

that the hydrolysis of insoluble cellulose to soluble oligomers over a carbon catalyst is selectively and 

drastically accelerated owing to tight contact between solid cellulose and solid K26 created by the 

mix-milling pre-treatment. 

Recently, it has been reported that the mix-milling pre-treatment is also effective for hydrolytic 

hydrogenation of cellulose to sorbitol by carbon-supported metal catalysts since the first step is the same 

hydrolysis of insoluble cellulose to water-soluble oligomers.41,42 Mix-milling is a promising method to 

overcome a fundamental problem of solid-solid reactions, namely loose contact between solids, by making 

tight contact. This pre-treatment method would be applicable to other reactions, e.g., oxidation of diesel soot 

particulates by solid catalysts.24 
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Chapter 3 

 

Mechanistic Study of Cellulose Hydrolysis 

by Carbon Catalysts 
 

 

 

 

The structure-activity correlation by carbon catalysts for hydrolysis of glycosidic bonds in cellulosic 

molecules has been investigated. The characterization of carbon materials by titration and infrared 

spectroscopy indicates that hydrophilic functionalities contribute to catalytic activity; especially, vicinal 

oxygenated functional groups as in salicylic acid and phthalic acid show high catalytic performance due to 

increase of frequency factor but not to decrease of activation energy. One of the functional groups forms a 

hydrogen bond with a hydroxyl group of the substrate and another group gains an opportunity to activate and 

hydrolyze a glycosidic bond. In addition, it is found that hydrophobic surface of carbon plays important roles 

for adsorption process of cellulosic molecules, and this function increases the possibility to hydrolyze the 

substrate. Finally, the author proposes reaction mechanism for cellulose hydrolysis by carbon catalyst. 
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3.1. Introduction 

In Chapter 2, the author has conducted the screening of carbon catalysts for cellulose hydrolysis and found 

that catalytic activity strongly depended on their nature. The preliminary study has represented that the 

amount of weakly acidic sites detected by the Boehm titration1 positively correlates with catalytic activity for 

glucose production from cellulose (Figure 2.4). Surprisingly, K26 similarly accelerated the hydrolysis of 

cellulose even after acetate buffer and NaCl treatment (pH 4 and 7); weak acids are major active sites for the 

reaction. However, the detailed structure of active sites and their catalytic mechanisms have still remained 

unclear, which should be clarified for catalytic science and for designing highly active carbon catalysts. 

Hence, the first objective of this chapter is to reveal the roles of weak acids on carbon catalysts by structural 

characterization, model reactions, kinetics, and thermodynamics. 

The author has so far focused on the cleavage of glycosidic bonds itself. Meanwhile, in heterogeneous 

catalysis, adsorption of substrates on catalyst surface is also essential for starting and accelerating 

reactions.2,3 In the literatures, cellulosic molecules immobilized through ether bonds on SiO2 and Al2O3 are 

easily hydrolyzed by surface OH groups (with pKa in the range of 7), whereas these oxides are inactive for 

the hydrolysis of free cellulose dispersed in H2O.4–6 The hydrolysis of glycosidic bonds by weakly acidic 

groups is surprising since acids with a pKa value larger than –3 are usually inactive for the hydrolysis.7 

Therefore, it is evident that even weak acids can hydrolyze cellulose by strongly interacting with it, and so 

the adsorption of cellulosic molecules could be involved in the high performances of carbon-based catalysts 

(Figure 3.1). Herein, the author has investigated both thermodynamics and computational calculations to 

understand the adsorption process. 

 

 

Figure 3.1. Scheme of cellulose conversion by carbon catalysts via adsorption. 
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3.2. Experimental 

3.2.1. Reagents 

Microcrystalline cellulose Column chromatography grade, 102331, Merck 

D(+)-Cellobiose Special grade, Kanto Chemical 

K26 Alkali-activated carbon (not for sale), Showa Denko 

ZTC Zeolite-templated carbon,8 electrolytically oxidized, Prof. Kyotani’s 

group in Tohoku University 

Phenol Special grade, Kanto Chemical 

Benzoic acid Special grade, Wako Pure Chemical Industries 

Salicylic acid Special grade, Wako Pure Chemical Industries 

m-Hydroxybenzoic acid First grade, Wako Pure Chemical Industries 

p-Hydroxybenzoic acid First grade, Wako Pure Chemical Industries 

4-Trifluoromethylsalicylic acid Special grade, Wako Pure Chemical Industries 

Phthalic acid Special grade, Wako Pure Chemical Industries 

o-Chlorobenzoic acid Special grade, Wako Pure Chemical Industries 

o-Trifluoromethylbenzoic acid First grade, Wako Pure Chemical Industries 

Catechol >99.0%, Tokyo Chemical Industry 

3,4-Dihydrocoumarin Special grade, Wako Pure Chemical Industries 

Isochroman-1-one 97%, Wako Pure Chemical Industries 

Cellohexaose >95%, Seikagaku Biobusiness 

Cellopentaose >95%, Seikagaku Biobusiness 

Cellotetraose >97%, Seikagaku Biobusiness 

Cellotriose >97%, Seikagaku Biobusiness 

D(+)-Glucose Special grade, Kanto Chemical 

D(+)-Mannose Special grade, Wako Pure Chemical Industries 

D(–)-Fructose Special grade, Kanto Chemical 

1,6-Anhydro-β-D-glucopyranose 99%, Wako Pure Chemical Industries, denoted as levoglucosan 
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5-Hydroxymethylfurfural 99%, Sigma-Aldrich, denoted as 5-HMF 

Furfural >98.0%, Tokyo Chemical Industry 

Distilled water Wako Pure Chemical Industries 

Dimethyl sulfoxide Special grade, Wako Pure Chemical Industries, denoted as DMSO 

Distilled water For HPLC, Wako Pure Chemical Industries 

Deuterated dimethyl sulfoxide For NMR, Acros Organics, denoted as DMSO-d6 

Sodium hydrogen carbonate Special grade, Wako Pure Chemical Industries 

Sodium carbonate solution 0.05 M, for volumetric analysis, Wako Pure Chemical Industries 

Sodium hydroxide solution 0.05 M, for volumetric analysis, Wako Pure Chemical Industries 

Hydrochloric acid solution 0.05 M, for volumetric analysis, Wako Pure Chemical Industries 

Methyl orange Special grade, Wako Pure Chemical Industries 

Cyclohexane Special grade, Wako Pure Chemical Industries 

Helium gas Alpha gas 1, Air Liquide Kogyo Gas 

Helium gas 99.9999%, Hokkaido Air Water, used for N2 adsorption-desorption 

measurement 

Nitrogen gas Alpha gas 2, Air Liquide Kogyo Gas 

Nitrogen gas 99.999%, Hokkaido Air Water, used for N2 adsorption-desorption 

measurement 

Argon gas Alpha gas 2, Air Liquide Kogyo Gas 

 

3.2.2. Heat-treatment of alkali-activated carbon K26 

Alkali-activated carbon K26 was heat-treated under He flow to partially remove surface functional groups9 in 

a fixed-bed flow reactor (Figure 3.2) at various temperatures. K26 (2.00 g) was charged into a quartz tube, 

and the tube was set in an electric furnace (Asahi Rika, ARF-30K). The heater was controlled by a thyristor 

(Shimaden, PAC-15C, cycle calculation zero voltage switching) equipped with a program controller 

(Shimaden, FP93) and a thermocouple (Chino, type K, JIS class 1, ø1.6 mm) set aside of the sample. 

Temperature of the sample was monitored by another thermocouple attached in a bottom dimple of the 
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reactor. The difference in temperatures for the two thermocouples was less than 3 K in the experiments. 

Temperature of the heater was increased to 393 K by 10 K min-1 and maintained for 1 h to remove 

physisorbed H2O under He flow (10 mL min-1, kept by a needle bulb [Kojima Instruments (Kofloc), Variable 

Secondary Pressure Flow Controller Model 2203]). Then, the reactor was heated to a designated temperature 

(673, 873, 1073, and 1273 K) under He flow (10 mL min-1), and K26 was treated at the temperature for 2 h 

under He flow (3 mL min-1). The samples treated at the temperatures were denoted as K26-673 (recovery 

1.82 g), K26-873 (1.79 g), K26-1073 (1.73 g), and K26-1273 (1.72 g). 

 

 

Figure 3.2. Diagram of the fixed-bed flow reactor. 

 

3.2.3. Characterization of carbon materials 

Carbon materials were characterized by several physicochemical methods. The specific surface area of 

samples based on the Brunauer-Emmett-Teller (BET) theory was determined by N2 adsorption-desorption 

measurements (BEL Japan, BELSORP-mini) at 77 K after drying at 393 K for 4 h under vacuum (<10 Pa). 

For micropore analysis, an automated apparatus (BEL Japan, BELSORP-max, equipped with a 

turbo-molecular pump) was employed, and the isotherm was recorded from 1 × 10-8 to 0.997 of relative 
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pressure at 77 K. This instrument can detect ≥0.4 nm of micropores using N2
 as an adsorbate.10 The specific 

external surface area was determined from the t-plot method based on a standard isotherm for carbon and 

distribution of pore diameter was estimated from a nonlocal density functional theory (NLDFT) calculation 

(slit model of carbon black, atomic diameter of adsorbent: 0.142 nm, distribution function: no assumption). 

The secondary particle size of carbon materials was analyzed in H2O by laser diffraction (Nikkiso, Microtrac 

MT3300EXII). 

The qualitative analysis of surface functional groups was conducted by diffuse reflectance infrared 

Fourier transform [DRIFT, PerkinElmer, Spectrum 100, mercury-cadmium-telluride (MCT) detector] 

spectroscopy. The amounts of carboxylic acids, lactones, and phenolic groups on carbons were quantified by 

the Boehm titration1 with the same procedure as Section 2.2.3. 

The framework of carbon was analyzed by 13C CP/MAS-TOSS NMR (JEOL, JNM-ECX400, 100 MHz, 

MAS frequency 5 kHz, TOSS: total suppression of sidebands), Raman spectroscopy [Renishaw inVia Raman 

microscope, Nd:YAG laser using second harmonic generation (532 nm, YAG: yttrium-aluminium-garnet)], 

and XRD (Rigaku, Ultima IV, Cu Kα). The average size of graphene sheet in carbon was estimated using 

Raman spectroscopy and the Knight formula for 532 nm of laser (eq. 3.1).11,12 

 











D

G410-
a 102.4

I

I
λL    (3.1) 

where La (unit: nm) is average size of graphene sheet, λ (nm) is wavelength of laser, ID is intensity of D-band, 

and IG is intensity of G-band observed by Raman spectroscopy. 

 

The hydrophobicity was evaluated by cyclohexane adsorption under saturated vapor pressure at 298 K. 

 

3.2.4. Ball-milling pre-treatment and hydrolysis of cellulose 

Microcrystalline cellulose (10 g) was ball-milled in the presence of ZrO2 balls (ø1.0 cm, 1 kg) in a ceramic 

pot (0.9 L) at 60 rpm for 96 h. The hydrolysis of cellulose was conducted by the same manner described in 

Section 2.2.6. 
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3.2.5. Hydrolysis of cellobiose by aromatic compounds 

Cellobiose (342 mg) and aromatic compound in aqueous solution (0.5 mM, 40 mL) were charged into a 

hastelloy C22 high-pressure reactor (OM Lab-Tech, MMJ-100, 100 mL, Figure 2.2). The temperature was 

increased to 443 K for ca. 10 min, maintained for 10 min, and decreased to room temperature. After the 

reaction, products in solution were analyzed by HPLC (see Section 2.2.6). 

 

3.2.6. Adsorption of cellulosic molecules 

K26 (25 mg) or ball-milled cellulose (500 mg) was dispersed in an aqueous solution of cellobiose (20 mL). 

The suspension was stirred at 600 rpm at a designated temperature until adsorption reaching equilibrium (>1 

h), after which the mixture was filtered through a polyvinylidene difluoride (PVDF) 0.20 m mesh 

membrane maintained at the same temperature. The liquid phase obtained was immediately analyzed by 

HPLC with a Rezex RPM-Monosaccharide Pb++ column (Phenomenex, ø7.8 mm × 300 mm, mobile phase: 

H2O at 0.6 mL min-1, 343 K). The amount of cellobiose detected by HPLC was determined by an absolute 

calibration method, and the resulting data were applied to calculate the amount of cellobiose adsorbed on 

carbon material. The amount of carbon used in these experiments was changed to 100 mg when studying the 

adsorption of glucose and to 12.5 mg when using cellotriose in order to improve accuracy. 

Adsorption experiment at 413 K was performed in the hastelloy-C22 high-pressure reactor into which 

He was introduced through a nozzle at 2 MPa (Figure 3.3). Another nozzle was equipped with a PTFE 

membrane (0.10 m mesh) on the inlet and a needle bulb at the outlet. After reaching adsorption equilibrium, 

the solution was ejected by applying pressure of He, in which the outlet was cooled. The first 5 mL fraction 

was discarded and the subsequent 5 mL of solution was used for the analysis. 
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Figure 3.3. Diagram of an apparatus for the adsorption experiment at 413 K. During the experiment, 2 MPa 

of He was charged in the apparatus. 

 

3.2.7. Computational modeling of adsorption state 

The adsorption structures of cellobiose on carbon were calculated by using the Gaussian 09 program, which 

employed a model carbon based on quadruple-layered graphene sheets. The author and co-workers adopted 

two kinds of carbon sheets, A and B, which involved 24 and 19 six-membered rings, respectively. Sheets A 

and B were stacked in an alternating fashion and cellobiose was adsorbed on sheet A (see Figure 3.19). The 

structure of the overall system was optimized by density functional theory (DFT) calculations using the 

Becke 3-parameter Lee-Yang-Parr (B3LYP) function with the 6-31G* basis set.13–15 Dispersion interactions 

were also included in an empirical manner by using Grimme’s D3 damping function.16 The solvation effect 

was taken into account by using the self-consistent reaction field (SCRF) method with a polarized continuum 

model17 and the dielectric constant of bulk H2O was included. 
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3.3. Results and discussion 

3.3.1. Contributions of oxygenated functional groups on carbons for hydrolysis of cellulose 

Hydrolysis of cellulose by various carbons indicated that the activity correlated with the amount of weakly 

acidic groups (Section 2.3.1); however, it is necessary to consider the influence of physical structures of 

respective carbons. To accurately elucidate the contributions of OFGs for the hydrolytic activity by 

minimizing the structural effect, K26 was heat-treated9 under He flow at 673 to 1273 K. This treatment may 

provide structurally-similar carbons bearing decreased amounts of OFGs. Figure 3.4a depicts hydrolytic 

activities of the heat-treated K26 samples for the hydrolysis of individually ball-milled cellulose against 

heat-treatment temperature. For evaluating the activities, conversion and glucose yield obtained in the blank 

reaction without catalysts were subtracted from those of the catalytic reactions, and ΔConversion and 

ΔGlucose are defined as follows (eqs. 3.2 and 3.3): 

 

 
 28% catalysts, without experiment control in the conversion

reaction catalytic in the conversionnΔConversio





　　　　　　　
   (3.2) 

 
 4.6% catalysts, without experiment control in the glucose of yield

reaction catalytic in the glucose of yieldΔGlucose





　　　　　　
   (3.3) 

 

Both ΔConversion and ΔGlucose gradually decreased when elevating the heat-treatment temperature, 

suggesting the decomposition of active sites of K26 in the heat-treatment. Then, the specific amounts of 

OFGs of heat-treated K26 samples were determined by the Boehm titration1 (Figure 3.4b). The amount of 

carboxylic acids first decreased at ca. 673 K, followed by the reduction of lactones. Phenolic groups were 

slightly more stable than lactones, which was consistent with previous results.9 The elimination of OFGs was 

also checked by DRIFT (Figures 3.5). In DRIFT spectra, the peak intensity at 1738 cm-1 derived from C=O 

decreased with increasing heat-treatment temperature, indicating the elimination of carboxylic acids, 

ketones, and lactones. This peak disappeared by heat-treatment at 1073 K and 1273 K since most of C=O 

groups decomposed. Although the intensities of the peaks due to OH and CO vibrations at 1241 cm-1, 

1403 cm-1, and 3523 cm-1 also diminished, they still presented even after the heat-treatment at 1273 K. 
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Hence, OFGs such as alcohols, phenols, and ethers are thermally more stable than carboxylic acids and 

others. These DRIFT observations agreed well with the results of the titration. Thus, it was concluded that 

the weakly acidic OFGs were removed in the temperature range of the deactivation of K26. 

Morphological change by the heat-treatment was also checked by N2 adsorption-desorption and laser 

diffraction measurements. The heat-treated K26 samples provided type I isotherms, indicating similar 

microporous structures (Figure 3.6). The BET specific surface area decreased from 2270 m2 g-1 to 1730 m2 

g-1 along with the decrease of the pore volume from 1.00 cm3 g-1 to 0.75 cm3 g-1 when increasing the 

heat-treatment temperature (Table 3.1). The distributions of particle diameters were maintained even after the 

heat-treatment (Figure 3.7), providing almost constant median particle diameters (12–13 μm) (Table 3.1). It 

is not probable that these small morphological changes of K26 in the heat-treatment are the origin of the 

deactivation of K26. Instead, the author proposes that the catalytic activity correlates with the specific 

amounts of OFGs. Since the amounts of respective OFGs are similarly decreased in the heat-treatment, the 

remaining subject is to clarify the contribution of respective oxygenated groups. 
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Figure 3.4. (a) Hydrolysis of cellulose by heat-treated K26 catalysts and (b) the specific amounts of OFGs. 

Definitions of ΔConversion and ΔGlucose are described as eqs. 3.2 and 3.3. 

 

 

Figure 3.5. DRIFT spectra of heat-treated K26 samples. Assignments (cm-1): 3523 [ν(O–H), ν(OH–O)], 

3227 [ν(C–H, aliphatic and aromatic)], 2841 [ν(C–H, aliphatic)], 1738 [ν(C=O)], 1637 [ν(C=C, aliphatic and 

aromatic)], 1403 [δ(C–H, aliphatic), δ(O–H, carboxyl), γ(O–H, hydroxyl and phenol)], 1241 [ν(C–O)]. 
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Figure 3.6. N2 adsorption-desorption isotherms for heat-treated K26 samples at 77 K: (a) non-treated K26, 

(b) K26-673, (c) K26-873, (d) K26-1073, and (e) K26-1273. Solid lines show adsorption isotherms, and 

dashed lines represent desorption isotherms. 
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Figure 3.7. Particle size distributions of heat-treated K26 samples in H2O. Baselines are shifted to show 

respective distributions. 

 

Table 3.1. Morphological properties of heat-treated K26 samples. 

Entry 
Heat-treatment 

temp. /K 

BET specific surface 

area /m2 g-1 

Total pore 

volume /cm3 g-1 

Median particle 

diameter /μm 

1 None 2270 1.00 13 

2  673 2240 0.99 13 

3  873 1970 0.86 13 

4 1073 1980 0.86 12 

5 1273 1730 0.75 12 

 

3.3.2. Hydrolysis of cellobiose by aromatic compounds as model reactions 

The roles of carboxylic acids and phenols on K26 were studied in model reactions, in which aromatic 

compounds were used as molecular catalysts and cellobiose as a substrate (Figure 3.8) by quantitatively 

evaluating the hydrolytic activities at 443 K in H2O (Table 3.2). TOF for glucose production was calculated 

from eq. 3.4. 

 

   
   imereaction tcatalyst of mole2

catalysts without produced glucose of molereaction catalytic in the produced glucose of mole

T OF






   (3.4) 
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Figure 3.8. Hydrolysis of cellobiose to glucose. 

 

Phenol (pKa = 10) and benzoic acid (pKa = 4.2) showed low activities (TOF = 0 h-1 and 4.5 h-1, 

respectively, entries 6 and 7). o-Hydroxybenzoic acid (salicylic acid, pKa = 3.0) bearing both a carboxylic 

acid and a phenolic group gave a TOF as high as 28 h-1 (entry 8); however, m- and p-hydroxybenzoic acids 

(pKa = 4.1 and 4.6, respectively) were nearly inactive (TOF = 5.7 h-1 and 2.4 h-1, entries 9 and 10). These 

results imply that one or both of acidity and ortho positioning of some specific groups relate to catalytic 

activity in the hydrolysis of cellobiose. Therefore, the effect of pKa was evaluated using 

4-trifluoromethylsalicylic acids (pKa = 2.5). This compound provided a very high TOF of 46 h-1 (entry 11), 

showing that a stronger acid is more active for this reaction, as expected. Next, ortho-substituted benzoic 

acids were tested for evaluating influence of the vicinal group. Benzene-1,2-dicarboxylic acid (phthalic acid, 

pKa = 3.0, TOF = 32 h-1, entry 12) was as effective as salicylic acid. In contrast, o-chlorobenzoic acid (pKa = 

2.9, TOF = 17 h-1, entry 13) was less active than salicylic acid regardless of their similar acidities. 

o-Trifluoromethylbenzoic acid (pKa = 2.6, entry 14) gave a higher TOF (21 h-1) than that of o-chlorobenzoic 

acid due to the stronger acidity, but its catalytic performance was still less than that of salicylic acid. Hence, 

the catalytic activity also depends on the structure of acids as salicylic acid and phthalic acid were rather 

more active than that expected from their pKa values. This suggests the synergy between neighboring 

OH/COOH as well as COOH/COOH in the hydrolysis of glycosidic bonds. In a related study, Capon has 

reported that the hydrolysis of a glycosidic bond is dramatically accelerated by an intramolecular adjacent 

carboxylic acid, while opposite-side one does not work.18 Taking account this fact, it is speculated that OH 

and COOH groups might interact with cellobiose, and then another COOH attacks glycosidic bonds (Figure 

3.9). 1,2-Dihydroxybenzene (catechol, pKa = 9.5) and lactones, 3,4-dihydrocoumarin and isochroman-1-one, 

were inactive for the reaction due to low acidity (entries 15–17). 
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Table 3.2. Hydrolysis of cellobiose by aromatic compounds.a 

Entry Aromatic compound pKa
b TOFc /h-1 Ea

d /kJ mol-1 Ae /1012 M-1 s-1 kH
f /s-1 

6 

 

10  0 n.d.g n.d.g 43 

7 

 

 4.2  4.5 111h 1.1h 41 

 8 

 

 3.0 28 118 37 190 

9 

 

 4.1 5.7 115h  3.2h  30 

10 

 

 4.6  2.4 115h 2.6h  30 

11 

 

 2.5 46 n.d.g n.d.g –i 

12 

 

 3.0 32 120 73 250 

13 

 

 2.9 17 108  2.0 23 

14 

 

 2.6 21 n.d.g n.d.g  13 

15 

 

 9.5  0 n.d.g n.d.g –j 

16 

 

n.d.g 0 n.d.g n.d.g   0 

17 

 

n.d.g 0 n.d.g n.d.g   0 

aConditions: cellobiose 342 mg, 0.5 mM aromatic compound solution 40 mL, 443 K, 10 min. bThe pKa 

values were cited from a reference.19 cTOF for glucose production calculated from eq. 3.4. dActivation 

energy. eFrequency factor. fRate constant of proton-exchange determined from a peak at 6.32 ppm in 1H 

NMR spectrum. gNo data. h1.5 mM of aromatic compound solution was used for accurate evaluation of the 

parameters. ikH was not determined since the peak at 6.32 ppm was significantly broadened. jkH was not 

accurately determined due to tailing of the peak at 6.58 ppm derived from catechol. 
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Figure 3.9. Proposed reaction mechanism by vicinal functional groups. The detailed mechanism is depicted 

in Figure 3.25. 

 

 

Figure 3.10. Arrhenius plots for cellobiose hydrolysis by aromatic compounds. 

 

In the kinetic study of this reaction, the author assumed the second-order kinetics (eq. 3.5), and the 

Arrhenius equation was employed to clarify the origin of high catalytic activities of salicylic acid and 

phthalic acid over other compounds (Figure 3.10 and eq. 3.6). 

 

    compound AromaticCellobiose
d

Glucosed
k

t
    (3.5) 

where [Glucose], [Cellobiose], and [Aromatic compound] (unit: M-1) are concentrations of glucose, 

cellobiose, and Aromatic compounds, respectively. t (s-1) is reaction time. 
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RT

E
Ak aexp    (3.6) 

where k (unit: M-1 s-1) is a rate constant based on eq. 3.5, A (M-1 s-1) is a frequency factor, Ea (J mol-1) is 

activation energy, R (J K-1 mol-1) is the gas constant, and T (K) is reaction temperature. 

 

The apparent Ea and A for the hydrolysis of cellobiose by aromatic compounds are summarized in Table 3.2. 

The Ea of salicylic acid and phthalic acid were 118 kJ mol-1 and 120 kJ mol-1, respectively (entries 8 and 12), 

and other less active catalysts showed similar or rather lower Ea (108–115 kJ mol-1, entries 7, 9, 10, and 13). 

In contrast, A of salicylic acid and phthalic acid (3.7 × 1013 s-1 and 7.3 × 1013 s-1) were one-order of 

magnitude larger than those of other compounds (1.1 × 1012 ~ 3.2 × 1012 s-1). Thus, it is concluded that the 

vicinal OH/COOH and COOH/COOH accelerate the hydrolysis of glycosidic bonds not by decreasing Ea but 

by increasing A. It is more clearly suggested that one OH or COOH group interacts with cellobiose,20,21 

which increases the chance of glycosidic bond cleavage by an adjacent carboxylic acid. To confirm this 

interaction, 1H NMR measurement of cellobiose was conducted in the presence of various aromatic 

molecules in DMSO-d6 (Figure 3.11). Note that the signals derived from protons of hydroxyl groups can be 

detected in DMSO-d6. Both hydroxyl and CH groups of cellobiose provided sharp peaks without aromatic 

compounds (black line). They were significantly broadened by adding salicylic acid (orange), phthalic acid 

(blue), and catechol (purple) due to fast proton-exchanges between cellobiose and the aromatic compounds, 

indicating formation of hydrogen bonds.22,23 The rate of proton-exchange for each case was determined using 

a 6.32 ppm signal derived from a hydroxyl group coordinating to C1' at a reducing end of cellobiose 

(depicted in Figure 3.11) and eq. 3.7,24,25 since this peak was isolated from other peaks of cellobiose. 

Proton-exchange rate constants (kH) were 180 s-1 for salicylic acid and 240 s-1 for phthalic acid as represented 

in Table 3.2. Unfortunately, kH for catechol was not accurately determined since the signal at 6.32 ppm 

partially overlapped with another signal at 6.58 ppm derived from catechol. 
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 cellobiosearomaticH ννk     (3.7) 

where kH (unit: s-1) is rate constant of proton-exchange, νaromatic (s-1) is half-value width of a peak for a 

mixture of cellobiose and aromatics, and νcellobiose (4.20 s-1) is a half-value width of a peak for only cellobiose. 

 

 

Figure 3.11. 1H NMR spectra of a mixture of cellobiose and aromatic compounds in DMSO-d6. The peaks in 

yellow areas are derived from hydroxyl groups of cellobiose. Cellobiose 58 mM, aromatic compound 58 

mM. The assignments of hydroxyl groups shown in the figure are based on references.23,26 

 

Substituted benzenes bearing no vicinal OH/COOH or COOH/COOH groups, such as o-chlorobenzoic acid, 

only slightly broadened the OH peaks of cellobiose, and the rates of proton-exchange were one-order of 

magnitude lower than those of salicylic acid and phthalic acid (Table 3.2). This result shows that the fast 

proton exchange is not due to high acidity but specific to vicinal COOH/OH and COOH/COOH. Hence, it is 

shown that these vicinal OFGs uniquely interact with cellobiose with hydrogen bonds and subsequently 

exchange protons with the substrate.22,23 Owing to the better interaction, the substrate has a larger chance to 

undergo activation and hydrolysis. 
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Table 3.3. Hydrolysis of cellulose by salicylic acid and phthalic acid.a 

Entry Catalyst 
Conv. 

/% 

Yield based on carbon /% 

Glucan 
 

By-product 

Glcb Olgc Frcd Mane Levf HMFg Othersh 

18 None 28 4.6 15  0.5 0.6 0.2 1.8 5.3 

19 Salicylic acid 37 11 19  1.1 1.0 0.6 3.2  0.9 

20 Phthalic acid 39 13 20  0.9 0.8 0.7 3.1  0.9 

21 K26 60 36 2.5  2.7 2.6 2.1 3.4 11 

aConditions: individually ball-milled cellulose (0.9 L-pot) 324 mg, catalyst 14 μmol based on 

the amount of carboxylic acids, H2O 40 mL, 503 K, <1 min (rapid heating-cooling condition). 
bGlucose. cWater-soluble oligosaccharides (DP = mainly 2–6). dFructose. eMannose. 
fLevoglucosan. g5-Hydroxymethylfurfural. h(Conversion) – (total yield of the characterized 

products). 

 

The author further investigated catalytic activities of salicylic acid and phthalic acid to compare with 

that of carbon catalyst K26 and employed the acids for cellulose hydrolysis (Table 3.3). For the reaction, the 

amount of carboxylic acids included in catalysts was the same. Both salicylic acid and phthalic acid 

promoted the hydrolysis and afforded 11% and 13% yields of glucose, respectively (entries 19 and 20). 

However, their activities were obviously lower than that of K26 (36% yield, entry 21). These results indicate 

that K26 has other functions for cellulose hydrolysis in addition to oxygenated functionalities. 

 

3.3.3. Adsorption of cellulosic molecules onto alkali-activated carbon K26 

With regard to the higher activity of alkali-activated carbon K26 than model organic acids, carbons may have 

functions for the adsorption process in addition to those for the hydrolytic step (Figure 3.1). In Section 3.1, 

the author has already mentioned that the adsorption process of substrates on catalyst surface is crucial for 

heterogeneous catalysis to draw the potential. Indeed, Katz et al. has revealed that weakly acidic surface OH 

groups on SiO2 (pKa ~ 7) and Al2O3 can hydrolyze cellulosic molecules only when the substrate strongly 

interacts with the surface, covalently bonded in this specific case.4–6 Consequently, it is necessary to study 

the adsorption of cellulosic molecules on K26 to understand the origin of high activities of carbon catalysts, 

for which glucose and short -1,4-glucans were used as models of cellulosic molecules in this work. 

Insight into structure of carbon surface is essential to evaluate the adsorption nature, and the author 

further characterized K26 by 13C CP/MAS-TOSS NMR and Raman spectroscopy. A single peak at 131 ppm 
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in the NMR spectrum (Figure 3.12) is derived from aromatic carbon atoms,27 indicating that the framework 

of K26 is primarily composed of aromatic rings. The Raman spectrum of K26 (Figure 3.13) represents both a 

G-band (1586 cm-1) and a D-band (1343 cm-1) in an intensity ratio (IG/ID) of 1.1. Therefore, an average size 

of graphene sheet of K26 is calculated to be 21 nm using the ratio and the Knight formula11 (eq. 3.1). 

 

 

Figure 3.12. 13C CP/MAS-TOSS NMR spectrum of K26. The peak at 131 ppm is assigned to aromatic 

carbon atoms.27 

 

 

Figure 3.13. Raman spectrum of K26. 
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Figure 3.14. Time course of cellobiose adsorption on K26 at 296 K. W in the figure represents specific 

adsorption amount. K26 25 mg, cellobiose 6.8 mg (an initial concentration of 1 mM), H2O 20 mL. 

 

Time course of cellobiose adsorption on K26 was measured at 296 K (Figure 3.14). 235 mg gadsorbent
-1 of 

cellobiose adsorbed onto K26 in 1 min (the shortest time for reliable experiments), thus showing that 

cellulosic molecules indeed interacted with carbon surface. The adsorption amounts of cellobiose were 

constant in increasing the time to 30 min, indicating that the adsorption is rapidly equilibrated within 1 min. 

Next, various concentrations of cellobiose were adsorbed onto K26 in H2O at 296 K to determine the 

adsorption parameters (Figure 3.15a, red line). The adsorption amount increased with increasing 

concentration from 0 to 4 mM and eventually reached a plateau at 4–6 mM. Accordingly, this isotherm is 

categorized as type I, which implies the Langmuir adsorption. A linear line (determination coefficient R2 = 

0.999) was successfully obtained in a Langmuir plot (Figure 3.15b, red line), giving an adsorption 

equilibrium constant (Kads) of 5660 M-1 and an adsorption capacity (Wmax) of 412 mg gadsorbent
-1 (Table 3.4, 

entry 26) using the Langmuir formulae (eqs. 3.8 and 3.9). The author has ascertained that any multilayer 

adsorption of cellobiose is negligible within this concentration range (06 mM, see below). Previous reports 

also showed similar isotherms for the adsorption of glucans on carbons and these were also assigned to be of 

Langmuir type.28,29 Monolayer coverage is predominant in the regions of isotherms associated with 

increasing adsorption, even when multilayer adsorption occurs.30 Hence, it is concluded that cellobiose 

strongly adsorbs on K26 in a Langmuir-type adsorption. Accordingly, the Wmax means that cellobiose, having 

a cross section of 0.9 nm2 per one molecule, occupies a specific surface area of 650 m2 g-1 on K26 associated 
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with the adsorption. This calculation suggests that cellobiose penetrates the micropores of K26 because the 

occupied surface area is seven times greater than the specific external surface area of the K26 sample (88 m2 

g-1). The cellobiose molecule has dimensions of 1.1 nm × 0.7 nm × 0.4 nm (Figure 3.16), whereas K26 has 

non-uniform pores with an average diameter of 0.7 nm. Accordingly, the average pore diameter is similar to 

the minimal cross section that a cellobiose molecule requires for penetration (0.7 nm × 0.4 nm). Although the 

hydrated radius of cellobiose in H2O is larger than the molecular size itself, the hydrated H2O molecules are 

partially removed during the adsorption process (see below) and H2O molecules can be dynamically 

rearranged. Hence, the author proposes that a portion of the internal surface of the carbon (ca. 2200 m2) 

accepts cellobiose molecules. 

 

maxadsmax

1

WKW

C

W

C
    (3.8) 

  θ
θ

K



1adsorbate

ads    (3.9) 

where C (unit: M) is concentation of β-glucan, W (mg gadsorbent
-1) is specific adsorption amount, Wmax (mg 

gadsorbent
-1) is adsorption capacity, and Kads (M-1) is equilibrium constant defined by eq. 3.9, in which θ is 

coverage. 

 

Table 3.4. Langmuir parameters for the adsorption of glucose and 

cello-oligosaccharides onto K26 at various temperatures. 

Entry Adsorbate T /K Wmax
a /mg gadsorbent

-1 Kads
b /M-1 

22 Glucose 296 95.2 220 

23 Glucose 306 85.5 208 

24 Glucose 320 76.3 172 

25 Glucose 330 69.0 157 

26 Cellobiose 296 412 5660 

27 Cellobiose 306 404 4660 

28 Cellobiose 320 387 3410 

29 Cellobiose 330 360 3130 

30 Cellotriose 296 527 181,000 

31 Cellotriose 306 517 135,000 

32 Cellotriose 320 501  95,800 

33 Cellotriose 330 485  77,500 

aAdsorption capacity of substrate. bAdsorption equilibrium constant. 
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Figure 3.15. Adsorption of cellobiose on K26: (a) isotherms, (b) Langmuir plots, and (c) a van’t Hoff plot. 

 

 

Figure 3.16. Molecular size of cellobiose: (a) top view and (b) side view. Black = carbon atoms, red = 

oxygen atoms, and yellow = hydrogen atoms. The DFT calculation at the B3LYP/6-31G* level optimized the 

structure of a cellobiose molecule. 
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Cellobiose was adsorbed on K26 at various temperatures to determine adsorption thermodynamics. All 

the experiments at the temperatures provided Langmuir-type adsorptions (Figure 3.15a and 3.15b), and 

adsorption parameters were determined as summarized in Table 3.4. Kads was reduced from 5660 to 3130 M-1 

upon increasing the adsorption temperature from 296 to 330 K; this indicates exothermic adsorption. In 

addition, the Gibbs energy of adsorption (ΔG°ads) always takes a negative value (exergonic), for example, 

–21.3 kJ mol-1 at 296 K based on eq. 3.10 and Kads, showing that adsorption spontaneously occurs. 

 

adsads lnΔ KRTG     (3.10) 

 

Wmax also slightly decreased from 412 to 360 mg gadsorbent
-1 as the temperature was elevated (Table 3.4, entries 

26–29). A minimal decline in adsorption capacity is common in elevating temperature and is due to an 

increase in the adsorption cross-sectional area.31,32 The observed Wmax reduction is not related to structural 

degradation of K26; Wmax changes reversibly as a function of temperature and both the specific surface area 

(2270 m2 g-1) and XRD patterns (broad peaks at 22° and 44°, Figure 3.17) of K26 in H2O are unchanged 

even at 453 K. 

 

 

Figure 3.17. XRD patterns of pristine K26 (red) and hydrothermal-treated K26 (blue). 
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Table 3.5. Adsorption enthalpy and entropy changes for glucose and 

cello-oligosaccharides on K26. 

Entry Adsorbate ΔH°ads /kJ mol-1 ΔS°ads /J K-1 mol-1 

34 Glucose –8.4 ± 1.2 +16.5 ± 3.8 

35 Cellobiose –14.1 ± 1.9 +23.5 ± 3.4 

36 Cellotriose –20.2 ± 0.8 +32.2 ± 3.3 

 

The van’t Hoff equation was employed to determine changes of adsorption enthalpy (ΔH°ads in J mol-1) 

and entropy (ΔS°ads in J K-1 mol-1; eqs. 3.11 and 3.12). A plot of lnKads against 1/T (Figure 3.15c) showed 

good linearity (R2 = 0.996) because of negligible heat capacity differences. From eq. 3.12, ΔH°ads and ΔS°ads 

were determined to be –14.1 ± 1.9 kJ mol-1 and +23.5 ± 3.4 J K-1 mol-1, respectively (Table 3.5, entry 35). 

Accordingly, it is revealed that the adsorption of cellobiose onto K26 is favored by the accompanying 

changes in both enthalpy and entropy. 
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The cause of this strong adsorption was studied by control experiments and computations. Two possible 

driving forces have been proposed for the adsorption of glucans onto carbon materials so far: (i) hydrogen 

bonds between OH groups of glucans and OFGs on carbon20,21,28 and (ii) van der Waals forces with CH–π 

hydrogen bonds between CH groups in axial planes of the glucose units and aromatic rings of the carbon 

structure.29 As a means of examining the former hypothesis, the adsorption experiments of cellobiose onto 

the heat-treated K26 samples were conducted at 296 K (Figure 3.18). The total concentration of OFGs on the 

carbon determined by the Boehm titration1 was reduced from 880 μmol g-1 (in pristine K26) to 440 μmol g-1 

(K26-873) and 150 μmol g-1 (K26-1273, Table 3.6); however, these carbons had similar Wmax values (412, 

432, and 342 mg gadsorbent
-1 for K26, K26-873, and K26-1273, respectively). In addition, K26 and K26-1273 

had almost the same adsorption capacity when normalizing the capacity by the surface area (0.181 and 0.198 
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mg madsorbent
-2). Specific surface area roughly correlates with the number of aromatic hydrophobic sites 

because the surface area occupied by OFGs is 3% at most and the framework of K26 is primarily composed 

of aromatic carbon atoms (Figure 3.12). A hydrophobic probe cyclohexane was used for confirmation of this 

approximation, and cyclohexane was adsorbed on the K26 samples in the same fashion (0.301, 0.314, and 

0.273 mg madsorbent
-2 for K26, K26-873, and K26-1273, respectively). Moreover, similar Kads values were also 

obtained (5290–5690 M-1) that were independent of variations in the OFG concentrations for the adsorption 

of cellobiose. These results indicate that interactions between hydrophobic groups dominate in the adsorption 

of cellobiose on carbons. It is known that cellulases adsorb on cellulose through carbohydrate binding sites 

that consist of hydrophobic aromatic amino acid residues;33 this resembles the hydrophobic adsorption on 

carbons. 

 

 

Figure 3.18. Adsorption of cellobiose on heat-treated K26: (a) isotherms and (b) Langmuir plots. 

 

Table 3.6. Oxygenated functionality concentrations and Langmuir parameters for cellobiose adsorption 

on heat-treated K26. 

Entry Adsorbent 
OFGsa 

/μmol g-1 

SSAb 

/madsorbent
2 g-1 

Wmax
c 

/mg gadsorbent
-1 

Wmax/SSAd 

/mg madsorbent
-2 

Kads
e 

/M-1 

37 K26 880 2270 412 0.181 5660 

38 K26-873 440 1970 432 0.219 5690 

39 K26-1273 150 1730 342 0.198 5290 

aTotal specific amount of OFGs determined by the Boehm titration.1 bBET specific surface area. 
cAdsorption capacity. dAdsorption capacity divided by BET specific surface area. eAdsorption 

equilibrium constant. 
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Figure 3.19. Optimized adsorption orientation of cellobiose onto carbon by DFT calculations: (a) side view 

and (b) top view. In the top view, three graphene layers are omitted to assist in viewing of the structure. 

Black = graphene carbon atoms, blue = cellobiose carbon atoms, red = oxygen atoms, and yellow = hydrogen 

atoms. 

 

To allow the hydrophobic adsorption, interactions between CH groups of cellobiose and π electrons of the 

K26 graphene sheets (CH–π hydrogen bonding) are sufficient and the calculated value of ΔH°ads per mole of 

CH groups (–2.8 kJ mol-1) is indeed reasonable for the reported value of a CH–π hydrogen bond (–2.8 kJ 

mol-1).34 To further support this hypothesis, the author and co-workers investigated the behavior of a 

cellobiose molecule on a carbon model consisting of quadruple-layered graphene sheets through DFT 

calculations. The results have demonstrated that cellobiose is stabilized on the graphene sheet and adsorbs 

via the axial plane (Figure 3.19). Even when the equatorial plane of cellobiose faces the carbon in the initial 

placement, the cellobiose molecules spontaneously rotates and the axial planes bind on the carbon surface. 

As a result, the CH groups of cellobiose are directed toward the centers of the aromatic rings of carbon; thus 

forming CH–π hydrogen bonds. An alternative calculation, excluding van der Waals forces, has shown that 

the adsorption energy is –2.9 kJ mol-1, which was slightly smaller than the experimental data (14.1 kJ 

mol1). However, the accurate adsorption energy from the calculation including van der Waals forces, solvent 
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H2O molecules, and upper orbitals of hydrogen atoms (6-31G* includes only s-orbitals for them) were not 

determined, because doing so would result in unfeasible computational costs. Accordingly, the conclusion 

led from the current results is that the computation qualitatively supports the formation of CH–π hydrogen 

bonds. 

The positive value of ΔS°ads (+23.5 J K-1 mol-1) experimentally determined in this study is unique to the 

adsorption of cellobiose on carbon because adsorption of molecules generally results in a negative ΔS°ads 

value due to reduced freedom of molecular motion on a 2D surface. For example, ΔS°ads is –3.4 J K-1 mol-1 

for the adsorption of cellobiose on a hydrophilic polyacrylamide surface in an aqueous phase.35 These facts 

suggest that another driving force derived from the hydrophobic properties in addition to the formation of 

CH–π hydrogen bonds leads to the entropically favored adsorption. This second factor can be ascribed to 

so-called hydrophobic interactions between the carbon and cellobiose as described below. When using 

proteins/alkyl sepharose or cethyltrimethylammonium bromide/activated carbon, it is reported that 

adsorptions driven by hydrophobic interactions result in positive entropy changes with negligible enthalpy 

effects.36,37 In an aqueous environment, the conformations and mobility of H2O molecules surrounding 

substrates are restricted to maintain hydrogen-bonding networks around the apolar materials,38 which are 

entropically disfavored. As a result, when hydrophobic adsorbates are loaded onto lipophilic surfaces, the 

H2O molecules are unbound and gain a higher degree of freedom (Figure 3.20). The surface of carbon is 

hydrophobic as indicated in cyclohexane adsorption and the axial plane of cellobiose consists of CH groups. 

Moreover, cellobiose adsorbs on carbon through its hydrophobic plane through CH–π hydrogen bonds (see 

above). Similarly, a computation has shown that a protein domain Pin WW interacts with sugar molecules 

through its aromatic residue by hydrophobic interactions in addition to CH–π hydrogen bonds.39 In this 

regard, DMSO was utilized as a solvent with hydrophobic groups for the adsorption of cellobiose on K26, 

but cellobiose was not adsorbed on K26 at all (Figure 3.21). DMSO medium does not cause the hydrophobic 

interactions of carbon and cellobiose, and this compound competes with cellobiose in adsorption by 

hydrophobic groups. Thus, the adsorption of cellobiose was completely inhibited. The author concludes that 

hydrophobic interactions are included in the adsorption of cellobiose on carbon materials in the aqueous 

phase, which precedes the cellulose conversion. The calculation of entropy change of cellobiose adsorption 
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on carbon surface based on the theoretical values is summarized in a note.40 

The positive entropy change associated with this process assists in obtaining strong adsorption, 

especially at the high temperatures required for the conversion of cellulosic biomass. Specifically, the ΔS°ads 

value of +23.5 J mol-1 K-1 increases the value of Kads by a factor of 16.9 times, independent of the 

temperature, as shown in eq. 3.12, whereas the contribution of enthalpy is gradually reduced with increasing 

temperature. By using this effect, 230 mg of cellobiose can adsorb on 1 g of K26 from a 1.7 mM cellobiose 

solution within 0.2 h even at a relatively high temperature of 413 K. The author has also confirmed that K26 

can hydrolyze cellulose into glucose over 24 h at near 413 K. Consequently, the dominant driving forces for 

this adsorption process at the reaction temperature are derived from hydrophobic functionalities, and consist 

 

 

Figure 3.20. Reorientation of H2O molecules associated with the hydrophobic adsorption, so-called 

hydrophobic interaction. 

 

 

Figure 3.21. Solvent effect for adsorption of cellobiose on K26. 
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of CH–π hydrogen bonds and hydrophobic interactions. To date, only direct interactions between sugar 

molecules and the carbon have been considered, but these results show significant contribution of entropy 

changes derived from the rearrangement of H2O molecules in an aqueous phase. 

Adsorption experiments of glucose and cellotriose on K26 were carried out at various temperatures to 

study the effect of DP. The resulting isotherms, Langmuir plots, and van’t Hoff plots are shown in Figures 

3.22 and 3.23, and the Langmuir parameters are summarized in Table 3.4. Wmax increased from 95.2 to 527 

mg gadsorbent
-1 at 296 K as the number of glucose units increased. The low adsorption capacity of glucose 

implies that the adsorption sites of glucose might be different from those of the oligomers. However, glucose 

was similarly adsorbed on both pristine K26 (12 mg madsorbent
-2 at a glucose concentration of 1.8 mM) and 

K26 with the OFGs removed (K26-1273, 10 mg madsorbent
-2 at the same concentration), which shows that the 

adsorption of glucose is not affected by hydrophilic groups but by hydrophobicity. The Kads value for glucose 

adsorption is 220 M-1 at 296 K (entry 22), which is 1/25 of that obtained for cellobiose. In contrast, the Kads 

value for cellotriose is 181,000 M-1 (entry 30), a value which is 32 times larger than that for cellobiose. The 

adsorption strength therefore greatly increases with increasing length of the cellulosic molecules. The Kads 

values for glucose and cellotriose decrease with increasing in temperature up to 330 K (entries 22–25 and 

30–33), similar to those obtained with cellobiose (entries 26–29). From these results, the adsorption enthalpy 

and entropy changes were determined based on the temperature dependence. The value of ΔH°ads decreases 

in an almost linear fashion with increasing number of glucose units, as shown in Table 3.5. This is because 

each glucose unit has two or three CH groups in each axial plane, all of which interact with π electrons on 

the carbon. Similarly, ΔS°ads gradually increased with increasing molecular size. As noted above, the positive 

value of ΔS°ads is attributed to hydrophobic interactions between the sugars and the carbon, and larger 

β-glucans can unbind greater numbers of H2O molecules from the lipophilic surfaces during adsorption. 

Hence, cellotriose gives the lowest value of ΔH°ads and the highest value of ΔS°ads among the three sugar 

compounds used in this study. 
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Figure 3.22. Adsorption of glucose on K26: (a) adsorption isotherms, (b) Langmuir plots, and (c) a van’t 

Hoff plot. 
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Figure 3.23. Adsorption of cellotriose on K26: (a) adsorption isotherms, (b) Langmuir plots, and (c) a van’t 

Hoff plot. 

 

 

Figure 3.24. Adsorption isotherms for cellobiose on K26 (red) and cellulose (blue) standardized by (a) 

weight of adsorbents and (b) specific surface areas (2270 m2 g-1 for K26, 1.3 m2 g-1 for cellulose). 
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The author has elucidated the affinity of β-1,4-glucans with each other to know whether β-1,4-glucans 

can form multilayers during their adsorption on carbon materials. Figure 3.24a shows the adsorption 

isotherms of cellobiose on ball-milled cellulose and K26 at 296 K. K26 easily adsorbs cellobiose as already 

discussed, but almost no adsorption on ball-milled cellulose is observed. This is not due to the large specific 

surface area of K26 because the adsorption amount per surface area are also negligible for ball-milled 

cellulose within this cellobiose concentration range (<5 mM, Figure 3.24b). Similarly, cellobiose did not 

adsorb on crystalline cellulose at all. Cellohexaose was also tested as an adsorbate to establish that strong 

adsorption is not dependent on the DP. In these experiments, 333 mg of cellohexaose adsorbed on 1 g of K26 

(= 0.147 mg madsorbent
-2) at a cellohexaose concentration of 0.035 mM at 296 K, whereas the same hexamer 

did not adsorb on ball-milled cellulose at all (<0.025 mg madsorbent
-2) under the same conditions. These results 

indicate that the affinity between carbons and β-1,4-glucans are significantly stronger than the attractive 

forces between the β-1,4-glucan molecules. The author concludes that the multilayer adsorption is negligible 

in this work. 

To briefly conclude this section, the adsorption of β-1,4-glucans on carbon surface is driven by 

hydrophobic planes of both adsorbate and adsorbent, namely the formation of CH–π hydrogen bonds and 

hydrophobic interactions, not by hydrophilic ones. The affinity between β-1,4-glucans and carbon is 

enhanced by the increase of DP, suggesting that carbon can attract cellulose (long-chain -1,4-glucan), and 

that produced short-chain oligomers and glucose possibly desorbs from carbon surface in the presence of 

long-chain oligomers during the hydrolysis of cellulose. This is why K26 is significantly more active than 

model catalysts (salicylic acid and phthalic acid) in the reaction. In other words, salicylic acid and phthalic 

acid do not have large aromatic planes, resulting in weaker affinity with substrates and lower catalytic 

activities than K26. 

 

3.3.4. Proposed mechanism of cellulose hydrolysis by carbon catalysts 

From the above results and discussion, the author proposes the reaction mechanism for cellulose hydrolysis 

by carbons as follows (Figure 3.25). The first step (i) is the adsorption of cellulosic molecules onto the 
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Figure 3.25. Proposed reaction mechanism of cellulose hydrolysis by carbon catalysts. 

 

surface of carbon driven by both CH–π hydrogen bonds and hydrophobic interactions, which may help the 

subsequent interaction between hydrophilic functionalities. In the second step (ii), vicinal weak acids on 

carbon with the structure similar to salicylic acid and phthalic acid interact with the substrate through OH–O 

hydrogen bonds and activate a glycosidic bond. Then, in step (iii), the glycosidic bond is cleaved to form an 

intermediate oxocarbenium species.41 In step (iv), a H2O molecule readily attacks the oxocarbenium species 

and a hydroxyl group is produced. Subsequently, in step (v), the active site on carbon is recovered by proton 

transfer from the substrate to catalyst. Finally, in step (vi), the divided cellulosic molecules desorb from the 

carbon surface since the interaction of carbon with shorter β-1,4-glucans is weaker. 

 

3.3.5. Hydrolysis of cellulose by zeolite-templated carbon ZTC 

The mechanistic study has indicated that both OFGs and aromatic rings of carbon materials play crucial roles 
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for cellulose hydrolysis. Based on these facts, the author and collaborators have tried to prepare highly active 

carbon catalysts for cellulose hydrolysis. 

It is known that zeolite-templated carbon, denoted as ZTC (Figure 3.26),8 consists of 3D-covalented 

warped nanographenes with a number of edges, thus possessing an ultralarge surface area of ca. 4000 m2 g-1. 

ZTC is expected to be a good adsorbate for cellulosic molecules since the nanographenes would be good 

adsorption sites as discussed in Section 3.3.3. In addition, ZTC possibly contains large amounts of OFGs due 

to the unique structure with many edges, on which OFGs can be introduced. Indeed, Nishihara et al. has 

demonstrated the preparation of ZTC containing >10 wt% of oxygen atoms as carboxylic acids, phenolic 

groups, and so on.8 The report motivated the author and collaborators to utilize oxidized ZTC in cellulose 

hydrolysis. An electrolytically-oxidized ZTC was employed as a catalyst for the hydrolysis of individually 

ball-milled cellulose at 503 K under the rapid heating-cooling condition (Table 3.7). The oxidized ZTC 

produced glucose in 46% yield with 70% conversion of cellulose (entry 40), and thus this material 

specifically showed a higher catalytic activity than other carbons tested in this work. This result clearly 

indicates that highly active carbon catalyst can be designed based on the mechanistic insights. Meanwhile, 

oxidized ZTC has given lower glucose yield (27%) in the second run, and its durability needs to be 

improved. Therefore, further investigations for oxidized ZTC including its characterization are necessary in 

future work. 

 

 

Figure 3.26. Structure of ZTC, reproduced from a reference.8 
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Table 3.7. Hydrolysis of cellulose by ZTC.a 

Entry Catalyst 
Conv. 

/% 

Yield based on carbon /% 

Glucan 
 

By-product 

Glcb Olgc Frcd Mane Levf HMFg Othersh 

18 None 28 4.6 15  0.5 0.6 0.2 1.8 5.3 

40 ZTC 70 46 1.4  2.4 1.8 2.8 5.0 10 

21 K26 60 36 2.5  2.7 2.6 2.1 3.4 11 

aConditions: individually ball-milled cellulose 324 mg (0.9 L-pot), catalyst 50 mg, H2O 40 mL, 

503 K, <1 min (rapid heating-cooling condition). Cellulose was ball-milled without catalyst. 
bGlucose. cWater-soluble oligosaccharides (DP = mainly 2–6). dFructose. eMannose. 
fLevoglucosan. g5-Hydroxymethylfurfural. h(Conversion) – (total yield of the characterized 

products). 

 

3.4. Conclusions 

Adsorption and hydrolysis of cellulosic molecules over K26 have been investigated. Both hydrophilic and 

hydrophobic functions of carbon catalysts play significant roles for the hydrolysis of cellulosic molecules. 

The formation of CH–π hydrogen bonds and hydrophobic interactions promote the first adsorption step of 

the substrate onto carbon surface. Then, vicinal weak acids such as OH/COOH and COOH/COOH on carbon 

activate and cleave the glycosidic bonds. During the reaction, one functional group makes an OH–O 

hydrogen bond with a hydroxyl group of the substrate, and then another carboxylic acid hydrolyzes the 

glycosidic bonds. Hence, the interactions with the substrate enable carbon catalysts to hydrolyze glycosidic 

bonds even in the absence of strong acid sites. 
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40. The entropy change of cellobiose adsorption on carbon surface (Sads) can be theoretically calculated 

as follows. ΔS°ads is divided into nine constituents (eq. 3.13). 
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 (3.13) 

 where ΔS°hydrophobic is entropy change of hydrophobic interaction, ΔS°trans(Cellobiose), 

ΔS°rot(Cellobiose), ΔS°vib(Cellobiose), and ΔS°conf(Cellobiose) are entropy changes of translation, 

rotation, vibration, and conformation for cellobiose, respectively. ΔS°trans(Carbon), ΔS°rot(Carbon), 

ΔS°vib(Carbon), and ΔS°conf(Carbon) are entropy changes of translation, rotation, vibration, and 

conformation for carbon material. 
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 For the calculation, the author has assumed that ΔS°trans(Carbon) and ΔS°rot(Carbon) are negligible 

since the size of carbon material is much larger than cellobiose (see Figures 3.13 and 3.16) and its 

motion would not be restricted by cellobiose adsorption. ΔS°vib(Cellobiose) and ΔS°vib(Carbon) are 

approximately zero because almost all kinds of molecular vibrations are in ground state zero-point 

vibration (viz. S°vib = 0) at room temperature.42 Furthermore, ΔS°conf(Cellobiose) and ΔS°conf(Carbon) 

would also be zero as the DFT calculation has shown that conformation of cellobiose and carbon 

material consisting of quadruple-layered graphene is retained during the adsorption. Hence, 

ΔS°hydrophobic, ΔS°trans(Cellobiose), and ΔS°rot(Cellobiose) values for cellobiose are necessary to 

determine theoretical ΔS°ads. First, for ΔS°hydrophobic, it is reported that a standard entropy of +4.2 J K-1 

mol-1 increases when one water molecule are desorbed from each substrate molecule.43 The adsorption 

cross-section of cellobiose is 0.7 nm × 1.1 nm as shown in Figure 3.16, indicating that 15–24 water 

molecules exist on axial plane of cellobiose. Since the same number of water molecules on carbon 

surface is also removed in the adsorption, total 30–48 water molecules gain entropies of 4.2 J K-1 

mol1, respectively. Therefore, entropy increase by hydrophobic interaction (ΔS°hydrophobic) is +164 ± 37 

J K-1 mol-1. Next, ΔS°trans(Cellobiose) and ΔS°rot(Cellobiose) can be elucidated by the Sackur-Tetrode 

equation (eq. 3.14) and eq. 3.15, respectively.42 The number of 1/3 shown in eq. 3.14 is derived from 

the restriction of molecular motion. Free molecules can move in 3D space, whereas adsorbed 

molecules can on 2D surface; hence, adsorbed molecules lose one of three translational degrees of 

freedom. The calculated value in the brackets followed by 1/3 in eq. 3.14 gives whole translational 

entropy, and thus the multiplication of the value by 1/3 is required to calculate translational entropy 

change in adsorption. For the same reason, two rotational degrees of freedom are lost on 2D surface 

(in 3D space, molecules have three rotational degrees of freedom), and the value of 2/3 is included in 

eq. 3.15. The author notes that these equations are for ideal gas, and the values are overestimated.42 
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 where R is gas constant, h is Planck constant, V is volume of solution [in this study, V is 1 × 10-3 m3 (= 

1 L)], NA is Avogadro constant, M (unit: kg mol-1) is molecular weight, T is temperature, and IA, IB, 

and IC are principal moments of inertia. IA, IB, and IC are defined by eqs. 3.16–3.18. 
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 in which a, b, and c represent the size of cellobiose molecule; a, b, and c are 0.4 nm, 0.7 nm, and 1.1 

nm, respectively (Figure 3.16). 

 

 Based on eqs. 3.14 and 3.15, ΔS°trans(Cellobiose) and ΔS°rot(Cellobiose) at 296 K are –51.6 J K-1 mol-1 

and –99.5 J K-1 mol-1, respectively. Consequently, the whole entropy change during adsorption (ΔS°ads) 

is estimated to be +12.1 ± 37 J K-1 mol-1; the number of water molecules related to hydrophobic 

interaction is not determined (30–48 molecules), giving a wide range of theoretical value. This 

theoretical value roughly agrees with the experimental value (+23.5 ± 3.4 J K-1 mol-1, Table 3.5). 

41. T. P. Nevell and W. R. Upton, Carbohydr. Res., 1976, 49, 163–174. 

42. M. Mammen, E. I. Shakhnovich, J. M. Deutch, and G. M. Whitesides, J. Org. Chem., 1998, 63, 3821–

3830. 

43. N. T. Southall, K. A. Dill, and A. D. J. Haymet, J. Phys. Chem. B, 2002, 106, 521–533. 
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Chapter 4 

 

Two-Step Depolymerization of Chitin 

to Monomers 
 

 

 

 

Chitin, the most abundant N-containing biopolymer, includes both glycosidic bonds and N-acetyl groups and 

is an attractive source of useful monomers such as N-acetylglucosamine (GlcNAc) and 

1-O-methyl-N-acetylglucosamine (MeGlcNAc). In order to synthesize the monomers in high yields, selective 

cleavage of glycosidic bonds in chitin without deacetylation is necessary. In this chapter, the two-step 

transformation of chitin to MeGlcNAc has been studied: (i) mechanical-force-assisted hydrolysis of chitin to 

water-soluble oligomers and (ii) methanolysis of oligomers to MeGlcNAc. In both reactions, chitin does not 

undergo deacetylation, and only depolymerization proceeds. As a result, MeGlcNAc has been obtained in 

67% yield from chitin. Additionally, it is also shown that MeGlcNAc is easily transformed into GlcNAc in a 

good yield. 
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4.1. Introduction 

Chitin (Figure 4.1) is expected to be primary feedstock for organic nitrogen compounds because chitin is the 

most abundant nitrogen-containing biomass consisting of a single unit, N-acetylglucosamine (GlcNAc).1 

GlcNAc is used as a biologically-active agent, cosmetic,2 and potential feedstock for various kinds of 

chemicals (Figure 1.28),3–7 and 1-O-alkyl-GlcNAc is also a promising precursor to medicines,8 

organocatalysts,9 ligands,10 and gelators11 in addition to the applications of GlcNAc. Another type of 

monomer is a deacetylated compound glucosamine (GlcN), but the removal of the acetyl group declines 

physiological activity and usability.12,13 Thus, the dissociation of glycosidic bonds of chitin with preserving 

the acetyl group is favorable for efficient utilization of this biomass. 

 

 

Figure 4.1. Structure of chitin and its monomers. 

 

To date, the selective synthesis of GlcNAc from chitin has been intensively studied; however, this 

reaction has remained a challenge. The major difficulties are as follows. (i) Chitin is highly recalcitrant. (ii) 

Dissociation of glycosidic and amide bonds simultaneously takes place. (iii) GlcNAc has a hemiacetal group 

that easily undergoes side-reactions. Chitinase enzymes depolymerize chitin to GlcNAc in a high yield of 
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77% as they are extremely chemoselective and work under ambient conditions, but it takes 10 days to obtain 

such a high yield of GlcNAc.14 Although 1536 wt% concentration of HCl also can hydrolyze chitin with 

retaining N-acetyl group (ca. 65% yield GlcNAc), this reaction system suffers from the serious corrosive 

property of concentrated HCl and a huge amount of acidic waste.2 Diluting HCl results in the removal of 

acetyl group and side-reactions of hemiacetal during a longer reaction time due to the slower hydrolysis of 

glycosidic bonds.15,16 This issue has largely hampered to utilize the chitin monomers in the applications 

mentioned above. 

Hence, the selective depolymerization of chitin with preserving acetyl group has been a great challenge 

in ocean biomass refinery. In this chapter, the author shows a new strategy for the production of valuable 

monomers, GlcNAc and 1-O-methyl-N-acetylglucosamine (MeGlcNAc), from chitin without deacetylation 

by two-step depolymerization: (i) mechanical-force-assisted hydrolysis and (ii) methanolysis. In the reported 

works for polymer degradation, it has been demonstrated that mechanical force cleaves connecting points of 

polymers since polymers can receive the macro-scale power as tensile stress.17 Thus, mechanical conversion 

of chitin is expected to provide selective dissociation of glycosidic bonds connecting GlcNAc units rather 

than that of amide bonds hanging on the units, giving chitin oligomers. The oligomers are water-soluble and 

significantly more reactive than the original recalcitrant polymer. Then, the alcoholysis of the oligomers 

provides a benefit of protection of reactive hemiacetal group by an alkyl group during the reaction in 

addition to the direct production of useful MeGlcNAc. 

  

4.2. Experimental 

4.2.1. Reagents 

Chitin First grade, Wako Pure Chemical Industries 

D(+)-Cellobiose Special grade, Kanto Chemical 

D(+)-Maltose Monohydrate, special grade, Wako Pure Chemical Industries 

Sulfuric acid 96–98%, super special grade, Wako Pure Chemical 

Industries 
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Amberlyst 70 Sulfonic acid cation exchange resin, Organo 

Nafion SAC-13 Silica-supported fluorinated sulfonic acid polymer, 

Sigma-Aldrich 

K26 Alkali-activated carbon (not for sale), Showa Denko 

JRC-Z-HM90 Proton-type MOR zeolite, Si/Al = 45, Catalysis Society of 

Japan, denoted as H-MOR 

N-Acetylglucosamine First grade, Wako Pure Chemical Industries, denoted as 

GlcNAc 

Chitobiose ≥96%, Sigma-Aldrich 

1-O-Methyl-α-N-acetylglucosamine  98%, Toronto Research Chemicals, denoted as α-MeGlcNAc 

1-O-Methyl-β-N-acetylglucosamine  98%, Toronto Research Chemicals, denoted as β-MeGlcNAc 

Acetic acid >99.7%, special grade, Wako Pure Chemical Industries 

Methyl acetate First grade, Wako Pure Chemical Industries 

D(+)-Glucose Special grade, Kanto Chemical 

1-O-Methyl-α-glucose >98.0%, Tokyo Chemical Industry, denoted as α-MeGlc 

1-O-Methyl-β-glucose >98.0%, Hemihydrate, Tokyo Chemical Industry, denoted as 

β-MeGlc 

Sorbitol >97.0%, Tokyo Chemical Industry 

Distilled water Wako Pure Chemical Industries 

Methanol Special grade, Wako Pure Chemical Industries 

Hydrochloric acid methanolic solution 0.5 M, for volumetric analysis, Wako Pure Chemical 

Industries 

Diethyl ether First grade, Wako Pure Chemical Industries 

Acetone Special grade, Wako Pure Chemical Industries 

Distilled water For HPLC, Wako Pure Chemical Industries 

Acetonitrile For HPLC, Wako Pure Chemical Industries 

Phosphoric acid 85%, special grade, Kanto Chemical 
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Potassium dihydrogen phosphate solution 0.5 M, for HPLC, Wako Pure Chemical Industries 

Deuterium oxide For NMR, Acros Organics 

Deuterated methanol For NMR, Acros Organics 

Maleic acid >99%, special grade, Wako Pure Chemical Industries 

Potassium bromide Crystal block, for IR, Wako Pure Chemical Industries 

Helium gas Alpha gas 2, Air Liquide Kogyo Gas 

Hydrogen gas >99.99%, for gas chromatography (GC), generated from 

H2O in an apparatus (GL Sciences, HG260) 

 

4.2.2. Mechanocatalytic hydrolysis of chitin 

Chitin (10 g) was dispersed in 25 mL of diethyl ether containing H2SO4 (0.59 g). After drying diethyl ether, 

10 g of resulting powder was ball-milled at 80 rpm for 96 h by using Al2O3 balls (ø1.5 cm, 2 kg) in a 3.6 L of 

ceramic pot. When using solid catalyst, chitin 10 g and catalyst 1.23 g were milled together in the pot. For 

planetary ball-milling (Fritsch, Pulverisette 6), 4.9 g of H2SO4-impregnated chitin was treated at 500 rpm for 

6 h in the presence of Al2O3 balls (ø5.0 mm, 100 g) in a 250 mL of Al2O3 pot, in which milling was stopped 

every 15 min for 15 min to decrease temperature in the pot. 

The solubility of the chitin samples was determined as follows. The chitin sample (430 mg, containing 

406 mg of chitin and 24 mg of H2SO4) was added into 40 mL of H2O. After stirring and sonication, the 

suspension was filtered with a PTFE membrane (0.1 μm mesh). The solid phase was dried in an oven at 383 

K overnight, and the solubility was calculated from the difference between the amount of chitin used and that 

of dried residue. The water-soluble oligomers were analyzed by LC/MS (Thermo Fischer Scientific, LCQ 

Fleet, APCI, the conditions were the same as those of HPLC described below). The mass spectra are depicted 

as Figure 4.A.1 in Appendices, by which GlcNAc, chitobiose, and chitotriose have been identified (Figure 

4.2). Chitin samples themselves were also characterized by XRD (Rigaku, Ultima IV, Cu Kα). 
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GlcNAc. LC/MS (m/z): [M + H]+ calculated for [C8H15NO6 + H]+, 222; found, 222. 

Chitobiose. LC/MS (m/z): [M + H]+ calculated for [C16H28N2O11 + H]+, 425; found, 425. 

Chitotriose. LC/MS (m/z): [M + H]+ calculated for [C24H41N3O16 + H]+, 628; found, 628. 

 

 

Figure 4.2. Structures of (a) GlcNAc, (b) chitobiose, and (c) chitotriose. 

 

4.2.3. Methanolysis of chitin 

Mix-milled chitin (456 mg, containing chitin 406 mg and catalyst 50 mg) or H2SO4-impregnated chitin (430 

mg, containing 406 mg of chitin and 24 mg of H2SO4) and MeOH (40 mL) were charged into a SUS316 

high-pressure reactor (OM-Lab Tech, MMJ-100, 100 mL, Figure 2.2). The temperature was raised to 443 K 

in 12 min or to 463 K in 16 min. After reaching the temperature, the reactor was rapidly cooled down to 

room temperature, namely rapid heating-cooling condition. After the reaction, sorbitol (182 mg, 1 mmol) 

was added into the solution as an internal standard. A portion of the reaction mixture (0.5 mL) was filtered by 

a Mini-UniPrep [Whatman, equipped with a PVDF membrane (0.2 μm mesh)], the amount of MeOAc in the 

liquid phase was determined by GC (Shimadzu GC-14B) with a ULBON HR-20M capillary column (Shinwa 

Chemical Industries, ø0.25 mm × 25 m, film thickness: 0.25 μm). The liquid and solid phases of the 

remaining reaction mixture (ca. 39.5 mL) were separated by filtration using a PTFE membrane (0.1 μm 

mesh). The liquid phase was analyzed by following procedure. After evaporating MeOH, the reaction 

products were dissolved in 40 mL of H2O. The products in the aqueous phase were quantified by HPLC 
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[Shimadzu LC10-ATVP, RI and UV (210 nm) detectors] with a SUGAR SH1011 column (Shodex, ø8 mm × 

300 mm, mobile phase: H2O 0.5 mL min-1, 323 K), a Rezex RPM-Monosaccharide Pb++ column 

(Phenomenex, ø8 mm × 300 mm, mobile phase: H2O 0.6 mL min-1, 343 K), and a Asahipak NH2P-50 4E 

column [Shodex, ø4.6 mm × 250 mm, mobile phase: CH3CN/H2O (7/3) 0.5 mL min-1, 303 K]. For the 

analysis of AcOH by HPLC, a Synergi 4 μm Hydro-RP 80Å column [Phenomenex, ø4.6 mm × 250 mm, 

mobile phase: 40 mM potassium phosphate buffer solution (pH 2.9) 0.8 mL min-1, 303 K] was used. The 

author also conducted LC/MS (the conditions were the same as those of HPLC), IR [PerkinElmer, Spectrum 

100, deuterated triglycine sulfate (DTGS) detector, transmission mode, KBr pellet], NMR [JEOL, 

JNM-ECX400, 1H 400 MHz, 13C 100 MHz, including 1H NMR, 13C NMR, distortionless enhancement by 

polarization transfer (DEPT), 1H–1H correlation spectroscopy (COSY), 13C–1H heteronuclear multiple 

quantum coherence (HMQC), and 13C–1H heteronuclear multiple bond correlation (HMBC)], and elemental 

analysis to identify reaction products. The LC/MS, IR, and NMR spectra of MeGlcNAc are shown in Figures 

4.A.2–4.A.6 in Appendices. Figure 4.3 represents the structure of MeGlcNAc. 

 

 

Figure 4.3. Structure of 1-O-methyl N-acetylglucosamine (MeGlcNAc). 

 

α-MeGlcNAc. 1H NMR (400 MHz, D2O): δ 4.74 (d, J = 3.6 Hz, 1H, H–C1), 3.90 (dd, J = 11.2, 3.6 Hz, 1H, 

H–C2), 3.87 (dd, J = 12.4, 2.4 Hz, 1H, H–C6), 3.77 (dd, J = 12.4, 5.6 Hz, 1H, H–C6), 3.70 (dd, J = 10.4, 9.2 

Hz, 1H, H–C3), 3.66 (ddd, J = 9.6, 5.6, 2.4 Hz, 1H, H–C5), 3.46 (dd, J = 10.0, 9.2 Hz, 1H, H–C4), 3.37 (s, 

3H, H–C9), 2.02 (s, 3H, H–C7); 13C NMR (100 MHz, D2O): δ 175.4 (C, C8), 99.0 (CH, C1), 72.6 (CH, C5), 

72.1 (CH, C3), 70.9 (CH, C4), 61.5 (CH2, C6), 56.1 (CH3, C9), 54.5 (CH, C2), 22.8 (CH3, C7); LC/MS 

(m/z): [M + H]+ calculated for [C9H17NO6 + H]+, 236; found, 236. The NMR peaks were assigned using an 
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authentic sample from Toronto Research Chemicals. 

β-MeGlcNAc. 1H NMR (400 MHz, D2O): δ 4.43 (d, J = 8.4 Hz, 1H, H–C1), 3.92 (dd, J = 12.4, 2.0 Hz, 1H, 

H–C6), 3.73 (dd, J = 12.4, 5.4 Hz, H–C6), 3.67 (dd, J = 10.4, 8.8 Hz, H–C2), 3.53 (d, J = 8.0 Hz, H–C3), 

3.49 (s, 3H, H–C9), 3.39–3.47 (m, 2H, H–C4 and H–C5), 2.02 (s, 3H, H–C7); 13C NMR (100 MHz, D2O): δ 

175.7 (C, C8), 102.9 (CH, C1), 76.9 (CH, C5), 74.9 (CH, C3), 70.9 (CH, C4), 61.7 (CH2, C6), 58.0 (CH3, 

C9), 56.4 (CH, C2), 23.1 (CH3, C7); LC/MS (m/z): [M + H]+ calculated for [C9H17NO6 + H]+, 236; found, 

236. The NMR peaks were assigned using an authentic sample from Toronto Research Chemicals. 

MeGlcNAc (produced by methanolysis of chitin). IR (KBr pellet, cm-1): 3391 [ν(O–H)], 3299 [ν(N–H, 

amide)], 2994 [ν(C–H, alkyl)], 2955 [ν(C–H, alkyl)], 2927 [ν(C–H, alkyl)], 1649 [ν(C=O, amide I)], 1556 

[δ(N–H, amide II)]; elemental analysis (calculated, found for C9H17NO6): C (45.95, 45.74), H (7.28, 7.21), N 

(5.96, 5.96), O (40.81, 41.10). 1H NMR and DEPT peaks indicated that both α- and β-MeGlcNAc were 

included (Figures 4.A.3 and 4.A.4). 

 

4.2.4. Synthesis of MeGlcNAc 

MeGlcNAc was synthesized from GlcNAc by Fischer glycosidation. GlcNAc (2.5 g) and HCl/MeOH (50 

mM, 40 mL) were charged into a hastelloy C22 high-pressure reactor (MMJ-100, OM-Lab Tech, 100 mL, 

Figure 2.2). The temperature was raised to 423 K in 10 min and then rapidly decreased to room temperature. 

After removing HCl/MeOH with a rotary evaporator, MeGlcNAc was recrystallized using MeOH and 

CH3CN. The resulting powder was filtered and washed with acetone repeatedly. After drying under vacuum 

overnight, white MeGlcNAc powder of 0.97 g with ca. 98% of relative purity was obtained. The relative 

purity was determined by 1H NMR (repetition time: 7.7 s) using maleic acid as an internal standard. 

 

4.2.5. Hydrolysis of MeGlcNAc 

Hydrolysis of MeGlcNAc was conducted in a pressure-resistant glass tube (Ace Glass, 15 mL). MeGlcNAc 

(20 mg), H-BEA (250 mg), and H2O (5 mL) were charged into the reactor. The reactor was immersed in an 

oil bath at 423 K for 12 min. The liquid and solid phases were separated with a PVDF membrane (0.20 μm 

mesh), and the liquid phase was analyzed by HPLC under the same conditions described above. 
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4.3. Results and discussion 

4.3.1. Mechanocatalytic depolymerization of chitin 

The new strategy in this work is based on two reactions: the first is mechanocatalytic depolymerization of 

chitin to oligomers (Figure 4.4). 

 

 

Figure 4.4. Hydrolysis of chitin to short-chain oligomers. 

 

At first, solid catalysts were tested for the first step since heterogeneous catalysts are advantageous over 

homogenous ones in their ease of separation and reusability. Thus, chitin and solid catalysts were milled 

together at 80 rpm for 96 h. Amberlyst 70 gives ca. 88% of solubility of chitin, indicating the proceeding of 

mechanocatalytic hydrolysis. However, Amberlyst 70 itself is also dissolved in H2O, similar to Figure 2.9. 

Amberlyst 70 therefore does not have advantages as a heterogeneous catalyst described above. Chitin was 

not dissolved in H2O by using other solids such as Nafion SAC-13, alkali-activated carbon K26, and 

H-MOR. Hence, the solid catalysts tested in this work are not effective for the reaction. 

Next, the author conducted ball-milling of H2SO4-impregnated chitin as a mechanocatalytic reaction 

(Table 4.1). Ca. 97% of chitin was solubilized in H2O after the milling (entry 1), indicating the formation of 

oligomers having low DP during the process.18–20 Indeed, a combination of LC/MS and LC/RI determined 

three compounds, i.e., GlcNAc (18% yield), chitobiose (19%), and chitotriose (23%) (structures: Figure 4.2, 

LC/MS spectra: Figure 4.A.1 in Appendices). The LC/MS analysis also represented m/z of 813 

(corresponding to mono-dehydrated tetramer with H+), 1016 (mono-dehydrated pentamer with H+), 1219 

(mono-dehydrated hexamer with H+), and 1422 (mono-dehydrated heptamer with H+). These products are 
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included in Others shown in Table 4.1. These oligomers are useful as antitumor, immunoenhancing, and 

antimicrobial agents.21 The author also confirmed no formation of AcOH by HPLC; thus, acetyl groups of 

chitin were completely preserved during the depolymerization. Accordingly, the ball-milling of chitin with 

H2SO4 selectively produced chitin oligomers. In contrast, the ball-milling of chitin without H2SO4 gave no 

water-soluble oligomers (<0.1%, entry 4), but just formed amorphous chitin (XRD, Figure 4.5).23 In addition, 

chitin impregnated with H2SO4 caused very limited solubilization in 96 h in the absence of ball-milling 

(entry 5). Hence, both mechanical force and H2SO4 catalyst are necessary for the depolymerization of chitin, 

indicating mechanocatalytic reaction. 

The milling time was as long as 96 h when using a conventional rolling pot-mill as described above; 

however, the use of planetary ball-milling at 500 rpm shortened it to 6 h to solubilize chitin in >99% in the 

experiments (entry 2). A bulk-scale milling (attritor) used in industry possesses similar efficiency to 

planetary milling, suggesting that large-scale mechanocatalytic reactions would be completed within a 

reasonable time. 

 

Table 4.1. Mechanocatalytic hydrolysis of chitin in the presence of H2SO4.a 

Entry Catalyst Treatment 
Solubility 

/% 

Yield /% 

GlcNAc Chitobiose + chitotrioseb Othersc 

1 H2SO4 Mixd 97 18 42 37 

2 H2SO4 Mixe >99 4.7 19 75 

3 None Nonef <0.1 <0.1 <0.1 <0.1 

4 None Individualg <0.1 <0.1 <0.1 <0.1 

5 H2SO4 Impregnatedh 2.0 0.3  0.3 1.4 

aChitin 406 mg, H2SO4 24 mg, MeOH 40 mL, 443 K (rapid heating-cooling condition). bTotal yield of 

chitobiose and chitotriose. cWater-soluble oligomers (DP ≥ 3) and unidentified products. 
dH2SO4-impregnated chitin was ball-milled in a 3.6 L pot. eH2SO4-impregnated chitin was planetary 

ball-milled. fChitin was not ball-milled. gChitin was ball-milled without H2SO4 in a 3.6 L pot. 
hH2SO4-impregnated chitin was left for 96 h without ball-milling. 
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Figure 4.5. XRD patterns of chitin samples. The sharp peak at 19.8 is derived from the crystalline structure 

of chitin.22 After ball-milling with/without H2SO4, amorphous chitin was formed. 

 

4.3.2. Methanolysis of chitin oligomers 

The second step is alcoholysis of produced oligomers to 1-O-alkyl GlcNAc. In this work, the author 

conducted the depolymerization of oligomers in MeOH, namely methanolysis, to produce 1-O-methyl 

GlcNAc (denoted as MeGlcNAc) (Figure 4.6). 

 

 

Figure 4.6. Methanolysis of short-chain oligomers to MeGlcNAc. 

 

Table 4.2 represents the results of methanolysis of chitin oligomers and control experiments performed 

at 443 K in MeOH solvent. 63% yield (overall yield based on original chitin) of MeGlcNAc is obtained by 

Amberlyst 70 (entry 6), but Amberlyst 70 is not recovered after the reaction as described in Section 4.3.1. 
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Other solids are almost inactive (entries 7–9). At this moment, the author concludes that solid acids tested in 

this study are not applicable to chitin conversion. 

In contrast, the reaction of the ball-milled sample containing chitin oligomers and H2SO4 provided the 

highest yield of MeGlcNAc (67%, entry 10), which was identified by IR spectroscopy, various NMR 

techniques, LC/MS, and elemental analysis (see Section 4.2.3 and Figures 4.A.2–4.A.6 in Appendices). A 

ratio of α- to β-anomers of MeGlcNAc was 6.3 in the product, which is discussed below. Turnover number 

(TON) for MeGlcNAc production based on H2SO4 is 4.8. The yield of humins was only 6.6 wt% based on 

the weight of chitin used. A trace amount of MeOAc (0.59%) was observed by GC, indicating almost no 

progress of deacetylation during the methanolysis. The catalyst for the methanolysis is the H2SO4 contained 

in the milled sample, corresponding to a concentration of 0.075 wt% in MeOH in this case. The chitin 

oligomers produced by planetary ball-milling was also useful for the production of MeGlcNAc (67% yield, 

entry 11). Contrastingly, individually ball-milled chitin in an amorphous form gave only a 6.4% yield of 

MeGlcNAc in 0.075% H2SO4/MeOH (entry 15). Amorphous chitin is significantly less reactive than soluble 

chitin oligomers. The absence of ball-milling or H2SO4 further reduced the yield of MeGlcNAc to 0–1.3% 

(entries 12–14). These results clearly show that the mechanocatalytic depolymerization of chitin prior to 

methanolysis is essential for the high-yielding synthesis of MeGlcNAc. 

Very recently, Yan et al. demonstrated that the alcoholysis of chitin in ethylene glycol was possible in 

the presence of 8% H2SO4, but the major product was a deacetylated compound, 

1-O-(2-hydroxyethyl)-2-amino-2-deoxyglucopyranoside (HADP, Figure 4.7), with 24% yield (TON = 0.22) 

due to harsh conditions required for the direct depolymerization of robust chitin.23 In contrast, the 

combination of mechanocatalysis and alcoholysis in this study successfully preserved acetyl group, giving 

MeGlcNAc in 67% yield using only 0.075% H2SO4 with a higher TON (4.8). Thus, this new methodology 

makes the chitin depolymerization feasible for utilizing the produced monomers in a variety of applications. 
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Table 4.2. Methanolysis of chitin.a 

Entry Catalyst First-step MeGlcNAc /% 

6 Amberlyst 70 Mixc 63 

7 Nafion SAC-13 Mixc 0.2 

8 K26 Mixc 1.1 

 9 H-MOR Mixc 0.2 

10 H2SO4 Mixd 67 

11b H2SO4 Mixe 67 

12 None Nonef 0.0 

13 H2SO4 Noneg 1.4 

14 None Individualh  0.0 

15 H2SO4 Individuali  6.4 

aChitin 406 mg, solid catalyst 50 mg or H2SO4 24 mg, MeOH 40 mL, 443 K (rapid 

heating-cooling condition). bThe methanolysis was conducted under rapid heating-cooling 

condition, in which target temperature was 463 K. cChitin and solid catalyst were ball-milled 

together in a 3.6 L pot. dH2SO4-impregnated chitin was ball-milled in a 3.6 L pot. 
eH2SO4-impregnated chitin was planetary ball-milled. fChitin was not ball-milled. gChitin was not 

ball-milled. During the methanolysis, H2SO4 was added. hChitin was ball-milled without H2SO4 

in a 3.6 L pot. iChitin was ball-milled without H2SO4 in a 3.6 L pot. In the second step 

(methanolysis), H2SO4 was added. 

 

 

Figure 4.7. Structure of 1-O-(2-hydroxyethyl)-2-amino-2-deoxyglucopyranoside (HADP). 

 

Next, stereoselectivity of the produced MeGlcNAc (α/β = 6.3) is discussed from the viewpoint of 

reaction mechanism. The solvolysis of glycosidic bonds generally takes place by an SN1 mechanism via 

oxocarbenium intermediates except for enzymatic hydrolysis.24 The intermediate could undergo both front- 

and back-side attacks by a nucleophile, which produces a mixture of α- and β-anomers. Nonetheless, the 

produced MeGlcNAc was mainly α-isomer as described above, showing an inversion of stereochemistry of 

chitin (= β-1,4-glycosidic bond). This result implies that the nucleophile, MeOH, probably attacks 

oxocarbenium species from back-side before the leaving group (counterpart of chitin oligomer) diffuses 

outside of solvent cage owing to the very high concentration of MeOH (19 M at 443 K, Figure 4.8).25–27 An 

anomeric effect is also considered, but probably this is not the reason as such inversion occurs in similar 

methanolysis reactions using both maltose (α-1,4-glycosidic bond) and cellobiose (β-1,4-glycosidic bond) 
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(Table 4.3). The methanolysis of α-1,4-glycosidic bond mainly gave β-anomer as a major product (entry 16), 

and that of β-1,4-glycosidic bond did α-anomer (entry 17). The selective production of one anomer, 

α-MeGlcNAc, may be favorable for its further applications. 

MeGlcNAc is a potential precursor to GlcNAc (Figure 4.9); the hydrolysis of MeGlcNAc to GlcNAc by 

H-BEA zeolite catalyst afforded a 60% yield of GlcNAc. This result gives the application of MeGlcNAc, 

since the utilization of GlcNAc has also been widely studied.2 

 

Table 4.3. Methanolysis of disaccharides.a 

Entry Substrate α-MeGlc /% β-MeGlc /% 

16b Maltose 12 23 

17c Cellobiose 16  6.2 

aSubstrate 342 mg, 0.5 mM HCl/MeOH 40 mL. MeGlc = 1-O-Methylglucose. 
b493 K, <1 min (rapid heating-cooling condition). c473 K, <1 min (rapid 

heating-cooling condition). 

 

 

Figure 4.8. Proposed reaction mechanism of methanolysis of chitin oligomers. Front-side attack of MeOH is 

hampered by the leaving group. 

 

 

Figure 4.9. Hydrolysis of MeGlcNAc to GlcNAc. 
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4.4. Conclusions 

A two-step depolymerization of chitin has been conducted to synthesize MeGlcNAc. In the first 

mechanocatalytic hydrolysis step, chitin is transformed into water-soluble oligomers with low DP. In the 

second step, the oligomers provide a 67% yield of MeGlcNAc by methanolysis in 0.075% H2SO4/MeOH, as 

the oligomers are remarkably more reactive than even amorphous chitin. The substrates undergo almost no 

deacetylation during the both reactions, and thus the good-yielding production of MeGlcNAc from chitin has 

been achieved. MeGlcNAc is easily converted to GlcNAc in 60% yield. 

This new system has overcome the issues in previous systems such as a long reaction time and a huge 

amount of acidic waste. The author believes that the two-step depolymerization system has the potential for 

utilizing various polymers effectively. 
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Appendices: raw data for LC/MS, IR, and NMR 

 

 

 

Figure 4.A.1. LC/MS spectra of reaction products of mechanocatalytic hydrolysis. (a) GlcNAc, (b) 

chitobiose, and (c) chitotriose. The spectra were recorded in positive ion mode. 

GlcNAc (M = C8H15NO6): 138 ([M + H  CH8O4]+), 204 ([M + H  H2O]+), 222 ([M + H]+). 

Chitobiose (M = C16H28N2O11): 204 ([M + H  C8H15NO6]+), 407 ([M + H  H2O]+), 425 ([M + H)+). 

Chitotriose (M = C24H41N3O16): 204 ([M + H  C16H28N2O11]+), 407 ([M + H  C8H15NO6]+), 610 ([M + H  

H2O]+), 628 ([M + H]+). 
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Figure 4.A.2. IR spectrum of MeGlcNAc produced from chitin. The assignments are shown in Section 4.2.3. 
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Figure 4.A.3. 1H NMR spectra of MeGlcNAc produced from chitin: (a) 1.9–4.9 ppm and (b) 3.3–4.77 ppm. 
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Figure 4.A.4. 13C NMR spectra of MeGlcNAc produced from chitin. (a) Proton-decoupled 13C NMR 

(comparison with authentic samples) and (b) proton-decoupled 13C NMR and DEPT. The marked peaks (*) 

are derived from β-MeGlcNAc. 
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Figure 4.A.5. 2D NMR of MeGlcNAc produced from chitin. (a) 13C‒1H HMQC (horizontal axis: 1H, vertical 

axis: 13C) and (b) 13C‒1H HMBC (horizontal axis: 1H, vertical axis: 13C). 

 

 

Figure 4.A.6. LC/MS spectra of MeGlcNAc. The spectra were recorded in positive ion mode. 

α-MeGlcNAc (M = C9H17NO6): 138 ([M + H  C2H10O4]+), 204 ([M + H  CH3OH]+), 236 ([M + H]+). 

β-MeGlcNAc (M = C9H17NO6): 138 ([M + H  C2H10O4]+), 204 ([M + H  CH3OH]+), 236 ([M + H]+). 

MeGlcNAc (reaction product, C9H17NO6): 138 ([M + H  C2H10O4]+), 204 ([M + H  CH3OH]+), 236 ([M + 

H]+). 
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Chapter 5 

 

Dehydration of Sorbitol to 1,4-Sorbitan 

by Acid Catalysts 
 

 

 

1,4-Sorbitan is produced from biomass via sorbitol and is a precursor to environmentally benign surfactants. 

Acid catalysts can convert sorbitol to 1,4-sorbitan; however, further dehydration of 1,4-sorbitan to isosorbide 

readily occurs, making the selective synthesis of 1,4-sorbitan difficult. In this work, the author has at first 

studied the dehydration of sorbitol to 1,4-sorbitan using solid acids. Although sulfated zirconia affords 

1,4-sorbitan in good yield and selectivity, but it is found that leached acids from the solid promote the 

reaction. The author has therefore investigated the catalysis of H2SO4 instead of solid acids to be the basis of 

designing selective dehydration catalysts. The results have shown that both thermodynamics and kinetics 

play significant roles to determine the yield of 1,4-sorbitan. H2SO4 preferentially forms an adduct with 

sorbitol over 1,4-sorbitan, and thus the subsequent dehydration of 1,4-sorbitan is inhibited in the presence of 

sorbitol. 
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5.1. Introduction 

In Chapter 2, the high-yielding one-pot synthesis of glucose from cellulose was achieved by using carbon 

catalysts and mix-milling pre-treatment. Thus, in this chapter, the author deals with the conversion of glucose 

to useful chemicals. Glucose is hydrogenated over Raney Ni or supported Ru catalysts under H2 pressure to 

form sorbitol,1–4 which has been already established in chemical industries. Additionally the direct synthesis 

of sorbitol from cellulose has been achieved in laboratories since 2006.5–7 Many kinds of chemicals can be 

synthesized from sorbitol such as medicines, plastics, surfactants, and fuels (Figure 1.13),7–9 and the 

dehydrated compounds of sorbitol, 1,4-anhydrosorbitol (1,4-sorbitan) and 1,4:3,6-dianhydrosorbitol 

(isosorbide) (Figure 5.1), are platform chemicals for the synthesis of valuable compounds. In particular, 

1,4-sorbitan is a raw material for various environmentally benign surfactants10 [e.g., fatty acid esters (Span) 

and polysorbates (Tween)] that have been used in the production of insecticides, cosmetics, and soft 

templates for material synthesis.9 Sorbitan esters are also used as emulsifying agents in food and 

pharmaceutical industries owing to their low-toxicity.11 The annual demand of sorbitan-derived surfactants is 

more than 10,000 tons worldwide. Thus, the efficient synthesis of 1,4-sorbitan from sorbitol is a challenge. 

 

 

Figure 5.1. Dehydration of sorbitol. 

 

1,4-Sorbitan is produced by the dehydration of sorbitol using acid catalysts or hot-compressed water in 

a laboratory scale, in which 1,4-sorbitan readily undergoes further dehydration to form isosorbide.12–25 This 

hampers the selective and high-yielding synthesis of 1,4-sorbitan from sorbitol. Currently, H2SO4 is used as a 

catalyst for sorbitol dehydration in industry, since this low-price acid gives 1,4-sorbitan in a relatively high 

yield (58%).12,13,16 Although it is preferable to use heterogeneous catalysts owing to the good separability, 

reusability, and no corrosivity, further improvement is necessary for replacing H2SO4. Herein, the first 
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purpose of this chapter is selective production of 1,4-sorbitan from sorbitol by using solid acids. 

Additionally, the second objective is revealing origin of high selectivity of catalysts through mechanistic 

study since it is useful and helpful to design more active catalysts. 

 

5.2. Experimental 

5.2.1. Reagents 

D(+)-Sorbitol >97.0%, Tokyo Chemical Industry 

Sulfuric acid 96–98%, super special grade, Wako Pure Chemical Industries 

JRC-ZRO-2 Zirconium(IV) hydroxide, ZrO1.1(OH)1.8, Catalysis Society of Japan 

Ammonium sulfate Special grade, Wako Pure Chemical Industries 

Amberlyst 70 Sulfonic acid cation exchange resin, Organo 

Nafion SAC-13 Silica-supported fluorinated sulfonic acid polymer, Sigma-Aldrich 

CBV 780 Proton-type FAU zeolite, Si/Al = 40, Zeolyst, denoted as H-FAU 

JRC-Z5-90H Proton-type MFI zeolite, Si/Al = 45, Catalysis Society of Japan, denoted as 

H-MFI 

JRC-Z-HM90 Proton-type MOR zeolite, Si/Al = 45, Catalysis Society of Japan, denoted 

as H-MOR 

Silica-alumina Grade 135, Sigma-Aldrich, denoted as SiO2-Al2O3 

1,4-Anhydrosorbitol 97%, Toronto Research Chemicals, denoted as 1,4-sorbitan 

D-1,4:3,6-Dianhydrosorbitol >98.0%, Tokyo Chemical Industry, denoted as isosorbide 

1,5-Anhydrosorbitol Toronto Research Chemicals, denoted as 1,5-sorbitan 

1,5-Anhydromannitol Toronto Research Chemicals, denoted as 1,5-mannitan 

2,5-Anhydromannitol Sigma-Aldrich, denoted as 2,5-mannitan 

Distilled water Wako Pure Chemical Industries 

Diethyl ether First grade, Wako Pure Chemical Industries 

Dimethyl sulfoxide Special grade, Wako Pure Chemical Industries, denoted as DMSO 

Distilled water For HPLC, Wako Pure Chemical Industries 
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Sodium hydrogen carbonate Special grade, Wako Pure Chemical Industries 

Sodium carbonate Special grade, Wako Pure Chemical Industries 

Deuterium oxide For NMR, Acros Organics 

Deuterated dimethyl sulfoxide For NMR, Acros Organics, denoted as DMSO-d6 

Deuterated methanol For NMR, Acros Organics 

 

5.2.2. Preparation of sulfated zirconia 

Sulfated zirconia denoted as SZ was prepared as follows.26 0.5 g of ZrO1.1(OH)1.8 was dispersed in 10 mL of 

H2O in an eggplant flask (100 mL). Then, 0.52 M (NH4)2SO4 aq. (10 mL, corresponding to 18 wt% S in the 

catalyst) was added dropwise to the mixture over ca. 2 min with stirring by hand in an ultrasonic generator. 

After drying the mixture under vacuum for ≥18 h and crashing on an Al2O3 mortar, the resulting white solid 

was heated to 773 K in 6 h and calcined at the temperature for 4 h under air in an electric furnace 

(Denken-Highdental, KDF-S90). Finally, SZ (0.60 g) was obtained. Similarly, ZrO2 was prepared by the 

calcination of ZrO1.1(OH)1.8 under the above conditions. 

The content of sulfur in SZ was determined to be 20 wt% by energy dispersive X-ray spectroscopy 

(EDX, Shimadzu, EDX-720) and thermal analysis,27 which was consistent with the initial amount of sulfur in 

the catalyst preparation (18 wt%). 

 

5.2.3. Dehydration of sorbitol 

The dehydration reaction was conducted without solvent in an eggplant flask (50 mL). Sorbitol 182 mg (1 

mmol) and solid acid 50 mg were charged into the flask, and thus S/C was 3.6. The flask was immersed in an 

oil bath at 403 K; however, the actual temperature of reaction mixture was ca. 400 K. After the reaction, 20 

mL of H2O was added to the mixture at room temperature to extract products, and the water-soluble 

compounds were analyzed by HPLC [Shimadzu LC10-ATVP, RI and UV (210 nm) detectors] with a 

SUGAR SH1011 column (Shodex, ø8 mm  300 mm, mobile phase: H2O 0.5 mL min-1, 323 K) and a Rezex 

RPM-Monosaccharide Pb++ column (Phenomenex, ø7.8 mm  300 mm, mobile phase: H2O 0.6 mL min-1, 
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343 K). Yields of products and amount of unreacted sorbitol were determined by an absolute calibration 

method. 

The reuse experiment for SZ was conducted as follows. The dehydration reaction was performed in the 

same manner as described above. After the reaction, 20 mL of DMSO was added to extract the products, and 

then the suspension was filtered with a PTFE membrane (0.1 μm mesh). The residue was repeatedly washed 

with diethyl ether and then dried in an oven at 383 K. The resulting powder was used for the next reaction, in 

which S/C was kept at 3.6. Note that H2O is not a useful extractant for this experiment since liquid water 

causes leaching of acid species on SZ, unlike the water vapor formed during the reaction of sorbitol. 

The amount of SO4
2- leached from the catalysts was determined as follows. Soluble components were 

extracted with DMSO after the reaction and the DMSO solution was analyzed by ion chromatography 

(Dionex, ICS-3000, conductivity detector) with an IonPac AS12A column [Dionex, ø4 mm × 200 mm, 

mobile phase: NaHCO3 (2.7 mM) / Na2CO3 (0.3 mM) buffer 1.5 mL min-1, 308 K]. 

For dehydration of sorbitol by H2SO4, at first H2SO4 was impregnated on sorbitol. H2SO4 (13 mg) was 

dissolved in 10 mL of diethyl ether, and then sorbitol (3.64 g) was dispersed in the solution. By removing 

diethyl ether under vacuum (<1 Pa) at room temperature, H2SO4-impregnated sorbitol was obtained. In the 

dehydration reaction shown above, the H2SO4-impregnated sorbitol (containing sorbitol 1 mmol and H2SO4 

6.5 μmol) was charged into the flask. 

 

5.2.4. Product identification 

The products were identified by means of NMR [JEOL, JNM-ECX400 (1H 400 MHz, 13C 100 MHz) and 

JNM-ECX600 (1H 600 MHz, 13C 150 MHz)] with various measurement methods: 1H NMR, 

proton-decoupled 13C NMR, DEPT, 1H–1H COSY, 13C–1H HMQC, and 13C–1H HMBC (Figures 5.A.1–5.A.8 

in Appendices). LC/MS (Thermo Fisher Scientific, LCQ Fleet, APCI, Figures 5.A.9–5.A.11) was used under 

the same conditions as those of HPLC shown above. Structures of the identified products [i.e., 1,4-sorbitan, 

isosorbide, 2,5-anhydromannitol (2,5-mannitan), and 2,5-anhydroiditol (2,5-iditan)] are represented in Figure 

5.2. Mono-anhydrohexitols, denoted as AH1 and AH2, were also observed by HPLC (Figure 5.A.12). 

Although 2,5-iditan and AH1 were not separated by HPLC, they were distinguished by NMR methods. 
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Figure 5.2. Structures of identified products: (a) 1,4-sorbitan, (b) isosorbide, (c) 2,5-mannitan, and (d) 

2,5-iditan. 

 

1,4-Sorbitan: 1H NMR (400 MHz, D2O): δ 4.27 (1H, d, J = 4.0 Hz, H–C2), 4.21 (1H, d, J = 2.8 Hz, H–C3), 

4.13 (1H, dd, J = 10, 4.0 Hz, H–C1), 3.90 (1H, dd, J = 8.8, 2.8 Hz, H–C4), 3.85 (1H, ddd, J = 8.8, 6.0, 2.8 

Hz, H–C5), 3.78 (1H, dd, J = 12, 2.8 Hz, H–C6), 3.70 (1H, d, J = 10 Hz, H–C1), 3.61 (1H, dd, J = 12, 6.0 

Hz, H–C6). 13C NMR (100 MHz, D2O): δ 80.6 (CH, C4), 77.1 (CH, C2), 76.6 (CH, C3), 74.1 (CH2, C1), 

69.8 (CH, C5), 64.5 (CH2, C6). The assignment of the 13C NMR peaks is based on a reference.28 C1 and C6 

were distinguished by means of 1H NMR in a DMSO-d6 solvent. In DMSO-d6, the peaks for the proton at C6 

are observed as ddd due to coupling with one proton of the hydroxyl group in addition to two aliphatic 

protons, whereas the peaks of proton at C1 are in a dd form. This compound clearly has a five-membered 

ring since the peak of C4 is correlated with the peaks of protons coordinating to C1, C2, C3, C5, and C6 in 

the HMBC spectrum (Figure 5.A.2c). LC/MS [M + H]+ calculated 165, found 165 (reaction product), found 

165 (commercial standard); [M – H]- calculated 163, found 163 (reaction product), found 163 (commercial 

standard). 

Isosorbide: 1H NMR (400 MHz, D2O): δ 4.64 (1H, dd, J = 5.2, 4.4 Hz, H–C4), 4.49 (1H, d, J = 4.4 Hz, H–

C3), 4.39 (1H, ddd, J = 7.0, 7.0, 5.2 Hz, H–C5), 4.32 (1H, d, J = 3.2 Hz, H–C2), 3.89‒3.96 (2H, H–C1 and 

H–C6), 3.87 (1H, dd, J = 10.4, 3.2 Hz, H–C1), 3.49 (1H, dd, J = 9.0, 7.2 Hz, H–C6). 13C NMR (150 MHz, 

D2O): δ 88.5 (CH, C3), 82.6 (CH, C4), 76.6 (CH, C2), 76.3 (CH2, C1), 73.0 (CH, C5), 72.3 (CH2, C6). The 

assignment of the 13C NMR peaks is based on a reference.28 Some of the 1H NMR peaks at 3.89‒3.96 and 

3.87 ppm were overlapped with the peaks of AH1 (Figure 5.A.7a). The 13C NMR and DEPT peaks of 
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isosorbide in Figure 5.A.7b could not be distinguished from noise due to its low concentration. 

2,5-Mannitan: 1H NMR (400 MHz, D2O): δ 4.03 (2H, dd, J = 5.2, 2.0 Hz, H–C3 and H–C4), 3.83–3.90 (2H, 

m, H–C2 and H–C5), 3.75 (2H, dd, J = 12, 3.2 Hz, H–C1 and H–C6), 3.66 (2H, dd, J = 12, 5.6 Hz, H–C1 

and H–C6). 13C NMR (100 MHz, D2O): δ 83.0 (CH, C2 and C5), 77.1 (CH, C3 and C4), 61.9 (CH2, C1 and 

C6). The assignment of the 13C NMR peaks is based on a reference.28 LC/MS [M + H]+ calculated 165, found 

165 (reaction product), found 165 (commercial standard); [M – H]- calculated 163, found 163 (reaction 

product), found 163 (commercial standard). 

2,5-Iditan: 1H NMR (600 MHz, D2O): δ 4.21–4.25 (4H, H–C2, H–C3, H–C4 and H–C5), 3.80 (2H, dd, J = 

11.4, 4.8 Hz, H–C1 and H–C6), 3.73 (2H, dd, J = 11.4, 7.2 Hz, H–C1 and H–C6). 13C NMR (150 MHz, 

D2O): δ 81.3 (CH, C3 and C4), 77.5 (CH, C2 and C5), 61.0 (CH2, C1 and C6). The 1H NMR peaks at 4.21–

4.25, 3.80, and 3.73 ppm were overlapped with those of AH1 (Figure 5.A.7a). The assignment of the 13C 

NMR peaks is based on a reference.28 LC/MS for reaction product [M + H]+ calculated 165, found 165; [M – 

H]- calculated 163, found 163. 

Mono-anhydrohexitol (AH1): 1H NMR (600 MHz, D2O): δ 4.29 (1H, d, J = 4.2 Hz), 4.15 (1H, dd, J = 10.5, 

4.2 Hz), 3.92 (1H, dd, J = 9.0, 2.4 Hz), 3.88 (1H, ddd, J = 9.0, 6.0, 3.0 Hz), 3.64 (1H, dd, J = 12, 6.0 Hz). 13C 

NMR (150 MHz, D2O): δ 80.7 (CH), 77.2 (CH), 76.7 (CH), 74.3 (CH2), 69.9 (CH), 64.6 (CH2). Several 1H 

NMR peaks were overlapped with those of 2,5-iditan and isosorbide (Figure 5.A.7a). The chemical shifts of 

the 1H NMR peaks indicate that this unidentified compound is not 1,4-anhydrogalactitol (1,4-galactan).29 

LC/MS for reaction product [M + H]+ found 165; [M – H]- found 163. 

Mono-anhydrohexitol (AH2): LC/MS for reaction product [M + H]+ found 165; [M – H]- found 163. 

 

5.3. Results and discussion 

5.3.1. Dehydration of sorbitol by acids 

The author conducted the dehydration of sorbitol using a variety of acids at 403 K for 120 min without using 

solvents (Table 5.1). Sorbitol [melting point (m.p.) 368 K] and products, 1,4-sorbitan (m.p. 385 K) and 

isosorbide (m.p. 336 K), are liquids at 403 K, which enabled the author to perform the reaction under neat 

conditions. A control experiment in the absence of catalyst provided no conversion of sorbitol even for a long 
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reaction time of 180 min (entry 1), indicating that acid catalysts are necessary for the dehydration. SZ 

afforded 96% conversion of sorbitol, and the main product was 1,4-sorbitan with 60% yield and 62% 

selectivity based on the conversion of sorbitol (entry 2). The successive dehydration to isosorbide also took 

place (11% yield). Other products were 2,5-mannitan (3.9%, Figure 5.2), 2,5-iditan, an uncharacterized 

mono-anhydrohexitol (AH1), and another mono-anhydrohexitol (AH2, 1.1%). 2,5-Iditan and AH1 overlapped 

in HPLC (Section 5.2.4 and Figure 5.A.12), and their total yield was 8.9%. Since the retention times of AH1 

and AH2 in HPLC were different from those of 1,5-sorbitan and 1,5-mannitan, indicating AH1 and AH2 were 

not 1,5-sorbitan and 1,5-mannitan. Additionally, 1H NMR spectrum of AH1 suggested that this compound 

was not 3,6-anhydrosorbitol (3,6-sorbitan) or 1,4-galactan.29 Several small peaks were also observed by 

HPLC, but their yields were lower than 1%. Since many products having similar structures could be formed 

in the dehydration of sorbitol, these products were identified by combining 1H and 13C NMR (Figures 5.A.1–

5.A.8 in Appendices), LC/MS (Figures 5.A.9–5.A.11), and HPLC (Figure 5.A.12). The author also assigned 

their NMR signals using several techniques as summarized in Section 5.2.4. 

In Table 5.1, Amberlyst 70 and Nafion SAC-13 showed high conversion of sorbitol, but the main 

product was isosorbide due to the subsequent dehydration of 1,4-sorbitan (entries 5 and 6). Over Nafion 

SAC-13, the yield of 1,4-sorbitan was at most 38% even under the optimized conditions (Figure 5.3), and it 

was clearly lower than that produced by SZ. The colors of these catalysts turned dark brown due to coking 

during the reaction. Zeolite catalysts (H-FAU, H-MFI, and H-MOR) also gave low yields of 1,4-sorbitan 

(≤31%, entries 7–9), and the colors of the catalysts also changed from white to brown or black during the 

reaction due to coke formation. Similarly, SiO2-Al2O3 was inactive in this reaction (entry 10). Among the 

catalysts the author tested, SZ afforded the highest yield and selectivity for the production of 1,4-sorbitan 

from sorbitol. 
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Table 5.1. Dehydration of sorbitol by a variety of acids.a 

Entry Catalyst 
Reaction 

time /min 

Conv. 

/% 

Yield /% 

1,4-Sorbitan 
2,5-Iditan 

+ AH1b 
Isosorbide 2,5-Mannitan AH2 

1 None 180 <1 0.0 0.0 0.0 0.0 0.0 

2 SZ 120 96 60 8.9 11 3.9 1.1 

3 SZ 120 64 40 7.4  3.8 2.9 2.8 

4 ZrO2 120  2.3  0.0 0.0  0.0 0.0 0.0 

5 Amberlyst 70 120 99 1.7 0.8 63 1.6 0.2 

6 Nafion SAC-13 120 >99 9.0 9.1 66 4.2 0.2 

7 H-FAU 120 76 31 11 14 7.2 2.0 

8 H-MFI 120 55  8.9  2.2 30 1.1 4.2 

9 H-MOR 120 24 12 3.0  2.8 1.0 1.2 

10 SiO2-Al2O3 120  2.4  0.6 0.0  0.0 0.0 0.0 

11 H2SO4 120 77 56 7.5 6.1 2.8 2.9 
aConditions: sorbitol 182 mg (1 mmol), solid acid 50 mg or H2SO4 1.0 μmol, 403 K. bTotal yield of 2,5-iditan and 

AH1. 

 

 

Figure 5.3. Time course for sorbitol dehydration by Nafion SAC-13 at 403 K. Legend: black diamonds () = 

amount of unreacted sorbitol; red circles (●) = yield of 1,4-sorbitan; and blue triangles (▲) = yield of 

isosorbide. Reaction conditions: sorbitol 182 mg (1 mmol), Nafion SAC-13 50 mg. Each data point is the 

result of each batch reaction with different reaction times. Dashed lines are simply smooth lines for 

connecting experimental data. 
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Since pristine ZrO2 does not convert sorbitol (entry 4), acid sites introduced by sulfation to ZrO2 is 

responsible for the high catalytic activity of SZ. A reuse experiment of SZ was performed to evaluate the 

durability, resulting in a decreased yield of 1,4-sorbitan to 40% in the second run (entry 3). The leaching 

amount of SO4
2- was determined 0.4% of SO4

2- loaded on ZrO2. As a control experiment, the equivalent 

amount of H2SO4 (1.0 μmol) was used for the dehydration of sorbitol (entry 11). Even such a small amount 

of H2SO4 has afforded 56% yield of 1,4-sorbitan with 73% selectivity, which are similar to the results by SZ. 

Hence, the author concludes that leached species from SZ contribute to high selective synthesis. This high 

selectivity by H2SO4 is possibly to be the basis of designing solid catalysts for selective synthesis of 

1,4-sorbitan. As mentioned in Section 5.1, H2SO4 is currently used in an industrial process to produce 

1,4-sorbitan,12,13,16 but the origin of high selectivity of H2SO4 has not been clear. Hence, in the next section, 

the author elucidates characteristic activity of H2SO4. 

 

5.3.2. Kinetic study of sorbitol dehydration by H2SO4 

Kinetic study has been performed to uncover the origin of activity and selectivity of H2SO4. In this study, the 

author used 6.5 μmol of H2SO4 to increase reaction rates. Figure 5.4 shows the time course of sorbitol 

dehydration by 6.5 μmol of H2SO4 at 403 K. The amount of sorbitol decreased linearly to 7.4% in 45 min, 

and then the reaction rate was reduced. This behavior is typical for a pre-equilibrium reaction; the apparent 

reaction order changes from zeroth to first by lowering concentrations of substrate. In Figure 5.4, the yield of 

1,4-sorbitan was maximized (58%) at 45 min, and only a small amount of isosorbide formed in 30 min 

regardless of the accumulation of 1,4-sorbitan. The yield of isosorbide then increased at an accelerated pace 

to reach 72% in 180 min. Since the conversion rate of 1,4-sorbitan to isosorbide increased after a large 

portion of sorbitol was consumed, the author can postulate that H2SO4 preferentially forms an adduct with 

sorbitol over 1,4-sorbitan. This hypothesis is quantitatively discussed as below. 
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Figure 5.4. Time course of sorbitol dehydration by H2SO4 at 403 K. Reaction conditions: sorbitol 1 mmol, 

H2SO4 6.5 μmol. Data points show experimental results and lines are simulation curves based on eqs. 5.4–

5.9. Legend: black diamonds () = amount of unreacted sorbitol; red circles (●) = yield of 1,4-sorbitan; and 

blue triangles (▲) = yield of isosorbide. 

 

The author simulated the time course of sorbitol dehydration by assuming the Michaelis-Menten type 

mechanism involving a pre-equilibrium of association and a subsequent dehydration step (see the scheme 

depicted in Table 5.2). k1 and k2 are rate constants for dehydration of sorbitol and 1,4-sorbitan, respectively, 

while k3, k4, and k5 are those for side reactions of sorbitol, 1,4-sorbitan, and isosorbide. The rates of side 

reactions were estimated from the carbon balance of sorbitol, 1,4-sorbitan, and isosorbide. The equilibria of 

association with H2SO4 are assumed for sorbitol (K1), 1,4-sorbitan (K2), and isosorbide (K3). The detailed 

kinetic equations are represented as eqs. 5.1–5.9. 
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where [H2SO4]0 (unit: M) is the initial concentration of H2SO4. [Sorbitol], [Sorbitan], and [Isosorbide] (M) 

are the concentrations of sorbitol, 1,4-sorbitan, and isosorbide, respectively. [Sorbitol ‒ H2SO4], [Sorbitan ‒ 

H2SO4], and [Isosorbide ‒ H2SO4] (M) are the concentrations of H2SO4 adducts with sorbitol, 1,4-sorbitan, 

and isosorbide. Accordingly, 
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The reaction rates corresponding to each reactant are represented by using reaction time t (unit: min-1) as 

 
  4231 SOHSorbitol

d

Sorbitold
 kk

t
   (5.7) 
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d
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 kk

t
   (5.9) 

in which the volume of reaction system at 403 K is 1.32 × 10-4 L (0.182 g × 0.726 ×10-3 L g-1).31 

 

The simulation curve well reproduced the experimental data (dots) in Figure 5.4, giving reliable rate 

constants. k1 (4.7 × 10-2 min-1) is only 1.7 times larger than k2 (2.7 × 10-2 min-1) (Table 5.2). k3 (1.1 × 10-2 

min-1) and k4 (3.8 × 10-3 min-1) are lower than k1, which is consistent with the low yields of by-products such 

as 2,5-iditan and 2,5-mannitan. The low value of k5 (<1.0 × 10-4 min-1) indicates high stability of isosorbide 

under the reaction conditions. 
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Table 5.2 Rate constants for sorbitol dehydration by H2SO4 at 403 K, 

determined by the fitting simulations. 

 
Rate constant /10-2 min-1 

K1/K2 K1/K3 
k1 k2 k3 k4 k5 

4.7 2.7 1.1 0.38 <0.01 4.3 4.5 

 

Regarding the association equilibrium constants, the ratios K1/K2 and K1/K3 were estimated to be 4.3 

and 4.5, respectively, from the fitting in Figure 5.4, showing that sorbitol interacts with H2SO4 4.3 and 4.5 

times as strongly as 1,4-sorbitan and isosorbide does. If this preferential association did not occur (e.g., K1 = 

K2 = K3), the maximum yield of 1,4-sorbitan would become two-thirds (40%) (Figure 5.5). Note that in the 

absence of preferential association, recovering the original yield of 1,4-sorbitan (58%) is very difficult by 

controlling rate constants as follows. Yield of 1,4-sorbitan reaches 58% only when k1/(k2 + k4) value is 

greater than 3.2. However, the actual value was only 1.2, since both reactions of sorbitol and 1,4-sorbitan are 

similar acid-catalyzed dehydration. Hence, the large K1/K2 ratio effectively inhibits the association of 

1,4-sorbitan with H2SO4 in the presence of sorbitol, which prevents the successive dehydration of 

1,4-sorbitan. Takagaki et al. have proposed that molecular recognition is the key to selective production of 

1,4-sorbitan,32 and H2SO4 may selectively activate OH group at C1 of sorbitol in this study (the mechanism 

is discussed in Section 5.3.3). Thus, the author concludes that the preferential association is essential to 

achieve selective production of 1,4-sorbitan by H2SO4 from sorbitol. 
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Figure 5.5. Time course of sorbitol dehydration by H2SO4 at 403 K. Dots show experimental results, which 

are the same data in Figure 5.4. Lines are simulation curves based on eqs. 5.1–5.9 with K1 = K2 = K3. 

Legend: black diamonds () = amount of unreacted sorbitol; red circles (●) = yield of 1,4-sorbitan; and blue 

triangles (▲) = yield of isosorbide. This simulation does not reproduce the experimental data, and the 

maximum yield of 1,4-sorbitan in the simulation is only ca. 40%. 

 

For designing new catalysts based on these insights, the author speculates that the combination of 

Brønsted acid sites with metal cation centers may be useful. Some metal cations such as Ca2+ and Pb2+ can 

form chelates as applied to HPLC columns for the separation of sugar compounds. HPLC columns 

containing these cations retain sorbitol for a long time (e.g., 45 min for a Pb2+ column; see Figure 5.A.12b 

and 5.A.12c) but does not 1,4-sorbitan (15 min under the same conditions). If H+ is also present in the 

reaction system, 1,4-sorbitan may be selectively produced. 

 

5.3.3. Reaction mechanism for dehydration of sorbitol by H2SO4 

By considering the selective formation of 1,4-sorbitan by H2SO4, five types of mechanisms are possible for 

the dehydration of sorbitol at the 1,4-position (Figure 5.6): (1) SN2-type attack of the secondary OH on the 

primary carbon,33 (2) its SN1-type version, (3) SN2-type attack of the primary OH on the secondary carbon, 

(4) its SN1-type version, and (5) tandem SN2-SN2 attacks of vicinal OH and terminal OH.34 Among the five 

mechanisms, mechanism 1 is the most probable as the reaction pathway for 1,4-dehydration based on the 
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product distributions as described below. 

H2SO4 gave only 1,4-sorbitan in the 1,4-dehydration of sorbitol. 1,4-Galactan, the C4 isomer of 

1,4-sorbitan, was not detected in this study. In mechanism 1, the SN2 reaction at the primary carbon center is 

generally favorable with less steric hindrance with retention of the configuration of sorbitol, which is 

consistent with the results. In mechanism 2, the formation of 1 carbenium ions is energetically 

disadvantageous and can be excluded. The SN2 reaction at the C4 position (mechanism 3) giving 1,4-galactan 

should be negligible as the product was not detected. The formation of 2 carbenium ions (mechanism 4) can 

be also excluded as this pathway gives a mixture of 1,4-sorbitan and 1,4-galactan. In mechanism 5, 

1,4-sorbitan is not selectively formed as described below. If the first SN2 reaction occurs at C4 being attacked 

by OH at C3 or C5, the stereochemistry of sorbitol is maintained to produce 1,4-sorbitan. However, the first 

SN2 attack could also happen at OH group on C4 to the C3 (mechanism 5') or C5 (mechanism 5'') positions 

in a similar manner to mechanism 5, which gives 3,6-sorbitan (L-isomer) or 3,6-anhydrotalitol (3,6-talitan, 

L-isomer). However, these products were not observed in the experiments. Hence, the author concludes that 

mechanism 1 is the most probable pathway in the 1,4-dehydration of sorbitol by H2SO4. 

 



Dehydration of Sorbitol to 1,4-Sorbitan by Acid Catalysts 

166 

 

 

Figure 5.6. Possible reaction pathways for the 1,4-dehydration of sorbitol. 
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5.4. Conclusions 

In sorbitol dehydration, SZ affords 1,4-sorbitan in 60% yield with 62% selectivity; however, actual active 

species are not acids immobilized on SZ, but leached ones. Indeed, 1.0 μmol of H2SO4, the amount of which 

is equivalent to that of leached species, gives similar yield and selectivity of 1,4-sorbitan. In other words, 

H2SO4 shows characteristic performance for selective synthesis of 1,4-sorbitan from sorbitol. 

Kinetic studies of sorbitol dehydration by H2SO4 were conducted to understand selective catalysts. The 

results show that the high ratio of K1/K2 (4.3) contributes the good yield of 1,4-sorbitan regardless of similar 

rate constants of k1/k2 (1.7). Typically, both sorbitol and 1,4-sorbitan undergo dehydration in the presence of 

acids. However, the association of 1,4-sorbitan with H2SO4 is substantially less favored in the presence of 

sorbitol, and further dehydration of 1,4-sorbitan to isosorbide can be prevented. Therefore, control of 

association equilibrium constant (K) is effective as well as that of reaction rate (k) to maximize the yield of 

1,4-sorbitan, and that this insight is useful to the design of new catalysts for the selective synthesis of 

anhydropolyols. 
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Appendices: raw data for HPLC, LC/MS, and NMR 

 

 

Figure 5.A.1. NMR spectra of 1,4-sorbitan: (a) 1H NMR and (b) proton-decoupled 13C NMR and DEPT. 13C 

NMR spectra were recorded using a commercial standard. 
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Figure 5.A.2. 2D NMR spectra of 1,4-sorbitan: (a) COSY, (b) HMQC (horizontal axis: 1H; vertical axis: 

13C), and (c) HMBC (horizontal axis: 1H; vertical axis: 13C). These spectra were recorded using a commercial 

standard. 
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Figure 5.A.3. NMR spectra of isosorbide: (a) 1H NMR and (b) proton-decoupled 13C NMR and DEPT. These 

analyses were conducted using a commercial standard. 
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Figure 5.A.4. HMQC spectrum of isosorbide (horizontal axis: 1H; vertical axis: 13C). This spectrum was 

recorded using a commercial standard. 
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Figure 5.A.5. NMR spectra of 2,5-mannitan: (a) 1H NMR and (b) proton-decoupled 13C NMR and DEPT. 

These analyses were conducted using a commercial standard. 
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Figure 5.A.6. HMQC spectrum of 2,5-mannitan (horizontal axis: 1H; vertical axis: 13C). This spectrum was 

recorded using a commercial standard. 
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Figure 5.A.7. NMR spectra of a reaction mixture containing 2,5-iditan (▼), isosorbide (▲), and AH1 (●): 

(a) 1H NMR and (b) proton-decoupled 13C NMR and DEPT. 1H NMR peaks of isosorbide are consistent with 

those of a standard reagent (Figure 5.A.3a). 13C NMR peaks of isosorbide could not be distinguished from 

noise due to its low concentration. 
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Figure 5.A.8. HMQC spectrum of a reaction mixture containing 2,5-iditan, isosorbide, and AH1 (horizontal 

axis: 1H; vertical axis: 13C). 

 

 

Figure 5.A.9. LC/MS spectra of 1,4-sorbitan recorded in (a) positive ion mode and (b) negative ion mode. 

Positive ion mode: 111 ([M + H  3H2O]+), 129 ([M + H  2H2O]+), 147 ([M + H  H2O]+), 165 ([M + H]+). 

Negative ion mode: 163 ([M  H]-), 196 ([M + O2]-). 
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Figure 5.A.10. LC/MS spectra of 2,5-mannitan recorded in (a) positive ion mode and (b) negative ion mode. 

Several small peaks were observed from other products in trace amounts. 

Positive ion mode: 111 ([M + H  3H2O]+), 129 ([M + H  2H2O]+), 147 ([M + H  H2O]+), 165 ([M + H]+). 

Negative ion mode: 163 ([M  H]-), 196 ([M + O2]-). 

 

 

Figure 5.A.11. LC/MS spectra of a mixture of 2,5-iditan, isosorbide, and AH1 recorded in (a) positive ion 

mode and (b) negative ion mode. In the positive ion mode, [M + H]+ of isosorbide, calculated at 147, could 

not be distinguished from [M + H  H2O]+ of 2,5-iditan and AH1. In the negative ion mode, [M  H]- of 

isosorbide, calculated at 145, was not detected due to low concentration and sensitivity. 

Positive ion mode: 111 ([M + H  3H2O]+), 129 ([M + H  2H2O]+), 147 ([M + H  H2O]+), 165 ([M + H]+). 

Negative ion mode: 163 ([M  H]-), 196 ([M + O2]-). 
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Figure 5.A.12. Typical HPLC charts for the dehydration of sorbitol by H2SO4: (a) SUGAR SH1011 column, 

(b) Rezex RPM-Monosaccharide Pb++ column, and (c) expanded view of Figure 5.A.12b. 

SUGAR SH1011 column: 2,5-mannitan (16.5 min), sorbitol (16.6 min), 1,4-sorbitan, 2,5-iditan and AH1 

(17‒18 min), AH2 (19.1 min), and isosorbide (20.9 min). The retention times of 1,5-sorbitan (16.5 min) and 

1,5-mannitan (18.3 min) were also checked. 

Rezex RPM-Monosaccharide Pb++ column: 2,5-mannitan (14.3 min), 1,4-sorbitan (15.4 min), 2,5-iditan 

and AH1 (17.5 min), isosorbide (17.8 min), AH2 (33.5 min), and sorbitol (40.7 min). The retention times of 

1,5-sorbitan (15.3 min) and 1,5-mannitan (21.8 min) were also checked. 
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In this work, the author has demonstrated catalytic and mechanistic study on conversion of non-food 

biomass, cellulose and chitin. Therefore, in Chapter 1, the reported systems for cellulose and chitin 

conversions including laboratory and industrial scales are summarized and discussed to clarify the current 

issues in biorefinery. 

The finding in Chapter 2 is that carbon materials bearing only weakly acidic sites catalyze hydrolysis of 

cellulose (Figure 6.1). For practical applications, the weakly acidic carbons are advantageous over reported 

sulfonated catalysts owing to their high hydrothermal stability and high resistance against ion exchange. 

Additionally, a new pre-treatment method mix-milling has been developed to overcome a serious issue of 

solid-solid reaction, namely loose contact between solids. The mix-milling makes tight contact and 

drastically enhances the rate of hydrolysis of solid cellulose by solid carbons. As a result, 88% yield of 

glucose with 90% selectivity has been achieved, and this is one of the highest yields ever reported. The 

mix-milling method is also applicable to hydrolysis of raw biomass, bagasse kraft pulp (Figure 6.2). 

Mechanistic studies to reveal the catalysis of carbon materials for cellulose hydrolysis have been 

conducted in Chapter 3. The first adsorption process of cellulosic molecules on carbon surface is driven by 

hydrophobic functionalities, namely formation of CH–π hydrogen bonds and hydrophobic interactions. 

Following the adsorption, glycosidic bonds are activated and hydrolyzed by vicinal hydrophilic functional 

groups, the structures of which are similar to salicylic acid and phthalic acid. Based on the mechanistic 

insights, the author has proposed the reaction mechanism (Figure 6.3) and has also demonstrated the design 

of more active carbon catalysts, oxidized zeolite-templated carbon ZTC. 
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Figure 6.1. Hydrolysis of cellulose to glucose. 

 

 

Figure 6.2. Hydrolysis of cellulose/hemicellulose in bagasse kraft pulp to sugars. Each yield is based on 

mole of cellulose or hemicellulose in the pulp. 
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Figure 6.3. Proposed reaction mechanism of cellulose hydrolysis by carbon catalysts. 

 

A two-step depolymerization of chitin, the most abundant biomass next to cellulose, to monomers with 

preserving acetyl groups was shown in Chapter 4 (Figure 6.4). Mechanical force assisted the first 

depolymerization step of chitin to water-soluble oligomers in the presence of H2SO4. The produced 

oligomers show high reactivity and are easily converted to 1-O-methyl-N-acetylglucosamine (MeGlcNAc, 

yield: 67%) in MeOH owing to their high reactivity. During these reactions, acetyl groups in the substrates 

are almost completely preserved. 

 



Chapter 6 

185 
 

 

Figure 6.4. Two-step depolymerization of chitin to MeGlcNAc with preserving acetyl groups. 

 

 

Figure 6.5. Dehydration of sorbitol to 1,4-sorbitan. 

 

In Chapter 5, the selective dehydration of sorbitol to 1,4-sorbitan catalyzed by H2SO4 (Figure 6.5) has 

been investigated to reveal its catalysis, which is expected to be a basis of designing selective dehydration 

catalysts. In general, 1,4-sorbitan easily undergoes successive dehydration to isosorbide by acid catalysts. 

However, the transformation of 1,4-sorbitan by H2SO4 is hampered in the presence of sorbitol since H2SO4 

preferentially forms a complex with sorbitol and 1,4-sorbitan. A blueprint for designing new catalysts based 

on the mechanistic study has been proposed. 

In conclusion, the author has achieved the development of new catalytic systems to produce useful 

platform chemicals, glucose, MeGlcNAc, and 1,4-sorbitan from cellulose and chitin in good yields. These 

developed catalytic systems are promising for building up sustainable society since produced value-added 

chemicals are potential alternatives to petroleum in a variety of fields. Besides, the results in this work 

clearly show that both catalyst design and reaction engineering are effective for high-yielding production of 

chemicals from biomass, and this manner is useful in the next-generation biorefinery. 

Nowadays, in the field of catalytic biomass transformations, a number of researchers do not focus on 

catalytic chemistry but on just high-yielding production of valuable chemicals by simple improvements of 
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known catalytic systems. This fashion limits their further applications because their characteristics and 

advantages are missing pieces of the puzzle. Herein, this work is different from reported ones since basic 

catalytic chemistry and its applications both have been studied in detail. The author strongly believes that 

this manner will cause paradigm shifts in biorefinery. 
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